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Chapter 1                                                           General introduction  

Excess accumulation of soluble salts in the soil results in soil salinity. Soil salinization is 

a growing problem in arid and semi-arid areas. For the past three decades, over 800 million ha, 

which is about 6% of the total land mass has been converted to marginal saline lands (Munns 

and Gilliham, 2015). For the past three decades, over 800 million hectares which is about 6% 

of total land mass has been converted to marginal saline lands (Ismail and Horie, 2017; 

Marriboina and Reddy, 2020a). At present, about 1125 million hectares of land is polluted with 

salinity globally (Md-Hossain, 2019). Recent estimates showed that Australia occupied 38.4% 

saline land after Asia (33.9%), America (15.8%), Africa (8.6%) and Europe (3.3%) (Shahid et 

al., 2018). Global climatic changes and human interventions were further extended to 

salinization of cultivable lands. Human induced soil salinization at national level showed that 

Asia occupied 68.8% saline lands after Africa (19.3%), America (5.7%), Europe (5.0%) and 

Australia (1.2%) (Shahid et al., 2018). It was estimated that 50% cultivable lands will be 

salinized by the year 2050 due to increased global population and industrialization (Md-

Hossain, 2019). Thus, marginal land cultivation is crucial to meet the global energy demand. 

On other hand, salinity causes yield losses on an average of 15-55% on every year (Zörb et al., 

2018). Salinity or salt-induced land degradation was showed a greater impact on economic 

value and was estimated that approximately $27.3 billion was used to rehabilitate or modify 

the saline marginal lands towards agriculture productivity (Zörb et al., 2018). 

Salt stress imposes salt-induced drought and ion toxicity on plants (Kaur and Nayyar, 

2014). Both salt-induced drought and ion toxicity limit the plant growth and productivity. It is 

crucial to develop new strategies for salt tolerant crops to utilize the marginal saline lands 

towards sustainable agriculture productivity. Soil salinity is not only halt the plant growth and 

productivity but also changes the physiological and biochemical properties of soil (Shrivastava 

and Kumar, 2015). Thus, understanding the genetic, physiological and  
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molecular responses of plants are essential for optimizing plant performance under moderate 

saline water available conditions. In addition, studying soil texture and its chemical 

composition are also important to readjust the saline soils with amendments, which can 

mitigate the soil salinity and support plant growth (Rady, 2012). 

Classification of higher plants based on salinity and their strategies 

Based on salinity tolerance, plants are categorized into two groups glycophytes and 

halophytes. Glycophytes are salt sensitive plants including crop species, whereas halophytes 

are salt tolerant plants including shrubs and tree species. Halophytes can grow in soils with salt 

concentration of ~200 mM to ~500 mM NaCl (Yuan et al., 2019). Each halophyte species has 

adapted unique mechanisms to defend the salt toxicity. For example, the halophytic species 

Atriplex and Chenopodium (Amaranthaceae) contain a specialized bladders present in the 

epidermal cells, which helps in sequestering or excreting salt away from the tissues (Table 1) 

(Adolf et al., 2013; Guo et al., 2019). Additionally, quinoa accumulates free Na+ and Cl- ions 

in order to regulate osmotic imbalance (Adolf et al., 2013). According to Krishnamurthy et al. 

(2014) and Cheng et al. (2020), mangroves such as Avicennia species and Bruguiera species 

develop apoplastic barriers and salt glands to exclude salts from the tissues. Salt cress, 

Thellungiella halophile is a halophytic plant and a close relative of Arabidopsis operates 

vacuolar Na+ sequestration mechanism to survive under extreme saline conditions (Wang et 

al., 2013).  

Glycophytes such as barely, wheat, and rice were also developed salt tolerance by 

operating various strategies (Kamboj et al., 2015; Kumar et al., 2017; Quan et al., 2018). Low 

Na+/K+ ratio is one of the key strategies glycophytes can employ against salt stress to maintain 

Na+ concentration inside the cell (Assaha et al., 2017). Xylem differentiation and xylem vessel 

pore size adjustments are other adaptive mechanisms to enhance the water  
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permeability across the plant under salt stress conditions (Escalante-Pérez et al., 2009). In 

addition, excess accumulation of Na+ ions could inhibit the synthesis of photosynthetic 

pigments and thus net photosynthesis which leads to an imbalance between absorption and 

utilization of the energy during carbon fixation, resulting in excessive accumulation of reactive 

oxygen species (ROS) and disruption of the cellular redox homeostasis (Li et al., 2017). Plants 

have developed efficient antioxidative enzyme systems to maintain the redox state of the cell 

under such adverse environmental conditions (Rossatto et al., 2017). In addition, proton pumps 

and cation channels work together to maintain membrane potential and ion homeostasis under 

salt stress conditions (Falhof et al., 2016; Li et al., 2016; Liu et al., 2017). Based on the 

available information, we can summarize the basic plant responses to soil salinity as shown in 

Figure 1.  

Salt-induced responses of plants 

In general, salinity affects plant growth and development by decreasing the water potential 

of soil leading to reduced water uptake by roots (Shinozaki and Yamaguchi-Shinozaki, 1997). 

Salinity leads to uptake of Na+ and Cl- ions along with water. Thus, long term salinity and/or 

absence of efficient extrusion/sequestering mechanisms in plants result in accumulation of high 

concentrations of Na+ and Cl- in the cytosol causing ion homeostasis imbalance at cellular level. 

Salinity-induced decline in photosynthetic rates due to stomatal closure is an adaptive response 

(Shabala et al., 2012). However, excessive accumulation of Na+ ions within photosynthetic 

tissues leads to toxicity and damage to the photosynthetic machinery which is detrimental to 

the plant. In order to survive, plants need to limit Na+ transport into the shoot tissue by 

compartmentalizing the Na+ into the root stele and vacuoles (Hasegawa, 2013; Benito et al., 

2014; Julkowska et al., 2014) (Figure 1). In order to withstand the Na+ toxicity, salt-tolerant  
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plant species develop certain morphological, physiological and biochemical mechanisms 

which include initiation of lateral roots, ion compartmentalization, biosynthesis of osmo-  
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Figure 1. Salinity-induced physiological, biochemical and molecular responses in plants 
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protectants andactivation of salt exclusion and/or sequestering pathways (Munns and Tester, 

2008). Before responding to salinity stress, plants need to first perceive the stress signal and 

then transfer it through a series of signaling components to the final response i.e. expression of 

salt-responsive genes. Further, antioxidative defense system has been reported to play a key 

role in some members of both C3 and C4 plants, to neutralize the effect of stress-induced toxic 

levels of ROS. As ROS production is a continuous process, most of the antioxidative enzymes 

are constitutively expressed. Salt stress is known to induce expression of certain key enzymes 

including guaiacol peroxidase (POD) and ascorbate peroxidase (APX) which are considered as 

regulators of ROS and are required to maintain the ROS levels within physiological levels 

(Abogadallah, 2010). Most important mechanism for salt-tolerance in plants is through the salt 

overly sensitive (SOS) pathway, wherein salt stress perception by a salinity receptor 

(unknown), Ca2+ spikes (enhanced Ca2+ levels) are generated within the cytoplasm acting as 

secondary signals for activating the SOS pathway components. 

Plants growing in saline soils, restrain the root cell wall expansion through increased 

deposition of lignin and suberin on the root cell walls to prevent excessive flow of toxic Na+ 

ions through the apoplastic pathway and increase water retention in the roots (Shabala and 

Mackay, 2011). In addition, the increased number of lignified tracheary elements in the 

vascular tissues under salt stress also enhances the water permeability and greater selectivity 

for ion uptake in crops such as soybean and tomato (Neves et al., 2010). The accumulation of 

high amounts of Na+ ions in the plants can also create ionic imbalance leading to osmotic stress, 

ion toxicity, and oxidative stress. To mitigate the effect of osmotic and ionic toxicity, plants 

are known to accumulate various compatible inorganic ions (K+ and Ca2+) and organic 

osmolytes (valine, glucose, fructose, sucrose, mannitol, pinitol, glycerol, and myo-inositol) 

(Gharsallah et al., 2016; Papazian et al., 2016).  
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Calcium ion (Ca2+) is known as an intracellular second messenger and plays an important 

role in plant growth and development. It also plays an essential role in amelioration of sodium 

toxicity through activating several Ca2+ responsive genes and channels (Thor, 2019). In 

response to salt stress, plants produce several phytohormones such as abscisic acid (ABA), 

jasmonic acid (JA), methyljasmonic acid (MeJA), zeatin, indole acetic acid (IAA), indole 

butyric acid (IBA) and salicylic acid (SA), which play crucial role in sustaining its growth 

under extreme saline conditions. ABA is well-known stress induced phytohormone, critical for 

plant growth and regulates numerous downstream signalling responses (Tuteja, 2007). ABA 

causes stomatal closure to prevent excess water evaporation and regulate root growth under 

salinity stress (Zelm et al., 2020). Salt-induced endogenous accumulation of cytokinin 

improves salt tolerance in crop species by delaying leaf senescence and marinating 

photosynthetic capacity (Liu et al., 2012; Golan et al., 2017). According to Sahoo et al. (2014), 

the perfect harmony among phytohormones played a significant role in improving the salt 

tolerance in rice. However, the synergistic and antagonistic interactions between 

phytohormones are mostly depending on plant species and type of stress imposed on plants, 

but their interactions are still not clearly understood (Gupta et al., 2017). To combat against 

salinity-induced ROS damage, plants adapted jasmonates-directed anthocyanin accumulation 

to mitigate its negative effects (Ali and Baek, 2020). Further, JAs can positively regulate the 

endogenous ABA level to regulate the guard cell movement during salt stress (Siddiqi and 

Husen, 2019). 

When plant exposed to salt stress, root is the primary organ in plant to sense and respond 

to salinity (Fu et al., 2019). Root acts as a physical barrier to restrict the Na+ ion distribution 

across the plant (Marriboina and Reddy, 2020a). Auxin, one of the important phytohormone, 

plays a crucial roles in plants in order to adapt to changing environmental conditions. Auxin  
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plays important role in root meristem maintenance and root growth (Fu et al., 2019). The 

expression of auxin responsive proteins, auxin-induced proteins and auxin transporter-like 

proteins regulate root vasculature and involved in lateral root growth development (Péret et al., 

2012). To avoid osmotic pressure imbalance, plants synthesize cell wall remodelling enzymes 

to protect cell wall turgor during salt stress (Tryfona et al., 2014; Saqib et al., 2019). In response 

to salt stress, plants also induce synthesis proteins related to secondary metabolism including 

flavonoid and anthocyanin biosynthesis. By induction of flavonoids and anthocyanins, plant 

can defend against ROS damage under salt stress (Chen et al., 2019). On the hand, plants also 

trigger antioxidant defense systems to cope with salinity-induced oxidative stress (Al-Kharusi 

et al., 2019). Alternations in cellular metabolism are essential for plant survival during 

conditions of salt stress (Kosova et al., 2018). 
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Table 1. Consolidated literature during the last decade on plant responses to salinity stress 

 
 

 

Growth 

stage 

Salinity 

treatment 

duration 

Techniques used Response observed References 

Halophytes and mangroves 

Chenopodium 

quinoa 

5 day old 

seedlings 

100 or 400 

mM NaCl 

stress for 21 

days 

Biochemical 

analysis, atomic 

absorption 

spectroscopy 

Significant induction of 

SOD, organic solutes 

(soluble sugars, proline) and 

inorganic ions (Na+ and K+) 

in leaves. 

Cai and Gao, 

(2020) 

Avicennia marina 3 month old 

seedlings 

600 mM NaCl 

stress for 10 

days 

CP-OES and anion 

chromatography, 

fluorescence photo-

microscope. 

Induction of root apoplastic 

barrier and root sodium 

exclusion.  

Cheng et al., 

(2020) 

Thellungiella 

halophila 

50 day old 

seedlings 

200, 400 or 

600 mM NaCl 

stress for 15 

days 

Proteomics Compartmentalizing Na+ 

ions into cell vacuoles and 

accumulating osmolytes.  

Wang et al., 

(2013) 

Aeluropus littoralis 30 day old 

seedlings 

200 or 400 

mM NaCl 

stress for 72 h 

Transcriptomics Induction of jasmonic acid 

and abscisic acid signaling 

pathway.  

Younesi-

Melerdi, et 

al., (2020) 

Mesembryanthemum 

crystallinum 

14 day old 

seed lings 

and 28 day 

old seedlings 

100 or 400 mM 

NaCl stress for 

6 weeks and 

500 mM NaCl 

stress for 14 

days 

Biochemical assay 

and physiological 

and gas exchange 

measurements 

NaCl-induced ATP-

synthesis in mitochondria 

and C3 to CAM Transition.  

 

Tran et al., 

(2020) and 

Guan et al., 

(2020) 

Suaeda salsa Six leaf stage 

saplings 

100 or 500 

mM NaCl 

stress for 7 

days 

Transcriptomics Regulation K+ ion 

homeostasis, ROS mitigation 

pathways, photoprotection of 

photosystem PSII and 

transcriptional regulation 

pathways.  

Zhang et al., 

(2020) 

Atriplex sp Six leaf stage 

saplings 

300 mM NaCl 

stress for 7 

days 

Transcriptome, 

RT-PCR and SEM 

analysis  

High expression of 

sodium/potassium transporters 

(such as HKT1 and CNGC14) 

and ABA-dependent stomatal 

movements, photosynthesis 

and ROS pathways. 

Yao et al., 

(2020) 

Cakile maritima Two leaf 

stage 

saplings 

100 or 400 

mM NaCl 

stress for 20 

days  

Metabolomics Enhanced accumulation of 

amino acids (GABA, proline, 

glycine) and alterations in 

leaf sugar content.  

Arbelet-

Bonnin et al., 

(2020) 

Salicornia europaea 

 

Plants were 

observed 

contaminated 

soils 

1M NaCl 

stress 

Transcriptomics Increased levels of K+ and Ca2+ 

ions and enzymes S-adenosyl 

methionine, CP47 of light-

harvesting complex II, 

photosystem I proteins, Hsp70 

gene, ATP-dependent 

Clpproteases, ribulose 

bisphosphate 

carboxylase/oxygenase 

(Rubisco), phenylalanine 

ammonia-lyase (PAL), 

cytochromec oxidase (COX) 

and ATP synthase. 

Furtado et al., 

(2019) 
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Plant Growth 

stage 

Salinity 

treatment 

duration 

Techniques used Response observed References 

Halogeton 

glomeratus 

2 months old 

seedlings 

100, 200, 300, 

400 and 500 

mM NaCl 

stress for 21 

days 

Proteomics Sodium ion distributed 

into specific salt-storage 

cells, sequestration into 

vacuoles, and succulence 

of leaves.  

Wang et al., 

(2015) 

Bruguiera 

gymnorhiza 

150 day old 

seedling 

30 PSU 

(Practical 

Salinity Unit) 

IRGA, PEA, and 
CP-MASS. 

Enhanced leaf 

photosynthetic rate, capacity 

to regulate photoelectron 

uptake/transfer, and leaf 

succulence and increased 

accumulation K+ and Ca2+ 

ions 

Wang et al., 

(2020) 

Rhizophora mangle 2 years old 

saplings 

1, 10, 30, and 

50 PSU for 10 

days  

steady-

stateporomete, 

vapor pressure 

osmometer, and 

osmometer. 

Decreased leaf stomatal 

conductance, whole-plant 

hydraulic conductance 

osmotic potential and 

substrate water potential.  

Méndez-

Alonzo et al., 

(2016) 

Kandelia candel Four leaf 

stage 

saplings 

300, 450, and 

600 mM NaCl 

stress for 3 

days 

Biochemical 

assays, flame 

photometer, 

proteomics 

Na+ compartmentalization 

and salt-induced expression 

of proteins related to protein 

folding, photosynthesis, 

energy metabolism and 

signal transduction 

Wang et al., 

(2014) 

Sonneratia alba 3 weeks old 

saplings 

250 or 500 

mM NaCl 

stress for 7 

day 

Transcriptomics Up-regulation of proteins 

related to flavone and 

flavonol biosynthesis. 

Feng et al., 

(2020) 

Salt tolerant glycophytes and crop species 

Oryza sativa Three leaf 

stage 

seedlings 

140 mM NaCl 

stress  

Genomics Increased expression of 

genes related to OsMYB6, 

OsGAMYB, OsHKT1;4, 

OsCTR3, and OsSUT1. 

Liu et al., 

(2019) 

Triticum aestivum After 

germination 

50, 100, 150, 

and 200 mM 

NaCl stress  

qPCR and genome 

wide analysis  

High leaf Na+ accumulation 

and root sodium extrusion 

pathways. 

Genc et al., 

(2019) 

Hordeum vulgare 20 day old 

seedlings 

300 mM NaCl 

stress for 6 

days  

Biochemical 

analysis and 

proteomics 

Up-regulation of proteins 

related to photosynthesis, 

reactive oxygen species 

(ROS) 

scavenging, and ATP 

synthase. 

Zhu et al., 

(2020) 

Cajanus cajan Three weeks 

old seedlings  

50, 100, and 

150 mM of 

NaCl stress 

Metabolomics Enhanced accumulation of 

metabolites such as β-

cyano-L-alanine and O-

acetylsalicylic acid. 

Biswas et al., 

(2018) 

Cicer arietinum 7 day old 

seedlings 

25 mM, 50 

mM, 75 mM 

and 100 mM 

NaCl stress 

for seven days 

Biochemical assays High activities of catalase, 

Δ1-pyrroline-carboxylate 

synthetase, superoxide 

dismutase, ascorbate 

peroxidase and 

glutathione reductase. 

Kaur et al., 

(2020) 
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Plant Growth 

stage 

Salinity 

treatment 

duration 

Techniques used Response observed References 

Vigna radiata After 

germination  

100 mM NaCl 

stress for 8 

days 

Biochemical assays Accumulation of osmolytes 

and enhanced activity of 

ROS scavenging enzymes 

such as GPOX and catalase 

Tamang et 

al., (2016) 

Glycine max Three 

trifoliate 

stage 

seedlings 

150 mM NaCl 

stress for 48 h 

Root 

phosphoproteomics 

Up-regulation of proteins 

related to chalcone synthase, 

chalcone isomerase, 

andcytochrome P450 

monooxygenase, 

Pi et al., 

(2016) 

Medicago sp 7 day old 

seedlings 

16.6 dS m−1 

(Decisiemens) 

Biochemical assays 

and RT-PCR 

Up-regulation of genes 

related to transporters SOS1, 

SOS2, SOS3, HKT1, AKT1, 

NHX1, P5CS1, HSP90.7, 

HSP81.2, HSP71.1, 

HSPC025, OTS1, SGF29 

and SAL1. 

Sandhu et al., 

(2017) 

Lotus japonicus 10 day old 

seedlings 

25, 50, 100, 

and 150 mM 

NaCl stress 

for 28 days 

Biochemical assays 

and flame 

photometer.  

Enhancement of superoxide 

dismutase and glutathione 

reductase activities, and 

increased total and reduced 

glutathione content and 

lower Na+ accumulation in 

leaves. 

Melchiorre et 

al., (2009) 

Pisum sativum 20 day old 

seedlings 

2.5, 5.0, 7.5 

and 10.0 dS 

m-1 for 40 

days 

Flame photometer Accumulation of inorganic 

osmolytes Na+, K+ and Ca2+. 

Shahid et al., 

(2012) 

Phaseolus vulgaris  3 week old 

seedlings 

50, 100 and 

200 mM NaCl 

stress for 7 

days 

Biochemical assays Decreased photosynthetic 

pigments and accumulation 

of phenolic compounds, 

flavonoids and ascorbic acid 

Taïbi et al., 

(2016) 

Gossypium hirsutum 

 

3rd - 4th stage 

leaf 

seedlings 

100, 150 and 

200 mM NaCl 

stress for 3 

weeks 

Biochemical assays 

and flame 

photometer. 

Reduced stomatal 

conductance, transpiration and 

photosynthetic rate and ionic 

imbalance. 

Hassan et al., 

(2014) 

Nicotiana tabacum 3 week old 

seedlings 

500 mM NaCl 

stress for 7 

days 

Proteomics Enhanced accumulation of 

osmolytes, such as proline 

and myo-inositol, and 

changes in GABA shunt, and 

biosynthesis of aromatic 

amino acids. 

Zhang et al., 

(2011)  

Helianthus annuus 10 day 

seedlings 

50, 150 and 

250 mM NaCl 

stress for 30 

days 

Biological assay Reduced activity of 

glutathione reductase (GR) 

and ascorbate peroxidase 

(APX), and superoxide 

dismutase (SOD). 

Taher et al., 

(2018) 

Arachis hypogaea 14 day 

seedlings 

200 mM NaCl 

stress for 48 h 

Transcriptome  Up-regulation of MYB, 

AP2/ERF, WRKY, bHLH, 

and HSF. 

Zhang et al., 

(2020) 

Zea mays After 

germination 

9.5 dS cm−1 

for four weeks 

Proteomics High abundance of proteins 

involved in reactions to 

oxidative stress, dehydration, 

respiration, and translation 

Soares et al., 

(2018) 
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Adapting the anaerobic respiration, plants are able to cope with the cellular energy demands 

under salinity stress (Kürsteiner et al., 2003; Luo et al., 2017). Assimilation of nitrogen is 

crucial for the plant to synthesize of new proteins, which play crucial role in cellular process 

during salt stress. Expression of protease inhibitors and heat shock proteins in response to 

salinity might enhance the cellular protein turnover by inhibiting the protein degradation and 

misfolding of proteins during salt stress (Haq et al., 2019). According to Kobayashi et al., 

(2013) salt-induced chloroplast accumulation in roots showed an increase in root 

photosynthesis, carbon assimilation rate and root biomass. 

In the present agriculture scenario, Salinity is one of the major environmental constraints 

limiting plant growth and productivity and is becoming more extensive in the arid and semi-

arid areas (Munns and Gilliham, 2015). Global climate change, inadequate water supply and 

excessive irrigation are further expanding the marginalization of arable lands, thereby limiting 

their availability for crop production (Shabala, 2013; Quinn et al., 2015; Sharma et al., 2016). 

To date, attempts to extend the crop productivity on saline lands had limited success, due to 

the failures in determining plant responses to salt stress owing to the high physiological and 

genetic diversity among various plant species and spatio-temporal heterogeneity of soil salinity 

(Jones et al., 2014; Pandolfi et al., 2016; Shabala et al., 2016). Indeed, salt tolerance is a 

complex trait governed by multiple genes intertwining with various physiological and 

biochemical mechanisms. A comparative understanding of physiological and morphological 

adaptive mechanisms evoked interest among researchers worldwide over the past few decades, 

to sustain crop productivity on marginal lands Dwindling fossil fuel resources has raised 

attention towards renewable energy resources to meet global energy demand in future. Oil 

seed-producing perennial halophytes are now gaining importance as a renewable energy 

resource (Chhetri et al., 2008). Biofuels are a viable substitute 
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for fossil fuels providing greater environmental benefits over fossil fuels by reducing the 

emission of GHGs (green house gases) and minimizing their negative impact on human and 

environment. Growing salt-tolerant perennial halophytes for sustainable bioenergy production 

on marginal lands will create a win-win situation between energy and land use competition 

without interfering productive arable land (Quinn et al., 2015). Interestingly, Pongamia can 

serve as a good alternative for the utilization of marginal saline lands associated with economic 

gain. Pongamia pinnata belongs to family Fabaceae is indigenous to the Indian subcontinent 

and also distributed to other temperate Asian regions including China, Japan, Malaysia, 

Australia, and Pacific Islands (Scott et al., 2008; Sangwan and Sharma, 2010). Pongamia is a 

medium-sized fast-growing tree with oil-rich seeds and is capable of adapting to wide agro-

climatic conditions (Kesari et al., 2010; Wang et al., 2011). Although Pongamia does not 

possess salt adaptive characters such as leaf salt bladders, succulence, and trichomes like 

mangroves, it can still endure up to sea saline concentration (3% NaCl). Based on its 

physiological and molecular characteristics under salt stress, Pongamia is classified as 

transition species (intermittent species between glycophytes and halophytes), semi-mangrove 

or mangrove associate (Wang et al., 2013; Jiang et al., 2017). To deal with high salinity 

conditions, trees like mangroves and mangrove associates have evolved intricate response 

regulatory mechanisms during their evolution (Parida and Jha, 2010). 

Although, the physiological and biochemical responses of several crop species in response 

to salinity stress, the responses of tress species to high salinity are not well known. It is crucial 

to elucidate the critical changes in responses to salinity which will help to improve tree species 

and to grow in marginal lands.  
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Objectives 

Beased on above background information we framed the following objectives: 

 To analyse the morphology and photosynthetic performance of Pongamia pinnata 

under medium and severe salinity stress conditions both in terms of concentration as 

well as duration of exposure by utilizing a hydroponic growth system. 

 

 To elucidate the salt management strategies in leaves and roots of Pongamia pinnata, 

subjected to salinity stress. 

 

 Analysis of integrative molecular, phytohormonal and metabolomic responses of 

Pongamia pinnata under medium and severe salinity stress conditions. 

 

 Characterization of dynamic Pongamia root protein modulation in response to high 

salinity stress through proteome approach. 
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Plant material, growth conditions and experimental design 

Plant material 

Seeds of Pongamia accession TOIL 12 were obtained from Tree Oil India Limited (TOIL), 

Zaheerabad, Hyderabad, Telangana. The TOIL 12 Pongamia accession was chosen for this 

study based on its consistent high yields of three years over 300 accessions of Pongamia.  

Plant growth, conditions and salinity treatment 

Pongamia seeds were germinated on moist cotton for 10 days at 25°C in the dark. The 

germinated seedlings were grown in a long cylindrical glass tube (5 cm diameter X 60 cm 

length) filled with full-strength Hoagland No. 2 basal salt mixture (Himedia) solution adjusted 

to pH 5.75  0.02 for 30 days. The solution was replenished every seven days (Chen et al., 

2017). The hydroponic experiment was carried out in a plant culture room maintained at 24°C 

with a 16 h photoperiod and relative humidity maintained approximately at 60%. For salinity 

treatment, 30 days old plants (n = 2030) were selected and subjected to 300 and 500 mM 

NaCl concentrations with an increment of 100 mM NaCl per day. Control plants were 

maintained with fresh Hoagland nutrient solution. Plants were harvested at an interval of 1 day 

after stress-treatment (1DAS), 4 and 8DAS. Fresh weights of leaf and root were measured 

immediately after harvest. Dry weights of control and treated plants were determined after 

drying at 70°C for 3 days. Control and treated samples were harvested at each time interval, 

flash frozen in liquid nitrogen and stored at 80°C prior to analysis. 
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Figure 2. Growth and morphology of soil, and hydrophonically grown TOIL12 Pongamia 

pinnata seedlings.  

(A) Seeds of TOIL12 Pongamia pinntata,  

(B) Seedlings were grown 20 liter pots, filled with sand and soil mix (1:3) in green house 

(University of Hyderabad, Hyderabad) under optimum conditions, 

(C) Morphology of 30 day old Pongamia seedlings (controls),  

(D) Seedlings of 30 days were treated with two different salt concentratons 300 mM and 500 

mM NaCl for 15 days,  

(E) Seedlings were grown hydroponicaly in a long cylinderical tube (1 liter capcity) filled with 

full-strength Hoagland solution in growth chamber (University of Hyderabad, Hyderabad) 

under optimum conditions,  

(F) Morphology of 30 day old Pongamia seedlings,  

(G) Seedlings of 30 days were treated with two different salt concentratons 300 mM and 500 

mM NaCl for 8 days. 
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Plant material, growth conditions and experimental design 
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Salinity is one of the major environmental constraints limiting plant growth and 

productivity and is becoming more extensive in the arid and semi-arid areas (Munns and 

Gilliham, 2015). Global climate change, inadequate water supply, and excessive irrigation are 

further expanding the marginalization of arable lands and thereby limiting their availability for 

crop production (Shabala, 2013; Quinn et al., 2015; Sharma et al., 2016). To date, attempts to 

extend the crop productivity on saline lands had limited success due to failures in determining 

plant responses to salinity owing to the high physiological and genetic diversity among various 

plant species as well as spatio-temporal heterogeneity of soil salinity (Pandolfi et al., 2016; 

Shabala et al., 2016). Indeed, salt tolerance is a complex trait governed by multiple genes 

intertwining with various physiological and biochemical mechanisms. A comparative 

understanding of physiological and morphological adaptive mechanisms evoked interest 

among researchers worldwide over the past few decades to sustain crop productivity on 

marginal lands (Jones et al., 2014). However, it is also essential to understand the detailed 

anatomic and molecular level mechanisms leading to salinity tolerance in plants. 

Based on their survival strategies, halophytes are broadly classified as salt-secretors which 

excrete the salt through specialized glands on the leaves, and non-secretors exclude out the salt 

through specialized barriers in the roots (Parida and Jha, 2010; Wang et al., 2011; Jiang et al., 

2017). However, the tolerance of all halophytes to salinity relies on controlled uptake and 

compartmentalization of Na+, K+, and Cl− and the synthesis of organic ‘compatible’ solutes, 

even through salt glands are operative. Also, during salt stress, reduced water uptake may limit 

the intercellular CO2 concentration in the leaf due to stomatal closure. In addition, excessive 

Na+ decreases the synthesis of photosynthetic pigments and net photosynthesis which leads to 

an imbalance between absorption and utilization of the energy during carbon fixation, resulting 

in excessive accumulation of reactive oxygen species (ROS)  
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and disruption of the cellular redox homeostasis (Li et al., 2017). The accumulation of high 

amounts of Na+ ions in the plants can also create ionic imbalance leading to osmotic stress, ion 

toxicity, and oxidative stress. To mitigate the effect of osmotic and ionic toxicity, plants are 

known to accumulate various compatible inorganic ions (K+ and Ca2+) and organic osmolytes 

(valine, glucose, fructose, sucrose, mannitol, pinitol, glycerol, and myo-inositol) (Gharsallah 

et al., 2016; Papazian et al., 2016). However, an integrated analysis to demonstrate the co-

existing adaptive and defensive mechanisms for conferring overall tolerance under salinity 

stress is essential for gaining a thorough understanding of a specific plant’s salt stress 

responses. 

Oil seed-producing perennial halophytes are now gaining importance as a renewable 

energy resource (Chhetri et al., 2008). Growing salt-tolerant perennial halophytes for 

sustainable bioenergy production on marginal lands, will efficiently manage the energy and 

land use competition without interfering with productive arable land areas (Quinn et al., 2015). 

Interestingly, Pongamia can serve as a good alternative for the utilization of marginal saline 

lands associated with economic gain. Although Pongamia does not possess salt adaptive 

characters such as leaf salt bladders, succulence and trichomes like mangroves, it can still 

endure up to sea saline concentration (3% NaCl). Based on its physiological and molecular 

characteristics under salt stress Pongamia is classified as a transition species (intermittent 

species between glycophytes and halophytes), semi-mangrove or mangrove associate (Wang 

et al., 2013; Jiang et al., 2017). However, for in-depth analysis, a systematic and accurate salt 

exposure under non-limiting root proliferation conditions are essential to understand the 

mechanism of stress tolerance, specifically salinity stress in Pongamia. 

In the present study, we aimed to analyse the physiological, biochemical, anatomical as 

well as molecular adaptive and defensive responses of Pongamia pinnata under medium and  



24 
 

Chapter 2                                                                         Introduction               

severe salinity stress conditions both in terms of concentration as well as duration of exposure 

by utilizing a hydroponic growth system consisting of specialized elongated glass tubes, with 

periodic replacement of nutrient medium. The present study focuses on salt management 

strategies in leaves and roots of Pongamia pinnata, which can be highly useful for further 

studies on yield improvement of Pongamia under saline conditions. 
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Plant material, growth conditions, and salinity treatment 

Seeds of P. pinnata accession TOIL 12 were obtained from Tree Oil India Limited (TOIL), 

Zaheerabad, Hyderabad, Telangana and were germinated on moist cotton for 10 days at 25°C 

in the dark. The germinated seedlings were grown in a long cylindrical glass tube (5 cm 

diameter X 60 cm length) filled with full-strength Hoagland No. 2 basal salt mixture (Himedia) 

solution adjusted to pH 5.75  0.02 for 30 days. The solution was replenished every seven days 

(Chen et al., 2017). The hydroponic experiment was carried out in a plant culture room 

maintained at 24°C with a 16 h photoperiod and relative humidity maintained approximately 

at 60%. For salinity treatment, 30 days old plants (n = 20-30) were selected and subjected to 

300 and 500 mM NaCl concentrations with an increment of 100 mM NaCl per day (Chen et 

al., 2017). Control plants were maintained with fresh Hoagland nutrient solution. Plants were 

harvested at an interval of 1 day after stress-treatment (1DAS), 4 and 8DAS. Fresh weights of 

leaf and root were measured immediately after harvest. Dry weights of control and treated 

plants were determined after drying at 70°C for 3 days. Control and treated samples were 

harvested at each time intervals, flash frozen in liquid nitrogen and stored at 80°C prior to 

analysis. 

Relative water content 

Freshly harvested leaves and roots of control and salt treated plants were used to estimate 

relative water content (RWC). Both leaves and roots of control and salt treated plants were 

weighed (fw) before immersed in double distilled water and kept in refrigerator at 4°C for 24 

hours. After 24 hours, turgid weights (tw) of control and salt treated leaves and roots were 

measured. Further, both leaves and roots of control and salt treated plants were kept in hot air 

oven for drying at 70°C for 3 days and dry weights (dw) were measured. RWC values were 

calculated by using the following formulae RWC (%) = [
Lfw−Ldw

Ltw−Ldw
] X100 where,  
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fw is the leaf fresh weight, tw is the leaf turgid weight and dw is the leaf dry weight. Further, 

Leaf relative water content represented as LRWC and root relative water content represented 

as RRWC. 

Measurements of leaf gas exchange parameters  

Leaf gas exchange measurements were performed by using an infrared gas exchange 

system (LI-6400/LI-6400XT, LI-COR Inc., Lincoln, NE, USA). All measurements were 

performed on fully expended 2nd and 3rd leaves of the plant between 10:00 and 13:00 hour. Gas 

exchange parameters such as light saturated net photosynthetic rate (Asat), stomatal 

conductance (gs) and transpiration rate (E) were measured in leaves of control and salt treated 

plants at 1, 4 and 8DAS. Leaf water use efficiency was calculated as Asat/E. 

Chl a fluorescence measurements were performed with a portable mini-PAM chlorophyll 

fluorometer (Walz, Germany). Whole plants were adapted in dark for 30 min prior to the 

analysis. Photosynthetic induction and light responsive curves were measured with the 

intensities of measuring light (<0.1 µmol photons m2 s1), saturating pulse (3000 µmol photons 

m2 s1), actinic light (170 µmol photons m2 s1) and far-red light (7 µmol photons m2 s1) 

respectively. The duration of actinic light and saturation pulses were 0.8 and 30 sec. Induction 

curve measurements were taken at 780 PAR (photosynthetic active radiation) about 5 min to 

complete with 0.8 and 30 sec between saturating and actinic flashes of light and the light curve 

measurements were taken about 88 sec to complete with increasing intensities actinic light 

(190 PAR to 3000 PAR).  

Chlorophyll a and b content 

Concentration of chlorophyll a and b was calculated according to Arnon (1949). Freshly 

harvested control and salt treated leaves were cut into 1 cm length. The finely chopped leaves 

were ground in ice cold 80% acetone with precooled motor and pestle. The whole grounded  
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mixture was taken in 15 ml centrifuge tubes and centrifuged at 5000 rpm at 4°C for 15 minutes. 

Supernatant was collected in a fresh Eppendorfs tubes and kept in ice till absorbance was taken. 

The absorbance was taken at 645nm and 663nm against the 80% acetone blank. 

The concentration of chlorophyll a and b was calculated as follows 

Cholorophyll a concentration: 12.7 (𝐴663) − 2.69 (𝐴645)  

Cholorophyll b concentration: 22.9 (𝐴645) − 4.68 (𝐴663) 

Quantification of Na+, K+, Ca2+ and Cl ions 

Accumulation of Na+, K+, Ca2+ and Cl in leaf and root tissues was determined as described 

in Munns et al. (2010), with some minor modifications. The collected samples were oven dried 

at 70°C for 3 days. Ions (Na+, K+ and Ca2+) were extracted in 5 ml of Aqua Regia at 95°C for 

60 min. The resulting solution was diluted and analysed for ions with an atomic absorption 

spectroscopy (GBC 932, Braeside, Australia). Chloride ion concentration was determined by 

titrimetric method (Korkmaz, 2001). 

Statistical analysis 

All measurements were taken five biological replicates and three technical replicates were 

constituted in each biological replicate. Significant differences at ***P < 0.001, **P < 0.01 and 

*P < 0.05 in various parameters estimated between control and salt treated plants were 

calculated by using one-way ANOVA. All the statistical and linear regression analyses were 

performed using the statistical package Sigma Plot 11.0. 
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Physiology and chlorophyll fluorescence analysis 

In order to assess the level of salt tolerance of P. pinnata, 30 days hydroponically grown 

plants were treated with two different salt concentrations (300 and 500 mM NaCl) at three 

different time intervals 1, 4 and 8 days. After 8 days of salt treatment, leaves of 300 mM NaCl 

treated plants were healthy and green similar to leaves of control. However, leaves of 500 mM 

NaCl treated plants showed similar results till 4 days, while these plants exhibited minor 

senescence symptoms after 8 days of salt treatment (Figure 1A). High salinity significantly 

changed the gas exchange parameters such as Asat, E and gs (Figure 1B–D). The Asat of both 

300 and 500 mM NaCl treated was significantly decreased by ~25%, ~11%, and ~10%, in 300 

mM NaCl treated leaves and ~54%, ~72%, and ~63% decrease was observed in 500 mM NaCl 

treated leaves at 1, 4 and 8DAS respectively. A significant reduction of ~50% (300 mM) and 

~75% (500 mM) was observed in gs as well as ~50% (300 mM) and ~83% (500 mM) decline 

was recorded in E, respectively for treated plants with respect to control plants. However, water 

use efficiency (WUE) showed significant increase by ~1.3, ~1.7 and ~1.5-fold in 300 mM NaCl 

treated plants as well as ~2.0, ~1.1 and ~1.6-fold up-regulation was observed in 500 mM NaCl 

treated plants at 1, 4 and 8DAS (Figure 1E). The leaf relative water content (LRWC) did not 

change significantly at 1, 4 and 8DAS, in 300 mM NaCl treated leaves, whereas 500 mM NaCl 

treatment showed significant changes at 4 and 8DAS (Figure 1F). At 1DAS, the percentage of 

LRWC was similar to the control leaf levels in 500 mM NaCl treated leaves. Further, the 

percentage root relative water content (RRWC) increased significantly in 300 mM NaCl treated 

roots at 8DAS, which were returned to pre-stress levels at 1 and 4DAS (Figure 1G). However, 

in 500 mM NaCl treated roots, the percentage of RRWC showed decrease or unchanged at 1, 

4 and 8DAS.  
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To understand the changes in PSII photochemistry, components of quenching, 

photochemical utilization and photo-protective dissipation of excess excited energy in control 

and salt treated P. pinnata, were performed on light and dark-adapted leaves of 300 mM and 

500 mM NaCl treatment at 1, 4 and 8DAS. After 20 min of dark adaptation, leaves of control 

and salt treated plants were subjected to various chla fluorescence measurements such as 

induction curves (IC) (Figure 2A) and light responsive curves (LC) (Figure 2B). In 300 mM 

NaCl treated leaves, IC of PSII quantum yields such as effective quantum yield of PSII (YII), 

actual quantum yield of non-regulated heat dissipation (YNO), and actual quantum yield of 

non-regulated heat dissipation/ non-photochemical quenching (YNPQ) did not change 

significantly at 1, 4 and 8DAS, while the NPQ was significantly increased at 1, 4 and 8DAS. 

Further, the values of YII showed a significant decrease in 500 mM NaCl treated plants at 1, 4 

and 8DAS. The NPQ was decreased significantly in 500 mM NaCl treated plants at 4 and 

8DAS. However, at 1DAS, the NPQ values slightly decreased between 0.4 to 3.5 min and 

returned to control levels in 500 mM NaCl treated plants. Similarly, YNPQ values were 

significantly declined in 500 mM NaCl treated plants at 4 and 8DAS. The IC of YNPQ was 

decreased between 0.4 to 2.8 min which returned to control values in 500 mM NaCl treatment 

at 1DAS. However, the YNO levels significantly increased in 500 mM NaCl treated plants at 

1, 4 and 8DAS. Accordingly, the LC of YII, NPQ, YNPQ, and YNO did not change much in 

300 mM NaCl treated plants in 1, 4 and 8DAS. However, in 500 mM NaCl treated plants, the 

LC of YII, NPQ, and YNPQ decreased significantly at 1, 4 and 8DAS. Notably, LC of YNO 

was increased significantly in 500 mM NaCl treated plants at 1, 4 and 8DAS. Our results 

demonstrated that the chlorophyll contents (Chl a, Chl b and Chl a/b) were not changed much 

in both control and salt treated plants (Figure 3A).  
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Figure 1. Morphological and photosynthetic activity of control and salt treated Pongamia 

pinnata   

(A) Plant morphology and physiological parameters of hydroponically grown 30-days old P. 

pinnata treated with 0 mM NaCl (Control), 300 mM NaCl and 500 mM NaCl for 1, 4 and 

8DAS respectively, 

(B) light-saturated net photosynthetic rate (Asat) (µmol m-2 s-1), 

(C) Stomatal conductance (gs) (mol m-2 s-1), 

(D) Transpiration rate (E) (mmol m-2 s-1), 

(E) Water use efficiency (WUE) (mmol m-2 s-1), 

(F) Leaf relative water content (LRWC), 

(G) Root relative water content (RRWC). Error bars represent the mean ± SD (n = 5). 
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Figure 2. Effect of salt stress on chlorophyll fluorescence of control and salt treated 

Pongamia pinnata. 

(A). Induction curves of PSII quantum yield (YII), NPQ, YNPQ, and YNO in control salt 

treated Pongamia. The measurements were performed on the leaves of plants dark-adapted 

overnight illuminated with a constant PAR intensity (850 µmol photons m-2 s-1) for 6 min with 

time interval 24 sec. 

(B). Light responsive curves of PSII quantum yield (YII), NPQ, YNPQ and YNO in control 

salt treated Pongamia. The measurements were performed on the leaves of plants dark-adapted 

overnight illuminated with the following PAR intensities (0, 226, 412, 612, 846, 1263, 1732, 

2638 and 3840 µmol photons m-2 s-1). Error bar represents the mean ± SD (n =5). 
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Figure 3. Effect of salt stress on chlorophyll fluorescence of control and salt treated 

Pongamia pinnata.  

(A). Changes in chlorophyll content,  

(B). Maximal photochemical efficiency of PSII (Fv/Fm), 

(C). Effective quantum yields of regulated (YNPQ), 

(D). Non-regulated heat dissipation (YNPQ) of PSII in control and salt treated plants, minimal 

fluorescence (Fo) in one-month-old P. pinnata leaves after 1, 4 and 8DAS, 

(E). Changes in the other fluorescence parameters include maximum fluorescence (Fm),  

(F). Coefficient of photochemical chemical quenching (qP), 

(G) Electron transport rate (ETR) and coefficient of non-photochemical chemical quenching 

(qN), 

(H). Apparent maximal photochemical efficiency of PSII (FVˈ/Fmˈ). Error bars represent the 

mean  SD (n = 5). 
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Our results demonstrated that the chlorophyll contents (Chl a, Chl b and Chl a/b) were not 

changed much in both control and salt treated plants (Figure 3A). Similarly, there was no 

significant difference in the maximum quantum yield of PSII (Fv/Fm) of 300 mM NaCl treated 

plants at 1, 4 and 8DAS (Figure 3B). In 500 mM NaCl treated plants, Fv/Fm significantly 

decreased at 4 and 8DAS, while these levels remained similar to that of control at 1DAS. 

Further, the quantum yields of non-photochemical quenching (YNPQ) and constitutive heat 

dissipation (YNO) were significantly varied in control and salt treated plants. In 500 mM NaCl 

treated plants, YNO was significantly increased, while YNPQ values decreased significantly 

at 1, 4 and 8DAS (Figure 3C). However, YNO and YNPQ did not change significantly in 300 

mM NaCl treated leaves at 1, 4 and 8DAS. The minimal fluorescence (Fo) and maximal 

fluorescence (Fm) levels did not change in 300 mM at 1, 4 and 8DAS as well as in 500 mM 

NaCl treated leaves at 1 and 4DAS, while these levels showed significant changes at 8DAS 

(Figure 3D and E). Initial exposure of 300 mM NaCl treated plants showed decrease or no 

change in photochemical quenching (qP) levels at 1, 4 and 8DAS, while these levels showed a 

significant decrease in 300 mM NaCl at 4 and 8DAS as well as in 500 mM NaCl treated leaves 

at 1, 4 and 8DAS (Figure 3F). Similarly, the electron transport rate (ETR)  levels decreased in 

300 mM NaCl treated leaves at 4 and 8DAS, but these levels remained unchanged at 1DAS 

(Figure 3G). In 500 mM NaCl treated leaves, the ETR levels decreased at all-time points. 

However, the qN levels were increased in both 300 mM and 500 mM NaCl treated leaves 

across all time points. The apparent maximal photochemical efficiency of PSII (Fvˈ/Fmˈ) levels 

were not changed significantly in both 300 and 500 mM NaCl treated leaves at 1, 4 and 8DAS 

(Figure 3H). 
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Figure 4. Sodium, calcium, potassium and chloride ion content in leaves of 0 (control), 

300 and 500 mM NaCl treated plants at  

(A) 1DAS, (B) 4DAS and (C) 8DAS and in roots of 0 (control), 300 and 500 mM NaCl treated 

plants at (D) 1DAS, (E) 4DAS and (F) 8DAS respectively. Variations in the ratios of K+/Na+, 

Ca2+/Na+ and Na+/Cl– in the leaves and roots of control and salt treated plants (G-I). Error bar 

represents the mean  SD (n = 6). 
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Salinity-induced Na+, K+, Ca2+ and Cl ion homeostasis in leaves and roots of P. pinnata 

In leaves, Na+ and Ca2+ levels increased gradually in both 300 and 500 mM NaCl treated 

plants at 1, 4 and 8DAS. However, K+ levels remained unchanged during 1DAS of both 300 

and 500 mM NaCl treatment but got slightly enhanced at 4 and 8DAS of 300 mM salt stress 

and at 8DAS of 500 mM salt treatment. Correspondingly, Cl ion content was significantly 

enhanced at 1DAS in only 500 mM salt treated plants and 4 and 8DAS of both 300 and 500 

mM NaCl treated plants (Figure 4A-C). Interestingly, in roots Na+ and Cl ion content showed 

similar pattern of gradual accumulation in 300 and 500 mM salt treated plants at 1, 4 and 8DAS. 

However, Ca2+ levels were only slightly enhanced at 1DAS under 300 mM salt treatment and 

remained similar to controls during 4 and 8DAS, while 500 mM salt treated plants showed 

significant gradual increase in the Ca2+ content from 1 to 8DAS. Further, K+ content also 

increased slightly in 300 mM NaCl treatment, which showed a gradual increase from 1 to 

8DAS. However, in 500 mM salt treated plants, K+ levels were enhanced only till 4DAS and 

declined again to control levels at 8DAS (Figure 4D-F). Also, K+/Na+ ratio declined 

significantly and consistently when compared to control in both leaves and roots under 300 and 

500 mM salt treatment during all time points. However, leaf K+/Na+ ratio remained slightly 

higher than roots at all points except 8DAS of 500 mM NaCl treatment (Figure 4G). A similar 

trend was observed for Ca2+/Na+ ratios, wherein it declined significantly under both 300 and 

500 mM salt treatment across all time points, but the leaf Ca2+/Na+ ratio was maintained at 

higher levels than roots (Figure 4H). In contrast, the Na+/Cl ratio increased when compared to 

control plants in both leaves and roots under 300 and 500 mM salt treatments across all time 

points. The leaf Na+/Cl- ratios were higher than root Na+/Cl ratios during all points, except at 

1DAS of 300 mM NaCl treatment when both were same. Also, at 8DAS of 300 mM salt 

treatment, leaf Na+/Cl showed unusually high values when compared to controls (Figure 4I). 
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Pongamia adapts to high salinity conditions through physiological adjustments 

Pongamia exhibited a remarkable tolerance to salinity stress which is comparable with 

other established halophytes. Salt treated hydroponically grown Pongamia seedlings displayed 

no salt stress-induced symptoms such as wilting, yellowed leaves, leaf tip burning, chlorosis 

or necrosis in leaves till 8 days treatment indicating a strong adaptive mechanism to combat 

salinity-induced oxidative stress and ionic imbalance (Shabala and Mackay, 2011). Exposure 

of Pongamia to high salinity resulted in a significant decrease gs, Asat and E. Salinity can cause 

osmotic stress and minimize water uptake by roots resulting reduced Asat and E. The WUE 

increased substantially in salt treated Pongamia seedlings. The higher WUE improves the level 

of salt tolerance since high WUE can reduce the salt uptake by roots and substantiate the water 

deficiency caused by salinity (He et al., 2009). Plants have developed various mechanisms to 

improve the RWC in order to withstand ion and osmotic imbalance caused by osmotic stress 

(Shabala et al., 2013). The reduced RWC as shown in this study is relatively a rapid adaptive 

strategy, which might allow the plants to accumulate the selective cations and compatible 

solutes to maintain cell or tissue turgor under high salinity stress (Negrão et al., 2017). The 

Fv/Fm levels were not changed significantly in 300 mM NaCl treated leaves which suggests 

that photoinhibition was not triggered. Although the maximum quantum yields of PSII did not 

change significantly, the ETR and qP levels in 300 mM NaCl treated leaves were progressively 

decreased as the time of salt exposure increased. The observed increase in the quantum yields 

of non-photochemical energy loss of PSII (NPQ and qN) might protect the photosynthetic 

apparatus against photodamage (Moradi and Ismail, 2007; Netondo et al., 2004). However, the 

leaves of 500 mM NaCl treatment showed a significant reduction in Fv/Fm at 4 and 8DAS. 
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After prolonged exposure of 500 mM NaCl stress, YII, NPQ, and YNPQ levels also 

showed a concomitant decline. In addition, decreased levels of Fv/Fm led to the gradual 

decrease in qP and ETR values (Zhou et al., 2018). Similar results were reported by in privet 

seedlings were treated with lead. The observed decline in chl a fluorescence parameters and 

increased levels of YNO could be the result of salt-induced irreversible damage to 

photosynthetic machinery (Maxwell and Johnson, 2000). As the seedlings showed no 

morphological salinity stress-induced damage and well maintained chlorophyll pigments in the 

leaves of treated plants, it was unlikely that the photosynthetic machinery was damaged (Santos 

et al., 2015; Marriboina et al., 2017). Further, the increased levels of qN may substantiate the 

photo-damage caused by YNO through a lutein dependent process (Santos et al., 2015). 

Salinity-induced increase in Ca2+ and K+ ions in roots of salt treated P. pinnata effectively 

retained Na+ and Cl ions in root tissues and restricted their entry into leaf tissues 

Atomic emission spectroscopy and titrimetric based quantification of Na+, K+, Ca2+, and 

Cl reveals that salt treated leaves and roots of P. pinnata showed different patterns of ion 

accumulation across all time points. The Na+ and Cl contents were significantly increased in 

both leaves and roots of salt treated plants. Our results showed that the levels of Na+ and Cl– 

were significantly higher in roots than in leaves as well as maintenance of high Na+/Cl ratio 

in roots than in leaves, suggesting that roots were actively involved in the ion sequestration in 

order to reduce the salt-induced toxic effect on areal parts of the plant (Marriboina et al., 2017; 

Wu et al., 2018). Initial exposure of 300 mM NaCl treatment did not induce the K+ content 

significantly in the leaves, while these levels increased at 4 and 8DAS. In contrast,  
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500 mM NaCl treated leaves showed significant increase only at 8DAS. Further, K+ in roots 

showed significant increase in 500 mM NaCl treatment across all time points as well as in 300 

mM NaCl treated roots at 1DAS. In general, high level of Na+ inhibits the uptake of K+ ions 

which results in growth impairment and may even lead to death of the plant (Gupta and Huang, 

2014). The observed increase in K+ content with an accompanying increase in Na+ content in 

both leaves and roots enhances salt tolerance in P. pinnata. In addition, the steady-state increase 

of K+ content in 500 mM NaCl treated roots with treatment time could be either due to increased 

magnitude of the NaCl-induced K+ influx or decreased efflux of K+ across cell and vacuolar 

membranes (Shabala et al., 2007). The results suggest that the increase in the K+ level may be 

crucial to maintain osmoregulation caused by excess accumulation of Na+ in the vacuole which 

in turn regulates protein stability under high salinity conditions (Hasanuzzaman et al., 2018). 

Low K+/Na+ ratio under salt stress indicates low selectivity for K+ in the presence of high NaCl 

concentration (Taha et al., 2000).   

The fact that K+ is for the growth and survival of the plant raises, the question how P. 

pinnata and other salt-tolerant plant species cope along with low K+/Na+ and maintain ion 

balance under high salinity stress. A possible way to answer is the existence of strong adaptive 

mechanisms to compensate the low retention of K+ in both leaves and roots under high salinity 

stress. In addition, the accumulation and compartmentation of Na+ in the vacuole is 

energetically more efficient as compared with K+ accumulation to maintain high K+/Na+ in the 

plant tissues under high salinity conditions (Taha et al., 2000). Similarly, Ca2+ levels were 

significantly increased in both leaves and roots of salt treated plants across all time points, 

while these levels did not show any significant change in 500 mM NaCl treated roots at 8DAS. 

Calcium is well known for its role in maintaining structural and functional integrity plant cell 

membranes, stabilizes cell wall and cellular structures regulates ion  
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transport across cell membrane and act as an intracellular second messenger under salt stress 

(Shabala et al., 2006; Hadi and Karimi, 2012). Further, the enhanced uptake of Na+ into the 

vacuole conceals the significant increase in the Ca2+ levels resulting low Ca2+/Na+ ratio in both 

leaves and roots of Pongamia (Koksal et al., 2016; Chowdhury et al., 2018). However, the 

plants with low Ca2+/Na+ ratio showed no morphological stress symptoms with respect to the 

controls and it was unlikely that the cellular integrity and cell wall structures were damaged. 

Further, the transient increase in Ca2+ levels of salt treated plants might help the plant activating 

its salinity adaptive signaling pathways as well as the oxidative stress protective enzymes under 

salinity conditions (Hadi and Karimi, 2012). 

In conclusion, the absence of salt-induced symptoms on leaves, less decline in the leaf 

photosynthetic parameters and continuous increase in the regulated heat dissipation of PSII 

confer salinity adaptive mechanisms in P. pinnata. Further, increased Ca2+ and K+ minimizes 

the salt-induced damage in leaves and roots. Higher Na+ content in the roots than leaves also 

revealed that Pongamia roots act as ultra-filters/ strong barriers to protect the leaves from Na+ 

toxicity. The Na+ probe fluorescence data reveals the existence of vacuolar Na+ sequestration 

mechanism in the root and the confinement of Na+ specific fluorescence to certain cells such 

as tracheid cells and xylem parenchyma showing strong salinity tolerance mechanisms 

effectively operating in the roots of P. pinnata. Our results highlight the key mechanisms, 

conferring high salt tolerance in Pongamia, which can be highly crucial for further research to 

develop Pongamia as a tolerant and sustainable biofuel tree crop. 
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Continuous salinization of arable lands at an annual rate of 10% forecasts the possibility 

of approximately 50% of the total cultivated land area to be salinized by the year 2050 

worldwide (Jamil et al., 2011). Thus, demands for initiating cultivation of economically 

important tree species in salinized lands, which are otherwise unfit for agricultural productivity 

is increasing in many parts of the world, as a potential alternative for optimum economic 

sustainability (Oh et al., 2012). A recent review on salt tolerance ability of trees discussed the 

wide variations in salinity tolerance among tree species which can thrive at soil salinities 

ranging from 200 to 450 mM (Polle and Chen, 2015). Despite having considerable reports on 

salt tolerance of trees, the underlying genetic, physiological and molecular basis for the trait is 

still superficial and limited mostly to poplars (Chen and Polle, 2010; Harfouche et al., 2014; 

Ma et al., 2014) and mangroves (Chen et al., 2010). 

In general, salinity affects plant growth and development by decreasing the water potential 

of the soil leading to reduced water uptake by roots. Thus, both salinity and drought stress 

induce a set of common responses in plants owing to the osmotic stress signal (Shinozaki and 

Yamaguchi-Shinozaki, 1997). However, in addition to osmotic changes, salinity leads to 

uptake of Na+ and Cl- ions along with water. Thus, long term salinity and/or absence of efficient 

extrusion/sequestering mechanisms in plants result in accumulation of high concentrations of 

Na+ and Cl- in the cytosol causing ion homeostasis imbalance at cellular level. Salinity-induced 

decline in photosynthetic rates due to stomatal closure is an adaptive response (Shabala et al., 

2012). However, excessive accumulation of Na+ ions within photosynthetic tissues leads to 

toxicity and damage to the photosynthetic machinery which is detrimental to the plant. Thus in 

order to survive, plants need to limit Na+ transport into the shoot tissue by compartmentalizing 

the Na+ into the root stele and vacuoles (Hasegawa, 2013; Benito et al., 2014; Julkowska et al., 

2014).  
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Plants growing in saline soils, restrain the root cell wall expansion through increased 

deposition of lignin and suberin on the root cell walls to prevent excessive flow of toxic Na+ 

ions through the apoplastic pathway and increase water retention in the roots (Shabala and 

Mackay, 2011). According to Meyer et al. (2011) and Krishnamurthy et al. (2014), plants such 

as Bruguiera and Iris germanica possess layers of suberin and lignin coated exodermis (BEX 

and MEX) in roots, as well vascular tissues in leaves to enhance the water permeability under 

salt stress. In addition, the increased number of lignified tracheary elements in the vascular 

tissues under salt stress also enhances the water permeability and greater selectivity for ion 

uptake in crops such as soybean and tomato (Neves et al., 2010). Based on their survival 

strategies, halophytes are broadly classified as salt-secretors which excrete the salt through 

specialized glands on the leaves, and non-secretors exclude out the salt through specialized 

barriers in the roots (Parida and Jha, 2010; Wang et al., 2011; Jiang et al., 2017). However, the 

tolerance of all halophytes to salinity relies on controlled uptake and compartmentalization of 

Na+, K+ and Cl− and the synthesis of organic ‘compatible’ solutes, even where salt glands are 

operative. 

Most of the available information regarding salt tolerance mechanisms at physiological 

and molecular levels is limited to crops while only few reports are available for trees (Ma et 

al., 2014; Polle and Chen, 2015). At present, mangroves are the only known plant community 

that can tolerate up to 500 mM NaCl, which is equivalent to seawater salt levels (Wang et al., 

2020). Ironically, in spite of being an excellent model for understanding high salinity tolerance 

in trees, mangroves are unsuitable for cultivation in salinized terrestrial lands (Oh et al., 2012). 

Hence identification of new tree species having high economic potential and salinity endurance 

as well as understanding the physiological and molecular responses in tree species is highly 

crucial. On the other hand, due to the dwindling fossil fuel resources,  
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a parallel strong demand has arisen for identification of certain tree species acting as potential 

sources for high quality biofuel production (Mathur and Vyas, 2013). This demand has recently 

led to the unravelling of a fast-growing leguminous tree Pongamia pinnata (L.) pierre 

(Synonym: Millettia pinnata), indigenous to India and Southeast Asia, whose non-edible seed 

oil was recognized worldwide as a potential feedstock for biodiesel production (Scott et al., 

2008; Sangwan et al., 2010). Biodiesel production was reported from Pongamia seed oil 

through the consecutive acid and base-catalyzed dual step transesterification method (Naik et 

al., 2008). Apart from the seed oil, all other parts of the plant have also been implemented as 

crude drugs in Indian traditional medicine as well as for application as animal fodder and timber 

(Sangwan et al., 2010).  

Fortunately, P. pinnata was found to display semi-mangrove characteristics, capable of 

operating both glycophytic and halophytic mechanisms, preferentially, for adaptation to 

salinity (Wang et al., 2011). Unlike mangroves, Pongamia does not exhibit physiological and 

anatomical adaptations to exclude Na+ in order to endure salinity stress. Previous studies have 

shown partial salinity tolerance in Pongamia (Divakara et al., 2010; Kesari and Rangan, 2010; 

Wang et al., 2013). More recently, Huang et al. (2012), used salt-responsive transcriptome to 

demonstrate that Pongamia can overcome salt stress within 8 h after treatment. On the other 

hand, another report by Arpiwi et al. (2013), showed that some varieties of P. pinnata, collected 

from Kununurra, Western Australia and some parts of India did not tolerate salinity stress 

beyond 250 mM NaCl. Further, an integrated knowledge regarding the physiological and 

molecular responses of P. pinnata under salt stress is still at its incipient stage and needs proper 

characterization. However, a comprehensive analysis on the leaf and root responses as well as 

Na+ localization patterns under different salt concentrations at both physiological and 

molecular level is not yet elucidated. 
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In the present study, we aim to analyze the salt tolerance of one month old P. pinnata 

plants under two different salt concentrations (300 and 500 mM NaCl) by targeting the 

underlying physiological and molecular responses in both leaves and roots. Nevertheless, the 

high tolerance of P. pinnata to soil salinity makes it an ideal target for cultivation in the 

marginal or degraded lands which are otherwise not suitable for food production. 
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Plant material, growth conditions, and salinity treatment 

Seeds of P. pinnata accession TOIL 12 were obtained from Tree Oil India Limited (TOIL), 

Zaheerabad, Hyderabad, Telangana and were germinated on moist cotton for 10 days at 25°C 

in the dark. The germinated seedlings were grown in a long cylindrical glass tube (5 cm 

diameter X 60 cm length) filled with full-strength Hoagland No. 2 basal salt mixture (Himedia) 

solution adjusted to pH 5.75  0.02 for 30 days. The solution was replenished every seven days 

(Marriboina and Reddy, 2020b). The hydroponic experiment was carried out in a plant culture 

room maintained at 24°C with a 16 h photoperiod and relative humidity maintained 

approximately at 60%. For salinity treatment, 30 days old plants (n = 20-30) were selected and 

subjected to 300 and 500 mM NaCl concentrations with an increment of 100 mM NaCl per day 

(Marriboina and Reddy, 2020b). Control plants were maintained with fresh Hoagland nutrient 

solution. Plants were harvested at an interval of 1 day after stress-treatment (DAS), 4 and 

8DAS. Fresh weights of leaf and root were measured immediately after harvest. Dry weights 

of control and treated plants were determined after drying at 70°C for 3 days. Control and 

treated samples were harvested at each time intervals, flash frozen in liquid nitrogen and stored 

at 80°C prior to analysis. 

Visualization of intracellular Na+ ions through confocal laser scanning microscopy 

Leaves and roots collected from and salt treated plants were segmented into 1 cm sections 

and incubated with 2.5% glutaraldehyde solution in 0.1 M MOPS buffer overnight at 4°C. For 

sodium illumination, tissues were stained with 5 µm Na+ specific probe CoroNa-Green AM 

(Invitrogen) in the presence of 0.02% pluronic acid in 50 mM MOPS (pH 7.0) for overnight at 

room temperature. Samples were thoroughly washed with 50 mM MOPS (pH 7.0) several 

times, sectioned and immediately immersed in propidium iodide (Invitrogen) for 15 min. Cross 

sections of leaves and roots were examined under a laser scanning confocal  
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microscopy (Leica TCS SP2, Heidelberg, GmbH, Germany) as described by Oh et al. (2009), 

with some minor modifications. The cytosolic and vacuolar Na+ fluorescence was calculated 

by LCS software (Heidelberg, GmbH, Germany). 

Histochemical detection of lignin and suberin depositions in leaves and roots 

Freshly collected leaves and roots of control and salt treated plant samples were incubated 

in 2.5% glutaraldehyde solution in 0.1 M MOPS overnight at 4°C and quickly cut into small 

thin sections. To check for lignin deposition, both leaf and root cross section were stained with 

phloroglucinol-HCl for 15 min. To check for suberin deposition, both leaf and root cross 

section were stained for overnight with sudan III stain. Stained leave and root cross-sections 

are examined with Leica DM6B (GmbH, Germany) light microscope (Krishnamurthy, 1999). 

In total five biological replicates were used and 12 cross sections from each replicate were 

used for the examination. 

Statistical analyses 

Significant differences at ***P < 0.001, **P < 0.01 and *P < 0.05 in various parameters 

estimated between control and salt treated plants were calculated by using one-way ANOVA. 

All the statistical and linear regression analyses were performed using the statistical package 

Sigma Plot 11.0.  
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Salinity-induced hydrophobic barrier (suberin and lignin) formation in leaves and roots of 

P. pinnata  

Characteristic magenta-pink colour of lignin from phloroglucinol-HCl was observed 

across all cross-sections of leaves and roots of control and salt treated plants (Figure 1 and 2). 

In leaves, under control conditions lignin deposition was faint in both lipid-parenchyma and 

xylem vessels of the vascular tissue at 1, 4 and 8DAS (Figure 1A–C). In treated leaves, 

lignification of xylem cells was slightly increased in 300 and 500 mM NaCl treatment at 1, 4 

and 8DAS. Further, a lignified layer of lipid-parenchyma cells increased across the leaf axis in 

both 300 and 500 mM NaCl treatment at 1, 4 and 8DAS (Figure 1D–I). Sudan III staining was 

used to detect the suberin deposition across the cross-sections of leaves and roots of control 

and salt treated plants. Similar pattern of suberin deposition was observed in control and salt 

treated leaves at 1, 4 and 8DAS (Figure 1J–R). 

In roots, under control and salt treated conditions, magenta-pink colour staining was 

detected in the cortical cells or xylem cells of 300 and 500 mM NaCl treatment at 1, 4 and 

8DAS (Figure 2A–I). However, lignification gradually increased in the cortical cells or xylem 

cells of 300 and 500 mM NaCl treated roots at 1, 4 and 8DAS (Figure 2D–I). Also, a thin 

uniform suberized bilayer exodermis (biseriate exodermis (BEX)) was seen at 1, 4 and 8DAS 

(Figure 2J–O). Interestingly, a continuous band of suberized exodermis (multiseriate 

exodermis (MEX)) in salt treated plants was recorded. The cells of BEX and MEX showed 

thick layer of suberin deposition in 300 (Figure 2P–U) and 500 mM NaCl treated plants at 1, 4 

and 8DAS (Figure 2V–A1). 

Visualization of Na+ ion sequestration in leaves and roots of P. pinnata 

Significantly higher green fluorescence was observed in the symplasmic regions of 300 

mM and 500 mM NaCl treated leaf sections at 1, 4 and 8DAS, when compared to the 

corresponding control sections (Figure 3A-I). Further, significant fluorescence intensity was  
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also observed in the apoplasmic regions of 500 mM NaCl treated leaves at 4 and 8DAS (Figure 

3H and I). Further, the vacuolar and cytosolic Na+ intensity was also measured in control and 

salt treated plants. The cytosolic Na+ intensity did not change significantly in 300 and 500 mM 

NaCl treated leaves. However, the vacuolar Na+ intensity was increased consistently in 300 

and 500 mM NaCl treated laves at 1, 4 and 8DAS (Figure 3J). 

On other hand, root tissue exhibited a completely different pattern of sodium 

compartmentalization in salt treated plants. The Na+ fluorescence intensity was significantly 

increased in 300 and 500 mM NaCl treated roots at 1, 4 and 8DAS with respect to the controls 

(Figure 3K-S). Surprisingly, high intensity of sodium specific fluorescence was observed in 

the vacuolar region of salt treated plants. The profile distribution of Na+ between cytosol and 

vacuole in roots of control and salt treated plants was shown in Figure 3T. The cytosolic Na+ 

intensity was slightly changed in the 300 and 500 mM NaCl treated roots. However, the 

vacuolar Na+ intensity was significantly increased in 300 and 500 mM NaCl treated roots at 1, 

4 and 8DAS. 

To investigate the pattern of Na+ ion accumulation in leaves and roots of P. pinnata, a cell 

permeable Na+ specific fluorescent probe CoroNa-Green AM was used (Figure 4 and 5). Leaf 

sections of control plants were showed no strong Na+ specific fluorescence signal at 1, 4 and 

8DAS. Similarly, leaf sections of 300 mM NaCl treated plants also showed no strong Na+ 

specific fluorescence signal at 1 and 4DAS, whereas a Na+ specific green florescence was 

observed in apoplasmic region at 8DAS. Conversely, we could observe a consistent increase 

in the Na+ fluorescence signal in apoplasmic regions in leaf sections of 500 mM NaCl treated 

plants at 1, 4 and 8DAS. Further, roots followed a different pattern of fluorescence in both 

control and salt treated plants. We could observe no strong fluorescence signal in the cortical 

apoplasmic regions of control root sections at 1, 4 and 8DAS. However, a strong fluorescence  
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Figure 1. Histochemical detection of lignin and suberin content in leaves of P. pinnata. 

For lignin visualization, sections were stained with HCl-phloroglucinol.  

1. Leaf sections of control (A-C) 300 mM (D-F) and 500 mM NaCl (G-I) treated plants at 1, 4 

and 8DAS, respectively. For suberin visualization, sections were stained with Sudan III.  

2. Leaf sections of control (J-L), 300 mM (M-O) and 500 mM NaCl (P-R) treated plants at 1, 

4 and 8DAS.  

Red arrows indicate lignin deposition and black arrows indicate suberin deposition. Cu: cuticle, 

Ue: upper epidermis, Xy: xylem, Ph: phloem, Lp: lignified parenchyma, Le: lower epidermis. 

Scale bars = 100 m. 
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Figure 2. Histochemical detection of lignin and suberin content in roots P. pinnata. 

Staining was done similar to leaf sections explained previously.  

1. Lignin visualization in the root sections of control (A-C) 300 mM (D-F) and 500 mM NaCl 

(G-I) treated plants at 1, 4 and 8DAS, respectively.  

2. Suberin visualization in the root sections of control (J-O), 300 mM (P-U) and 500 mM NaCl 

(V-A1) treated plants at 1, 4 and 8DAS.  

Red arrows indicate lignin deposition and black arrows indicate suberin deposition. Ex: 

exodermis, P: phloem-enriched fraction, Xy: xylem, BEX: biseriate exodermis, MEX: 

multiseriate exodermis. Bars: black bars equivalent to 100 m and red bars equivalent to 50 

m. 
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signal was recorded in the cortical apoplasmic regions dose dependently in both 300 and 500 

mM NaCl treated root sections at 1, 4 and 8DAS. 
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Figure 3. CLSM localization of Na+ ions using Na+ specific CoroNa-Green AM (green) 

and cell-wall binding propidium iodide (red) stains. 

1. Leaf sections from control plants (A-C), 300 mM NaCl (D-F) and 500mM NaCl treated 

plants (G-I) at 1, 4 and 8DAS. Intensity of CoroNa-Green AM fluorescence in cytosolic and 

vacuolar compartments in the leaf sections (J).  

Red lines were drawn to measure Na+ fluorescence intensity. For quantification of Na+ 

fluorescence intensity more than 20 images were pooled from five biological replicates in 

control and salt treated plants. Error bar represents the mean  SD (n=20). 
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Figure 3. CLSM localization of Na+ ions using Na+ specific CoroNa-Green AM (green) 

and cell-wall binding propidium iodide (red) stains. 

1. Root sections of control plants (K-M), 300 mM NaCl (N-P) and 500 mM NaCl treated plants 

(Q-S) 1, 4 and 8DAS. Intensity of CoroNa-Green AM fluorescence in cytosolic and vacuolar 

compartments in the root sections (T).  

Red lines were drawn to measure Na+ fluorescence intensity. For quantification of Na+ 

fluorescence intensity more than 20 images were pooled from five biological replicates in 

control and salt treated plants. Error bar represents the mean  SD (n=20). 
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Figure 4. Illumination of Na+ ion fluorescence in leaves of control and salt treated 

Pongamia pinnata.  

Confocal images of leaves were stained with CoroNa-Green AM (green colour) and propidium 

iodide (red colour). (A, B and C) cross sections of leaves of control plants, (D, E and F), cross 

sections of leaves of 300 mM NaCl 1, 4 and 8DAS, (G, H and I) cross sections of leaves 500 

mM NaCl 1, 4 and 8DAS respectively.  

Red arrows were drawn to measure Na+ fluorescence intensity. Quantification of Na+ 

fluorescence intensity more than 12 images were pooled from five biological replicates in 

control and salt treated plants. Error bar represents the mean  SD (n=12). Two-way ANOVA 

test was performed to measure P-values ns (not significant) * (P<0.05), ** (P<0.01) and * * * 

(P<0.001) respectively. 
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Figure 5. Illumination of Na+ ion fluorescence in roots of control and salt treated 

Pongamia pinnata.  

Confocal images of roots were stained with CoroNa-Green AM (green colour) and propidium 

iodide (red colour). (A, B and C) cross sections of roots of control plants, (D, E and F), cross 

sections of roots of 300 mM NaCl 1, 4 and 8DAS, (G, H and I) cross sections of roots 500 mM 

NaCl 1, 4 and 8DAS, (J, K and L) magnified images of roots of control plants, (M, N and O) 

magnified images of roots of 300 mM NaCl 1, 4 and 8DAS, (P, Q and R) magnified images of 

roots 500 mM NaCl 1, 4 and 8DAS respectively.  

White arrows were drawn to measure Na+ fluorescence intensity. Quantification of Na+ 

fluorescence intensity more than 12 images were pooled from five biological replicates in 

control and salt treated plants. Error bar represents the mean  SD (n=12). Two-way ANOVA 

test was performed to measure P-values ns (not significant) * (P<0.05), ** (P<0.01) and * * * 

(P<0.001) respectively. 
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Figure 6. Our proposed model showing the mechanism of high salinity tolerance in 

Pongamia pinnata.  

1. Suberized multiseriate exodermis and lignified walls of xylem vessels, cortical cells, 

tracheids of root and lignified vascular tissues of leaf are represented.  

2. Red line and red arrows: symplastic water and Na+ transport through cytosol to enhance the 

Na+ ion sequestration into the vacuoles of tracheids and xylem parenchyma cells. 

3. Blue dashed lines: apoplastic water and Na+ transport through suberized and lignified cell 

walls to reduce the excess deposition of Na+ ions in the cytosol of leaf and root cells.  

4. Black arrows: water and solute transport though xylem vessels.  

5. Red colour: suberin lamellae; pink colour: cells with lignin deposition; green spots: vacuoles 

with Na+ ions; white region with green border: empty vacuole. Abbreviations: vac, vacuole; 

ex, exodermis; cc, cortical cells; tra, tracheids; xyl, xylem vessel; xpc, xylem parenchyma cells; 

vas, vascular tissues. 
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Salinity-induced multiseriate exodermis/ hydrophobic barrier formation in the roots of P. 

pinnata effectively enhanced the leaf and root water permeability and vacuolar Na+ 

sequestration  

Lack of morphological salt-induced stress symptoms, low Na+ content in the salt treated 

leaves and unchanged root relative water content led us to examine the development of 

hydrophobic barriers in leaves and roots, which have been shown to restrict the ion uptake and 

water transport in some plants (Krishnamurthy et al., 2014). In this study, the structural 

development of exodermal layers of leaves and roots in P. pinnata were recorded. In roots, 

increased pattern of suberization was noticed in both 300 and 500 mM NaCl treated roots across 

all time points. Suberin is a complex biopolymer with a polyaliphatic domain that forms 

hydrophobic barriers in exodermis and endodermis, which mediates the symplastic 

transportation by regulating the unregulated apoplastic by flow of water and solutes. Enhanced 

deposition of suberin in the exodermis as evidenced in the roots result decreased uptake of Na+ 

into shoot and increased retention of water in root under salinity stress. The results also 

corresponded with unchanged RWC content of root and low Na+ ion content in leaves of 300 

and 500 mM NaCl treatment. Interestingly, a third suberized multiseriate or multilayer 

exodermis (MEX) was formed periclinally to the existing biseriate or bilayer exodermis (BEX) 

in the salt treated roots of P. pinnata across all time points, while control roots did not exhibit 

MEX across all time points. Such multiseriate exodermis formation was reported in Iris 

germanica in response to varying environmental conditions, which restrict water and solute 

transport through apoplasmic route (Meyer et al., 2011). To the best our knowledge, this is the 

first study reporting on the identification of salt-induced multi-layered exoderm in P. pinnata. 

Moreover, at anatomical level, though we could not observe significant changes in suberization 

pattern between the cross sections of control and salt- 
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treated leaves, the cellular integrity of both 300 and 500 mM NaCl treated leaves was well 

maintained as similar to that of respective controls. 

Histological cross sections of leaves and roots showed that salt treated plants showed high 

lignification of xylem vessels, xylem parenchyma cells (XPCs) and cortical cells with respect 

to controls across all time points. Increased salinity also resulted in number of lignified cells in 

xylem vessels, XPCs, and tracheids in the roots of Pongamia at all-time points. Presumably, 

increased number lignified tracheids, xylem vessels and its XPCs are adaptive strategies to 

high salinity stress aiming to restrict the Na+ uptake through apoplastic flow as well as enhance 

the cell-to-cell pathway for water transport (Sánchez-Aguayo et al., 2004; Neves et al., 2010). 

Further, the numbers of tracheary elements in the vascular bundle of NaCl treated leaves were 

increased with increasing treatment time. Under salinity stress, the occurrence of high lignin 

content in the cell wall not only decreased the excess ion accumulation in the plant but also 

reduced the water uptake by several folds. The abundance of lignified xylem vessels may 

compensate for the salt-induced reduction in water uptake (Sánchez-Aguayo et al., 2004). 

Roots of salt treated P. pinnata effectively sequestered Na+ ions 

Salt treated Pongamia leaves showed a consistent high intensity staining of the central 

vascular bundle region, while control leaves did not change in its Na+ specific fluorescence 

across all time points. In addition, a high intensity of green fluorescence was observed in the 

cell walls (apoplastic region) of 500 mM NaCl treated leaves of Pongamia at 4 and 8DAS, 

which is due to increased accumulation of Na+ ions in the apoplast. The results suggest that the 

higher accumulation of Na+ ions may increase the availability of cation-binding groups in the 

cell wall matrix to enhance the apoplastic based Na+ sequestration, which may act as an 

additional barrier to existing vacuolar Na+ sequestration in order to protect the plant cellular  
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integrity from Na+ toxicity (Byrt et al., 2018). In this study, we investigated the distribution of 

Na+ between the cytosol and the vacuole in control and salt treated leaves of P. pinnata at 1, 4 

and 8DAS. Interestingly, there was high vacuolar Na+ intensity in 500 mM NaCl treated leaves 

only at 8DAS, while cytosolic Na+ intensity did not change significantly in both 300 and 500 

mM NaCl treated leaves across all time points. From the above observation, we infer that the 

small amount of sodium which escaped root barrier and reached salt treated leaves, is actively 

sequestered into the vacuole and cell wall matrix (apoplastic region) to attain structural and 

functional integrity of photosynthetic machinery under high salinity (Marriboina et al., 2017). 

The CoroNa-Green intensity increased with increasing salt concentration in both 300 and 500 

mM NaCl treated roots. Further, the xylem companion cells which were surrounded by xylem 

vessels exhibited high levels of Na+ specific fluorescence across the cross sections of both 300 

and 500 mM NaCl treated roots, while the Na+ specific fluorescence intensity level of adjacent 

cortical cells remained similar to that of controls. 

The above data suggest that the XPCs might act as Na+ ion specific filter barrier which 

restricts the entry of excess Na+ ions (transported across the root either by symplastic or 

apoplastic origin) to the aerial parts of the plant. Corresponding with the observed dry weight-

based Na+ ion content that the leaves and roots accumulated. Further, intracellular Na+ ion 

distribution pattern of Na+ ions was investigated in the XPCs of both control and salt treated 

roots. The vacuolar Na+ intensity of XPCs was significantly higher in roots of both 300 and 

500 mM NaCl treated plants, while the cytosolic Na+ intensity was remained unchanged. The 

Na+ vacuolar sequestration and low cytosolic Na+ content in the XPCs might favor the uptake 

of Na+ ions from the xylem vessel, as the vacuolar Na+ increased with salt treatment time. The 

absence of propidium iodide-stained cells across the cross-sections of  
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leaves and roots of salt treated plants suggest that the structural and functional integrity of cell 

and cellular components were well maintained even under high salt conditions (Oh et al., 2010). 

In the present study, the apoplastic/ cell wall Na+ specific fluorescence intensity was 

increased with treatment time in both 300 and 500 mM NaCl treated plants indicating that there 

was an apoplastic Na+ sequestration (Gonzalez et al., 2012; Anower et al., 2017). The 

carboxylic residues of pectin in the cell wall may primarily serve as cation-binding matrix for 

Na+ ion, contributing to apoplastic Na+ sequestration (Gonzalez et al., 2012; Marriboina et al., 

2017). The patterns of high apoplastic and vaculoar Na+ contents might lead to lower Na+ ion 

content in the cytosol which may facilitate the protection of cytosolic enzymes from sodium 

toxicity (Wu et al., 2018; Marriboina and Reddy, 2020a). 

In conclusion, the absence of salt-induced symptoms on leaves, Further, increased Ca2+ 

and K+ minimizes the salt-induced damage in leaves and roots. Higher Na+ content in the roots 

than leaves also revealed that Pongamia roots act as ultra-filters/strong barriers to protect the 

leaves from Na+ toxicity. The Na+ probe fluorescence data reveals the existence of vacuolar 

Na+ sequestration mechanism in the root and the confinement of Na+ specific fluorescence to 

certain cells such as tracheid cells and xylem parenchyma showing the strong salinity tolerance 

mechanisms effectively operating in the roots of P. pinnata. At the anatomical level, formation 

of salt-induced suberized multiseriate exodermis in the roots and a greater deposition of lignin 

maximize the water permeability in the leaves and roots (Figure 6). In addition, suberin and 

lignin synthesis in the roots and leaves contribute towards the high salinity tolerance of P. 

pinnata. Our results also highlight the key mechanisms conferring high salt tolerance in 

Pongamia, which can be highly crucial for further research to develop Pongamia as a tolerant 

and sustainable biofuel tree crop. 
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Soil salinization is a major environmental stress to limit plant growth and production 

which is closely associated with arable land degradation (Shahid et al., 2018; Marriboina and 

Reddy, 2020a). Approximately 1.5 million hectares of cultivable land is becoming saline 

marginal lands by every year because of high salinity levels and nearly 50% of arable lands 

will be lost by year 2050 (Md-Hossain, 2019). Global climate change, increasing population 

and excessive irrigation are further limiting the availability of cultivable land for crop 

production (Raza et al., 2019). To date, attempts are being made to extend the crop productivity 

on saline lands. However, progress of these attempts is greatly hampered by the genetic 

complexity of salt tolerance, which largely depends on physiological and genetic diversity of 

the plant and spatio-temporal heterogeneity of soil salinity (Morton et al., 2019). To address 

this issue, several plant species were introduced to rehabilitate the saline lands and certain 

economically important nitrogen fixing biofuel tree species are of immense importance not 

only for sustenance to saline marginal lands but also economic gain towards saline lands 

(Samuel et al., 2013; Hanin et al., 2016; Marriboina and Reddy, 2020a). 

A comprehensive understanding of physiological, hormonal and molecular adaptive 

mechanisms is crucial to cultivate these tree species on saline marginal lands (Quinn et al., 

2015). Plants growing in saline soils prevent the excess Na+ ion disposition in the leaves in 

order to protect the photosynthetic machinery from salt-induced damage. The decrease in net 

CO2 assimilation rate and optimum quantum yield of PSII (Fv/Fm) might substantiate the leaf 

performance under salt- induced drought stress. Calcium ion (Ca2+) is known as an intracellular 

second messenger and plays an important role in plant growth and development. It also plays 

an essential role in amelioration of sodium toxicity through activating several Ca2+ responsive 

genes and channels (Thor, 2019).  
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In response to salt stress, plant produces several phytohormones such as abscisic acid 

(ABA), jasmonic acid (JA), methyl-jasmonic acid (MeJA), zeatin, indole acetic acid (IAA), 

indole butyric acid (IBA) and salicylic acid (SA), which plays crucial role in sustaining its 

growth under extreme saline conditions. ABA is well-known stress-induced phytohormone, 

critical for plants growth and regulating numerous downstream signalling responses (Tuteja, 

2007). ABA causes stomatal closure to prevent excess water evaporation and regulate root 

growth under salinity stress (Zelm et al., 2020). Auxins and cytokinins are growth promoting 

phytohormones which interact to regulate various growth and developmental process such as 

cell division, elongation and differentiation. Salt-induced endogenous accumulation of 

cytokinin improves the salt tolerance in crop species by delaying leaf senescence and 

marinating photosynthetic capacity (Liu et al., 2012; Golan et al., 2017). Upon salt stress, the 

rise in endogenous SA levels can cause a significant reduction in the ROS and Na+ 

accumulation across the plant, whereas SA deficient plant produced an elevated levels of 

superoxide and H2O2 (Yang et al., 2004). According to Sahoo et al. (2014), the perfect harmony 

among phytohormones played a significant role in improving the salt tolerance in rice. 

However, the synergistic and antagonistic interactions between phytohormones mostly 

depending on plant species and type of stress imposed on plants but their interactions are still 

not clearly understood (Gupta et al., 2017). To combat against salinity-induced ROS damage, 

plants adapted jasmonates directed anthocyanin accumulation to mitigate its negative effects 

(Ali and Baek, 2020). Further, JAs can positively regulate the endogenous ABA level and 

together they regulate the guard cell movement during salt stress (Siddiqi and Husen, 2019). 

JA and ABA together also regulate antioxidant status of the cell to enhance the survivability of 

plant towards osmotic stress. Additionally, JA and SA positively regulate the several protein 

coding genes which  
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are responsible for plant salt tolerance (Wang et al., 2020). Plants pre-treated with SA, alleviate 

salinity stress by decreasing Na+ transport and by increasing H+-ATPase activity (Jayakannan 

et al., 2013; Gharbi et al., 2018). Excessive deposition of salts in the cell and celluar 

compartments causes membrane depolarization. To counteract the salt-induced membrane 

depolarization, ABA regulates expression of numerous vacuolar and plasma membrane 

transporters such as vacuolar H+-inorganic pyrophosphatase (H+-PPase), vacuolar H+-ATPase, 

Na+/H+ antiporter (NHX) 1, vacuolar pyrophosphatase (V-PPase) and plasma membrane H+-

ATPase (PM-H+-ATPase) pumps (Fukuda and Tanka, 2006). According to Shahzad et al. 

(2015), exogenous application of JAs on maize improved salt tolerance by regulating Na+ ion 

uptake at the root level. Proton pumps and cation channels such as H+-ATPase pumps, 

cation/H+ exchangers (CHXs) and cation/Ca2+ exchangers (CCXs) were involved in 

maintaining the membrane potential under salt stress conditions (Falhof et al., 2016; Li et al., 

2016; Liu et al., 2017). Significantly, the expression of several isoforms of NHXs namely SOS 

(salt overly sensitive)1, NHX1, NHX2, NHX3 and NHX6 under salt stress to regulate Na+ 

fluxes in and out of the cell (Dragwidge et al., 2018). Upon salt stress, plants activate a complex 

antioxidant defense mechanism to minimize oxidative stress damage by ROS under salt stress 

conditions (Xie et al., 2019). For the first time, we report here the mechanisms of salinity 

tolerance in Pongamia at molecular level with the help of hormonal, metabolomics, gene 

expression and computational approaches. Further, the assessment of tissue specific-

phytohormone profiling elucidates the key role of specific hormones in conferring the tissue-

specific associated mechanisms of salt tolerance in Pongamia. In addition, the correlation 

studies between the phytohormones enable to identify the crosstalk between phytohormones, 

which may regulate the growth and development in Pongamia under salt stress  
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(Maury et al., 2019). Time-course metabolic profiling and correlations under salt stress in 

Pongamia would certainly contribute to understand the biochemical changes involving 

metabolic pathways, which is crucial in plant adaptation to salinity stress conditions. The 

interaction studies between hormones and metabolites should certainly create new 

opportunities for the discovery of hormone-metabolite associates, which are very crucial to 

understand stress tolerant mechanisms (Cao et al., 2017). The present study provides an 

evidence for the hormone-metabolite interactions as well as novel hormone-metabolite 

associated signalling pathways to understand high salinity tolerance mechanisms in Pongamia 

pinnata. 
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Plant material, growth conditions and NaCl treatment 

Pongamia seeds (accession TOIL 12) were obtained from Tree India Limited (TOIL), 

Zaheerabad, Hyderabad, Telangana. Freshly collected seeds were sterilized with 1% (v/v) 

hypochlorite solution for 5 min. Further, the seeds were kept for germination on moist cotton 

bed at 25°C in dark for 10 days after thoroughly washed with autoclaved distilled water. 

Germinated seeds were grown hydroponically in Hoagland No. 2 basal salt mixture (Himedia) 

solution (pH 5.75 ± 0.02) for 30 days. The seeds were kept for germination on moist cotton 

bed for 10 days at 25°C in dark after thoroughly washed with autoclaved distilled water. After 

radicle emergence, the germinated seeds were placed just above the nutrient medium 

(Hoagland No. 2 basal salt mixture (Himedia) solution (pH 5.75 ± 0.02)) level with help of 

parafilm in 50 ml falcon tubes (Genaxy) for 10 days. Further, the plants were grown initially 

in long cylindrical glass tubes (5 cm diameter X 30 cm length) for 10 days and then transferred 

to long cylindrical glass tubes (5 cm diameter X 60 cm length) before giving the salt stress 

treatment. The glass apparatus were designed in such a way to grow the plants without root 

limitation. We maintained following culture conditions 24°C temperature, 16 h light and 8 h 

dark, and relative humidity maintained approximately at 60%. In order to avoid hypoxic 

conditions nutrient solution was renewed on daily basis. Salinity stress treatment was given 

according to Marriboina and Reddy, (2020b). For salinity stress, two different salt 

concentrations (300 mM NaCl and 500 mM NaCl (sea water equivalents)) were used. For stress 

treatment, 30 days old plants (n = 20 to 30) were chosen and exposed to 300 and 500 mM NaCl 

stress with increment of 100 mM NaCl per day (Marriboina and Reddy, 2020b). Control plants 

were maintained in a fresh Hoagland’s solution. Plants were harvested at an interval of 1, 4 and 

8 days. Fresh weights of leaves and roots were measured immediately after harvest. Dry 

weights of control and treated plant tissues were determined after  
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drying at 70°C for 3 days. Control and treated samples were harvested at each time intervals, 

flash frozen in liquid nitrogen and stored at -80°C till analysis. 

LC-MS analysis 

The endogenous levels of phytohormones were quantified by LC-MS using a protocol 

described by Pan et al. (2010), with some modifications. Freshly harvested leaves and roots of 

control and salt treated plants were finely ground to powder with liquid nitrogen. 

Approximately 100 mg of powdered tissue was suspended in 500 µl of extraction solvent (2-

Propanol:H2O:HCl, 2:1:0.002, v/v/v) and kept in thermomixer at 4°C at 500 rpm for 30 min. 

The above step was repeated with addition of 1 ml ice cold dichloromethane. The resulting 

mixture was centrifuged at 4°C 13000g for 5 min and collected in fresh centrifuge tube. The 

sample tubes were placed in speed vac to evaporate extra solvent for 45 min. The final residue 

was dissolved in 70 µl of ice cold methanol followed by centrifugation at 13000g for 5 min. 

Finally, samples were taken into a transfer vial and were analysed by using Exactive™Plus 

Orbitrap mass spectrometer (Thermo Fisher, USA) coupled with UPLC (Waters, Milford, MA, 

USA). 

LC-MS analysis was performed on an Aquity UPLC™ System equipped with quaternary 

pump, and auto-sampler to perform hormone analysis. For analysis, we used following 

conditions: capillary temperature 350˚C, sheath gas flow (N2) 35 (arbitrary units), AUX gas 

flow rate (N2) 10 (arbitrary units), collision gas (N2) 4 (arbitrary units) and capillary voltage 

4.5 kV under ultrahigh vacuum 4e-10 mbar. Chromatographic separation was carried out in a 

Hyperreal GOLD C18 (Thermo Scientific) column (2.1×75 mm, 2.7 μM). Formic acid (0.1%, 

v/v) and acetonitrile with 0.1% formic acid were used as mobile phase A and B, respectively. 

A gradient elution program was performed using two solvents system, solvent A and B 

chromatographic run for 9 min at 20˚C. Hormones such as ABA, GA, JA and SA were  
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quantified by using all ion fragmentation (AIF) mode (m/z 50-450) with positive heated 

electrospray ionization (ESI) in negative ion mode. Similarly, hormones zeatin, indoleacetic 

acid (IAA), indolebutyric acid (IBA) and methyljasmonate (MeJA) were measured using Turbo 

Ion spray source in positive ion mode. All phytohormones were quantified by using standard 

calibration curves. 

GC-MS analysis 

The plant primary metabolites were analysed by GC-MS as described by Roessner et al. 

(2000). 100 mg of freshly collected leaves and roots were ground finely with liquid nitrogen 

and extracted with 1.4 ml of 100% methanol containing ribitol as internal standard. The mixture 

was kept at 70°C for 15 min and then mixed vigorously with 1.4 ml of water. Further, the 

sample was transferred in glass vial (GL-14 Schott Duran) and centrifuged at 4°C for 15 min 

at 542 rpm. The upper phase was taken in a fresh centrifuge tube and evaporated by using 

Speed Vac drying for 45 min. Finally, the samples were kept in -80°C for storage until analysis. 

For derivatization, the residue was dissolved in 80 µl of methoxyamine hydrochloride with 

pyridine at 30°C for 90 min, followed by 80 µl of MSTFA (N-methyl-N-(trimethylsilyl) 

trifluoroacetamine) and 20 µl of FAME mix (Sigma, 1 µg. µl-1 in hexane) at 30°C for 30 min. 

The derivatized sample was analysed on a system LECO-PEGASUS GCXGC-TOF-MS 

system (LECO Corporation, USA) equipped with 30 m Rxi-5ms column with 0.25 mm internal 

diameter and 0.25 μm film thickness (Restek, USA). The ion, interference and source of 

injection temperatures were maintained at 200°C, 225°C and, 250°C, respectively. 

Chromatographic separation was carried out under following conditions: isothermal heating at 

70˚C for 5 min, followed by 5˚C min-1 oven temperature ramp to 290˚C and final heating at 

290˚C for 5 min. The flow rate of carrier gas (helium gas) was adjusted to 1.5 ml. min-1. A  
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volume of 1 µl sample was used for analysis and injected in split less mode, and scan mass 

range 70 to 600 at 2 scans/ s. 

Data sets were generated in the form of NETCDF files from ChromaTOF software 4.50.8.0 

chromatography version (LECO Corporation, USA) GC-MS and were further exported to 

MetAlign 3.0 (www.metalign.nl). The MSClust software was used to adjust signal to noise 

ratio of ≥2, for baseline correction, noise estimation and identification of mass peak (ion-wise 

mass alignment). Non-repetitive (<3 samples) mass signals were discarded. The MSClust 

analysis was performed on the above results for the reduction of data and compound mass 

extraction. Further, the MSClust files were further exported to NISTMS Search v2.2 software 

for identifying compounds with the NIST (National Institute of Standard and Technology) 

Library and Gӧlm Metabolome Database Library (http://gmd.mpimp-golm.mpg.de/). 

Metabolite identity was given based on the maximum matching factor (MF) value (>700) and 

least retention index (RI) value. The intensity of each metabolite value normalized with internal 

standard ribitol value. Finally, only annotated metabolites were taken into consideration for 

further analysis.  

Semi-quantitative PCR and quantitative RT-PCR analysis 

In the present study, a total of 34 genes were analysed for their salinity-induced expression 

profiles. Direct primers were used for 22 genes based on available transcriptome shown by 

Sreeharsha et al. (2016) and Huang et al. (2012), while indirect primers were designed for 12 

genes based on the available gene sequences of Glycine max from SoyKB (www.soykb.org) 

database since the transcriptome studies showed that P. pinnata was closely related to G. max. 

All genes were amplified by PCR using P. pinnata cDNA. The amplicons obtained based on 

G. max indirect primers as well as P. pinnata direct primers were sequenced for confirming the 

identity of target gene. Quantitative PCR analysis was performed on Eppendorf Realplex  

http://www.soykb.org/
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Master Cycler (Eppendorf, Germany) using KAPASYBRFAST [Mastermix (2×) Universal; 

KAPA Biosystems] real-time PCR kit following manufacturer’s instructions. For relative 

quantification analysis, 0.25 µg of RNA template was used, which was extracted from the pool 

of six biological replicates of both control and salt treated plants by using Sigma spectrumTM 

Total RNA kit (Sigma, USA) and cDNA synthesis was performed by using the PrimeScriptTM 

1st strand cDNA synthesis kit (TAKARA, Japan). Target genes were amplified with the 

following cycling programme: 1 cycle at 95°C for 2 min, followed by 40 cycles of 30 s at 95°C, 

30 s at 60°C and 20 s at 72°C, followed by the dissociation (melting) curve. The intensity of 

fluorescence was measured by using the Realplex software (Eppendorf, Germany). The limit 

and efficiency of each primer pair of both target and reference gene was allowed to measure 

accurate comparison of gene expression using the 2-∆∆C
T method for relative quantification (the 

Applied Biosystems User Bulletin No. 2 (P/N 4303859)) (Livak and Schmittgen, 2001). The 

18s rRNA was used as reference gene after confirming its consistency expression under salt 

stress. 

Correlation and statistical analysis 

To measure the linear dependence between the variables, Pearson’s correlation coefficient 

was calculated using R statistical package. Heat maps were generated based on correlation 

values of metabolites and hormones. Circos plot represents the relationship between hormones 

and metabolites, which was generated based on correlation values of individual metabolites 

and hormones. The statistical significant differences of control and salt treatments were 

calculated by using one-way ANOVA at ***P < 0.001, **P < 0.01 and *P < 0.05. 

 

 

 

 



82 
 

Chapter 4                                                                                       Results 

Salinity-induced phytohormonal changes in leaves and roots of P. pinnata under progressive 

salt stress 

Upon salt stress, Pongamia accumulated various hormones tissue specifically and time 

dependently. Accordingly, we quantified phytohormones by using LC-MS/MS analysis. All 

seven hormones zeatin, IAA, IBA, MeJA, SA, ABA, and JA were showed a significant increase 

in leaves of 300 and 500 mM NaCl treated plants at 1, 4 and 8DAS (Figure 1A-D). As shown 

in the Figure 1A-D, the hormone accumulation pattern was changed with the treatment time in 

leaves of 300 mM NaCl plants. At 1DAS, six hormones zeatin, IAA, IBA, MeJA, ABA, and 

JA were showed significant increase in leaves of 300 mM NaCl treated plants, while SA levels 

did not change significantly. Hormones such as zeatin, IAA, MeJA and JA showed significant 

up-regulation at 4DAS. IAA, ABA and JA levels were significantly enhanced in leaves of 300 

mM NaCl treated plants at 8DAS. Moreover, in roots, the phytohormone levels varied with salt 

concentration and treatment time. Zeatin, IBA and MeJA levels increased significantly in roots 

of 300 mM NaCl treated plants at 1DAS. Similarly, zeatin and ABA levels showed significant 

up-regulation in 500 mM NaCl treated plants at 1DAS (Figure 1E). At 4DAS, only zeatin 

showed significant increase by ~3.7-fold in roots of 300 mM NaCl treated plants. In response 

to 500 mM NaCl treatment, MeJA and JA levels showed ~3.3 and 2.0-fold up-regulation in 

roots at 4DAS respectively (Figure 1F). At 8DAS, zeatin and IAA levels were increased by 

~2.2 and 2.3-fold in roots of 300 mM NaCl treated plants respectively (Figure 1G). In response 

to 500 mM NaCl stress, only IBA levels showed significant increase by ~3.0-fold at 8DAS. 

Correlation studies among hormones are essential to explore hormonal interactions under 

salt stress. Accordingly, correlation studies were performed based on stress treatment time. 

Each stress time point was grouped individually in the form of a correlation cluster matrix to 

show the  
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interactive responses of each individual hormone under salt stress. We observed significant 

correlation between JAs and IAA over time in leaves of 300 mM NaCl treated plants (Figure 

2A-C). Similarly, JA showed significant correlation with MeJA in leaves of 500 mM NaCl 

treated plants across all-time points (Figure 2D-F). Jasmonates (JA and MeJA) and SA showed 

significant interaction with other hormones in roots of 300 and 500 mM NaCl at all-time points 

(Figure 2G-L). 

Temporal metabolite profiling in leaves and roots of Pongamia pinnata under salt stress 

The relative levels of metabolites in Pongamia under salt stress conditions were quantified 

by using gas chromatography-mass spectrometry (GC-MS) (Figure 3 and 5). A total of 71 

metabolites were identified in both leaves (Table 1) and roots (Table 4), which are related to 

12 carbohydrate metabolism, 22 organic acid metabolism, 15 amino acid metabolism, 6 

cyclitol/ polyol metabolism, 6 fatty acid metabolism and 10 other miscellaneous metabolites. 

In response to salinity stress, leaves accumulated a set of primary metabolites related to 

various metabolic pathways such as amino acid metabolism, carbohydrate metabolism, organic 

acid metabolism, polyol and fatty acid metabolism (Figure 3). Upon salt stress exposure, leaves 

accumulated various metabolites, which includes Suc, Fru, Man, pinitol, mannitol, myo-

inositol, Phe, Val, butanoate, coumarate and myristate showed significant increase in both 300 

and 500 mM NaCl treated plants at 1, 4 and 8DAS. Importantly, mannitol levels showed 

significant up-regulation by ~12 fold in leaves of 300 and 500 mM NaCl treated plants at 1, 4 

and 8DAS. With increasing treatment time, Pongamia accumulated several metabolites related 

to cell wall synthesis and TCA cycle, which include Gal, Xyl, pGlc, pFru, Leu, fumarate, 

succinate and glutarate in leaves of 300 and 500 mM NaCl treated plants at 8DAS. 

Additionally, several other metabolites 
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Figure 1. Effect of salt stress on plant morphology and levels of endogenous 

phytohormones in leaves and roots of Pongamia pinnata.  

(A) Shoot and root morphology of Hoagland solution-grown P. pinnata plants after 30 days 

treated with three different salt concentrations 0 (control), 300 and 500 mM NaCl at three 

different time points 1, 4 and 8DAS. The levels of endogenous hormones (B and I) zeatin, (C 

and J) IAA, (D and K) IBA, (E and L) MeJA, (F and M) SA, (G and N) ABA and (H and O) 

JA in leaves and roots of 0 (control), 300 and 500 mM NaCl treated plants at three different 

time points1, 4 and 8DAS respectively.  

Error bar represents the mean  SD (n=6). Two-way ANOVA test was performed to measure 

P-values ns (not significant), * (P < 0.05), ** (P < 0.01) and * * * (P < 0.001) respectively. 
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Figure 2. Hierarchical cluster analysis and heat map of hormone-hormone correlation 

matrix in P. pinnata under different NaCl treatments.  

Each correlation value (based on Pearson correlation coefficient) corresponds to average of six 

biological replicates. HAC analysis performed among the hormones at each individual time 

points (A and D) 1DAS, (B and E) 4DAS, (C and F) 8DAS in leaves of 300 and 500 mM NaCl 

treated plants. The colour key and histogram show degree of correlation. 
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Figure 2. Hierarchical cluster analysis and heat map of hormone-hormone correlation 

matrix in P. pinnata under different NaCl treatments.  

Each correlation value (based on Pearson correlation coefficient) corresponds to average of six 

biological replicates. HAC analysis performed among the hormones at each individual time 

points (G and J) 1DAS, (H and K) 4DAS, (I and L) 8DAS in roots of 300 and 500 mM NaCl 

treated plants. The colour key and histogram show degree of correlation. 
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were increased marginally in related to glycerol pathway, organic acid synthesis, amino acid 

metabolism and GABA shunt in leaves of treated plants across all-time points. In response to 

salt stress, roots accumulated a set of primary metabolites related to various metabolic 

pathways such as amino acid metabolism, carbohydrate metabolism, amino acid metabolism, 

polyol and fatty acid metabolism (Figure 5). Additionally, roots of salt treated plants also 

accumulated various metabolites related to cell-wall carbohydrates, carbohydrate alcohol, 

polyol, amino acid and fatty acid metabolism, which includes Gal, mannitol, NAG, myristate, 

laurate, palimitate, phytol and methyl-succinate showed significant increase in 300 and 500 

mM NaCl treated plants at 1, 4 and 8DAS. Significantly, similar to leaves, mannitol levels 

showed significant up-regulation by ~12 fold in roots of 300 and 500 mM NaCl treated plants 

at 1, 4 and 8DAS. In addition, Pongamia leaves accumulated several metabolites related to Leu, 

glycerol, threonate and benzoate in roots of 300 and 500 mM NaCl treated plants at 8DAS. 

Several other metabolites also increased marginally relating to fatty acid, organic acid 

synthesis, amino acid metabolism and GABA shunt in leaves of treated plants across all-time 

points.  

Correlation based clustering among metabolites in leave and roots P. pinnata under salt 

stress  

In order to explore the relationship among the metabolites in Pongamia subjected to salt 

stress, hierarchical cluster analysis was performed on a total 60,492 elements of two different 

tissues leaf (30,246) and root (30,246) which include two different treatments 300 mM NaCl 

(15,123), 500 mM NaCl (15,123) and three time points 1, 4 and 8DAS (71 X 71 metabolite; 

5041) (Figure 4 and 6). Correlation analysis was performed with Pearson correlation 

coefficients for each metabolite pair (Moing et al., 2011; Sánchez et al., 2012; Lombardo et al., 

2011). The correlation values were clustered into six groups based on treatment time e.g. leaves 

of 300 mM NaCl 
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Figure 3. Heat map of metabolite changes in leaves of P. pinnata under salt stress.  

Log2 ratios of the relative fold change values (1 to 12) of each metabolite is represented in the 

form of a single horizontal row portioned with six columns of two salt treatments (300 and 500 

mM NaCl) and three different time points (1, 4 and 8DAS) respectively. Each metabolite value 

is an average of six biological replicates represented with different colour codes red or blue 

according to the scale bar. The colour scale indicates degree of correlation. 
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Chapter 4                                                                             Results 
               

S.No  Control 300 mM 
NaCl 

P 
value 

500 mM 
NaCl 

P 
value 

300 mM 
NaCl 

P  
value 

500 mM 
NaCl 

P  
value 

300 mM 
NaCl 

P 
Value 

500 mM 
NaCl 

P 
value 

 Amino acids              
1 Alanine 0.16  0.0 0.00  0.0 *** 0.06  0.0 *** 0.06  0.0 ** 0.75  0.1 *** 0.23  0.1 ns 1.99  0.0 *** 

2 Valine 0.04  0.0 0.03  0.0 ns 0.06  0.0 ns 0.13  0.0 *** 0.28  0.1 ** 0.09  0.1 ns 0.64  0.0 ** 
3 Cysteine 1.80  0.3 0.67  0.3 *** 0.96  0.2 *** 1.24  0.5 * 2.14  0.8 ns 1.75   0.3 ns 2.64  0.3 * 

4 Serine 1.61  0.3 0.66  0.2 *** 1.19  0.3 * 1.37  0.6 ns 1.42  0.5 ns 1.95  0.4 ns 4.15  0.3 ** 
5 Leucine 0.01  0.0 0.00  0.0 *** 0.02  0.0 ns 0.00  0.0 *** 0.00  0.0 *** 0.02  0.0 ns 0.03  0.0 *** 

6 Threonine 0.02  0.0 0.00  0.0 *** 0.03  0.0 ns 0.01  0.0 *** 0.00  0.0 *** 0.02  0.0 ns 0.07  0.0 ns 
7 Aspartate 0.74  0.2 0.03  0.0 *** 0.04  0.0 *** 0.15  0.0 *** 0.00  0.0 *** 0.31  0.0 ** 0.10  0.0 *** 

8 Aspargine 1.75  0.4 0.00  0.0 *** 0.00  0.0 *** 0.00  0.0 *** 0.00  0.0 *** 0.20  0.0 *** 0.20  0.0 *** 
9 Proline 18.8  1.2 5.38  1.7 *** 9.68  1.2 *** 17.4  1.5 ns 5.24  1.5 *** 17.2  1.5 ns 24.9  1.2 * 

10 Glutamate 4.49  1.3 0.84  0.3 *** 1.52  0.3 *** 1.03  0.3 *** 0.00  0.0 *** 0.39  0.7 * 1.32  0.0 *** 
11 Homoserine 0.10  0.0 0.00  0.0 *** 0.00  0.0 *** 0.00  0.0 *** 0.00  0.0 *** 0.01  0.0 *** 0.02  0.0 *** 

12 -Alanine 0.01  0.0 0.01  0.0 ns 0.01  0.0 * 0.01  0.0 ns 0.02  0.0 * 0.01  0.0 ns 0.15  0.0 * 

13 Oxoproline 3.99  1.1 0.96  0.2 *** 1.52  0.6 *** 1.20  0.5 *** 0.00  0.0 *** 3.09  0.7 ns 1.64  0.3 *** 
14 Phenylalanine 0.10  0.0 0.09  0.0 ns 0.70  0.0 *** 0.24  0.0 *** 0.00  0.0 *** 0.28  0.0 *** 2.78  0.3 *** 

15 GABA 3.61  0.9 0.97  0.3 *** 1.63  0.3 *** 1.78  0.4 ** 1.06  0.3 *** 2.63  0.4 * 4.81  0.9 ns 

 Sugars              
16 Erythrose 0.27  0.1 0.12  0.1 * 0.07  0.0 ** 0.16  0.0 ns 0.99  0.2 *** 0.12  0.0 * 0.14  0.0 * 

17 Xylose 0.02  0.0 0.00  0.0 * 0.01  0.0 * 0.03  0.0 ns 0.08  0.0 *** 0.06  0.0 ** 0.09  0.0 *** 
18 Ribose 0.59  0.1 0.29  0.1 *** 0.44  0.1 * 0.55  0.1 ns 0.79  0.2 ns 0.66  0.1 ns 1.99  0.1 *** 

19 Fructose 0.17  0.0 0.25  0.0 ns 3.57  0.2 *** 0.88  0.1 *** 0.00  0.0 *** 0.46  0.1 *** 2.45  0.1 *** 
20 Galactose 0.05  0.0 0.03  0.0 ns 0.09  0.0 * 0.00  0.0 *** 0.00  0.0 *** 0.23  0.0 *** 2.09  0.3 *** 

21 Mannose 0.10  0.0 0.07  0.0 * 0.93  0.3 *** 0.65  0.3 ** 1.54  0.3 *** 0.56  0.1 *** 1.53  0.0 *** 
22 Glucose 0.04  0.0 0.02  0.0 *** 0.17  0.0 *** 0.02  0.0 *** 0.00  0.0 *** 0.43  0.0 ** 0.00  0.0 *** 

23 Arabinose 0.07  0.0 0.05  0.0 * 0.08  0.0 * 0.07  0.0 ns 0.15  0.0 * 0.10  0.0 ns 1.08  0.1 * 
24 Sucrose 6.79  1.8 4.35  1.0 ** 10.8  1.7 *** 14.9  2.4 *** 25.3  3.3 *** 20.6  3.5 *** 33.4  1.8 ** 

25 Fructopyronose 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.59  0.1 *** 0.31  0.1 *** 0.04  0.0 *** 
26 Glucopyranose 0.07  0.0 0.03  0.0 * 0.03  0.0 * 0.07  0.0 ns 1.31  0.1 ** 1.09  0.2 ** 1.58  0.4 *** 

27 Tagatopyranose 
 

0.02  0.0 0.00  0.0 *** 0.02  0.0 ns 0.02  0.0 ns 0.00  0.0 *** 0.00  0.0 *** 0.00  0.0 *** 

 Organic acids              
28 Lactate 0.26  0.1 0.11  0.0 *** 0.14  0.0 *** 0.20  0.0 * 0.33  0.1 ns 0.30  0.1 ns 0.2 6  0.1 ns 

29 Threonate 0.44  0.1 0.06  0.0 *** 0.07  0.0 *** 0.17  0.1 *** 0.00  0.0 *** 0.47  0.0 ns 0.78  0.1 ** 
30 Glycolate 0.13  0.0 0.00  0.0 *** 0.00  0.0 *** 0.09  0.0 * 0.19  0.0 *** 0.13  0.0 ns 0.11  0.0 ns 

31 Oxalate 0.17  0.0 0.15  0.0 ns 0.16  0.0 ns 0.16  0.0 ns 0.17  0.0 ns 0.29  0.1 ns 0.16  0.0 ns 
32 Nicotinate 0.28  0.0 0.07  0.0 *** 0.10  0.0 *** 0.15  0.0 *** 0.21  0.0 ns 0.16  0.0 *** 0.28  0.1 ns 

33 Succinate 0.67  0.1 0.23  0.0 *** 0.27  0.0 *** 0.32  0.0 *** 1.37  0.3 *** 1.66  0.2 *** 6.26  1.0 *** 
34 Methylsuccinate 0.06  0.0 0.02  0.0 *** 0.02  0.0 *** 0.03  0.0 ** 0.27  0.0 ** 0.08  0.0 ns 0.07  0.0 ns 

35 Glycerate 0.13  0.0 0.00  0.0 *** 0.00  0.0 *** 0.14  0.0 ns 0.18  0.0 * 0.18  0.0 ns 0.28  0.0 *** 

36 Fumarate 0.06  0.0 0.01  0.0 *** 0.02  0.0 *** 0.07  0.0 ns 0.15  0.0 *** 0.15  0.0 *** 0.19  0.0 *** 
37 Butanoate 0.00  0.0 0.00  0.0 ns 0.03  0.0 * 0.02  0.0 ns 0.00  0.0 ns 0.03  0.0 * 0.17  0.0 * 

38 Malate 28.0  4.4 1.49  0.3 *** 3.94  0.9 *** 17.5  3.5 *** 36.8  3.0 *** 17.4  3.9 *** 15.8  4.4 *** 

39 2-Aminooctanoate 58.7  4.6 27.8  4.7 *** 39.2  4.5 *** 52.3  5.4 ns 37.6  3.2 *** 74.6 . 6.2 * 81.5  9.1 *** 
40 Glutarate 0.11  0.0 0.03  0.0 *** 0.05  0.0 *** 0.11  0.0 ns 0.00  0.0 *** 0.36  0.1 *** 0.67  0.2 *** 

41 Isobarbiturate 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 
42 Tartarate 28.0  5.9 9.20  1.3 *** 7.31  0.9 *** 18.8  4.4 ** 0.00  0.0 *** 26.5  5.9 ns 19.8  5.9 * 

43 Citrate 6.10  1.5 0.17  0.0 *** 0.02  0.0 *** 0.25  0.0 *** 0.38  0.0 *** 3.46  0.8 * 2.07  0.2 *** 

44 Benzoate 0.02  0.0 0.01  0.0 *** 0.01  0.0 *** 0.02  0.0 ns 0.04  0.0 ** 0.03  0.0 ns 0.06  0.0 * 

45 o-Coumarate 0.00  0.0 0.00  0.0 ns 0.35  0.0 ** 0.30  0.0 ** 0.02  0.0 ** 0.00  0.0 ns 0.00  0.0 ns 
46 Ferulate 0.03  0.0 0.01  0.0 * 0.02  0.0 * 0.00  0.0 *** 0.00  0.0 *** 0.01 0.0 ** 0.00  0.0 *** 

47 Caffeate 0.56  0.1 0.00  0.0 *** 0.00  0.0 *** 0.02  0.0 *** 0.00  0.0 *** 0.07  0.0 *** 0.05  0.0 *** 
48 Pipecolate 5.41  1.0 0.14  0.0 *** 0.25  0.0 *** 0.88  0.2 *** 0.00  0.0 *** 2.91  0.5 ** 2.11  0.7 *** 

49 5-Hydroxypipecolate 
 

0.22  0.0 0.00  0.0 *** 0.00  0.0 *** 0.00  0.0 *** 0.00  0.0 *** 0.06  0.0 *** 0.00  0.0 *** 

 Polyols              

50 Glycerol 1.04  0.3 0.41  0.1 *** 0.57  0.1 *** 0.86  0.1 ns 1.79  0.3 *** 1.20  0.2 ns 3.39  0.9 ** 
51 Pyrogallol 0.01  0.0 0.01  0.0 ns 0.03  0.0 ns 0.07  0.0 * 0.23  0.0 *** 0.02  0.0 ns 0.01  0.0 ns 

52 Shikimate 0.54  0.1 0.15  0.0 *** 0.13  0.0 *** 0.25  0.0 *** 0.15  0.0 *** 0.44  0.1 ns 0.22  0.0 *** 
53 Pinitol 7.54  0.0 3.61  0.0 *** 5.64  0.0 ** 17.3  0.0 *** 30.9  0.0 *** 34.1  0.0 *** 31.4  0.0 *** 

54 Mannitol 0.00  0.0 0.19  0.0 * 0.33  0.0 *** 0.51  0.1 *** 0.00  0.0 ns 0.16  0.0 *** 0.32  0.0 *** 
55 Myo-Inositol 

 

1.10  0.2 2.86  0.8 * 5.29  1.3 *** 7.77  1.9 *** 20.8  4.9 *** 7.59  1.2 *** 15.7  2.4 *** 

 Fatty acids              

56 Laurate 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.01  0.0 *** 0.00  0.0 ns 0.00  0.0 ns 
57 Adipate 0.59  0.1 0.34  0.1 *** 0.25  0.0 *** 0.65  0.2 ns 0.04  0.0 *** 0.95  0.3 *** 0.97  0.3 *** 

58 Myristate 0.00  0.0 0.17  0.0 *** 0.14  0.0 ** 0.13  0.0 ** 0.00  0.0 ns 0.19  0.0 *** 0.30  0.0 *** 
59 Palmitate 0.58  0.1 0.39  0.0 ns 0.37  0.0 ns 0.18  0.0 *** 0.00  0.0 *** 0.23  0.0 *** 0.12  0.0 *** 

60 Stearate 0.53  0.2 0.66  0.2 ns 1.00  0.2 ** 0.26  0.0 *** 0.00  0.0 *** 0.23  0.0 ** 0.13  0.0 *** 
61 Monopalmitin 

 

0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 

 Other metabolites              
62 1,3-Propanediol 0.16  0.0 0.11  0.0 ** 0.00  0.0 *** 0.11  0.0 ** 0.17  0.0 ns 0.21  0.0 * 0.11  0.0 ** 
63 Hydroxylamine 0.09  0.0 0.01  0.0 *** 0.01  0.0 *** 0.05  0.0 * 0.07  0.0 ns 0.13  0.0 * 0.09  0.0 ns 

64 Ethanolamine 1.69  0.4 0.48  0.1 *** 0.84  0.2 ** 0.94  0.3 *** 1.80  0.5 ns 1.59  0.3 ns 3.68  0.9 * 
65 Phosphate 9.15  1.1 3.93  0.6 *** 5.14  1.2 ** 10.4  2.2 ns 20.8  2.4 *** 9.75  1.4 ns 12.7  1.3 * 

66 Glycerol-3P 0.43  0.1 0.08  0.0 *** 0.09  0.0 *** 0.28  0.0 * 0.02  0.0 *** 0.23  0.0 *** 0.38  0.1 ns 
67 Methylgalactoside 0.13  0.0 0.13  0.0 ns 0.40  0.0 ** 0.71  0.1 *** 1.09  0.6 *** 0.10  0.0 ns 0.35  0.0 ns 

68 N-Acetyl-
glucosamine 

0.05  0.0 0.00  0.0 *** 0.03  0.0 ** 0.00  0.0 *** 0.04  0.0 ns 0.01  0.0 *** 0.05  0.0 ns 

69 Phytol 0.57  0.2 0.05  0.0 *** 0.05  0.0 *** 0.07  0.0 ** 0.13  0.0 ** 0.16  0.0 ** 0.04  0.0 *** 
70 Glyceryl-glycoside 0.29  0.0 0.04  0.0 *** 0.05  0.0 *** 0.15  0.0 *** 0.02  0.0 *** 0.21  0.0 * 0.14  0.0 *** 

71 Thymidine 0.03  0.0 0.00  0.0 * 0.00  0.0 * 0.00  0.0 * 0.00  0.0 * 0.00  0.0 * 0.00  0.0 * 
               

 

Table 1. Relative concentration and fold changes of major metabolites in leaves of P. 

pinnata. 

 

 

1DAS 4DAS 8DAS 
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S.No 1DAS Abbreviation 4DAS Abbreviation 8DAS Abbreviation 

1 Glycerol Gro Citrate CA Myo-Inositol MI 
2 Proline Pro Galactose Gal Glutarate Glta 

3 2-Aminooctanoate Asu N-Acetyl-glucosamine GlcNAc Succinate SA 
4 Fumarate FA Aspartate Asp Phenylalanine Phe 
5 Malate MA Oxoproline Oxopro Mannitol MT 
6 Asparagine Asn Caffeate CAA Fructopyranose pFru 

7 Ethanolamine Eta Glucose Glc Pinitol PI 

8 Aspartate Asp Leucine Leu Sucrose Suc 
9 5-Hydroxypipecolate 5HPip Nicotinate NA Galactose Gal 

10 4-Aminobutanoate GABA Alanine Ala Fumarate FA 
11 Glutamate Glu 5-Hydroxypipecolate 5HPip Butanoate Bta 
12 Phosphate Pi Asparagine Asn Mannose Man 
13 Pipecolate Pip Glutamate Glu Myristate MytA 

14 Alanine Ala Pipecolate Pip Glucopyranose pGlc 
15 Glycerate Gri Homoserine Hse Fructose Fru 
16 Glycolate GA 4-Aminobutanoate GABA Xylose Xyl 

17 Nicotinate NA Malate MA Glucose Glc 
18 Oxoproline Oxopro Palmitate PA 2-Aminooctanoate Asu 
19 Citrate CA Glyceryl-glycoside Grl-g 1,3-Propanediol Pdo 
20 N-Acetyl-glucosamine GlcNAc Hydroxylamine HA Adipate AA 

21 Cysteine Cys Shikimate ShiA Oxalate Oxa 
22 Tagatopyranose pTag Fumarate FA Benzoate BA 
23 Methylsuccinate Met-SA Ethanolamine Eta Leucine Leu 

24 Caffeate CAA Threonine Thr Glycerate Gri 
25 Glycerol-3-phosphate G3p Glycerol-3-phosphate G3p Hydroxylamine HA 
26 Serine Ser Methylsuccinate Met-SA o-Coumarate oC 
27 Hydroxylamine HA Phytol Phytol Lactate LA 

28 Glyceryl-glycoside Grl-g 1,3-Propanediol Pdo Arabinose Ara 
29 Threonine Thr Threonate ThA Serine Ser 
30 Homoserine Hse Thymidine Thy Monopalmitin MP 

31 Tartarate TA Stearate StA Glycolate GA 
32 Threonate ThA Succinate SA Threonate ThA 
33 Succinate SA Tartarate TA Valine Val 
34 Benzoate BA Cysteine Cys Alanine Ala 

35 Ribose Rib Glycerol Gro Methylsuccinate Met-SA 
36 Pinitol PI 2-Aminooctanoate Asu Glycerol Gro 
37 Glutarate Glta Oxalate Oxa Ribose Rib 

38 Adipate AA Glycolate GA Pyrogallol Pyr 
39 Leucine Leu Lactate LA Isobarbiturate IBua 
40 Glucose Glc Erythrose Ery Phosphate Pi 

41 Arabinose Ara Serine Ser -Alanine Ba 
42 Lactate LA Ribose Rib Oxoproline Oxopro 
43 Shikimate ShiA Proline Pro Glutamate Glu 
44 Phytol Phytol Benzoate BA Laurate La 

45 1,3-Propanediol Pdo Glucopyranose pGlc Methylgalactoside Met-Gal 
46 Xylose Xyl Arabinose Ara Tartarate TA 
47 Glucopyranose pGlc Tagatopyranose pTag Threonine Thr 

48 Thymidine Thy Glutarate Glta Cysteine Cys 
49 Ferulate Fa Adipate AA Ethanolamine Eta 

50 Sucrose Suc -Alanine Ba Shikimate ShiA 

51 Mannose Man Fumarate Fa 4-Aminobutanoate GABA 
52 Erythrose Ery Butanoate Bta Pipecolate Pip 
53 Galactose Gal Xylose Xyl Malate MA 

54 -Alanine Ba Phosphate Pi Thymidine Thy 

55 Valine Val Laurate La Glyceryl-glycoside Grl-g 
56 Pyrogallol Pyr Glycerate Gri Proline Pro 
57 Oxalate Oxa Fructopyranose pFru Glycerol-3-phosphate G3p 

58 Butanoate Bta Monopalmitin MP Aspartate Asp 
59 Laurate La o-Coumarate oC Nicotinate NA 
60 Palmitate PA Pyrogallol Pyr Citrate CA 
61 Phenylalanine Phe Myristate MytA Erythrose Ery 

62 Methyl-galactoside Met-Gal Mannose Man 5-Hydroxypipecolate 5HPip 
63 Isobarbiturate IBua Pinitol PI Caffeate CAA 
64 Fructose Fru Myo-Inositol MI Tagatopyranose pTag 

65 Monopalmitin MP Sucrose Suc Asparagine Asn 
66 Fructopyranose pFru Isobarbiturate IBua N-Acetyl-glucosamine GlcNAc 
67 o-Coumarate oC Fructose Fru Phytol Phytol 
68 Stearate StA Phenylalanine Phe Ferulate Fa 

69 Myristate MytA Valine Val Stearate StA 
70 Myo-Inositol MI Methyl-galactoside Met-Gal Palmitate PA 
71 Mannitol MT Mannitol MT Homoserine Hse 

       

 

Table 2. List of all 71 metabolites in 300 mM NaCl treated leaves of P. pinnata at 1, 4 and 

8DAS and their abbreviations. 
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S.No 1DAS Abbreviation 4DAS Abbreviation  8DAS Abbreviation 

1 Asparagine Asn Threonine Thr Ethanolamine Eta 
2 Malate MA Pipecolate Pip Valine Val 

3 Proline Pro Tartarate TA Glycerol Gro 
4 Tartarate TA Homoserine Hse Sucrose Suc 
5 Pipecolate Pip Threonate ThA Benzoate BA 
6 Homoserine Hse Palmitate PA Proline Pro 

7 Threonate ThA Stearate StA Threonate ThA 
8 Glycerate Gri Glyceryl-glycoside Grl-g Phosphate Pi 
9 Glycolate GA Glycerol-3-phosphate G3p Xylose Xyl 

10 Nicotinate NA 5-HydroxyPipecolate 5HPip Ribose Rib 
11 Alanine Ala Adipate AA Fructose Fru 
12 Glycerol-3-phosphate G3p Proline Pro Arabinose Ara 
13 1,3-Propanediol Pdo GABA GABA 2-Aminooctanoate Asu 

14 Hydroxylamine HA 2-Aminooctanoate Asu Alanine Ala 
15 Glyceryl-glycoside Grl-g Aspartate Asp Galactose Gal 
16 2-Aminooctanoate Asu Oxoproline Oxopro Myristate MytA 

17 Fumarate FA Phenylalanine Phe Cysteine Cys 

18 GABA GABA Glutarate Glta -Alanine Ba 
19 5-Hydroxypipecolate 5HPip Glucose Glc Threonine Thr 

20 Aspartate Asp Glutamate Glu Butanoate Bta 
21 Ethanolamine Eta Asparagine Asn GABA GABA 
22 Cysteine Cys Fructose Fru Monopalmitin MP 
23 Adipate AA Leucine Leu Glutarate Glta 

24 Glycerol Gro Citrate CA Phenylalanine Phe 
25 Glutamate Glu Caffeate CAA o-Coumarate oC 
26 Citrate CA Galactose Gal Myo-Inositol MI 

27 Caffeate CAA Tagatopyranose pTag Mannose Man 
28 Oxoproline Oxopro Shikimate ShiA Pinitol PI 
29 Methylsuccinate Met-SA Ferulate Fa Fumarate Fa 
30 Shikimate ShiA Phytol Phytol Leucine Leu 

31 Lactate LA Butanoate Bta Isobarbiturate IBua 
32 Phytol Phytol Thymidine Thy Fructopyranose pFru 
33 Erythrose Ery Hydroxylamine HA Succinate SA 

34 Xylose Xyl Serine Ser Mannitol MT 
35 Glucopyranose pGlc Nicotinate NA Serine Ser 
36 Serine Ser N-Acetyl-glucosamine GlcNAc Glucopyranose pGlc 
37 Thymidine Thy Oxalate Oxa Adipate AA 

38 Succinate SA 1,3-Propanediol Pdo Glycerate Gri 
39 Benzoate BA Mannitol MT Methylsuccinate Met-SA 
40 Pinitol PI Ethanolamine Eta Methyl-galactoside Met-Gal 

41 N-Acetyl-glucosamine GlcNAc Ribose Rib Lactate LA 
42 Glutarate Glta Cysteine Cys Hydroxylamine HA 
43 Phosphate Pi Myristate MytA Glycolate GA 
44 Ribose Rib Lactate LA N-Acetyl-glucosamine GlcNAc 

45 Laurata La Glycerate Gri Nicotinate NA 
46 Oxalate Oxa Monopalmitin MP Oxalate Oxa 

47 Ferulate Fa -Alanine Ba Laurata La 

48 Palmitate PA Arabinose Ara Pyrogallol Pyr 
49 Tagatopyranose pTag Benzoate BA Glycerol-3-phosphate G3p 
50 Threonine Thr Glucopyranose pGlc Erythrose Ery 
51 Leucine Leu Malate MA Tartarate TA 

52 Pyrogallol Pyr Valine Val Thymidine Thy 
53 Isobarbiturate IBua Methylsuccinate Met-SA Ferulate Fa 
54 Valine Val Erythrose Ery Shikimate ShiA 

55 Arabinose Ara Glycerol Gro 1,3-Propanediol Pdo 

56 -Alanine Ba Isobarbiturate IBua Glyceryl-glycoside Grl-g 
57 Fructopyranose pFru Fumarate FA Malate MA 

58 Butanoate Bta Pyrogallol Pyr Homoserine Hse 
59 Methyl-galactoside Met-Gal Glycolate GA Phytol Phytol 
60 Myristate MytA Xylose Xyl Citrate CA 
61 Fructose Fru o-Coumarate oC Oxoproline Oxopro 

62 Myo-Inositol MI Succinate SA Caffeate CAA 
63 Mannitol MT Laurata La Pipecolate Pip 
64 Galactose Gal Fructopyranose pFru Glutamate Glu 

65 Stearate StA Methyl-galactoside Met-Gal Stearate StA 
66 Mannose Man Alanine Ala Palmitate PA 

67 Glucose Glc Myo-Inositol MI Tagatopyranose pTag 
68 o-Coumarate oC Pinitol PI 5-HydroxyPipecolate 5HPip 
69 Sucrose Suc Phosphate Pi Aspartate Asp 
70 Phenylalanine Phe Sucrose Suc Asparagine Asn 

71 Monopalmitin MP Mannose Man Glucose Glc 
       

 

Table 3. List of all 71 metabolites in 500 mM NaCl treated leaves of P. pinnata at 1, 4 and 

8DAS and their abbreviations. 
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Figure 4. Heat map of hierarchical clustering of metabolite-metabolite correlations in 

leaves of 300 and 500 mM NaCl treated P. pinnata under salinity stress.  

Each correlation value (based on Pearson correlation coefficient) corresponds to average of six 

biological replicates. HAC analysis performed among the metabolite at each individual time 

points (A) 1DAS, (B) 4DAS and (C) 8DAS in leaves of 300 mM NaCl treated plants. (D, E 

and F) Detailed view of positively correlated metabolite correlations was shown in the form of 

table. HAC analysis performed among the metabolite at each individual time points (G) 1DAS, 

(H) 4DAS and (I) 8DAS in leaves of 500 mM NaCl treated plants. (J, K and L) Detailed view 

of positively correlated metabolite correlations was shown in the form of table. The colour key 

and histogram show degree of correlation. 
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treatment at 1DAS clustered into a group (Figure 4A and D; order of metabolite names and 

abbreviations were given in the Table 2), leaves of 300 mM NaCl treatment at 4DAS clustered 

into a group (Figure 4B and E; Table 2) and leaves of 300 mM NaCl treatment at 8DAS 

clustered into another group (Figure 4C and F; Table 2). In order to simplify the graphics, only 

strong correlations (r≥0.6) were showed separately in the tables. Similarly, leaves of 500 mM 

NaCl at 1DAS clustered into one group (Figure 4G and J; order of metabolite names and 

abbreviations were given in the Table 3), leaves of 500 mM NaCl at 4DAS clustered into one 

group (Fig 4H and K; Table 3) and leaves of 500 mM NaCl at 8DAS clustered into one group 

(Figure 4I and L; Table 3). In leaves of 300 mM NaCl treated plants, we observed high 

correlations within the organic acid group (e.g. CA:CAA:NA, 5HPip:Pip) and polyols 

(MI:MT). Although a significant correlation was not observed within the amino acid group, 

these levels showed strong interaction with organic acids (Asp:CA:NA:CAA, Asn:Pip:5HPip, 

GABA:MA) in leaves of 300 mM NaCl treated plants. Additionally, a strong positive 

correlation was observed between several metabolites such as fructose, myristate, mannitol and 

myo-inositol in leaves of 300 mM NaCl treated plants. In 500 mM NaCl treated plants, a 

significant correlation was observed within the amino acids group (Asp:Glu:Oxopro, Asn:Hse, 

Leu:Phe), organic acid group (e.g. 5HPip:CA:CAA, IBua:oC) and carbohydrate group 

(Xyl:pGlc, Man:pFru) at all-time points. Carbohydrates also showed interaction with other 

metabolites (Suc:Val, Xyl:SA:Pi, pGlc:SA) in 500 mM NaCl treated plants. Additionally, 

several metabolites showed a significant interaction within each other (e.g. 

Asp:Oxopro:Glu:5Hpip:CA:CAA:Grl-g, Man:pFru:MI:MT:oC:IBu, Asn:Hse:Pip) all time 

points. In the root dataset, the correlations among the metabolites were less pronounced when 

compared 
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Figure 5. Heat map of metabolite changes in roots of P. pinnata under salt stress.  

Log2 ratios of the relative fold change values (1 to 12) of each metabolite is represented in the 

form of a single horizontal row portioned with six columns of two salt treatments (300 and 500 

mM NaCl) and three different time points (1, 4 and 8DAS) respectively. Each metabolite value 

is an average of six biological replicates represented with different colour codes red or blue 

according to the scale bar. The colour scale indicates degree of correlation. 
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Secondary metabolites 

Coumarate 

Citrate 

Succinate  

Malate 

Fumarate 

Shikimate 

Caffieate Sucrose 

Glucose 

Mannitol 

Phenylalanine 

Aspartate 

Proline     

Glutamate     

Myo-Inositol 

Pinitol 

Ferulate 

Homoserine 

Aspargine 

-Alanine 

Sugar metabolism 

Glycolate 

Fructose 

Tartarate 

+ 

Oxalate 

Threonate 

Glycerate 3-P 

Glycerol 

Glycerol-3-P 

1,3-Propanediol 

 
 

GABA 

Oxoproline     

Serine 

Cysteine 

Threonine 

Glycerate 

Alanine 

GABA shunt 

Nicotinate 

Lactate 

Glutarate Pyrogallol Adipate 

Isobarbutrate Hydroxylamine 

Butanoate 

Thymidine 

2-Aminooctanoate Methylsuccinate Glyceryl-glycoside 

Miscellaneous metabolites  

Leucine 

BCAA 

Metabolism 

Valine 

Mannose 

Ribose 

Glucopyranose 

Erythrose 

Fructopyranose 

Xylose 

Galactose oxime 

Methylgalactoside Tagatopyranose N-acetyl-glucosamine 

CHO metabolism 

Galactose 

TCA Cycle 

Benzoate 

Salicylic acid glucopyranoside 
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S.No  Control 300 mM 
NaCl 

P 
value 

500 mM 
NaCl 

P 
value 

300 mM 
NaCl 

P  
value 

500 mM 
NaCl 

P  
value 

300 mM 
NaCl 

P 
Value 

500 mM 
NaCl 

P 
value 

 Amino acids              
1 Alanine 0.84  0.3 0.11  0.0 *** 0.00  0.0 *** 0.47  0.1 ns 0.23  0.1 ** 0.97  0.7 ns 1.74  0.5 * 

2 Valine 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.1 ns 0.01  0.0 * 0.03  0.0 *** 
3 Cysteine 0.04  0.0 0.02  0.0 * 0.03  0.0 ns 0.01  0.0 * 0.03  0.0 ns 0.04   0.0 ns 0.07  0.0 ns 

4 Serine 0.21  0.1 0.11  0.0 * 0.10  0.0 ns 0.17  0.0 ns 0.33  0.1 * 0.40  0.2 * 0.35  0.1 * 
5 Leucine 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.02  0.0 ** 

6 Threonine 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 
7 Aspartate 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 

8 Aspargine 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 
9 Proline 1.48  0.4 1.29  0.4 ns 1.01  0.2 * 3.05  1.1 ** 1.44  0.7 ns 3.21  0.9 *** 1.80  0.9 ns 

10 Glutamate 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.0   0.0 ns 
11 Homoserine 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 

12 -Alanine 0.00  0.0 0.00  0.0 ns 0.01  0.0 * 0.03  0.0 *** 0.01  0.0 *** 0.00  0.0 ns 0.00  0.0 ns 

13 Oxoproline 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 
14 Phenylalanine 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 

15 GABA 0.39  0.2 0.14  0.0 *** 0.16  0.0 *** 0.42  0.1 ns 0.19  0.0 ** 0.37  0.1 ns 0.33  0.1 ns 

 Sugars              
16 Erythrose 0.03  0.0 0.03  0.0 ns 0.03  0.0 ns 0.06  0.0 ** 0.01  0.2 ns 0.00  0.0 ** 0.00  0.0 ** 

17 Xylose 0.02  0.0 0.00  0.0 ** 0.00  0.0 ** 0.00  0.0 * 0.01  0.0 ns 0.01  0.0 ns 0.01  0.0 ns 
18 Ribose 0.19  0.1 0.09  0.0 ns 0.07  0.0 * 0.12  0.0 ns 0.18  0.1 ns 0.25  0.1 ns 0.16  0.0 *** 

19 Fructose 0.25  0.1 0.13  0.0 * 0.10  0.0 * 0.20  0.0 ns 0.46  0.1 * 0.57  0.1 ** 1.15  0.5 *** 
20 Galactose 0.00  0.0 0.02  0.0 *** 0.01  0.0 *** 0.02  0.0 *** 0.01  0.0 ns 0.10  0.0 *** 0.00  0.3 ns 

21 Mannose 0.06  0.0 0.06  0.0 ns 0.03  0.3 ns 0.08  0.0 ns 0.11  0.0 ns 0.15  0.0 ns 0.28  0.1 *** 
22 Glucose 0.02  0.0 0.01  0.0 ns 0.01  0.0 ns 0.02  0.0 ns 0.04  0.0 * 0.04  0.0 ** 0.02  0.0 ns 

23 Arabinose 0.04  0.0 0.03  0.0 ns 0.02  0.0 ns 0.04  0.0 ns 0.03  0.0 ns 0.06  0.0 * 0.04  0.0 ns 
24 Sucrose 15.1  3.3 11.5  3.4 * 5.50  1.7 *** 25.9  2.4 *** 10.6  1.3 * 39.0  5.5 *** 18.4  2.8 ns 

25 Fructopyronose 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 
26 Glucopyranose 0.05  0.0 0.02  0.0 ** 0.02  0.0 ** 0.03  0.0 ** 0.18  0.1 ** 0.14  0.0 * 0.34  0.1 *** 

27 Tagatopyranose 
 

0.02  0.0 0.00  0.0 *** 0.00  0.0 *** 0.01  0.0 * 0.03  0.0 ns 0.04  0.0 ** 0.07  0.0 *** 

 Organic acids              
28 Lactate 0.28  0.1 0.16  0.0 ** 0.20  0.0 ns 0.57  0.1 *** 0.35  0.1 ns 0.31  0.1 ns 0.92  0.4 *** 

29 Threonate 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.02  0.0 *** 0.02  0.0 *** 
30 Glycolate 0.02  0.0 0.00  0.0 *** 0.00  0.0 *** 0.04  0.0 *** 0.02  0.0 ns 0.03  0.0 * 0.03  0.0 ns 

31 Oxalate 0.16  0.0 0.14  0.0 ns 0.10  0.0 ** 0.31  0.1 *** 0.11  0.0 * 0.20  0.0 ns 0.15  0.0 ns 
32 Nicotinate 0.02  0.0 0.00  0.0 *** 0.01  0.0 *** 0.02  0.0 ns 0.01  0.0 ns 0.02  0.0 ns 0.01  0.0 ns 

33 Succinate 0.26  0.1 0.03  0.0 ** 0.02  0.0 *** 0.64  0.2 *** 0.03  0.0 *** 0.05  0.0 *** 0.02  0.0 *** 
34 Methylsuccinate 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.02  0.0 *** 0.00  0.0 ns 0.03  0.0 ** 0.05  0.0 *** 

35 Glycerate 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.02  0.0 *** 0.00  0.0 ns 0.00  0.0 ns 

36 Fumarate 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.01  0.0 ** 0.02  0.0 *** 0.00  0.0 ns 0.00  0.0 ns 
37 Butanoate 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 

38 Malate 00.0  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 

39 2-Aminooctanoate 4.20  1.0 3.10  1.7 ns 2.30  1.0 * 7.50  0.5 *** 14.0  3.3 *** 7.80 . 1.7 *** 14.4  3.1 *** 
40 Glutarate 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.01  0.0 *** 0.00  0.0 ns 0.00  0.0 ns 

41 Isobarbiturate 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 
42 Tartarate 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 

43 Citrate 0.02  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.05  0.0 * 0.00  0.8 ns 0.04  0.2 * 

44 Benzoate 0.01  0.0 0.01  0.0 ns 0.01  0.0 ns 0.03  0.0 *** 0.01  0.0 ns 0.02  0.0 ** 0.02  0.0 * 

45 o-Coumarate 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 
46 Ferulate 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 

47 Caffeate 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 
48 Pipecolate 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 

49 5-Hydroxypipecolate 
 

0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 

 Polyols              

50 Glycerol 1.47  0.6 1.71  0.5 ns 1.40  0.2 ns 2.36  0.2 *** 3.39  0.9 *** 4.34  1.2 *** 2.63  0.6 *** 
51 Pyrogallol 0.03  0.0 0.00  0.0 *** 0.04  0.0 ** 0.01  0.0 * 0.00  0.0 *** 0.05  0.0 * 0.05  0.0 ** 

52 Shikimate 0.01  0.0 0.00  0.0 ns 0.00  0.0 ns 0.01  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 
53 Pinitol 2.21  0.6 1.26  0.5 ** 0.70  0.1 *** 1.29  0.5 * 4.36  0.6 ** 4.61  0.6 *** 7.88  1.9 *** 

54 Mannitol 0.00  0.0 0.14  0.0 *** 0.68  0.1 *** 0.66  0.1 *** 1.01  0.2 *** 0.09  0.0 ** 0.21  0.0 *** 
55 Myo-Inositol 

 

1.55  0.5 0.93  0.1 ns 0.71  0.1 ** 1.30  0.2 ns 2.32  0.9 * 2.50  0.8 *** 3.58  0.9 *** 

 Fatty acids              

56 Laurate 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 
57 Adipate 0.02  0.0 0.00  0.0 *** 0.00  0.0 *** 0.03  0.0 ns 0.01  0.0 * 0.02  0.0 ns 0.00  0.0 *** 

58 Myristate 0.01  0.0 0.08  0.0 ** 0.06  0.0 *** 0.04  0.0 ** 0.03  0.0 *** 0.03  0.0 *** 0.02  0.0 * 
59 Palmitate 0.02  0.0 0.16  0.2 * 0.17  0.3 ** 0.25  0.4 *** 0.14  0.2 ** 0.04  0.0 * 0.00  0.0 *** 

60 Stearate 0.02  0.0 0.13  0.0 *** 0.24  0.2 ** 0.22  0.0 *** 0.03  0.0 ns 0.03  0.0 ns 0.02  0.0 ns 
61 Monopalmitin 

 

0.00  0.0 0.01  0.0 *** 0.01  0.0 *** 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 

 Other metabolites              
62 1,3-Propanediol 0.13  0.0 0.10  0.0 ** 0.00  0.0 *** 0.24  0.0 ** 0.08  0.0 ns 0.14  0.0 * 0.12  0.0 ** 
63 Hydroxylamine 0.08  0.0 0.00  0.0 *** 0.01  0.0 *** 0.13  0.0 ** 0.06  0.0 ns 0.10  0.0 ns 0.08  0.0 ns 

64 Ethanolamine 1.24  0.4 0.19  0.0 *** 0.13  0.0 *** 0.14  0.0 *** 0.89  0.5 *** 0.63  0.1 *** 0.47  0.1 *** 
65 Phosphate 14.8  3.3 18.0  2.3 * 19.0  3.7 * 33.0  4.7 *** 20.8  2.4 ns 51.6  7.5 *** 32.1  4.2 *** 

66 Glycerol-3P 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 
67 Methylgalactoside 0.01  0.0 0.01  0.0 ns 0.05  0.0 ns 0.08  0.0 *** 0.13  0.2 *** 0.02  0.0 ns 0.03  0.0 ns 

68 N-Acetyl-
glucosamine 

0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.02  0.0 *** 0.00  0.0 ns 

69 Phytol 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 
70 Glyceryl-glycoside 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.02  0.0 * 0.02  0.0 * 0.00  0.0 *** 

71 Thymidine 0.00  0.0 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 0.00  0.0 ns 
               

 

Table 4. Relative concentration and fold changes of major metabolites in leaves of P. 

pinnata. 

 

1DAS 4DAS 8DAS 
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S.No 1DAS Abbreviation 4DAS Abbreviation 8DAS Abbreviation 

1 Glutamate Glu Mannitol MT Sucrose Suc 
2 Oxoproline Oxopro Methyl-galactoside Met-Gal Phosphate Pi 

3 Butanoate Bta Ferulate Fa Threonate ThA 

4 Fructopyranose pFru -Alanine Ba Pinitol D-PI 
5 Asparagine Asn Methylsuccinate Met-SA Glycerol Gro 

6 Threonine Thr Benzoate BA Methylsuccinate Met-SA 
7 5-Hydroxypipecolate 5HPip Succinate SA Proline Pro 

8 Phenylalanine Phe Phosphate Pi Phytol Phytol 
9 Caffeate CAA Galactose Gal Serine Ser 

10 Homoserine Hse Laurate La Glycerate Gri 
11 Thymidine Thy Lactate LA Mannitol MT 
12 Benzoate BA 2-Aminooctanoate Asu Tagatopyranose pTag 

13 Glycerol-3-phosphate G3p Glycerol Gro Glucose Glc 
14 Aspartate Asp Glycolate GA Glycolate GA 
15 o-Coumarate oC Sucrose Suc Laurate La 
16 Isobarbiturate IBua Proline Pro Fructose Fru 

17 Ferulate Fa Palmitate PA Glyceryl-glycoside Grl-g 
18 Oxalate Oxa Stearate StA N-Acetyl-glucosamine GlcNAc 
19 1,3-Propanediol Pdo Myristate MytA Leucine Leu 

20 Arabinose Ara Oxalate Oxa Galactose Gal 
21 Mannose Man 1,3-Propanediol Pdo Palmitate PA 
22 Glucose Glc N-Acetyl-glucosamine GlcNAc Myristate MytA 
23 Malate MA Fumarate FA Benzoate BA 

24 Ethanolamine Eta Glutamate Glu Mannose Man 
25 Tagatopyranose pTag Oxoproline Oxopro Glucopyranose pGlc 
26 Glycolate GA Butanoate Bta Valine Val 

27 Hydroxylamine HA Thymidine Thy 2-Aminooctanoate Asu 
28 Nicotinate NA Aspartate Asp 4-Aminobutanoate GABA 
29 4-Aminobutanoate GABA Threonine Thr Adipate AA 
30 Adipate AA Leucine Leu Isobarbiturate IBua 

31 Alanine Ala Homoserine Hse Cysteine Cys 
32 Succinate SA Caffeate CAA Alanine Ala 
33 Ribose Rib Phytol Phytol Lactate LA 

34 Cysteine Cys Hydroxylamine HA Stearate StA 
35 Glyceryl-glycoside Grl-g Fructopyranose pFru Asparagine Asn 
36 Citrate CA o-Coumarate oC Butanoate Bta 
37 Myo-Inositol MI 5-Hydroxypipecolate 5HPip Aspartate Asp 

38 Sucrose Suc Asparagine Asn Threonine Thr 
39 Pinitol PI Phenylalanine Phe 5-Hydroxypipecolate 5HPip 
40 Shikimate ShiA Adipate AA Caffeate CAA 

41 Lactate LA 4-Aminobutanoate GABA Thymidine Thy 
42 Fructose Fru Glycerol-3-phosphate G3p Glutamate Glu 
43 Serine Ser Erythrose Ery Oxoproline Oxopro 
44 Pyrogallol Pyr Arabinose Ara Homoserine Hse 

45 Glucopyranose pGlc Malate MA Glycerol-3-phosphate G3p 
46 Threonate ThA Glycerate Gri Hydroxylamine HA 
47 Xylose Xyl Mannose Man Oxalate Oxa 

48 Glutarate Glta Myo-Inositol MI Phenylalanine Phe 
49 Proline Pro Isobarbiturate IBua D-Fructopyranose pFru 

50 2-Aminooctanoate Asu Shikimate ShiA -Alanine Ba 

51 Valine Val Monopalmitin MP Arabinose Ara 
52 Erythrose Ery Glucose Glc Pyrogallol Pyr 
53 Pipecolate Pip Glyceryl-glycoside Grl-g Myo-Inositol MI 
54 Fumarate FA Valine Val Methyl-galactoside Met-Gal 

55 Glycerol Gro Tartarate TA Ferulate Fa 
56 Methyl-galactoside Met-Gal Serine Ser Monopalmitin MP 
57 Leucine Leu Fructose Fru Ribose Rib 

58 -Alanine Ba Alanine Ala 1,3-Propanediol Pdo 
59 Palmitate PA Nicotinate NA o-Coumarate oC 
60 Myristate MytA Pipecolate Pip Shikimate ShiA 
61 Phosphate Pi Ribose Rib Fumarate FA 

62 Stearate StA Pinitol PI Tartarate TA 
63 Monopalmitin MP Citrate CA Xylose Xyl 
64 Phytol Phytol Cysteine Cys Malate MA 

65 Galactose Gal Xylose Xyl Citrate CA 
66 Laurate La Glutarate Glta Pipecolate Pip 
67 N-Acetyl-glucosamine GlcNAc Threonate ThA Nicotinate NA 
68 Glycerate Gri Tagatopyranose pTag Succinate SA 

69 Tartarate TA Pyrogallol Pyr Ethanolamine Eta 
70 Mannitol MT Glucopyranose pGlc Glutarate Glta 
71 Methylsuccinate Met-SA Ethanolamine Eta Erythrose Ery 

       

 

Table 5. List of all 71 metabolites in 300 mM NaCl treated roots of P. pinnata at 1, 4 and 

8DAS and their abbreviations. 
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S.No 1DAS Abbreviation 4DAS Abbreviation 8DAS Abbreviation 

1 Hydroxylamine HA Leucine Leu Pinitol PI 
2 1,3-Propanediol Pdo Oxalate Oxa Phosphate Pi 

3 Ethanolamine Eta Hydroxylamine HA Laurate La 
4 Tagatopyranose pTag Threonine Thr Valine Val 
5 Glycolate GA Glycerol-3-phosphate G3p Glycerol Gro 
6 Sucrose Suc Fructopyranose pFru Glucopyranose pGlc 

7 Pinitol PI Oxoproline Oxopro Threonate ThA 

8 Adipate AA Malate MA Leucine Leu 
9 Alanine Ala N-Acetyl-glucosamine GlcNAc Phytol Phytol 

10 4-Aminobutanoate GABA Glutamate Glu Myo-Inositol MI 
11 Nicotinate NA Cysteine Cys Lactate LA 
12 Arabinose Ara Caffeate CAA Methyl-galactoside Met-Gal 
13 Ribose Rib Homoserine Hse Alanine Ala 

14 Myo-Inositol MI o-Coumarate oC Citrate CA 
15 Glyceryl-glycoside Grl-g Asparagine Asn Cysteine Cys 
16 Citrate CA 1,3-Propanediol Pdo Mannose Man 

17 Succinate SA Succinate SA Tagatopyranose pTag 
18 Oxalate Oxa Phenylalanine Phe Mannitol MT 
19 o-Coumarate oC Isobarbiturate IBua 2-Aminooctanoate Asu 
20 Xylose Xyl Aspartate Asp Fructose Fru 

21 Fructose Fru 5-Hydroxypipecolate 5HPip Monopalmitin MP 
22 Glutarate Glta Adipate AA Methylsuccinate Met-SA 
23 Threonate ThA Ferulate Fa Myristate MytA 

24 2-Aminooctanoate Asu Ethanolamine Eta Benzoate BA 
25 Shikimate ShiA Alanine Ala Pyrogallol Pyr 
26 Glucopyranose pGlc 4-Aminobutanoate GABA N-Acetyl-glucosamine GlcNAc 
27 Proline Pro Shikimate ShiA Serine Ser 

28 Serine Ser Pyrogallol Pyr Glycolate GA 
29 Lactate LA Threonate ThA Glucose Glc 
30 Glutamate Glu Sucrose Suc Sucrose Suc 

31 Oxoproline Oxopro Arabinose Ara Arabinose Ara 
32 Butanoate Bta Glycolate GA Glycerol-3-phosphate G3p 
33 Asparagine Asn Ribose Rib Phenylalanine Phe 
34 Thymidine Thy Thymidine Thy Caffeate CAA 

35 Fructopyranose pFru Benzoate BA Butanoate Bta 
36 Caffeate CAA Proline Pro Asparagine Asn 
37 Homoserine Hse Monopalmitin MP 5-Hydroxypipecolate 5HPip 

38 Threonine Thr Valine Val Isobarbiturate IBua 
39 Phenylalanine Phe Tartarate TA Glutamate Glu 
40 5-Hydroxypipecolate 5HPip Xylose Xyl Oxoproline Oxopro 

41 Isobarbiturate IBua Nicotinate NA Aspartate Asp 
42 D-Mannose Man Methylsuccinate Met-SA Ferulate Fa 
43 Malate MA Erythrose Ery Threonine Thr 
44 Cysteine Cys Pipecolate Pip Galactose Gal 

45 Glycerol-3-phosphate G3p Mannose Man Thymidine Thy 
46 Leucine Leu Phosphate Pi Nicotinate NA 
47 Aspartate Asp Butanoate Bta Glyceryl-glycoside Grl-g 

48 Glucose Glc Lactate LA Hydroxylamine HA 
49 Pipecolate Pip Tagatopyranose pTag Oxalate Oxa 
50 Fumarate FA Palmitate PA 1,3-Propanediol Pdo 
51 Erythrose Ery Fumarate FA Ribose Rib 

52 Valine Val -Alanine Ba Malate MA 
53 Glycerol Gro Glutarate Glta Glycerate Gri 
54 Benzoate BA Citrate CA Fructopyranose pFru 

55 Methylsuccinate Met-SA Glyceryl-glycoside Grl-g -Alanine Ba 

56 -Alanine Ba Pinitol PI Succinate SA 
57 Palmitate PA Fructose Fru Laurate La 

58 Stearate StA Myristate MytA Ethanolamine Eta 
59 Ferulate Fa Glucopyranose pGlc Glutarate Glta 
60 Myristate MytA Glucose Glc Erythrose Ery 
61 Pyrogallol Pyr Laurate La Palmitate PA 

62 Methyl-galactoside Met-Gal Phytol Phytol o-Coumarate oC 
63 Phosphate Pi 2-Aminooctanoate Asu Proline Pro 
64 Phytol Phytol Glycerol Gro 4-Aminobutanoate GABA 

65 N-Acetyl-glucosamine GlcNAc Methyl-galactoside Met-Gal Homoserine Hse 
66 Glycerate Gri Galactose Gal Tartarate TA 
67 Tartarate TA Glycerate Gri Stearate StA 
68 Monopalmitin MP Mannitol MT Shikimate ShiA 

69 Galactose Gal Stearate StA Xylose Xyl 
70 Mannitol MT Serine Ser Pipecolate Pip 
71 Laurate La Myo-Inositol MI Fumarate FA 

       

 

Table 6. List of all 71 metabolites in 500 mM NaCl treated roots of P. pinnata at 1, 4 and 

8DAS and their abbreviations. 
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Figure 6. Heat map of hierarchical clustering of metabolite-metabolite correlations in 

roots of 300 and 500 mM NaCl treated P. pinnata under salinity stress.  

Each correlation value (based on Pearson correlation coefficient) corresponds to average of six 

biological replicates. HAC analysis was performed among the metabolite at each individual 

time points (A) 1DAS, (B) 4DAS and (C) 8DAS in roots of 300 mM NaCl treated plants. (D, 

E and F) Detailed view of positively correlated metabolite correlations was shown in the form 

of table. HAC analysis was performed among the metabolite at each individual time points (G) 

1DAS, (H) 4DAS and (I) 8DAS in roots of 500 mM NaCl treated plants. (J, K and L) Detailed 

view of positively correlated metabolite correlations was shown in the form of table. The colour 

key and histogram show degree of correlation. 
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with leaf datasets. In roots of 300 mM NaCl treated plants, most of the metabolite levels showed 

significant correlation with each other (e.g. Glu:Oxopro:Thr:Phe:Hse:Ara:5Hpip:oC:Oxa:Pdo, 

PA:MytA:Gal:Gri:Met-SA:MT:Pi:Phytol:GlcNAc, pGlc:ThA:PI:pTag, Rib:Pyr:Glta:Eta, 

Suc:GA:Fru, HA:MI:SA) (Figure 6A-F; names and abbreviations were given in the Table 5). 

In 500 mM NaCl treated plants, a strong positive correlation was observed within the organic 

acid group (SA:Oxa) and carbohydrate group (pGlc:Fru) across all the time points (Figure 6G-

L; names and abbreviations were given in the Table 6).In addition, several metabolites were 

associated significantly within each other (e.g. 

Oxopro:Asn:Thr:Phe:CAA:5Hpip:IBua:pFru:Thy, Ala:ThA, LA:Asu:PI, Rib:AA, 

HA:Pdo:Eta, Ba:Gal:Gri:PA, MytA:MT:Phytol) in 500 mM NaCl treated plants at all-time 

points. 

Correlation based clustering between hormones and metabolites in leaves and roots of P. 

pinnata under salt stress  

Figure 7 shows the interaction between hormones and metabolites in leaves and roots. In 

leaves, hormones including ABA, IBA, MeJA, zeatin and JA showed a positive correlation 

with MytA in leaves of 300 mM NaCl treated plants at 1DAS (Figure 7A). Hormones JA, 

MeJA and zeatin showed significant interaction with metabolites such as amino acids, 

carbohydrates, and organic acids in leaves of 300 mM NaCl treated plants at 4DAS (Figure 

7B). In addition, JA and MeJA also showed strong association with carbohydrates and amino 

acids in leaves of 300 mM NaCl treated plants at 4DAS. At 8DAS, JA and ABA showed 

significant correlation with several metabolites MytA, Suc, Gal, Man and FA, while ABA and 

JA were showed significant interaction with metabolites pTag, organic acid group (NA, Pip, 

MA, 5Hpip, CAA), amino acids group (Hse, Asp, Asn), StA, and other metabolites (G3p, 

NAG, Grl-g) (Figure 7C). In leaves of 500 mM NaCl  
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treated plants, we could observe more interaction between hormones and metabolites including 

MeJA:IBA:zeatin:JA:IAA::carbohydrates, JA:MeJA:IAA:zeatin::organic acids, 

ABA:IBA:IAA:zeatin::amino acids, JA:IBA:IAA:SA:zeatin::polyols and fatty acids at 1DAS 

(Figure 7D). Increased interactions were also observed between hormones and metabolites 

namely JA:MeJA:zeatin::carbohydrates and cell-wallcarbohydrates, 

JA:MeJA:IBA:zeatin::organic acids, MeJA:IBA:IAA::amino acids, JA:MeJA:zeatin::polyols 

at 4DAS (Figure 7E). We recorded a significant positive correlation between hormones and 

metabolites namely MeJA:JA:ABA:SA::carbohydrates and cell-wall carbohydrates, 

JA:ABA:MeJA:SA::organic acids, JA:ABA:MeJA:IBA:IAA::amino acids, JA:ABA::polyols, 

fatty acids and JA:ABA:MeJA:IBA:zeatin::fatty acids in leaves of 500 mM NaCl treated plants 

at 8DAS (Figure 7F). 

In roots, significant correlation between hormones and metabolites was recorded including 

JA:SA:ABA:MeJA:IBA:zeatin::carbohydrates, JA:MeJA:SA:ABA:IAA:SA::organic acids 

and MeJA:IBA::fatty acids in 300 mM NaCl treated plants at 1DAS (Figure 7G). At 4DAS, 

more positive interactions were seen between hormones and metabolites namely 

JA:ABA:ABA:SA:IBA::cell-wall carbohydrates, MeJA:JA:zeatin::polyols and 

MeJA:zeatin::fatty acids (Figure 7H). At 8DAS, a strong interaction was noticed between 

hormones and metabolites (JA:MeJA:ABA:zeatin::organic acids, JA:IBA:zeatin::amino 

acidand JA:zeatin::polyols) (Figure 7I). As the salinity progressed from day 1 to day 8, the 

positive interactions decreased in roots of 500 mM NaCl treated plants (Figure 7J-L). In roots 

of 500 mM NaCl treated plants, significant interaction was between hormones and metabolites 

namely ABA:SA:IBA:zeatin::organic acids at 1DAS, JA:SA:IBA::cell-wall carbohydrates,  
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Figure 7. Circos plots showing correlations in the hormone-metabolite interactions in P. 

pinnata under different NaCl treatments.  

All 71 metabolites and 7 hormones were identified in the circle (order of metabolites mentioned 

in the table 2, 3, 5 and 6). Each correlation value (based on Pearson correlation coefficient) 

corresponds to average of six biological replicates and analysis performed between the 

hormones-metabolites at each individual time points (A and D) 1DAS, (B and E) 4DAS, (C 

and F) 8DAS in leaves as well as (H and K) 1DAS, (I and L) 4DAS, (J and M) 8DAS in roots 

of 300 and 500 mM NaCl treated plants. Ribbon colour corresponds to degree of correlation 

(in leaves: blue (+ve correlation) and red (-ve correlation) and in roots: red (+ve correlation) 

and green (-ve correlation). 
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ABA:SA:JA:MeJA::organic acids at 4DAS, and ABA:SA::cell-wall carbohydrates, 

ABA:MeJA::organic acid at 8DAS respectively.  

Differential expression of genes associated with ion transport and membrane potential in 

leaves and roots of P. pinnata 

To assess the effect of salinity stress on the gene expression profile of Pongamia, we 

monitored the expression profile of several key salt-responsive genes including SOS pathway 

components (SOS1, SOS2 and SOS3), transporters (NHX1, HKT1:1, CLC1, V-CHX1, CCX1, 

V-H+ATPaseB subunit, V-H+ATPaseE subunit, PM-H+ATPase1, PM-H+ATPase4.1, PM-

H+ATPase4.1-like, CNGC5 and CNGC17), and calcium-dependent protein kinases (CDPK3 

and CDPK32) (Figure 8). Sodium proton exchanger 1 (NHX1) was significantly up-regulated 

by ~2.6 and ~3.6-fold in leaves of 500 mM NaCl treated plants at 1 and 4DAS respectively, 

while these levels remained unchanged in leaves of 300 mM NaCl treated plants at all-time 

points and 500 mM NaCl at 8DAS respectively (Figure 8A). Further, the NHX1 gene 

expression was significantly increased only in 500 mM NaCl treated plants at 1DAS (Figure 

8B). Interestingly, high affinity transporter 1:1 (HKT1:1) levels significantly increased by ~3.6 

and ~2.0-folds in both leaves and roots of 300 mM NaCl treated plants at 1DAS. The SOS2 

levels showed increase/ decrease in leaves of 300 and 500 mM NaCl treated plants, while these 

levels were unchanged in the roots of salt treated plants. SOS3 levels showed a significant up-

regulation by ~3.9, ~2.0, and ~3.7-fold in leaves of 300 mM NaCl treated plants as well as 

~5.9, ~6.0 and ~6.0-fold increase was observed in laves of 500 mM NaCl treated plants 

respectively. However, we did not observe much changes in expression levels of chloride 

channel 1 (CLC1) in both leaves and roots of salt  
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Figure 8. Relative mRNA expression levels of transporters in leaves of P. pinnata under 

salt stress conditions.  

Log2 fold changes of NHX1, HKT1:1, SOS2, SOS3, CLC1, V-CHX1, CCX1, V-H+ATPaseB 

subunit, V-H+ATPaseE subunit, PM-H+ATP4.1, PM-H+ATP4.1-like, PM-H+ATPase1, 

CNGC5, CNGC17, CDPK3, and, CDPK32 in leaves (A) and roots (B) of salt treated plants of 

P. pinnata at 1, 4 and 8DAS respectively when compared to their corresponding controls. Error 

bar represents the mean ± SD (n=6). 
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Figure 9. Relative mRNA expression levels of cell-wall enzymes and antioxidant enzymes 

in leaves and roots of P. pinnata under salt stress conditions.  

Log2 fold changes of CATA4, FeSOD, MnSOD, Cu/ZnSOD1, Cu/ZnSOD1-like, POD, PAL1, 

PAL2, CAD2, and CAD6, in leaves (A) and roots (B) of salt treated plants of P. pinnata at 1, 

4 and 8DAS respectively when compared to their corresponding controls. Error bar represents 

the mean ± SD (n = 6). 

 

Figure 10. The band intensities of transporter genes of semi-quantitative PCR analysis in 

leaves and roots of P. pinnata under three different salinity stress conditions 0, 300 and 

500 mM NaCl at 1, 4 and 8DAS respectively. 
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treated plants. The V-CHX1 levels were marginally induced in both leaves and roots of salt 

treated plants. Under salt stress, CCX1 levels were induced significantly by ~2.0-foldin 300 

mM NaCl treated plants only at 8DAS, while these levels significantly increased by ~3.0, ~2.5 

and 1.9-fold in roots of 300 mM NaCl treated plants, though these levels remained unchanged 

in 500 mM NaCl treated plants. Vacuolar proton ATPaseB subunit (V-H+ATPaseB subunit) 

and V-H+ATPaseE subunit expression levels were slightly induced in both leaves and roots of 

salt treated plants. We also monitored expression levels of three PM-H+ATPase isoforms PM-

H+ATPase1, 4.1, 4.1-like in both leaves and roots of salt treated plants. The expression levels 

of PM-H+ATPase1, 4.1, and 4.1-like genes were similar to those of control levels in leaves of 

salt treated plants, while PM-H+ATPase4.1-like levels were marginally increased in roots of 

300 mM NaCl treated plants only at 4DAS. The CNGC5 levels were decreased or increased in 

leaves of treated plants while these levels were significantly induced in roots of treated plants 

at 1, 4 and 8DAS. Furthermore, the expression level of CNGC17 gene was decreased/ 

unchanged in both leaves and roots of treated plants. Both CDPK3 and CDPK32 levels were 

increased/ unchanged in both leaves and roots salt treated plants. Gene primers for NHX3, 

NHX6, NHX6-like, SOS1, SOS1-like, H+-ATPase4, H+-ATPase4-like, CNGC17-like, and V-

H+ppase exhibited with multiple banding patterns their expression pattern significantly varied 

in leaves and roots of both control and salt treated plants (given in Figure 10).  
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Differential expression of genes associated with ROS homeostasis and cell wall 

modifications in leaves and roots P. pinnata 

We monitored the expression levels of several key salt-responsive genes including 

antioxidant enzymes (catalase (CAT)4, iron superoxide dismutase (FeSOD), MnSOD, 

Cu/ZnSOD1, and Cu/ZnSOD1-like) and cell wall thickening enzymes (peroxidase (POD), 

phenylalanine lyase (PAL)1, PAL2, cinnamyl-alcohol dehydrogenase (CAD)2, and CAD6) 

(Figure 9A). Among the antioxidant genes CAT4 expression remained unchanged in leaves 

throughout the salt stress treatment and showed down-regulation at 8DAS in both 300 and 500 

mM salt stress. In leaves, different isoforms of SODs showed gradual and significant up-

regulation under 300 mM salt treatment from 1 to 8DAS. However, under 500 mM NaCl 

treatment, the SOD isoforms showed significant up-regulation only till 4DAS, but declined at 

prolonged stress treatment at 8DAS. Among the cell-wall strengthening genes, only POD 

showed a strong up-regulation in leaves of 300 and 500 mM NaCl treated plants at all-points, 

while the other genes (PAL1, PAL2, CAD1 and CAD2) did not show any significant induction. 

CAD 6 showed significant increase in 300 mM NaCl treatment at 8DAS, while these levels 

were significantly down-regulated in 300 mM NaCl 1 and 4DAS as well as in 500 mM NaCl 

treated plants at 1, 4, and 8DAS. In roots, the expression levels CAT4 were substantially up-

regulated in 300 and 500 mM NaCl treated plants at 1, 4 and 8DAS respectively (Figure 9B). 

Among the antioxidant genes, CAT4 was significantly up-regulated only at 1DAS of 500 mM 

salt treatment. FeSOD also increased at all-time points in 300 mM salt treated plants and in 

500 mM NaCl treatment at 4 and 8DAS. However, the expression levels of all other genes 

including MnSOD, Cu/ZnSOD1, Cu/ZnSOD1-like SOD, PAL1, 2, and CAD1, 2 and 6 were 

slightly changed in roots of salt treated plants. 
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Figure 11. Our proposed model to show the cross talk between phytohormones and 

metabolism in Pongamia pinnata subjected salinity stress. 
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The consequence of salt-induced phytohormonal disturbance in leaves and roots of 

Pongamia 

Developmental plasticity under stress conditions largely depends upon the interactions 

between hormones which regulate stress-adaptation responses and developmental processes. 

In this study, both leaves and roots of salt treated plants showed a significant diversity in 

hormone profile and their correlation patterns at all-time points. A significant correlation was 

observed among all hormones due to initial exposure of 300 mM NaCl stress in leaves. The 

rise in all hormones and correlation may be beneficial for the plant to maintain the growth 

under salt stress conditions (Sahoo et al., 2014; Fahad et al., 2015). Moreover, increased levels 

of zeatin in both leaves and roots of salt treated plants improved RRWC and stress-induced 

growth under salt stress conditions (Ghanem et al., 2011; Nishiyama et al., 2011; Wu et al., 

2014; Melo et al., 2016). 

A strong correlation was also observed between zeatin and JAs in leaves and roots of 300 

mM NaCl treated plants. The interactive influence of cytokinin may substantiate JAs negative 

impact to promote plant survival under extreme saline conditions. The synergistic interaction 

between zeatin and JAs may also enhance the salt-induced vasculature in roots to enhance 

water uptake, which is also supported by the well maintained RRWC in roots of treated plants 

(Ueda and Kato, 1982; Nitschke et al., 2016; Jang et al., 2017). IAA levels were significantly 

increased in leaves of salt treated plants at all-time points, indicating that IAA might play an 

important role in Pongamia salt tolerance. Transgenic poplar plants, overexpressing 

AtYUCCA6gene associated with increased levels of auxin, showed delayed chlorophyll 

degradation and leaf senescence (Kim et al., 2012). The increased levels of IAA and IBA may 

due to tissue damage or cell lysis. However, our fluorescence studies clearly suggest the viable 

status of cells and tissue integrity. Therefore, increased IAA levels in Pongamia might help in  
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maintaining “stay-green” trait and steady levels of chlorophyll pigments under salt stress (Kim 

et al., 2012). Likewise, IBA levels also showed significant increase in both leaves and roots of 

salt treated plants, suggesting that enhanced IBA levels may also play a role in acquiring the 

stress-induced protective architectural changes in Pongamia (Tognetti et al., 2010). In addition, 

correlation studies revealed that IBA showed good interaction with IAA in leaves of 300 mM 

NaCl treated plants. It was evident that the plants deficient in both IAA and IBA expression 

levels showed defective plant growth and development (Spiess et al., 2014). Auxins also 

showed a strong association with JAs (JA and MeJA) in leaves and roots of salt treated plants, 

which might involve in promoting salt-induced growth and tissue integrity during salt stress 

(Cai et al., 2014; Fattorini et al., 2018; Ishimaru et al., 2018). A significant increase in JAs was 

detected in both leaves of salt treated plants. However, in roots, JA levels were maintained low 

till 4DAS, and restored to control levels at 8DAS. Conversely, MeJA levels were maintained 

high till 4DAS, while these levels returned to control levels at 8DAS. The results indicates that 

the two different forms of JAs are presumably interchangeable and might share common signal 

transduction pathway in Pongamia during salt stress (Diallo et al., 2014; Mitra and Baldwin, 

2014; Cao et al., 2016; Li et al., 2017). An exogenous application of JAs reduced shoot growth, 

enhanced water uptake and cell wall synthesis in certain crop species (Kang et al., 2005; Uddin 

et al., 2013; Shahzad et al., 2015; Tavallali and Karimi, 2019). Previous studies suggest that 

the increased JAs level alleviate the toxic effects of salt stress by lowering the Na+ and Cl- ions 

accumulation across the plant (Shahzad et al., 2015). Correlation studies revealed that JAs 

showed a strong correlation with ABA in leaves of treated plants. The interactions between 

JAs and ABA may induce stomatal closure by triggering the stress-induced signalling pathways  
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in guard cells, preventing water loss from the leaves (Munemasa et al., 2011; Wang et al., 2016; 

Yang et al., 2018). 

ABA levels were significantly increased in leaves of salt treated plants which might limit 

the stomatal conductance, water content, transpiration rate and carbon exchange rate (CER) by 

closing the stomatal apparatus (Skorupa et al., 2019). The observed reduction in ABA 

accumulation in roots might be due to ABA transfer from root to shoot or ABA exudation from 

the roots (Shi et al., 2015). The prolonged maintenance of higher ABA levels negatively 

impacts the plant growth, while transient increase helps in mitigation of salt stress by enhancing 

the stress responsive genes (Shi et al., 2015). Further, reduced ABA content may favour in 

maintaining RWC by regulating aquaporin proteins (Shi et al., 2015). The correlation studies 

revealed that ABA showed a strong interaction with SA in roots of salt treated plants, which 

improves plant growth under saline conditions, albeit the signalling mechanism is still unclear 

(Devinar et al., 2013). SA levels in roots were maintained little low at 1DAS and maintained 

high at 4DAS, while these levels returned to control levels at 8DAS. Exogenous application of 

SA on plants showed an improvement in LRWC and ROS homeostasis under salt stress 

(Jayakannan et al., 2013; Husen et al., 2018). The rise in SA levels might protect the leaves 

from salt injury by inhibiting necrosis signalling pathways and also regulate the leaf turgor by 

accumulating carbohydrate polyols (mannitol, pinitol, and myo-inositol) (Husen et al., 2018). 

The observed reduction in SA levels in roots may be due to the transportation of SA from root 

to shoot under salt stress conditions (Xu et al., 2017). Correlation studies revealed a positive 

correlation between SA and IAA in leaves of salt treated plants might help in maintaining the 

leaf cell extensibility to promote better plant growth under salt stress (Formentin et al., 2018; 

Shaki et al., 2019).   
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Enhanced cell-wall carbohydrates, carbohydrate alcohols, organic and fatty acids maintain 

cellular osmotic balance under salt stress  

Pongamia exhibited significant changes in the metabolite levels including carbohydrates, 

amino acids, organic acids, polyol, and fatty acids. Interestingly, the rise in mannitol level (~12 

fold), observed in both leaves and roots of salt treated plants at 8DAS, suggest that mannitol 

may serve as a major osmoticum in Pongamia. The increased levels of carbohydrate alcohols 

not only regulates the cellular osmotic potential but also provides non-enzymatic ROS 

scavenging protection under abiotic stress conditions (Abebe et al., 2003; Hossain et al., 2017; 

Dumschott et al., 2019). High levels of carbohydrates were recorded in both leaves and roots 

of treated plants at 8DAS. These carbohydrates are known to contribute to secondary call wall 

synthesis, while their accumulation alters the cell wall composition in Pongamia (Gilbert et al., 

2009; Geilfus et al., 2017; Zhao et al., 2019). The rise in carbohydrates level may serve as 

osmolytes and immediate source of energy for a cell (Abdallaha et al., 2016). 

The metabolic profile also indicate that enhanced levels of free amino acids such as β-Ala, 

Val, Leu, Ala, Thr, Cys and Phe in leaves and roots of treated plants at 8DAS. The increased 

levels of these free amino acids may provide continue nutrient and water uptake to support 

plant growth under salt stress condition and also contribute to tolerance by regulating several 

biological processes including biosynthesis of cell wall components, to protect the membrane 

protein integrity as well as stability of cellular macro-structures (Cao et al., 2017; Nasir et al., 

2010). Interestingly, the accumulation of serine and glycolate are active components of 

photorespiration, which play a crucial role in protecting the photosynthestic apparatus by 

limiting the deposition of toxic photo-inhibitory metabolites (Hossain et al., 2017). Lactic acid 

accumulation may involve in the regulation of cytoplasmic pH, and production of pyruvate to 

maintain glycolysis under salt  
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stress condition (Felle et al., 2005; Hossain et al., 2017). Increased accumulation of saturated 

fatty acids might protect the membrane fluidity to protect the cell and cellular organelle from 

Na+ toxicity and ion leakage (Shu et al., 2015; Atikij et al., 2019). 

The correlation analysis between metabolites provides new insights for salinity studies in 

Pongmaia  

In leaves, a strong correlation was observed among carbohydrates, fatty acids and polyols 

in treated plants suggesting that these metabolites may serve as first line ‘osmolyte defense’ 

against Na+ ion osmotic imbalance, protecting the structural and functional integrity of the cell 

and cell membrane from osmotic imbalance (Gao et al., 2013; Conde et al., 2015). Further, the 

positive interaction between carbohydrates, intermediates of TCA cycle and polyols could 

serve as second line ‘ion homeostasis defense’ to maintain the intracellular pH and ion balance 

under salt stress (Guo et al., 2015). The positive correlation, observed between carbohydrates, 

polyols, amino acids and organic acids might serve as third line ‘quick energy defense’ 

suggesting an anaplerotic role for the TCA cycle and provide immediate carbon energy source 

under salt stress (Zhang et al., 2017). The association between carbohydrates and amino acids 

showed maintain C:N balance, which may ameliorate salt-induced stress in Pongamia (Nasir 

et al., 2010; Naliwajski and Skłodowska, 2018).  

Our results also showed an increase in coumarate and benzoate in both leaves and roots, 

while significant increase was observed in caffieate and ferulate levels only in roots of salt 

treated plants. Increased levels of these metabolites could be beneficial to the plants for lignin 

biosynthesis as well as salicylic acid production, which may play defensive role under salinity 

stress (Chen et al., 2019). An increase in the accumulation of free amino acids Thr, Ala, Cys, 

and Leu might also involve in the production of pyruvate to maintain TCA cycle. Consistent 

with these results,  
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we observed a marginal induction of the GABA shunt. The induction of GABA shunt may 

serves as an alternative source for carbon in TCA cycle and support respiratory carbon 

metabolism under salt stress (Che-Othman et al., 2019; Seifikalhor et al., 2019). Further, we 

observed marginal increase in metabolites of glycerol pathway, which is essential in providing 

carbon source to glycolysis and triglyceride pathways. Moreover, glycerol is known to function 

as intra-cellular osmoticum under salt stress (Bahieldin et al., 2013; Igamberdiev and 

Kleczkowski, 2018). 

In roots, the positive correlation between organic acids, carbohydrates and fatty acids may 

serve as line of ‘ion homeostasis and osmolyte defense’, regulating cellular pH, osmotic 

potential and membrane fluidity (Sakamoto and Murata, 2002; Guo et al., 2015). The enhanced 

correlation of secondary metabolites with these metabolites could serves as second line of 

‘antioxidant and cell wall barrier defense’, where it enhances the tolerance to salinity by 

regulating pathways such as ROS detoxification and cell wall barrier synthesis (lignin 

biosynthesis) (Liu et al., 2018; Yang et al., 2018). The positive association of polyols may 

provide a continuous osmoticum at cellular level to mitigate the osmotic imbalance raised by 

the increase uptake of Na+ ions into the vacuole (Slama et al., 2015). 

The correlation analysis between phytohormones and metabolites provides new insights for 

salinity studies 

Hormone association with fatty acids may favour the protein lipid modifications such as 

S-acylation and N-myristoylation, which correspond to the irreversible link of lipid (fatty acid) 

to the N-terminal amino acid residue of proteins. The lipid modification could be involved in 

regulation of several biological processes redox homeostasis, protein-membrane associations 

and protein stability under various environmental stresses (Boyle et al., 2016; Majeran et al., 

2018).  
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The exogenous application of MeJA on shoots of soybean showed increased accumulation 

of cell wall SFAs to maintain growth under drought stress (Mohamed and Latif, 2017). Further, 

JA also showed strong interaction with organic acids and amino acids with the salinity 

treatment time suggesting that organic acids and amino acids may be involved in promoting 

salt-induced growth by regulating osmotic balance, ion homeostasis, carbon and nitrogen 

balance under salt stress (Sharma et al., 2018; Siddiqi and Husen, 2019). The results suggest 

that the increased interaction between hormones and metabolites may be beneficial to 

Pongamia in order to survive under extreme salinity stress (Sahoo et al., 2014; Formentin et 

al., 2018). The number of interactions between hormones and metabolites increased with 

increasing treatment time in roots of 300 mM NaCl treated plants. In contrast, the number 

interactions were decreased with the treatment time in roots of 500 mM NaCl treated plants. 

The high correlation between hormones and cell-wall carbohydrates and organic acids may 

enhance the water permeability as well as pH regulation under salt tress conditions. The 

increased association of hormones with organic acids may provide immediate source of carbon 

energy and osmotic balance under salinity stress conditions (Assaha et al., 2017; Böhm et al., 

2018; Yang and Guo, 2018). 

Salinity-induced alteration in expression of ion transporter genes  

In the present study, Pongamia exhibited tissue specific expression of salt-responsive 

transporter genes including SOS1, NHXs, PM-H+-ATPases, V-H+-ATPases, CNGCs, and 

other transporter genes. The expression patterns of SOS1 and SOS1-like genes correlated with 

Na+ fluoresence and Na+ion content,indicating that SOS1 genes are responsible for low Na+ 

levels in the leaves of Pongamia by increasing Na+ loading into the xylem/ apoplastic region. 

Further, the expression levels of SOS1 and SOS1-like genes increased significantly in salt 

treated roots, which  
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may contribute to apoplastic Na+ depostion under high salinity. The differential expression of 

SOS2 and SOS3in the both leaves and roots suggest their crucial role in salt tolerance of 

Pongamia through SOS pathway. In this study, we observed that the expression of NHX1 was 

unchaged upon 300 mM salt stress in both leaves and roots of Pongamia, while there was 

significant induction in 500 mM NaCl stress in both leaves and roots, which correlates with the 

low levels of Na+ fluoresence intensity and Na+content data in leaves of 300 mM NaCl treated 

plants. At high salt concentration (500 mM NaCl), Pongmia might induce NHX1 experssion to 

sequester Na+ ions rapidly into the vacuole to mitigate the Na+ toxicity. Similarly, in roots, 

induced NHX1 expression may indicate the vacuolar Na+ sequestration. In contrast, NHX1 

levels wereunaffected at intial impostion of stress, suggesting involvement of other NHXs 

isofoms for vacuolar Na+ sequestration at intial stages of salt stress. The differential expresssion 

of other NHXs isoforms such as NHX3, NHX6 nd NHX6-like in both leaves and roots suggests 

their possible roles in ion homeostasis, plant growth and development under salt stress (Bassil 

et al., 2018; Dragwidge et al., 2018). In this study, expression of high affinity transporter 

(HKT)1:1 followed similar trend in both leaves and roots of salt stressed plants. Previous 

studies suggested that HKT family transporter proteins can mediate exclusion of Na+from 

leaves and roots by translocating shoot-to-rootand root-to-shoot Na+ delivery by withdrwaing 

Na+ from xylem stream into phloem (Munns et al., 2012; Hill et al., 2013; An et al., 2017; 

Zhang et al., 2018). Induction of HKT1:1 expression upon initial imposition of salt stress in 

both leaves and roots may promote Na+ exclusion tolimit Na+ toxcity in the respective tissues 

(Zhang et al., 2018). However, with increasing salt stress treatment time, the marginal 

expression of HKT1:1genemay regulate the retrevial of Na+ from the xylem (Davenport et al., 

2007; Ali et al., 2016). The expression levels of CLC1 indicate that CLC1 may not be involved  
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in the Cl- vacuolar sequestration (Wei et al., 2016). PM-H+-ATPase family pumps playa crucial 

role in improving the salt tolerance by maintaing the intracellular pH balance, transmembrane 

potential and ion homeostasis under salt stress conditions (Olfatmiri et al., 2014; Falhof et al., 

2016; Shabala et al., 2016). The diffrences in the expression levels of PM-H+-ATPase isoforms 

could be due toconfigurational and/or post-translational modifications of these isforms under 

salt stress, which could promote growth under salinity stress. The increased expression of V-

H+-PPase and V-H+-ATPaseB and E subunit in leaves of salt treated plants may control the 

depolarization of vacuolar membrane potential, which is generated by excess depostion of Na+ 

ions in leaves of Pongamia upon prolonged salt exposure (Graus et al., 2018; Marriboina and 

Reddy, 2020a). An increased expression levels of V-CHX1 may involve in plant growth by 

improving cellular ion homeostasis, pH balance and osmoregulation under saline conditions 

(Guan et al., 2014; Qi et al., 2014; Liu et al., 2017). Enhanced experssion of CCX1 may 

involved in regulation of intracellular Ca2+ levels, which may help in vacuolar Na+ 

sequestration, ROS and ion homeostasis under salt stress (Yong et al., 2014; Li et al., 2016; 

Corso et al., 2018). Differential expression of CNGC5, CNGC17 and CNGC17-like may 

induce Ca2+ derived reponses to mitigate the negative effects of salt stress (Wang et al., 2013; 

Saand et al., 2015).  

Salinity-induced alteration in expression of antioxidant genes 

Excess Na+ accumulation in the plant causes ionic imbalance which results in ion toxicity, 

oxidative stress, and generation reactive oxygen species (ROS) (AbdElgawad et al., 2016). To 

combat the ROS induced cellular damage plant induces several antioxidant enzymes such as 

superoxide dismutase (SOD), catalase (CAT) and peroxidase (POD) (Reddy et al., 2004). In 

this study, the observed higher expression levels of the different SOD isoforms might protect 

the plants  
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at the onset of oxidative stress much before the cellular antioxidant signaling cascade initiates 

its function under high salinity. According to Gill and Tuteja, (2010), the H2O2 produced 

through SOD activity, provides an additional advantage to the plant by strengthening cell wall 

through lignin biosynthesis. Also, higher CAT4 expression levels in roots might help the plant 

to reduce the higher levels of H2O2 under high salt conditions. The lower expression levels of 

CAT4 in the leaves may reflect the dynamic and tissue specificity of the antioxidant system 

under high salt environment (AlHassan et al., 2017). Increased expression of POD in leaves 

and roots were well correlated with the respective lignin depositions. The classIII apoplastic 

peroxidases play a major role in maintaining the structural integrity of the cell wall under salt 

stress (Kim et al., 2012). In addition, the expression levels of several other cell-wall modifying 

and lignin biosynthesis genes were monitored which include, PAL1, PAL2, CAD1, CAD1-

like, CAD2, and CAD6. The increased expression levels of both PAL1 and PAL2 in 500 mM 

NaCl treated roots might permit the plant to preserve the cell wall integrity under high salt 

environment (Lee et al., 2007). The consistent increase in the CAD1-like gene expression 

suggests its possible role in reinforcing the strength and rigidity of the cell wall to enhance the 

selectivity and permeability of cell wall for solute and water transport under high saline 

environment (Zhao et al., 2013). Salinity-induced Ca2+ levels not only counteract the Na+ 

toxicity but also activate numerous signaling pathways including JAs signaling. 

Based on our correlation results, we hypothesize that JAs, SA and ABA play crucial role 

in the adaptation of Pongamia plants to high salinity stress. On the other hand, induction of 

metabolites such as a sugars, amino acids and polyols provides constant supply of nutrients and 

are also involved in conferring osmotic and ionic homeostasis under salinity stress.  
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The downstream effect of the above signaling pathways could influence the defense 

(antioxidant) and transporter gene expression patterns conferring redox homeostasis under 

salinity stress, ultimately leading to Na+ ion exclusion and sequestration in the apoplasmic 

regions. 
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Crop productivity on saline marginal lands has limited success due to complex genetic 

diversity of the plant and spatio-temporal heterogeneity of soil salinity. Cultivation of 

economically or ecologically important tree species has been largely neglected mainly due to 

genetic and physiological robustness of these species (Tsai et al., 2018). Understanding the 

physiological and genetic diversity of tree species is crucial for sustenance of saline marginal 

lands towards economic gain (Samuel et al., 2013; Hanin et al., 2016). When the plants are 

exposed to salt stress, root is the primary organ to sense and respond to salinity (Fu et al., 2019). 

Root also acts as a physical barrier to restrict the Na+ ion distribution across the plant 

(Marriboina and Reddy, 2020a). Of late, auxins are known to play a crucial role in plants to 

adapt changing environmental conditions. The expression of auxin responsive proteins 

including auxin-induced protein (IAA6), auxin transporter-like protein 2 (LAX2), and LAX3 

regulate root vasculature were reported to beinvolved in lateral root growth development (Péret 

et al., 2012). Similarly, expression patterns of gibberellin 2-oxidase (G2OX) could regulate the 

active form of gibberellin levels and promote plant growth (Wang et al., 2019). Continuous 

accumulation of Na+ ions inside the root cell exerts high osmotic pressure on cell wall (Horie 

et al., 2012) and to avoid this imbalance, plants synthesize cell wall remodelling enzymes 

including galactoside 2-alpha-L-fucosyltransferase (FUT1) and probable UDP-

arabinopyranose mutase 1 (RGP1) to protect cell wall turgor during salt stress (Tryfona et al., 

2014; Saqib et al., 2019). In response to salt stress, plants also induce synthesis of proteins 

related to secondary metabolism including flavonoid and anthocyanin biosynthesis to defend 

against ROS damage under salt stress (Chen et al., 2019). On the other hand, plants also trigger 

antioxidant defense systems to cope with salinity induced oxidative stress (Al-Kharusi et al., 

2019). Antioxidant enzymes such as ascorbate peroxidase  
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(APX1), catalase4 (CAT4), and monodehydroascorbate reductase (MDAR) provide defense 

against ROS and also help maintaining superoxide levels under salt stress (Li et al., 2015; Sofo 

et al., 2015). 

Metabolic modifications in cellular metabolism are essential for plant survival during 

conditions of salt stress (Kosová et al., 2018). With induction of pyruvate decarboxylase2 

(PDC2), alcohol dehydrogenase class-3 (ADHX) and aldehyde dehydrogenase family 7 

member (A1AL7A1), plant shifts carbohydrate pools to anaerobic respiration (Luo et al., 

2017). Adapting the anaerobic respiration, plants can cope up with cellular energy demands 

under salinity stress (Luo et al., 2017). Additionally, expression of ACEA1 diverts the energy 

metabolism to the glyoxylate cycle to utilize carbon metabolism for the generation of necessary 

energy under salinity stress (Yuenyong et al., 2019). Assimilation of nitrogen is also crucial 

for the plant to synthesize new proteins, which might play significant role in cellular processes 

during salt stress. Expression of protease inhibitor and heat shock proteins, in response to 

salinity, enhanced the cellular protein turnover by inhibiting the protein degradation and 

misfolding of proteins during salt stress (Haq et al., 2019). Interestingly, induced chloroplasts 

accumulation in roots showed an increase in root photosynthesis, carbon assimilation rate and 

root biomass (Kobayashi et al., 2017). 

Dwindling fossil fuel resources has raised attention towards renewable energy to meet 

global energy demands in future. To address this problem, several studies on non-food crops 

could be potential candidate species for renewable energy resources including Pongamia 

pinnata, Jatropha curcas and Camelina sativa (Mudalkar et al., 2014; Chaitanya et al., 2015; 

Singha et al., 2019). Interestingly, we have chosen Pongamia because of its high resilience to 

various agro-climatic conditions (Kesari and Rangan 2010). We report for the first time deeper 

insights of salinity  
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tolerance mechanisms in P. pinnata at root proteome level by using computational approaches. 

Marriboina et al., 2017; Marriboina and Reddy, 2020a). The interactions and crosstalk among 

different groups of proteins would certainly create new opportunities for discovery of new 

protein pathways, which are very crucial to understand stress tolerant mechanisms. The current 

study also provides an evidence for the protein interactions and associated signalling pathways 

to understand high salinity tolerance mechanisms in Pongamia pinnata. 
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Plant material, growth conditions, and salinity treatment 

Pongamia pods (TOIL 12) were obtained from Tree Oil India Limited (TOIL), 

Zaheerabad, Hyderabad, Telangana. The pods were dried for three days at 6 h regular intervals 

under natural sunlight. For experimentation, uniform seeds were selected and germinated on 

moist cotton for 10 days at 25°C in dark. After 10 days, uniform seedlings were chosen and 

transferred carefully into a 50 ml falcon tubes (Genaxy, India) filled with full-strength 

Hoagland No. 2 basal salt mixture (Himedia) solution adjusted to pH 5.75  0.02. The seedlings 

were grown in a long cylindrical glass tube (5 cm diameter X 60 cm length) after 10 days 

(Marriboina and Attipalli, 2020b). The solution was replenished every four days. 30 days old 

seedlings (n = 10) were taken and treated with 500 mM NaCl ( 3% NaCl) for 4 days dose 

dependently by increasing 100 mM NaCl every day. Control plants were maintained with fresh 

Hoagland nutrient solution. All the hydroponic experiments were conducted in a plant culture 

room maintained at 24°C with a 16 h photoperiod and relative humidity about 60%. After 4 

days of salt-treatment (DAS), roots were harvested quickly, frozen in liquid nitrogen and stored 

at – 80°C prior to analysis. 

Root protein extraction 

Whole roots of control and 500 mM NaCl treated plants were collected and finely ground 

in liquid nitrogen with motor and pestle. Total root proteins were extracted as described in 

Saravanan and Rose (2004) with some modifications. Approximately 1 g root powder was 

taken in 15 ml falcon tube (Genaxy, India) and suspended in 4 ml of extraction buffer 

containing 0.5 M Tris-HCl (pH 7.5), 0.7 M sucrose, 0.1 M KCl, 50 mM EDTA, 2% β-

mercaptoethanol and 1mM PMSF. An equal volume of Tris-saturated phenol (pH 7.5) was 

added to the extract suspension after thorough mixing and the whole suspension was further 

mixed for 30 min at 4°C in a rotospin cyclomixer. 
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Tris-saturated phenol was prepared by mixing equal volume of Tris-HCl (pH 7.5) and phenol 

with continuous stirring for 3-4 h. The lower phenolic layer was separated and added equal 

volume of Tris-HCl (pH 7.5) with continuous stirring for 2-3 h. The lower phenolic layer was 

collected and stored in amber colour glass bottle at 4°C. The sample mixture was centrifuged 

at 5000 g for 30 min at 4°C. The upper phenolic phase was collected carefully and equal volume 

of extraction buffer was added to it. The above step was repeated one more time and phenolic 

phase was re-extracted. Four volumes of ice cold 0.1 M ammonium bicarbonate in methanol 

was added to the final collected phenolic phase, and incubated overnight at -20°C for protein 

precipitation. Next day, the samples were centrifuged at 10000 g for 30 min at 4°C. The pellet 

was washed thrice with ice cold methanol, twice with acetone and air dried for few minutes. 

nLC-MS/MS analysis 

100 µg of the final pellet was treated with 100 mM DTT for 1 h at 95°C followed by 250 

mM iminodiacetic acid (IDA) for 45 min at room temperature in dark. The sample suspension 

was incubated with trypsin at 37°C for overnight digestion. The trypsin digested peptides were 

extracted in 0.1% formic acid solution at 37°C for 45 min. The solution was centrifuged at 

10000 g and the supernatant was collected in fresh tube for vacuum drying. The final sample 

was solubilized in 20 µl of 0.1% formic acid. For separation of peptides, 10 µl of injection 

volume was loaded on C18 UPLC column and peptides separated Waters Synapt G2 Q-TOF 

for MS and MS/MS analysis. 

For LC-MS analysis, 10 µl of sample was injected into ACQUITY UPLC system (Waters, 

UK) equipped with ACQUITY UPLC BEH C18 column (Waters, UK) (150 mm X 2.1 mm X 

1.7 µm), A SYNAPT G2 QTOF (Waters, UK) and an electrospray ionization (ESI) source. The 

sample  
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analysis was run on positive mode by applying 3500 V capillary voltage and 30 L cone gas 

flow per hour. The source and desolvation glass flow was maintained at 1.8 and 800 L per h 

and the temperatures of source and desolvation were 150°C and 350°C respectively. The 

protein range was used from 50 Da to 150 Da. The trap and transfer collision energy was 

maintained constantly at 6 V and the ramp collision energy was set at 20 V and increased up 

to 45 V. The total acquisition time was 60 min and the solution flow rate was 300 nl/ min. The 

mobile phase consisted 0.1% formic acid in water (solvent A) and 0.1% formic acid in 

acetonitrile (solvent B). A linear 60 min gradient consisted: solvent A 98% and solvent B 2% 

for 1min, solvent A and B 50% for 29 min, solvent A 20% and solvent B 80% for 15 min, 

followed by 15 min solvent A 98% and solvent B 2%. Wash solution was used at the end of 

each program to reduce carry-over between samples. 

Protein identification 

The raw data acquired from the above analysis was processed using PLGS software 3.0.2 

(Waters, India, identification and expression algorithm) within which data processing and 

database search was performed. The source of the sample being Fabaceae proteins for 2 

samples sequence in FASTA format was downloaded from swiss-prot and used for searching 

peptides present in samples. On each run, sample was processed using the following search 

parameters in the software: peptide tolerance 50 ppm, fragment tolerance 100 ppm, min number 

of fragment matches for peptides 2, minimum number of fragment matches for proteins 5 and 

carbamidomethylation of cysteine and oxidation of methionine were selected as fixed and 

variable modifications respectively. Uniprot (Fabaceae, reviewed protein) was used as the 

database against which the search was done. 
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Gene ontology and bioinformatic analysis 

The identified proteins in this study were annotated based on their molecular function, 

biological process and cellular component with Gene Ontology (GO) annotation by using 

Uniprot. Hierarchical cluster analysis was performed based on correlation values by using R 

statistical package. Network analysis was performed by using Cytoscape bioinformatics 

software version (3.7.2).  
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Identification of protein by nLC-MS/MS and GO analysis 

Roots were harvested carefully from hydroponically grown control and salt (500 mM 

NaCl) treated plants after 4 days (Figure 1). A total of 1062 differentially expressed proteins 

(DEPs) were identified in both control and salt treated plants (Table 1). The DEPs of Pongamia 

showed sequence homology with Glycine sp. (22%), Pisum sp. (21%) and Medicago sp. (10%), 

followed by other Fabaceae family members (45%) and the sequence search similarity with 

Uniprot (Universal Protein Resource) database (Figure 2A). Based on relative expression, these 

proteins (1062 DEPs) were categorized into two groups: commonly expressed DEPs (proteins 

expressed in both control and salt treated plants; CDEPs) and specifically expressed proteins 

(unique to control and salt treated plants; SDEPs) (Table 1). Further, these CDEPs were 

categorized based on fold change (≤0.5 or ≥2.0 (p ≤ 0.05)) into three groups: up-, down-

regulated and unchanged proteins (Table 1). In Pongamia, most of the proteins belonged to 

unchanged protein category (82.4%) as their expression levels did not significantly change 

upon stress exposure, while the percentage of up- and down-regulated proteins were ~7.8 and 

~9.8% respectively (Figure 2B). Based on biological and molecular functions (GO analysis), 

these DEPs were classified into 28 groups belonging to various metabolic pathways including 

carbohydrates, lipids, amino acids, fatty acids, secondary metabolism, pigment metabolism, 

seed storage protein, transport protein, photosynthesis, defense responsive proteins, cell cycle, 

signal transduction, cell wall synthesis, catalytic activity, DNA binding, carboxylic acid 

biosynthesis, mRNA processing, DNA repair, protease inhibitor, proteolysis, catalytic activity, 

chaperone, cytoskeleton, growth and developmental process, pathogenesis, replication, 

transcription and translation regulatory proteins (Table 1).  
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Primary metabolism 

Pongamia roots accumulated a diverse number of proteins related to cell wall synthesis 

and energy metabolism including FUT1, RGP1, PDC2, isocitrate lyase 1, granule-bound starch 

synthase 2 (chloroplast origin), and malate dehydrogenase (chloroplast origin) (Figure 6). We 

observed significant decrease in protein expression levels of ribulose bisphosphate carboxylase 

large chain (RBL), malate dehydrogenase (MDHC), probable mannitol dehydrogenase 

(MTDH), sucrose synthase (SUS), glucose-1-phosphate adenylyltransferase small subunit 

(GLGS) 2, pectinesterase (PME) 3 and polygalacturonase inhibitor (PGIP) 1. The expression 

levels of 1,4-α-glucan-branching enzyme (GLGB) 1 (chloroplast origin), GLGB 2 (chloroplast 

origin), α-1,4 glucan phosphorylase-L-isozyme, α-amylase inhibitor (AMYA) 1, LEA2, α-

glucan phosphorylase H isozyme, α-mannosidase, β-amylase (AMYB), cyanogenic β-

glucosidase, galactinol-sucrose galactosyltransferase (RFS), GLGS 1 (chloroplast origin), 

glucose-6-phosphate dehydrogenase (G6PD), glyceraldehyde-3-phosphate dehydrogenase 

(G3P) A (chloroplast origin), G3PB (chloroplast origin), G3PC, glycerol-3-phosphate 

acyltransferase (PLSB) (chloroplast origin), glycogen synthase kinase-3 homolog (MSK) 1, 

MSK3, granule-bound starch synthase (SSG) 1, ACEA2, MDHP (chloroplast origin), MDHG 

(glyoxysomal origin), malate synthase (MAS) Y (glyoxysomal origin), mannan synthase 

(CSLA) 1, NADP-dependent malic enzyme (MAOX), phosphoenolpyruvate carboxylase 

(PEP) 1, PEP 2, phosphoglucomutase (PGMP) (chloroplast origin), PGM (mitochondrial 

origin), MTDH3, probable sucrose-phosphate synthase (SPSA), pyruvate kinase, RBL 

(isoform of RBL), ribulose bisphosphate carboxylase small chain (RBS) 4, ribulose 

bisphosphate carboxylase/ oxygenase activase (RCA), ribulose bisphosphate carboxylase/ 

oxygenase large subunit N-methyltransferase, RuBisCO large subunit-binding protein subunit  
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α, stachyose synthase, SUS (isoform of SUS), SUS2, UDP-glucose-4-epimerase, UDP-glucose 

6-dehydrogenase 1, UDP-glycosyltransferase (UGT2) 2, UGT43, UDP-glycosyltransferase 

79B30 (FG3H), UDP-sugar pyrophospharylase (USP) 1,β-fructofuranosidase (cell wall 

enzyme), β-xylosidase/ α-L-arabinofuranosidase (XYL) 1, XYL 2, bifunctional UDP-glucose-

4-epimerase/ UDP-xylose 4-epimerase 1, digalactosyldiacylglycerol synthase 1 (chloroplast 

origin), PME (isoform of PME), PGIP2, PGIP3, probable ureide permease A3 and xyloglucan 

endotransglucosylase/ hydrolase 1 were not changed significantly under salinity stress 

conditions. However, UGT13, UDP-glucose 4-epimerase GEPI48, RBS 1, RUBB, RuBisCO-

associated protein, fructose-1,6-bisphosphatase, isocitrate dehydrogenase (IDH) (chloroplast 

origin), inactive UDP-glycosyltransferase 79A6, IDH, UDP-glycosyltransferase 79A6, non-

specific lipid-transfer protein (NLTP) 1, NLTP 2, CASP-like protein (CSPL 4) 2D1, CSPL 5 

and digalactosyldiacylglycerol synthase 2 (chloroplast origin) showed significant increase only 

in roots of salt treated plants.  

Proteins associated with amino acid metabolism such as S-adenosylmethionine synthase 

(METK) and glutamine synthetase were increased significantly, whereas γ-glutamyl hydrolase 

and adenosylhomocysteinase expression levels were significantly down-regulated under salt 

stress conditions (Figure 6). Aminomethyltransferase (mitochondria origin), asparagine 

synthetase [glutamine-hydrolyzing] (ASNS) 1, ASNS 2, δ-1-pyrroline-5-carboxylate synthase 

(P5CS), glutamate synthase [NADH] (amyloplast origin), glutamate-cysteine ligase 

(chloroplast origin), glutamine synthetase (GLNA) 1, GLNA 2 (chloroplast origin), GLNA 3, 

GLNA 4 (chloroplast origin), glycine dehydrogenase (mitochondria origin), methylcrotonoyl-

CoA carboxylase subunit α (mitochondria origin), probable 2-isopropylmalate synthase, 

pyrroline-5-carboxylate reductase, METK (isoform of METK), METK 1, METK 2, serine 

hydroxymethyltransferase (mitochondria  
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origin) and threonine dehydratase (chloroplast origin) did not change significantly. Ketol-acid 

reductoisomerase (chloroplast origin), pyridoxal 5'-phosphate synthase subunit PDX1 (PDX 

1), aspartate carbamoyltransferase 1 (chloroplast origin), arginine decarboxylase, isoaspartyl 

peptidase/ L-asparaginase (ASPG), glutamate-1-semialdehyde-2,1-aminomutase (chloroplast 

origin), aspartate aminotransferase 1, serine carboxypeptidase-like and ornithine 

carbamoyltransferase (chloroplast origin) were induced in roots of salt treated plants. 

Secondary metabolism and seed storage proteins 

Proteins of secondary metabolism such as chalcone synthase (CHS) and isoforms of CHS 

were significantly enhanced during stress, which include CHS1, CHS2, CHS3, CHS5, CHS6, 

CHS6-4, CHS7, CHS17/ Y and isoflavone reductase (IFR) (Figures 3 and 4A). There were 

several isoforms of CHS showing significant decrease included namely CHS1 (isoform of 

CHS1), CHS2 (isoform of CHS2), CHS4, CHS4-1, CHS5, CHS17/ Y (isoform of CHS17/ Y) 

and IFR (isoform of IFR) in roots of Pongamia under salt stress (Figure 3). The expression 

levels of several other chalcone synthases CHS1 (isoform of CHS1), CHS1A, CHS1B, CHS2 

(isoform of CHS2), CHS3 (isoform of CHS3), CHS4 (isoform of CHS4), CHS4-2, CHS5 

(isoform of CHS5), CHS6 (isoform of CHS6), CHS8, CHS9 and CHS17/ Y (isoform of 

CHS17/ Y) which remained unchanged during salinity. In addition, Pongamia induced 

expression of numerous proteins associated with secondary metabolism such as caffeic acid 3-

O-methyltransferase (COMT), favin, phenylalanine ammonia lyase (PAL) class 3, NAD(P)H-

dependent 6'-deoxychalcone synthase and trans-cinnamate 4-monooxygenase (TCMO) 

showing down regulation during salt stress. A diverse set of proteins involved in secondary 

metabolism including 6α-hydroxymaackiain 3-O-methyltransferase (M3OM) 1, M3OM2, 2-

hydroxyisoflavanone dehydratase, 2-hydroxyisoflavanone synthase, 4-coumarate-CoA ligase 

2, caffeoyl-CoA O-methyltransferase, chalcone-flavonone isomerase  
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Figure 1. Root morphology of hydroponically grown 30-days old Pongamia pinnata 

seedlings treated with 500 mM NaCl for 4 days (A–C) when compared to corresponding 

controls. 
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(CFI), CFI1, CFI1A, dihydroflavonol 4-reductase (DFRA), flavonoid 4'-O-methyltransferase, 

isoflavone 2'-hydroxylase, isoflavone 3'-hydroxylase, isoflavone 4'-O-methyltransferase, 

isoflavone 7-O-glucosyltransferase 1, IFR (isoform of IFR), isoflavonoid 7-O-beta-apiosyl-

glucoside beta-glycosidase, isoliquiritigenin 2'-O-methyltransferase, lactoylglutathione lyase, 

phenylalanine ammonia lyase (PAL) Y, PAL1, PAL2, putative stilbene synthase 2, TCMO 

(isoform of TCMO), tricyclene synthase (TPS) 2 (chloroplast origin) and TPS4 (chloroplast 

origin) maintained expression levels equal to that of controls under salt stress. Isoflavone 

reductase homolog, naringenin 8-dimethylallyltransferase 2 (chloroplast origin), 2-

hydroxyisoflavanone synthase and flavonoid 3-O-glucosyltransferase were significantly 

induced only in treated roots (abbreviations see in Table 1). 

Significant expression of seed storage proteins such as vicilin, legumain, arachin, basic 7S 

globulin, legumin (LEG) B2, LEG B4, LEG B6, LEG B7, LEG K and LEG J was observed, 

whereas arcelin (ARC) 5A, ARC5B, and albumin (ALB) 2 expression levels were significantly 

decreased under salt stress (Figure 4B). Several other seed storage proteins namely ALB2 

(isoform of ALB2), allergen Ara h 1 (ALL11), ALL12, β-conglycinin, canavalin, conglutin-β 

1 (CONB) 1, CONB2, CONB3, CONB4, CONB5, CONB6, CONB7, convicilin (CVC) A, 

CVCB, glycinin (GLYG) 1, GLYG 4, GLYG 5, LEGB (isoform of LEGB), phaseolin-α-type, 

provicilin (VCL) A, VCLB, VCLC, seed biotin-containing protein (SBP65), and sucrose-

binding proteins maintained their expression levels unchanged under salinity stress (Figure 5). 

Notably, proteins such as LEGA2, ALB1D, seed-agglutinin 2, ALB1, ARC1 and phaseolin-β-

type showed significant increase only in roots of salt treated plants. Proteins related to saponin 

metabolism showed significant alterations (Figure 5). Notably, saponins β-amyrin 11-oxidase 

showed significant  
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Figure 2. (A) Percentage homology of Pongamia proteins with other related legume species and  

(B) percentage of differentially expressed proteins. 
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increase, whereas β-amyrin synthase (BAMS) and soyasaponin III rhamnosyltransferase 

decreased with unchanged levels of cycloartenol synthase, β-amyrin synthase (isoform of 

BAMS), mixed-amyrin synthase, 11-oxo-β-amyrin 30-oxidase (C7263) and soyasapogenol β-

glucuronide galactosyltransferase. However, expression of 11-oxo-β-amyrin 30-oxidase 

(C7254) was significant in roots of salt treated plants. 

Hormone metabolism and signal transduction 

In response to salt stress, Pongamia enhanced expression levels of ABA-responsive protein 

(ABR) 18 and auxin-induced protein (IAA) 6 (Figure 7). A significant increase was observed 

in the levels of serine/ threonine-protein phosphatase catalytic subunit A (PP2A), calcium-

dependent protein kinase SK5 and phytochrome-associated serine/ threonine protein 

phosphatase in roots of Pongamia under salt stress conditions. The expression levels of several 

proteins associated with hormone metabolism including carotenoid 9, 10 (9', 10') cleavage 

dioxygenase 1, G2OX1, G2OX2, abscisate β-glucosyltransferase, calmodulin (CALM) 2, 

guanine nucleotide-binding protein subunit β-like (GBLP) protein and Rac-like GTP-binding 

(RAC) protein 1 were decreased in roots of salt treated plants when compared to their controls. 

Conversely, several other proteins which did not change significantly during salt stress include: 

auxin-induced protein (AUX) 22, AUX 22A, AUX 28, cell division cycle protein 48 homolog 

(Figures 7 and 8), protein SCARECROW (SCR), OBERON-like protein, glutathione γ-

glutamyl-cysteinyltransferase (PCS) 1, PCS 2, 9-cis-epoxycarotenoid dioxygenase NCED1 

(chloroplast origin), G3OX, ent-copalyl diphosphate synthase (chloroplast origin), zeatin-O-

glucosyltransferase, 1-aminocyclopropane-1-carboxylate synthase (1A1C), primary amine 

oxidase (AMO), 1-aminocyclopropane-1-carboxylate oxidase (ACCO), serine/ threonine 

phosphatase (PP1), calcium/ almodulin dependent serine/ threonine-protein kinase DMI-3 

(CCAMK), serine/threonine receptor-like  
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Table 1. List of all proteins expressed in roots of 500 mM NaCl treated Pongamia at 

4DAS. 

S.No Accession Abbreviation Description Score Fold 
change 

P 
values 

GO 
description 

Down-regulated proteins 

1 Q41116 AR5B Arcelin-5B 118.8 0.00 0.03 Seed storage protein 

2 Q42460 AR5A Arcelin-5A 77.9 0.00 0.04 Seed storage protein 

3 Q8MCA4 RK16 50S ribosomal protein L16, chloroplastic  53.0 0.03 0.04 Translation 

4 P28002 COMT1 Caffeic acid 3-O-methyltransferase 55.5 0.04 0.01 Secondary metabolism 

5 Q5D1B9 MATK Maturase K 16.9 0.05 0.01 mRNA processing 

6 P48724 IF5 Eukaryotic translation initiation factor 5 57.6 0.05 0.02 Translation 

7 Q85XY8 MATK Maturase K 29.1 0.05 0.05 mRNA processing 

8 P02237 LGC3 Leghemoglobin C3 8.3 0.09 0.02 Nodulation 

9 O24035 PANC Pantoate-β-alanine ligase 28.4 0.16 0.04 Cofactor biosynthesis 

10 D4AEP7 ALB2 Albumin-2 115.3 0.16 0.04 Seed storage protein 

11 Q2PMP8 RK16 50S ribosomal protein L16, chloroplastic 53.0 0.16 0.03 Translation 

12 P46417 GSTX3 Glutathione S-transferase 3 26.8 0.18 0.01 Redox homeostasis 

13 P26585 HMGL HMG1/2-like protein 73.7 0.18 0.02 DNA binding 

14 Q8LP17 CCD1 Carotenoid 9,10(9',10')-cleavage dioxygenase 1 110.2 0.19 0.05 Hormone metabolism 

15 O23884 CHS5 Chalcone synthase 5 34.8 0.21 0.02 Secondary metabolism 

16 Q10370 HMGYB HMG-Y-related protein B (Fragment) 377.2 0.21 0.03 DNA binding 

17 O23882 CHS4 Chalcone synthase 4 34.8 0.21 0.01 Secondary metabolism 

18 P93164 GGH γ-glutamyl hydrolase 71.9 0.21 0.02 Amino acid metabolism 

19 P02235 LGC1 Leghemoglobin C1 8.3 0.22 0.01 Nodulation 

20 P51084 CHS2 Chalcone synthase 2 34.8 0.22 0.05 Secondary metabolism 

21 P02871 LEC Favin 213.3 0.22 0.03 Secondary metabolism 

22 P51077 CHS4-1 Chalcone synthase 4-1 34.8 0.23 0.04 Secondary metabolism 

23 P49440 CHSY Chalcone synthase 17 28.3 0.23 0.01 Secondary metabolism 

24 O81971 C71D9 Cytochrome P450 71D9 22.5 0.23 0.01 Monooxygenase 

25 Q9SML4 CHS1 Chalcone synthase 1 60.6 0.24 0.03 Secondary metabolism 

26 P18663 RK2A 50S ribosomal protein L2-A 74.3 0.24 0.01 Translation 

27 P30073 CHS1 Chalcone synthase 1 34.8 0.24 0.05 Secondary metabolism 

28 Q00423 HMGYA HMG-Y-related protein A 365.7 0.27 0.02 DNA binding 

29 P52417 GLGS2 Glucose-1-phosphate adenylyltransferase  
small subunit 2 

51.7 0.27 0.05 Carbohydrate metabolism 

30 Q9B1H9 RK2 50S ribosomal protein L2 74.3 0.27 0.01 Translation 

31 A4GGF8 RK2 50S ribosomal protein L2 135.7 0.27 0.02 Translation 

32 Q8LVH2 RK2 50S ribosomal protein L2 143.8 0.28 0.03 Translation 

33 O48905 MDHC Malate dehydrogenase, cytoplasmic 45.8 0.29 0.03 Carbohydrate metabolism 

34 Q01286 CHS1 Chalcone synthase 1 34.8 0.30 0.05 Secondary metabolism 

35 P01071 ITRB Trypsin inhibitor B 97.0 0.30 0.05 Protease inhibitor 

36 Q96453 1433D 14-3-3-like protein D 62.2 0.31 0.01 Defense response 

37 P51089 CHSY Chalcone synthase 28.3 0.31 0.01 Secondary metabolism 

38 O62964 RBL Ribulose bisphosphate carboxylase large chain 6.8 0.32 0.04 Carbohydrate metabolism 

39 A7VLV2 non-SGRW Non-functional protein STAY-GREEN 126.5 0.33 0.03 Photosynthesis 

40 Q2PMV0 ATPB ATP synthase subunit β, chloroplastic  74.0 0.33 0.04 Electron transport 

41 O20304 RBL Ribulose bisphosphate carboxylase large chain (Fragment) 41.2 0.33 0.01 Carbohydrate metabolism 

42 P42654 1433B 14-3-3-like protein B  59.6 0.34 0.03 Photosynthesis 

43 A7VLV1 SGRW Protein STAY-GREEN, chloroplastic 126.5 0.35 0.05 Saponin biosynthesis 

44 D4Q9Z5 SGT3 Soyasaponin III rhamnosyltransferase 13.3 0.35 0.04 Defense response 

45 Q96452 1433C 14-3-3-like protein C 88.0 0.36 0.03 Monooxygenase 

46 P93149 C93B1 Licodione synthase 29.1 0.36 0.02 Secondary metabolism 

47 P52576 IFR Isoflavone reductase 69.3 0.37 0.04 Hormone metabolism 

48 B5WWZ9 FAO2 Long-chain-alcohol oxidase FAO2 95.6 0.38 0.02 Hormone metabolism 

49 Q9SQ80 G2OX1 Gibberellin 2-β-dioxygenase 1 103.9 0.39 0.04 Signal transduction 

50 Q39836 GBLP Guanine nucleotide-binding protein  
subunit β-like protein 

139.7 0.40 0.01 Carbohydrate metabolism 

51 A4GG89 RBL Ribulose bisphosphate carboxylase large chain 32.5 0.40 0.05 Fatty acid metabolism 

52 Q42783 BCCP Biotin carboxyl carrier protein of acetyl-CoA  
carboxylase, chloroplastic 

79.7 0.41 0.04 Electron transport 

53 P28552 ATPG ATP synthase γ chain, chloroplastic 24.2 0.41 0.05 Translation 

54 Q2PMM3 RK2B 50S ribosomal protein L2-B, chloroplastic 75.8 0.41 0.04 Carbohydrate metabolism 

55 O62943 RBL Ribulose bisphosphate carboxylase large chain 56.8 0.42 0.04 Signal tranduction 

56 P62163 CALM2 Calmodulin-2 33.6 0.42 0.03 Cell wall synthesis 

57 Q43111 PME3 Pectinesterase 3 64.7 0.43 0.04 Fatty acid metabolism 

58 Q8W3P8 AOG Abscisate β-glucosyltransferase 214.1 0.44 0.02 Saponin biosynthesis 

59 Q9LRH8 BAMS β-Amyrin synthase 38.7 0.44 0.04 Secondary metabolism 

60 P19143 PAL3 Phenylalanine ammonia-lyase class 3 102.3 0.44 0.04 Electron transport 

61 A4GG90 ATPB ATP synthase subunit β, chloroplastic 9.2 0.44 0.05 Secondary metabolism 

62 P26690 6DCS NAD(P)H-dependent 6'-deoxychalcone synthase 35.7 0.44 0.05 Cell wall synthesis 

63 P35334 PGIP1 Polygalacturonase inhibitor 1 74.5 0.45 0.04 Electron transport 

64 P05037 ATPB ATP synthase subunit β, chloroplastic 15.2 0.45 0.02 Secondary metabolism 

65 I1L3T1 708D1 UDP-glycosyltransferase 708D1 22.5 0.45 0.03 Hormone metabolism 

66 Q9XHM5 G2OX2 Gibberellin 2-β-dioxygenase 2 43.7 0.46 0.05 Carbohydrate metabolism 
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67 O82515 MTDH Probable mannitol dehydrogenase 102.9 0.46 0.03 Signal transduction 

68 O04369 RAC1 Rac-like GTP-binding protein RAC1 22.0 0.48 0.05 Carbohydrate metabolism 

69 Q01390 SUS Sucrose synthase 57.4 0.48 0.01 Secondary metabolism 

70 Q42797 TCMO Trans-cinnamate 4-monooxygenase 44.2 0.48 0.02 Electron transport 

71 Q9TKI7 ATPB ATP synthase subunit β, chloroplastic 23.4 0.48 0.03 Amino acid metabolism 

72 P50246 SAHH Adenosylhomocysteinase 53.1 0.49 0.01 Nodulation 

73 P10816 LGB3 Leghemoglobin 3 14.9 0.50 0.03 Transport 

Unchanged protein 

74 P04991 RBL Ribulose bisphosphate carboxylase large chain 138.5 0.50 0.1 Carbohydrate metabolism 

75 P49093 ASNS2 Asparagine synthetase [glutamine-hydrolyzing] 2  165.7 0.51 0.3 Amino acid metabolism 

76 Q40357 NO10 Early nodulin-10 43.6 0.52 0.2 Nodulation 

77 P49092 ASNS1 Asparagine synthetase [glutamine-hydrolyzing] 1 11.8 0.52 0.5 Amino acid metabolism 

78 F5B8W1 CONB3 Conglutin β 3 95.6 0.52 0.5 Seed storage protein 

79 Q9BBU1 RBL Ribulose bisphosphate carboxylase large chain 36.6 0.53 0.3 Carbohydrate metabolism 

80 A4GG84 RR3 30S ribosomal protein S3, chloroplastic 116.1 0.53 0.1 Translation 

81 Q5QGZ8 NRL4A Bifunctional nitrilase/nitrile hydratase NIT4A 52.8 0.54 0.4 Catalytic activity 

82 P31926 SUS Sucrose synthase 34.6 0.54 0.1 Carbohydrate metabolism 

83 P29530 OLEO1 P24 oleosin isoform A 44.6 0.54 0.1 Growth and development 

84 P09886 HS21C Small heat shock protein, chloroplastic 202.5 0.54 0.2 Chaperone 

85 P43237 ALL11 Allergen Ara h 1, clone P17 23.0 0.55 0.4 Seed storage protein 

86 Q42808 TBP TATA-box-binding protein 109.7 0.55 0.1 DNA binding 

87 Q04672 SBP Sucrose-binding protein 98.7 0.55 0.5 Seed storage protein 

88 O63094 RBL Ribulose bisphosphate carboxylase large chain 36.6 0.55 0.5 Carbohydrate metabolism 

89 P02854 VCLB Provicilin (Fragment) 63.3 0.55 0.2 Seed storage protein 

90 Q9BBP6 NU5C NAD(P)H-quinone oxidoreductase subunit 5, chloroplastic 102.0 0.55 0.4 Electron transport 

91 A4GGB9 CYF Cytochrome f 93.9 0.55 0.2 Electron transport 

92 Q41121 NO30 Nodulin-30 217.3 0.55 0.4 Nodulation 

93 Q5W915 USP UDP-sugar pyrophospharylase 63.1 0.55 0.1 Carbohydrate metabolism 

94 A0A109QYD3 RMS3 Strigolactone esterase RMS3 110.8 0.55 0.4 Defense response 

95 P18823 ACCD Acetyl-coenzyme A carboxylase carboxyl transferase 
subunit β, chloroplastic  

55.3 0.57 0.2 Fatty acid biosynthesis 

96 P48490 PP1 Serine/threonine-protein phosphatase PP1 19.2 0.57 0.2 Signal transduction 

97 O48901 DPOD1 DNA polymerase δ catalytic subunit 112.0 0.57 0.3 Replication 

98 P83594 IFXA Factor Xa inhibitor BuXI 169.6 0.58 0.1 Protease inhibitor 

99 Q6WNR0 C81E7 Isoflavone 2'-hydroxylase 69.1 0.59 0.4 Secondary metabolism 

100 P27456 GSHRP Glutathione reductase, chloroplastic/ mitochondrial 43.4 0.59 0.1 Redox homeostasis 

101 Q40987 LECR Nodule lectin 291.4 0.59 0.5 Nodulation 

102 P11728 NO75 Early nodulin-75 (Fragment) 1382.1 0.59 0.1 Nodulation 

103 Q5YJU6 MATK Maturase K 23.6 0.59 0.4 mRNA processing 

104 O49885 RL13A 60S ribosomal protein L13a 144.4 0.60 0.4 Translation 

105 P25011 CCNB1 G2/mitotic-specific cyclin S13-6 116.6 0.60 0.4 Cell cycle 

106 Q6E2Z6 REHY 1-Cys peroxiredoxin 51.0 0.61 0.1 Redox homeostasis 

107 Q5H873 HLTT 13-hydroxylupanine O-tigloyltransferase 6.0 0.61 0.2 Alkaloid biosynthesis 

108 A6BM07 I7GT1 Isoflavone 7-O-glucosyltransferase 1 157.4 0.61 0.5 Secondary metabolism 

109 P37228 MDHG Malate dehydrogenase, glyoxysomal 163.0 0.61 0.5 Carbohydrate metabolism 

110 Q9BBR8 CYF Cytochrome f 108.4 0.61 0.5 Electron transport 

111 Q9AWB2 SIR Sulfite reductase [ferredoxin], chloroplastic (Fragment) 66.2 0.61 0.2 Replication 

112 Q8MCJ4 MATK Maturase K 30.8 0.62 0.2 mRNA processing 

113 Q9BBU0 ATPB ATP synthase subunit β, chloroplastic 75.4 0.62 0.1 Transport 

114 Q43715 TOC75 Protein TOC75, chloroplastic 60.7 0.63 0.4 Transport 

115 Q5YK47 MATK Maturase K 34.5 0.63 0.5 mRNA processing 

116 P14594 LEGB Legumin B (Fragment) 49.4 0.63 0.3 Seed storage protein 

117 O81980 CFI1 Chalcone-flavonone isomerase 1 (Fragment) 7.1 0.63 0.1 Secondary metabolism 

118 P25698 EF1A Elongation factor 1-α 95.4 0.63 0.4 Translation 

119 Q94IR2 CCD1 Carotenoid 9,10 (9',10')-cleavage dioxygenase 1 174.9 0.63 0.4 Secondary metabolism 

120 P49347 CONB Concanavalin B 58.2 0.64 0.2 Carbohydrate metabolism 

121 P93471 COP1 E3 ubiquitin-protein ligase COP1 51.0 0.64 0.4 Protein modification 

122 Q96423 TCMO Trans-Cinnamate 4-monooxygenase 89.8 0.64 0.3 Secondary metabolism 

123 Q9FZL4 MGDG Probable monogalactosyldiacylglycerol synthase,  
chloroplastic 

99.8 0.66 0.3 Lipid metabolism 

124 P51139 MSK3 Glycogen synthase kinase-3 homolog MsK-3 186.1 0.66 0.5 Signal transduction 

125 Q6J540 C79D4 Isoleucine N-monooxygenase 2 66.2 0.66 0.3 Secondary metabolism 

126 Q07185 AOX1 Ubiquinol oxidase 1, mitochondrial 63.4 0.67 0.4 Electron transport 

127 Q41266 AOX2 Ubiquinol oxidase 2, mitochondrial 48.0 0.67 0.1 Electron transport 

128 O65015 AMYB β-Amylase 122.3 0.67 0.5 Carbohydrate metabolism 

129 F5B8W5 CONB7 Conglutin β 7 65.7 0.67 0.1 Seed storage protein 

130 Q41008 ACCA Acetyl-coenzyme A carboxylase carboxyl transferase 
subunit α, chloroplastic 

47.4 0.67 0.4 Fatty acid biosynthesis 

131 P58822 PGIP2 Polygalacturonase inhibitor 2 74.5 0.68 0.1 Cell wall synthesis 

132 Q40316 VESTR Vestitone reductase 110.0 0.68 0.5 Defense response 

133 P58823 PGIP3 Polygalacturonase inhibitor 3 26.7 0.68 0.2 Cell wall synthesis 

134 Q42919 G6PD Glucose-6-phosphate 1-dehydrogenase,  
cytoplasmic isoform 

40.4 0.68 0.5 Carbohydrate metabolism 

135 P32646 COX2 Cytochrome c oxidase subunit 2,  
mitochondrial (Fragment) 

89.6 0.68 0.2 Electron transport 

136 Q1W376 PMM Phosphomannomutase 41.3 0.68 0.1 Carbohydrate metabolism 

137 P05311 PSAB Photosystem I P700 chlorophyll a apoprotein A2 17.3 0.68 0.1 Photosynthesis 

138 P27066 RBL Ribulose bisphosphate carboxylase large chain 36.6 0.68 0.4 Carbohydrate metabolism 

139 P02873 LEA1 α-Amylase inhibitor 1 18.7 0.68 0.4 Carbohydrate metabolism 

140 Q2TE74 PCS2 Glutathione γ-glutamylcysteinyltransferase 2 35.4 0.69 0.5 Hormone metabolism 

141 P12628 MAOX NADP-dependent malic enzyme 25.9 0.69 0.5 Carbohydrate metabolism 
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142 Q43876 SPSA Probable sucrose-phosphate synthase 73.5 0.69 0.2 Carbohydrate metabolism 

143 P92397 RBL Ribulose bisphosphate carboxylase large chain (Fragment) 115.1 0.69 0.4 Carbohydrate metabolism 

144 Q8MCR7 MATK Maturase K 26.3 0.70 0.3 mRNA processing 

145 O04235 SSRP1 FACT complex subunit SSRP1 87.1 0.70 0.3 DNA Repair 

146 P93324 CHOMT Isoliquiritigenin 2'-O-methyltransferase 34.1 0.70 0.1 Secondary metabolism 

147 Q43092 SSG1 Granule-bound starch synthase 1, chloroplastic/ 
amyloplastic 

148.5 0.70 0.3 Carbohydrate metabolism 

148 D2XNR0 FLOT3 Flotillin-like protein 3 48.1 0.70 0.4 Defense response 

149 P19251 ASNS1 Asparagine synthetase, nodule [glutamine-hydrolyzing] 113.4 0.72 0.2 Amino acid metabolism 

150 P69589 RBL Ribulose bisphosphate carboxylase large chain (Fragment) 115.1 0.72 0.5 Carbohydrate metabolism 

151 Q42798 C93A1 3,9-dihydroxypterocarpan 6α-monooxygenase 110.9 0.72 0.1 Defense response 

152 O04862 FOLM Folate synthesis bifunctional protein, mitochondrial 109.1 0.72 0.2 Nucleotide metabolism 

153 Q6RET7 CCAMK Calcium and calcium/ calmodulin-dependent  
serine/threonine-protein kinase DMI-3 

55.4 0.73 0.1 Signal transduction 

154 Q2TSC7 PCS1 Glutathione γ-glutamylcysteinyltransferase 1 6.2 0.73 0.4 Hormone metabolism 

155 P13915 CVCA Convicilin 57.2 0.73 0.1 Seed storage protein 

156 Q8MCA5 RR3 30S ribosomal protein S3, chloroplastic 101.2 0.73 0.5 Translation 

157 Q9BBN7 RR15 30S ribosomal protein S15, chloroplastic 67.5 0.73 0.5 Translation 

158 Q0GXS4 NFP Serine/threonine receptor-like kinase NFP 123.6 0.73 0.5 Signal transduction 

159 P06669 CYF Cytochrome f 291.8 0.73 0.2 Electron transport 

160 P49161 CYF Cytochrome f 24.0 0.74 0.4 Electron transport 

161 B5LMP9 PSBB Photosystem II CP47 reaction center protein 58.7 0.74 0.3 Photosynthesis 

162 Q9TKP6 MATK Maturase K 50.1 0.74 0.3 mRNA processing 

163 O24301 SUS2 Sucrose synthase 2 93.3 0.75 0.5 Carbohydrate metabolism 

164 Q2PMP7 RR3 30S ribosomal protein S3, chloroplastic 139.1 0.75 0.5 Translation 

165 P69572 RBL Ribulose bisphosphate carboxylase large chain (Fragment) 115.1 0.75 0.5 Carbohydrate metabolism 

166 Q5YK03 MATK Maturase K 23.8 0.75 0.1 mRNA processing 

167 P46277 CCNB1 G2/ mitotic-specific cyclin-1 18.2 0.76 0.3 Cell cycle 

168 P28553 CRTI Phytoene dehydrogenase, chloroplastic/ chromoplastic 65.3 0.76 0.2 Pigment Metabolism 

169 O24509 INVA Acid β-fructofuranosidase 46.4 0.76 0.4 Carbohydrate metabolism 

170 P69591 RBL Ribulose bisphosphate carboxylase large chain (Fragment) 115.1 0.76 0.3 Carbohydrate metabolism 

171 P13708 SUS Sucrose synthase 50.7 0.76 0.3 Carbohydrate metabolism 

172 Q42777 MCCA Methylcrotonoyl-CoA carboxylase subunit α, mitochondrial 59.4 0.76 0.5 Amino acid metabolism 

173 O81973 C93A3 Cytochrome P450 93A3 38.7 0.76 0.5 Monooxygenase 

174 B3EWQ9 LECA2 Lectin α chain 231.2 0.76 0.3 Carbohydrate binding 

175 Q8MCM4 MATK Maturase K 68.6 0.76 0.2 mRNA processing 

176 Q93XE6 CFI1A Chalcone-flavonone isomerase 1A 112.3 0.76 0.5 Secondary metabolism 

177 P10933 FENR Ferredoxin--NADP reductase, leaf isozyme, chloroplastic 79.6 0.76 0.4 Photosynthesis 

178 P30124 HEM2 δ-aminolevulinic acid dehydratase, chloroplastic (Fragment) 31.2 0.76 0.5 Pigment Metabolism 

179 P34811 EFGC1 Elongation factor G-1, chloroplastic 80.2 0.76 0.3 Translation 

180 P69584 RBL Ribulose bisphosphate carboxylase large chain (Fragment) 115.1 0.76 0.3 Carbohydrate metabolism 

181 Q42807 STAD Stearoyl-[acyl-carrier-protein] 9-desaturase,  
chloroplastic 

297.6 0.76 0.3 Lipid metabolism 

182 P12859 G3PB Glyceraldehyde-3-phosphate dehydrogenase B,  
chloroplastic 

72.8 0.77 0.5 Carbohydrate metabolism 

183 P41346 FENR Ferredoxin-NADP reductase, chloroplastic 143.6 0.77 0.3 Photosynthesis 

184 A4GGD1 PSBB Photosystem II CP47 reaction center protein 34.5 0.77 0.2 Photosynthesis 

185 Q5YK50 MATK Maturase K 44.5 0.77 0.1 mRNA processing 

186 Q4VYC8 NSP1 Nodulation-signaling pathway 1 protein 103.2 0.77 0.1 Nodulation 

187 P04347 GLYG5 Glycinin 53.0 0.78 0.4 Seed storage protein 

188 P29001 INVA Acid β-fructofuranosidase 62.9 0.78 0.3 Carbohydrate metabolism 

189 P45458 MASY Malate synthase, glyoxysomal (Fragment) 42.1 0.78 0.1 Carbohydrate metabolism 

190 Q9BBS1 ACCD Acetyl-coenzyme A carboxylase carboxyl transferase 
subunit β, chloroplastic 

83.6 0.78 0.5 Fatty acid biosynthesis 

191 Q43067 TCMO Trans-cinnamate 4-monooxygenase 46.5 0.78 0.1 Secondary metabolism 

192 I1K0K6 EFGC2 Elongation factor G-2, chloroplastic 75.5 0.78 0.3 Translation 

193 F5B8W3 CONB5 Conglutin β 5 67.6 0.78 0.5 Seed storage protein 

194 Q5YK01 MATK Maturase K 4.9 0.78 0.4 mRNA processing 

195 A3RF67 BAGBG Isoflavonoid 7-O-β-apiosyl-glucoside β-glycosidase  77.5 0.78 0.5 Secondary metabolism 

196 Q2PMU3 PSAB Photosystem I P700 chlorophyll a apoprotein A1  79.6 0.79 0.3 Photosynthesis 

197 P93998 RBL Ribulose bisphosphate carboxylase large chain (Fragment) 38.7 0.79 0.2 Carbohydrate metabolism 

198 P24099 GLNA1 Glutamine synthetase cytosolic isozyme 1 20.9 0.79 0.2 Amino acid metabolism 

199 P53536 PHSL α-1,4 Glucan phosphorylase L isozyme, chloroplastic/ 
amyloplastic 

120.6 0.79 0.1 Carbohydrate metabolism 

200 A4GG97 PSAA Photosystem I P700 chlorophyll a apoprotein A1 79.6 0.79 0.5 Photosynthesis 

201 Q8MCR8 MATK Maturase K 73.0 0.79 0.3 mRNA processing 

202 P46280 EFTU2 Elongation factor Tu, chloroplastic 28.2 0.79 0.3 Translation 

203 Q01861 PAL1 Phenylalanine ammonia-lyase 1 87.9 0.79 0.3 Secondary metabolism 

204 P05310 PSAA Photosystem I P700 chlorophyll a apoprotein A1 95.2 0.79 0.1 Photosynthesis 

205 P08281 GLNA2 Glutamine synthetase leaf isozyme, chloroplastic 14.8 0.79 0.2 Amino acid metabolism 

206 P69579 RBL Ribulose bisphosphate carboxylase large chain (Fragment) 115.1 0.79 0.3 Carbohydrate metabolism 

207 Q40983 SPP Stromal processing peptidase, chloroplastic 63.4 0.79 0.3 Proteolysis 

208 Q9MUK5 TOC64 Translocon at the outer membrane of chloroplasts 64 121.3 0.79 0.2 Transport 

209 O04279 GPA2 Guanine nucleotide-binding protein α-2 subunit 43.2 0.79 0.1 Signal transduction 

210 O65194 RBS Ribulose bisphosphate carboxylase small chain, 
chloroplastic 

23.1 0.80 0.5 Carbohydrate metabolism 

211 P13918 VCLC Vicilin 94.2 0.80 0.4 Seed storage protein 

212 Q9SM60 PGMC Phosphoglucomutase, cytoplasmic 131.3 0.80 0.5 Carbohydrate metabolism 

213 Q9BBP8 RR3 30S ribosomal protein S3, chloroplastic 78.8 0.80 0.1 Translation 

214 Q43056 CFI Chalcone-flavonone isomerase 68.2 0.80 0.5 Secondary metabolism 

215 O49817 LEA2 Late embryogenesis abundant protein 2 74.4 0.80 0.4 Defense response 
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216 P46258 ACT3 Actin-3 92.2 0.81 0.5 Cytoskeleton 

217 P27480 LOXA Linoleate 9S-lipoxygenase 1 31.9 0.81 0.5 Fatty acid biosynthesis 

218 Q5YJX4 MATK Maturase K 12.8 0.81 0.2 mRNA processing 

219 P69580 RBL Ribulose bisphosphate carboxylase large chain (Fragment) 115.1 0.81 0.1 Carbohydrate metabolism 

220 P49364 GCST Aminomethyltransferase, mitochondrial 76.5 0.81 0.5 Amino acid metabolism 

221 P86349 EFGC Elongation factor G, chloroplastic (Fragments) 56.0 0.81 0.5 Translation 

222 O48921 C97B2 Cytochrome P450 97B2, chloroplastic 237.0 0.81 0.5 Monooxygenase 

223 Q9SWB4 PARP3 Poly [ADP-ribose] polymerase 3 42.7 0.82 0.1 Transcription 

224 Q8MCM9 MATK Maturase K  24.9 0.82 0.3 mRNA processing 

225 P19252 ASNS2 Asparagine synthetase, root [glutamine-hydrolyzing] 137.0 0.82 0.2 Amino acid metabolism 

226 Q6TND0 MATK Maturase K 110.6 0.82 0.1 mRNA processing 

227 Q9BBS3 ATPA ATP synthase subunit α, chloroplastic 38.3 0.82 0.4 Transport 

228 Q9M6E8 NCED1 9-cis-epoxycarotenoid dioxygenase NCED1, 
chloroplastic 

50.8 0.82 0.4 Hormone metabolism 

229 P26205 BGLT Cyanogenic β-glucosidase (Fragment) 38.9 0.82 0.5 Carbohydrate metabolism 

230 P31163 RK2 50S ribosomal protein L2, chloroplastic 82.3 0.82 0.2 Translation 

231 Q41062 SECA Protein translocase subunit SecA, chloroplastic 78.4 0.82 0.2 Transport 

232 Q41060 SBP65 Seed biotin-containing protein SBP65 96.9 0.82 0.1 Seed storage protein 

233 Q8MCJ5 MATK Maturase K 39.7 0.83 0.3 mRNA processing 

234 Q9SM59 PGMP Phosphoglucomutase, chloroplastic 203.4 0.83 0.5 Carbohydrate metabolism 

235 A4GGA5 RPOB DNA-directed RNA polymerase subunit β 82.3 0.83 0.4 Transcription 

236 Q9M6E9 AGGL Agglutinin-1 171.2 0.83 0.3 Carbohydrate binding 

237 Q5YJX3 MATK Maturase K 22.9 0.83 0.2 mRNA processing 

238 P34922 G3PC Glyceraldehyde-3-phosphate dehydrogenase, 
cytosolic 

91.0 0.84 0.1 Carbohydrate metabolism 

239 O48560 CATA3 Catalase-3 25.2 0.84 0.5 Redox homeostasis 

240 Q9TK08 MATK Maturase K 138.0 0.84 0.4 mRNA processing 

241 C6L7U1 LIN1 Putative E3 ubiquitin-protein ligase LIN-1 123.8 0.84 0.5 Protein modification 

242 P42348 PI3K2 Phosphatidylinositol 3-kinase, nodule isoform 88.7 0.84 0.3 Lipid metabolism 

243 Q04903 FNTB Protein farnesyltransferase subunit β 70.7 0.84 0.2 Lipid metabolism 

244 O48665 LGB5 Leghemoglobin Lb120-29 191.8 0.84 0.3 Nodulation 

245 P29756 CATA1 Catalase-1/2 23.5 0.84 0.2 Redox homeostasis 

246 Q8MCN3 MATK Maturase K 53.7 0.84 0.4 mRNA processing 

247 Q2PMT9 PSBC Photosystem II CP43 reaction center protein 66.1 0.84 0.1 Photosynthesis 

248 P45457 ACEA2 Isocitrate lyase 2 (Fragment) 70.5 0.84 0.5 Carbohydrate metabolism 

249 Q9TKP0 MATK Maturase K 157.5 0.84 0.3 mRNA processing 

250 Q75NZ0 SIR Sulfite reductase [ferredoxin], chloroplastic 64.3 0.85 0.4 Replication 

251 P93673 PHYA Phytochrome type A 31.2 0.85 0.1 Signal transduction 

252 Q5YJU0 MATK Maturase K 43.0 0.85 0.4 mRNA processing 

253 P04776 GLYG1 Glycinin G1 72.1 0.85 0.2 Seed storage protein 

254 P13088 AUX22 Auxin-induced protein AUX22 87.8 0.85 0.1 Growth and development 

255 Q8MCR6 MATK Maturase K  28.5 0.86 0.4 mRNA processing 

256 Q2PMQ9 PSBB Photosystem II CP47 reaction center protein 84.6 0.86 0.4 Photosynthesis 

257 Q02909 CAPP1 Phosphoenolpyruvate carboxylase, housekeeping isozyme 41.2 0.86 0.1 Carbohydrate metabolism 

258 Q9AU12 CAPP Phosphoenolpyruvate carboxylase 45.6 0.86 0.5 Carbohydrate metabolism 

259 P00155 CYF Cytochrome f 48.4 0.86 0.3 Electron transport 

260 A0A0G4DBR5 FG3H UDP-glycosyltransferase 79B30 12.2 0.87 0.5 Carbohydrate metabolism 

261 P24459 ATPAM ATP synthase subunit α, mitochondrial 103.9 0.87 0.4 Transport 

262 Q672F7 TPS2 Tricyclene synthase EBOS, chloroplastic 25.1 0.87 0.2 Secondary metabolism 

263 D1FP53 LIN Putative E3 ubiquitin-protein ligase LIN 118.8 0.87 0.2 Protein modification 

264 P37116 NCPR NADPH-cytochrome P450 reductase 80.5 0.87 0.4 Electron transport 

265 P15231 PHAM Leucoagglutinating phytohemagglutinin 90.0 0.87 0.2 Defense response 

266 Q9TKI5 MATK Maturase K 23.5 0.87 0.4 mRNA processing 

267 Q8MCR5 MATK Maturase K 28.5 0.88 0.1 mRNA processing 

268 O24648 G3OX Gibberellin 3-β-dioxygenase 1 128.9 0.88 0.5 Hormone metabolism 

269 P43238 ALL12 Allergen Ara h 1, clone P41B 9.7 0.88 0.4 Seed storage protein 

270 Q9SPB1 LEGRE Leghemoglobin reductase 41.0 0.88 0.1 Nodulation 

271 K7LC65 DAT1C Diacylglycerol O-acyltransferase 1C 30.9 0.88 0.1 Lipid metabolism 

272 Q9BBT1 PSBC Photosystem II CP43 reaction center protein 66.1 0.88 0.2 Photosynthesis 

273 P55195 PUR6 Phosphoribosylaminoimidazole carboxylase, 
chloroplastic (Fragment) 

53.3 0.88 0.4 Nucleotide metabolism 

274 P13548 VATA V-type proton ATPase catalytic subunit A 135.0 0.88 0.2 Transport 

275 P37114 TCMO Trans-cinnamate 4-monooxygenase 67.4 0.88 0.1 Secondary metabolism 

276 P51061 CAPP2 Phosphoenolpyruvate carboxylase 38.4 0.88 0.4 Carbohydrate metabolism 

277 Q5YJU7 MATK Maturase K 47.1 0.88 0.3 mRNA processing 

278 Q5YK53 MATK Maturase K 22.9 0.88 0.2 mRNA processing 

279 P34799 URIC2 Uricase-2 isozyme 2 15.5 0.88 0.5 Nodulation 

280 P31165 RK15 50S ribosomal protein L15, chloroplastic (Fragment) 44.4 0.88 0.5 Translation 

281 P06006 PSBD Photosystem II D2 protein 512.7 0.88 0.2 Photosynthesis 

282 Q6E4Q8 MATK Maturase K 92.0 0.88 0.3 mRNA processing 

283 Q9GI85 MATK Maturase K 81.2 0.88 0.5 mRNA processing 

284 A0A072VMJ3 CN15C Protein CNGC15c 44.1 0.88 0.3 Transport 

285 Q02028 HSP7S Stromal 70 kDa heat shock-related protein, chloroplastic 58.3 0.89 0.2 Chaperone 

286 Q9SMJ4 LEG Legumin 88.8 0.89 0.1 Seed storage protein 

287 O24303 TI110 Protein TIC110, chloroplastic 110.7 0.89 0.3 Transport 

288 Q8MCL7 MATK Maturase K 102.9 0.89 0.5 mRNA processing 

289 P54774 CDC48 Cell division cycle protein 48 homolog 70.0 0.89 0.4 Growth and development 

290 Q6Q7X3 MATK Maturase K 95.8 0.89 0.3 mRNA processing 

291 D1FP57 LIN2 Putative E3 ubiquitin-protein ligase LIN-2 74.5 0.89 0.4 Protein modification 

292 A4GGA1 PSBC Photosystem II CP43 reaction center protein 66.1 0.89 0.4 Photosynthesis 

293 Q42899 GLNA1 Glutamine synthetase cytosolic isozyme 1.2 0.89 0.1 Amino acid metabolism 
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294 P23569 CHSY Chalcone synthase 57.4 0.89 0.3 Secondary metabolism 

295 I1N2Z5 SLE1 Protein SLE1 81.1 0.89 0.1 Signal transduction 

296 P13089 AUX28 Auxin-induced protein AUX28 47.7 0.89 0.3 Growth and development 

297 Q8MCL8 MATK Maturase K 78.8 0.90 0.4 mRNA processing 

298 A0A172J2D0 UGT2 UDP-glycosyltransferase 2 72.9 0.90 0.5 Carbohydrate metabolism 

299 O80405 LGB3 Leghemoglobin Lb120-1 483.0 0.90 0.5 Nodulation 

300 Q6TND4 MATK Maturase K 110.6 0.90 0.1 mRNA processing 

301 Q8HVY5 RPOB DNA-directed RNA polymerase subunit β 85.0 0.90 0.3 Transcription 

302 P42347 PI3K1 Phosphatidylinositol 3-kinase, root isoform 110.0 0.90 0.1 Lipid metabolism 

303 B5LMM0 PSBC Photosystem II CP43 reaction center protein 66.1 0.90 0.1 Photosynthesis 

304 G7IBJ4 CN15A Protein CNGC15a 29.3 0.90 0.1 Transport 

305 Q8MCM1 MATK Maturase K 82.5 0.90 0.5 mRNA processing 

306 Q948P5 FRI4 Ferritin-4, chloroplastic 120.0 0.90 0.5 Photosynthesis 

307 Q9SXV6 CAS1 Cycloartenol synthase 74.3 0.90 0.5 Saponin biosynthesis 

308 Q5YJY5 MATK Maturase K 62.1 0.90 0.1 mRNA processing 

309 Q6EBC1 CONB2 Conglutin β 2 113.2 0.90 0.4 Seed storage protein 

310 P29828 PDI Protein disulfide-isomerase 61.9 0.90 0.4 Redox homeostasis 

311 Q9SAZ0 LB120-34 Leghemoglobin Lb120-34 220.4 0.90 0.1 Nodulation 

312 P38414 LOX1 Linoleate 9S-lipoxygenase 30.4 0.90 0.5 Fatty acid biosynthesis 

313 P02858 GLYG4 Glycinin G4 57.1 0.90 0.1 Seed storage protein 

314 Q9TKR9 MATK Maturase K 37.1 0.90 0.1 mRNA processing 

315 Q8MCS1 MATK Maturase K 22.1 0.91 0.5 mRNA processing 

316 O22437 CHLD Magnesium-chelatase subunit ChlD, chloroplastic 22.2 0.91 0.3 Photosynthesis 

317 Q8LKZ1 NORK Nodulation receptor kinase 31.1 0.91 0.4 Nodulation 

318 Q6RET6 CCAMK Calcium and calcium/calmodulin-dependent  
serine/threonine-protein kinase (Fragment) 

123.2 0.91 0.5 Signal transduction 

319 O65026 SUS Sucrose synthase 37.9 0.91 0.4 Carbohydrate metabolism 

320 Q5YJV9 MATK Maturase K 27.8 0.91 0.4 mRNA processing 

321 B5LMM1 PBSD Photosystem II D2 protein 512.7 0.91 0.1 Photosynthesis 

322 O20346 RBL Ribulose bisphosphate carboxylase 
large chain (Fragment) 

36.6 0.91 0.4 Carbohydrate metabolism 

323 Q8S3J3 HIUH Hydroxyisourate hydrolase 225.7 0.91 0.3 Nucleotide metabolism 

324 Q8MCP4 MATK Maturase K 31.8 0.92 0.1 mRNA processing 

325 Q8MCL9 MATK Maturase K 115.0 0.92 0.1 mRNA processing 

326 Q39846 SBP65 Seed biotin-containing protein SBP65 147.9 0.92 0.5 Seed storage protein 

327 Q96450 1433A 14-3-3-like protein A 67.6 0.92 0.5 Defense response 

328 P32290 CATA Catalase 32.6 0.92 0.4 Redox homeostasis 

329 P16149 RS16 40S ribosomal protein S16 334.8 0.92 0.1 Translation 

330 A9UL14 RBR Retinoblastoma-related protein 79.1 0.92 0.5 Cell cycle 

331 C0HK20 LECC1 Mannose-specific lectin CML-2 27.1 0.92 0.3 Carbohydrate binding 

332 Q9AVK4 SCR Protein SCARECROW  33.6 0.92 0.5 Cell cycle 

333 P35055 HEM6 Oxygen-dependent coproporphyrinogen-III oxidase, 
chloroplastic 

79.7 0.93 0.2 Pigment Metabolism 

334 P42499 PHYB Phytochrome B 51.2 0.93 0.1 Signal transduction 

335 Q02226 COXT Cytochrome C oxidase subunit 2, mitochondrial (Fragment) 39.9 0.93 0.3 Electron transport 

336 I1N462 SBT1 Subtilisin-like protease 272.8 0.93 0.4 Defense response 

337 P48640 GSHRP Glutathione reductase, chloroplastic 32.0 0.93 0.5 Redox homeostasis 

338 P39870 NIA2 Inducible nitrate reductase [NADH] 2 90.9 0.93 0.3 Nodulation 

339 Q9BBU2 MATK Maturase K 87.4 0.94 0.5 mRNA processing 

340 Q6PSE2 MATK Maturase K 33.3 0.94 0.1 mRNA processing 

341 Q8MCP5 MATK Maturase K 31.8 0.95 0.2 mRNA processing 

342 P48628 FAD6C ω-6 fatty acid desaturase, chloroplastic 16.5 0.95 0.2 Fatty acid biosynthesis 

343 Q8HVY3 RPOC2 DNA-directed RNA polymerase subunit β 89.0 0.95 0.1 Transcription 

344 Q41014 FENR2 Ferredoxin-NADP reductase, root isozyme, 
chloroplastic 

79.7 0.95 0.1 Photosynthesis 

345 P93163 GPA2 Guanine nucleotide-binding proteinα-2 subunit 112.4 0.95 0.3 Signal transduction 

346 O64981 RCA Ribulose bisphosphate carboxylase/ oxygenase activase, 
chloroplastic 

141.6 0.96 0.2 Carbohydrate metabolism 

347 P09439 LOX2 Seed linoleate 9S-lipoxygenase-2 62.8 0.96 0.1 Lipid metabolism 

348 Q6PSC4 MATK Maturase K 48.0 0.96 0.2 mRNA processing 

349 Q6UDF0 CSLA1 Mannan synthase 1 28.5 0.96 0.5 Carbohydrate metabolism 

350 Q9MB42 BAMS β-Amyrin synthase 19.8 0.96 0.1 Saponin biosynthesis 

351 P25699 FRI Ferritin, chloroplastic 151.2 0.96 0.3 Photosynthesis 

352 Q8MCP6 MATK Maturase K 23.5 0.97 0.5 mRNA processing 

353 Q8MCN9 MATK Maturase K 102.9 0.97 0.5 mRNA processing 

354 P12227 RPOC2 DNA-directed RNA polymerase subunit β (Fragment) 29.3 0.97 0.2 Transcription 

355 Q9BBS9 RPOB DNA-directed RNA polymerase subunit β 87.2 0.97 0.5 Transcription 

356 Q5H8A5 POLLU Ion channel POLLUX 49.3 0.97 0.2 Transport 

357 Q39821 SDLCA Dynamin-related protein 12A 138.7 0.97 0.5 Growth and development 

358 Q41114 LEA2 α-Amylase inhibitor 2 75.9 0.97 0.3 Carbohydrate metabolism 

359 Q5YJV6 MATK Maturase K 97.5 0.97 0.5 mRNA processing 

360 P14298 CFI Chalcone-flavonone isomerase 44.6 0.97 0.4 Secondary metabolism 

361 P06004 PBSC Photosystem II CP43 reaction center protein 66.1 0.97 0.2 Photosynthesis 

362 P04770 GLNA1 Glutamine synthetase PR-1 64.1 0.97 0.2 Amino acid metabolism 

363 P39869 NIA Nitrate reductase [NADH] 74.5 0.97 0.5 Nodulation 

364 Q8MCN8 MATK Maturase K 109.3 0.98 0.4 mRNA processing 

365 Q8MCN0 MATK Maturase K 109.3 0.98 0.2 mRNA processing 

366 Q8MCM3 MATK Maturase K 103.1 0.98 0.5 mRNA processing 

367 Q8MCK8 MATK Maturase K 63.1 0.98 0.3 mRNA processing 

368 Q9SLZ4 RBR1 Retinoblastoma-related protein 1 218.7 0.98 0.3 Cell cycle 

369 Q9FVL0 HBL1 Non-symbiotic hemoglobin 1 79.3 0.98 0.1 Transport 
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370 Q43082 HEM3 Porphobilinogen deaminase, chloroplastic 103.5 0.98 0.4 Pigment Metabolism 

371 A5JTQ3 XYL2 β-Xylosidase/α-L-arabinofuranosidase 2 48.8 0.98 0.5 Cell wall synthesis 

372 P57997 IF2C Translation initiation factor IF-2, chloroplastic 42.9 0.98 0.1 Translation 

373 P69590 RBL Ribulose bisphosphate carboxylase large chain (Fragment) 115.1 0.98 0.4 Carbohydrate metabolism 

374 Q42805 PUR3 Phosphoribosylglycinamide formyltransferase, 
chloroplastic 

80.3 0.98 0.3 Nucleotide metabolism 

375 Q41058 GLGB1 1,4-α-glucan-branching enzyme 1, chloroplastic/ 
amyloplastic 

58.8 0.98 0.2 Carbohydrate metabolism 

376 Q6E4Q3 MATK Maturase K 15.8 0.98 0.2 mRNA processing 

377 Q6DW76 DGDG1 Digalactosyldiacylglycerol synthase 1, chloroplastic 99.8 0.98 0.3 Cell wall synthesis 

378 P21616 AVP Pyrophosphate-energized vacuolar membrane proton pump 40.8 0.98 0.2 Transport 

379 Q70DJ5 LECC1 α-methyl-mannoside-specific lectin 108.9 0.98 0.1 Carbohydrate binding 

380 I1KEV6 FG3H UDP-glycosyltransferase 79B30 13.4 0.98 0.3 Carbohydrate metabolism 

381 O04865 PLDA1 Phospholipase D α 1 47.7 0.98 0.3 Lipid metabolism 

382 P11140 ABRA Abrin-a 62.4 0.99 0.2 Defense response 

383 Q8MCM8 MATK Maturase K 61.7 0.99 0.1 mRNA processing 

384 Q8MCM7 MATK Maturase K 93.8 0.99 0.4 mRNA processing 

385 Q8MCM2 MATK Maturase K 109.7 0.99 0.1 mRNA processing 

386 P13916 GLCA β-conglycinin, α chain 0.0 0.99 0.1 Seed storage protein 

387 A4GGF4 TI214 Protein TIC 214 87.8 0.99 0.4 Transport 

388 Q8L4H4 NORK Nodulation receptor kinase 24.2 0.99 0.4 Nodulation 

389 P69575 RBL Ribulose bisphosphate carboxylase large chain (Fragment) 115.1 0.99 0.3 Carbohydrate metabolism 

390 Q5YK00 MATK Maturase K 4.9 0.99 0.2 mRNA processing 

391 Q53HY0 CONB1 Conglutin β 1 24.3 0.99 0.4 Seed storage protein 

392 P31023 DLDH Dihydrolipoyl dehydrogenase, mitochondrial 107.1 0.99 0.5 Catalytic activity 

393 Q8MCN1 MATK Maturase K 57.6 1.00 0.1 mRNA processing 

394 P17067 CAHC Carbonic anhydrase, chloroplastic 60.2 1.00 0.4 Catalytic activity 

395 P51137 MSK1 Glycogen synthase kinase-3 homolog MsK-1 212.0 1.00 0.3 Signal transduction 

396 Q5D1C1 MATK Maturase K 34.9 1.00 0.2 mRNA processing 

397 P37115 TCMO Trans-cinnamate 4-monooxygenase 105.5 1.00 0.1 Secondary metabolism 

398 Q33438 RBL Ribulose bisphosphate carboxylase large chain (Fragment) 65.6 1.00 0.3 Carbohydrate metabolism 

399 Q40224 GPA1 Guanine nucleotide-binding protein α-1 subunit 84.3 1.00 0.5 Signal transduction 

400 Q9TKP8 MATK Maturase K 31.7 1.00 0.3 mRNA processing 

401 O81928 TCMO Trans-cinnamate 4-monooxygenase 52.7 1.00 0.5 Secondary metabolism 

402 Q8MCR9 MATK Maturase K 113.7 1.01 0.5 mRNA processing 

403 A4ULF8 METK S-Adenosylmethionine synthase 28.5 1.01 0.4 Amino acid metabolism 

404 Q8MCN2 MATK Maturase K 102.9 1.01 0.2 mRNA processing 

405 Q43078 C97B1 Cytochrome P450 97B1, chloroplastic 73.9 1.01 0.5 Monooxygenase 

406 P69573 RBL Ribulose bisphosphate carboxylase large chain (Fragment) 115.1 1.01 0.4 Carbohydrate metabolism 

407 Q5YK05 MATK Maturase K 17.6 1.01 0.1 mRNA processing 

408 Q39469 THD1 Threonine dehydratase biosynthetic, chloroplastic 61.9 1.01 0.1 Amino acid metabolism 

409 P39866 NIA2 Nitrate reductase [NADH] 2 41.6 1.01 0.3 Nodulation 

410 Q6WNQ9 C81E9 Isoflavone 3'-hydroxylase (Fragment) 133.2 1.02 0.2 Secondary metabolism 

411 P80366 PPAF Fe(3+)-Zn(2+) purple acid phosphatase 49.2 1.02 0.4 Catalytic activity 

412 Q9XHM1 EIF3C Eukaryotic translation initiation factor 3 subunit C 59.2 1.02 0.5 Translation 

413 Q9BBT0 PBSD Photosystem II D2 protein 512.7 1.02 0.3 Photosynthesis 

414 P26969 GCSP Glycine dehydrogenase (decarboxylating), mitochondrial 24.4 1.02 0.4 Amino acid metabolism 

415 P20077 THS2 Putative stilbene synthase 2 (Fragment) 40.6 1.02 0.3 Secondary metabolism 

416 Q39891 LEU1 Probable 2-isopropylmalate synthase 102.5 1.02 0.5 Amino acid metabolism 

417 P08283 H1 Histone H1 101.2 1.02 0.5 DNA binding 

418 P69582 RBL Ribulose bisphosphate carboxylase large chain (Fragment) 115.1 1.02 0.1 Carbohydrate metabolism 

419 F5B8V9 CONB1 Conglutin β 1 64.2 1.02 0.5 Seed storage protein 

420 P58310 PSAA Photosystem I P700 chlorophyll a apoprotein A1 81.4 1.02 0.4 Photosynthesis 

421 Q1SGF1 PARP3 Putative poly [ADP-ribose] polymerase 3 60.7 1.02 0.2 Transcription 

422 P49613 METK S-Adenosylmethionine synthase 2 28.5 1.02 0.4 Amino acid metabolism 

423 Q6DW74 DGDG1 Digalactosyldiacylglycerol synthase 1,chloroplastic 99.1 1.02 0.4 Cell wall synthesis 

424 Q9SWR5 C93C1 2-hydroxyisoflavanone synthase 23.5 1.02 0.5 Secondary metabolism 

425 Q9TKS6 MATK Maturase K 111.1 1.02 0.2 mRNA processing 

426 Q8HUG7 MATK Maturase K 48.3 1.03 0.2 mRNA processing 

427 O24534 EF1A Elongation factor 1-α 77.5 1.03 0.4 Translation 

428 A4GGA7 RPOC2 DNA-directed RNA polymerase subunit β 40.4 1.03 0.5 Transcription 

429 P39865 NIA1 Nitrate reductase [NADH] 1 50.7 1.03 0.4 Nodulation 

430 Q9TKS1 MATK Maturase K 37.3 1.03 0.1 mRNA processing 

431 P50477 CANA Canavalin 4.6 1.03 0.5 Seed storage protein 

432 Q2PMU2 PSAB Photosystem I P700 chlorophyll a apoprotein A2 40.8 1.04 0.4 Photosynthesis 

433 Q43468 HSOP1 Hsp70-Hsp90 organizing protein 1 95.0 1.04 0.5 Chaperone 

434 G7JND3 CN15B Protein CNGC15b 63.3 1.04 0.2 Transport 

435 A4GGA2 PSBD Photosystem II D2 protein 512.7 1.04 0.1 Photosynthesis 

436 P69581 RBL Ribulose bisphosphate carboxylase large chain (Fragment) 115.1 1.04 0.2 Carbohydrate metabolism 

437 P32296 P5CS δ-1-pyrroline-5-carboxylate synthase 72.2 1.04 0.3 Amino acid metabolism 

438 Q5YJU1 MATK Maturase K 87.4 1.04 0.5 mRNA processing 

439 Q04593 PAL2 Phenylalanine ammonia-lyase 2 90.2 1.04 0.1 Secondary metabolism 

440 P42500 PHYA Phytochrome A 51.8 1.04 0.3 Signal transduction 

441 Q8MCM0 MATK Maturase K 91.2 1.05 0.3 mRNA processing 

442 P48406 CHS5 Chalcone synthase 5 18.9 1.05 0.4 Secondary metabolism 

443 Q84KK6 I4OMT Isoflavone 4'-O-methyltransferase 160.1 1.05 0.5 Secondary metabolism 

444 P51109 DFRA Dihydroflavonol 4-reductase (Fragment) 88.3 1.05 0.1 Secondary metabolism 

445 O98997 RCA Ribulose bisphosphate carboxylase/ oxygenase activase, 
chloroplastic 

36.1 1.05 0.5 Carbohydrate metabolism 

446 P10562 CANA Canavalin 4.6 1.05 0.1 Seed storage protein 

447 P69588 RBL Ribulose bisphosphate carboxylase large chain (Fragment) 115.1 1.05 0.2 Carbohydrate metabolism 



154 
 

448 P08215 ATPA ATP synthase subunit α, chloroplastic 40.3 1.05 0.2 Transport 

449 O62970 RBL Ribulose bisphosphate carboxylase large chain (Fragment) 36.6 1.05 0.3 Carbohydrate metabolism 

450 B5WWZ8 FAO1 Long-chain-alcohol oxidase FAO1 105.3 1.05 0.1 Lipid metabolism 

451 Q9TKP9 MATK Maturase K 47.7 1.05 0.5 mRNA processing 

452 Q03460 GLSN Glutamate synthase [NADH], amyloplastic 40.1 1.06 0.2 Amino acid metabolism 

453 Q8MCN7 MATK Maturase K 104.2 1.06 0.3 mRNA processing 

454 Q2PMS8 ATPA ATP synthase subunit α, chloroplastic  126.4 1.06 0.4 Transport 

455 P08926 RUBA RuBisCO large subunit-binding protein subunit α, 
chloroplastic 

33.6 1.06 0.1 Carbohydrate metabolism 

456 P30706 PLSB Glycerol-3-phosphate acyltransferase, chloroplastic 17.7 1.06 0.5 Carbohydrate metabolism 

457 P69578 RBL Ribulose bisphosphate carboxylase large chain (Fragment) 115.1 1.06 0.4 Carbohydrate metabolism 

458 P69576 RBL Ribulose bisphosphate carboxylase large chain (Fragment) 115.1 1.06 0.4 Carbohydrate metabolism 

459 F5B8W2 CONB4 Conglutin β 4 106.6 1.06 0.1 Seed storage protein 

460 P49612 METK1 S-Adenosylmethionine synthase 1 (Fragment) 76.5 1.06 0.2 Amino acid metabolism 

461 Q02735 CAPP Phosphoenolpyruvate carboxylase 52.3 1.06 0.3 Carbohydrate metabolism 

462 P31687 4CL2 4-Coumarate-CoA ligase 2 48.9 1.07 0.5 Secondary metabolism 

463 Q02920 NO70 Early nodulin-70 21.0 1.07 0.3 Nodulation 

464 Q9BBQ8 PSBB Photosystem II CP47 reaction center protein 24.5 1.07 0.5 Photosynthesis 

465 P69587 RBL Ribulose bisphosphate carboxylase large chain (Fragment) 115.1 1.07 0.5 Carbohydrate metabolism 

466 P69585 RBL Ribulose bisphosphate carboxylase large chain (Fragment) 115.1 1.07 0.5 Carbohydrate metabolism 

467 Q01288 CHS6 Chalcone synthase 6 34.8 1.08 0.1 Secondary metabolism 

468 Q96558 UGDH1 UDP-glucose 6-dehydrogenase 1 82.3 1.08 0.4 Carbohydrate metabolism 

469 Q40106 TBB2 Tubulin β-2 chain 171.1 1.08 0.2 Cytoskeleton 

470 Q8SKU2 TIC62 Protein TIC 62, chloroplastic 99.1 1.08 0.2 Transport 

471 Q9BBN6 TI214 Protein TIC 214 83.5 1.08 0.4 Transport 

472 Q39817 CALX Calnexin homolog 85.5 1.08 0.2 Chaperone 

473 C6TEX6 FEN1 Flap endonuclease 1 36.9 1.08 0.1 DNA Repair 

474 P69586 RBL Ribulose bisphosphate carboxylase large chain (Fragment) 115.1 1.08 0.1 Carbohydrate metabolism 

475 P69577 RBL Ribulose bisphosphate carboxylase 
large chain (Fragment) 

115.1 1.08 0.1 Carbohydrate metabolism 

476 F5B8W4 CONB6 Conglutin β 6 102.7 1.08 0.3 Seed storage protein 

477 Q41706 UPSA3 Probable ureide permease A3 (Fragment) 158.3 1.08 0.3 Cell wall synthesis 

478 P92407 RBL Ribulose bisphosphate carboxylase large chain (Fragment) 115.1 1.08 0.5 Carbohydrate metabolism 

479 P92401 RBL Ribulose bisphosphate carboxylase large chain (Fragment) 115.1 1.08 0.1 Carbohydrate metabolism 

480 Q9ZNX6 GSH1 Glutamate-cysteine ligase, chloroplastic 43.3 1.08 0.2 Amino acid metabolism 

481 P24826 CHS1 Chalcone synthase 1 18.9 1.09 0.1 Secondary metabolism 

482 Q84KK4 I4OMT Isoflavone 4'-O-methyltransferase 219.5 1.09 0.2 Secondary metabolism 

483 A0A172J2G3 UGT43 UDP-glycosyltransferase 43 68.4 1.09 0.3 Carbohydrate metabolism 

484 Q41107 INO1 Inositol-3-phosphate synthase 46.0 1.09 0.2 Lipid metabolism 

485 A4GG98 PSAB Photosystem I P700 chlorophyll a apoprotein A2 11.6 1.09 0.4 Photosynthesis 

486 Q40313 CAMT Caffeoyl-CoA O-methyltransferase 57.8 1.09 0.2 Secondary metabolism 

487 P92406 RBL Ribulose bisphosphate carboxylase large chain (Fragment) 115.1 1.09 0.3 Carbohydrate metabolism 

488 O64407 AMYB β-Amylase 84.2 1.09 0.5 Carbohydrate metabolism 

489 O04408 KSA Ent-copalyl diphosphate synthase, chloroplastic 43.2 1.11 0.2 Hormone metabolism 

490 P07218 PAL1 Phenylalanine ammonia-lyase class 1 (Fragment) 77.5 1.11 0.3 Secondary metabolism 

491 B8R4B1 NU5C NAD(P)H-quinone oxidoreductase subunit5C; chloroplastic 15.9 1.11 0.5 Electron transport 

492 D2XNQ9 FLOT2 Flotillin-like protein 2 13.7 1.11 0.4 Defense response 

493 P49082 GPA1 Guanine nucleotide-binding protein α-1 subunit 104.0 1.11 0.2 Signal transduction 

494 Q5YK33 MATK Maturase K 54.4 1.11 0.4 mRNA processing 

495 Q42806 KPYC Pyruvate kinase, cytosolic isozyme 94.4 1.11 0.2 Carbohydrate metabolism 

496 P08863 NO26B Nodulin-26B 36.0 1.11 0.2 Nodulation 

497 P14856 LOX2 Seed linoleate 9S-lipoxygenase-2 75.1 1.11 0.5 Lipid metabolism 

498 O22585 AMYB β-Amylase 12.4 1.11 0.2 Carbohydrate metabolism 

499 P08170 LOX1 Seed linoleate 13S-lipoxygenase-1 30.5 1.11 0.5 Lipid metabolism 

500 P35100 CLPC Chaperone protein ClpC, chloroplastic 170.8 1.11 0.4 Chaperone 

501 P37900 HSP7M Heat shock 70 kDa protein, mitochondrial 67.5 1.11 0.2 Chaperone 

502 Q43460 NO20A Nodulin-20a 124.7 1.12 0.5 Nodulation 

503 Q9ZSK5 ZOG Zeatin O-glucosyltransferase 35.0 1.12 0.2 Hormone metabolism 

504 P98188 C94A2 Cytochrome P450 94A2 60.2 1.12 0.3 Monooxygenase 

505 Q6PP79 MATK Maturase K 4.0 1.12 0.3 mRNA processing 

506 P49044 VPE Vacuolar-processing enzyme 88.4 1.12 0.1 Seed storage protein 

507 F5B8W0 CONB2 Conglutin β 2 117.7 1.12 0.3 Seed storage protein 

508 Q2PMP0 TI214 Protein TIC 214 101.6 1.13 0.2 Transport 

509 Q9BBS7 RPOC2 DNA-directed RNA polymerase subunit β 25.4 1.13 0.3 Transcription 

510 Q43089 INV1 β-Fructofuranosidase, cell wall isozyme 14.6 1.13 0.1 Cell wall synthesis 

511 D2XNQ8 FLOT1 Flotillin-like protein 1 184.9 1.13 0.4 Defense response 

512 Q5YJX5 MATK Maturase K 36.0 1.13 0.1 mRNA processing 

513 Q09WE7 USP1 UDP-sugar pyrophosphorylase 1 68.6 1.13 0.3 Carbohydrate metabolism 

514 Q5NUF4 HIDM 2-hydroxyisoflavanone dehydratase 15.0 1.13 0.3 Secondary metabolism 

515 Q9LRH7 ABAMS Mixed-amyrin synthase 100.5 1.14 0.5 Saponin biosynthesis 

516 Q00016 IFR Isoflavone reductase 61.9 1.14 0.5 Secondary metabolism 

517 P48621 FAD3C ω-3 Fatty acid desaturase, chloroplastic 348.5 1.14 0.4 Fatty acid biosynthesis 

518 Q43621 GSHRC Glutathione reductase, cytosolic 45.0 1.14 0.2 Redox homeostasis 

519 P69583 RBL Ribulose bisphosphate carboxylaselarge chain (Fragment) 115.1 1.14 0.3 Carbohydrate metabolism 

520 P49084 GPA1 Guanine nucleotide-binding protein α-1 subunit 50.9 1.14 0.4 Signal transduction 

521 P51062 CAPP Phosphoenolpyruvate carboxylase 33.9 1.15 0.5 Carbohydrate metabolism 

522 P32293 AX22A Auxin-induced protein 22A 77.2 1.15 0.4 Growth and development 

523 P69574 RBL Ribulose bisphosphate carboxylase large chain (Fragment) 115.1 1.15 0.2 Carbohydrate metabolism 

524 Q06215 PPO Polyphenol oxidase A1, chloroplastic 34.8 1.15 0.4 Pigment Metabolism 

525 Q9SAZ1 LGB4 Leghemoglobin Lb120-8 150.8 1.15 0.1 Nodulation 

526 Q40353 MMK2 Mitogen-activated protein kinase homolog MMK2 138.0 1.16 0.2 Signal transduction 
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527 C6TAY1 SOMT2 Flavonoid 4'-O-methyltransferase 30.8 1.16 0.2 Secondary metabolism 

528 Q01912 1A1C 1-Aminocyclopropane-1-carboxylate synthase 
(Fragment) 

0.0 1.16 0.5 Hormone metabolism 

529 P17957 CHS2 Chalcone synthase 2 18.9 1.17 0.3 Secondary metabolism 

530 P09918 LOX3 Seed linoleate 9S-lipoxygenase-3 40.6 1.17 0.2 Lipid metabolism 

531 P07374 UREA Urease 39.6 1.17 0.5 Nodulation 

532 P09186 LOX3 Seed linoleate 9S-lipoxygenase-3 67.5 1.19 0.5 Lipid metabolism 

533 P08960 NO20A Nodulin-20 5.4 1.19 0.4 Nodulation 

534 Q43066 GLNA4 Glutamine synthetase root isozyme β 16.3 1.20 0.2 Amino acid metabolism 

535 Q6RHR6 DMI1 Ion channel DMI1 53.2 1.20 0.5 Transport 

536 O49816 LEA1 Late embryogenesis abundant protein 1 46.0 1.20 0.4 Defense response 

537 P54233 NIA1 Inducible nitrate reductase [NADH] 1 31.1 1.20 0.3 Nodulation 

538 P02855 VCLA Provicilin (Fragment) 68.4 1.20 0.3 Seed storage protein 

539 O24310 EFTU Elongation factor Tu, chloroplastic 8.8 1.21 0.2 Translation 

540 D2XNR1 FLOT4 Flotillin-like protein 4 26.4 1.21 0.4 Defense response 

541 Q39828 SDL5A Dynamin-related protein 5A 121.1 1.21 0.2 Growth and development 

542 P19142 PAL2 Phenylalanine ammonia-lyase class 2 80.3 1.21 0.3 Secondary metabolism 

543 P52423 PUR3 Phosphoribosylglycinamide formyltransferase, 
chloroplastic 

4.8 1.21 0.1 Nucleotide metabolism 

544 P27990 PALY Phenylalanine ammonia-lyase 219.8 1.21 0.3 Secondary metabolism 

545 Q9B133 RR12 30S ribosomal protein S12, chloroplastic 62.2 1.21 0.4 Translation 

546 P05493 ATPAM ATP synthase subunit α, mitochondrial 113.4 1.21 0.1 Transport 

547 Q9SMK9 PAL2 Phenylalanine ammonia-lyase 2 19.8 1.22 0.3 Secondary metabolism 

548 P25890 CATA Catalase 29.5 1.22 0.4 Redox homeostasis 

549 A4GGC9 RR12 30S ribosomal protein S12, chloroplastic 53.9 1.22 0.3 Translation 

550 A4GGA6 RPOC1 DNA-directed RNA polymerase subunit β 48.7 1.22 0.1 Transcription 

551 O49856 FTRC Ferredoxin-thioredoxin reductase catalytic chain, 
chloroplastic 

2.0 1.22 0.4 Photosynthesis 

552 P38417 LOX4 Linoleate 9S-lipoxygenase-4 56.1 1.22 0.2 Fatty acid biosynthesis 

553 P52780 SYQ Glutamine-tRNA ligase 31.7 1.23 0.3 Translation 

554 P27481 LOXB Linoleate 9S-lipoxygenase (Fragment) 85.4 1.25 0.5 Fatty acid biosynthesis 

555 Q84N37 PVIP OBERON-like protein (Fragment) 128.5 1.25 0.2 Growth and development 

556 Q8HVY4 RPOC1 DNA-directed RNA polymerasesubunit β 44.6 1.25 0.4 Transcription 

557 P24095 LOXX Seed linoleate 9S-lipoxygenase 45.9 1.26 0.3 Lipid metabolism 

558 P52416 GLGS1 Glucose-1-phosphate adenylyltransferase 
small subunit 1, chloroplastic 

103.9 1.26 0.3 Carbohydrate metabolism 

559 P07134 RR12 30S ribosomal protein S12, chloroplastic 59.9 1.26 0.5 Translation 

560 P11827 GLCAP β-Conglycinin, α chain 36.2 1.26 0.1 Seed storage protein 

561 Q01899 HSP7M Heat shock 70 kDa protein, mitochondrial 44.6 1.27 0.4 Chaperone 

562 O49931 TIC55 Protein TIC 55, chloroplastic 153.3 1.27 0.1 Transport 

563 Q9BBS8 RPOC1 DNA-directed RNA polymerase subunit β 63.5 1.27 0.4 Transcription 

564 Q43088 RBCMT Ribulose-1,5 bisphosphate carboxylase/oxygenase  large 
subunit N-methyltransferase, chloroplastic 

81.6 1.27 0.1 Carbohydrate metabolism 

565 P22895 P34 P34 probable thiol protease 67.3 1.27 0.5 Proteolysis 

566 P15001 PHYA Phytochrome A 33.5 1.27 0.1 Signal transduction 

567 Q69F95 C85A Cytochrome P450 85A 95.4 1.27 0.5 Monooxygenase 

568 O24304 FNTA Protein farnesyltransferase/ geranylgeranyltransferase type-
1 subunit α 

40.7 1.28 0.1 Lipid metabolism 

569 D2XNR2 FLOT6 Flotillin-like protein 6 99.1 1.28 0.1 Defense response 

570 P29502 TBB3 Tubulin β-3 chain (Fragment) 3.8 1.28 0.4 Cytoskeleton 

571 O49818 LGUL Lactoylglutathione lyase 67.3 1.28 0.4 Secondary metabolism 

572 P30080 CHS6 Chalcone synthase 6 18.9 1.28 0.3 Secondary metabolism 

573 P37392 TBB1 Tubulin β-1 chain 3.8 1.28 0.4 Cytoskeleton 

574 Q8W3Y4 METK S-Adenosylmethionine synthase 131.0 1.28 0.2 Amino acid metabolism 

575 Q93XK2 STSYN Stachyose synthase 58.5 1.30 0.2 Carbohydrate metabolism 

576 O24308 TOP2 DNA topoisomerase 2 115.3 1.30 0.1 Replication 

577 P28551 TBB3 Tubulin β chain (Fragment) 3.8 1.30 0.3 Cytoskeleton 

578 P30164 ACT1 Actin-1 40.4 1.30 0.2 Cytoskeleton 

579 Q41651 CYPB Peptidyl-prolyl cis-trans isomerase, chloroplastic 89.6 1.30 0.3 Protein modification 

580 P07694 GLNA3 Glutamine synthetase root isozyme A 34.1 1.30 0.2 Amino acid metabolism 

581 P29450 TRXF Thioredoxin F-type, chloroplastic 37.5 1.31 0.5 Electron transport 

582 P13919 CVCB Convicilin (Fragment) 85.9 1.32 0.1 Seed storage protein 

583 P45732 PALY Phenylalanine ammonia-lyase 78.1 1.32 0.2 Secondary metabolism 

584 P53537 PHSH α-Glucan phosphorylase, H isozyme 44.9 1.32 0.1 Carbohydrate metabolism 

585 Q41011 EF1A Elongation factor 1-α 83.0 1.32 0.2 Translation 

586 P53392 SUT2 High affinity sulfate transporter 2 150.1 1.34 0.2 Transport 

587 Q5H8A6 CASTO Ion channel CASTOR 20.0 1.34 0.4 Transport 

588 H1A981 C7263 11-Oxo-β-amyrin 30-oxidase 62.8 1.34 0.1 Saponin biosynthesis 

589 Q8VWN6 RFS Galactinol-sucrose galactosyltransferase 22.1 1.34 0.1 Carbohydrate metabolism 

590 Q6PSB9 MATK Maturase K 41.3 1.34 0.1 mRNA processing 

591 Q6PP78 MATK Maturase K 35.8 1.34 0.1 mRNA processing 

592 G1CWH1 CYC2 Cliotide T2 194.9 1.34 0.2 Defense response 

593 P27991 PAL1 Phenylalanine ammonia-lyase 1 144.0 1.35 0.4 Secondary metabolism 

594 P34798 URIC1 Uricase-2 isozyme 1 35.0 1.35 0.2 Nodulation 

595 P53391 SUT1 High affinity sulfate transporter 1 204.0 1.36 0.4 Transport 

596 Q43077 AMO Primary amine oxidase 9.0 1.36 0.4 Hormone metabolism 

597 Q5NUF3 HIDH 2-hydroxyisoflavanone dehydratase 50.4 1.36 0.1 Secondary metabolism 

598 P13911 RPOA DNA-directed RNA polymerase subunit α 236.1 1.38 0.2 Transcription 

599 Q8GT66 TIC40 Protein TIC 40, chloroplastic 204.6 1.39 0.5 Transport 

600 Q6J541 C79D3 Isoleucine N-monooxygenase 1 43.2 1.39 0.5 Secondary metabolism 

601 D4Q9Z4 SGT2 Soyasapogenol β glucuronide galactosyltransferase 56.3 1.39 0.3 Saponin biosynthesis 
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602 Q39857 XTH1 Xyloglucan endotransglucosylase/hydrolase 1 53.6 1.39 0.1 Cell wall synthesis 

603 P10538 AMYB β-Amylase 59.0 1.39 0.1 Carbohydrate metabolism 

604 P32289 GLNA Glutamine synthetase nodule isozyme 40.8 1.39 0.4 Nodulation 

605 Q9BAE0 FTSH ATP-dependent zinc metalloprotease FTSH, chloroplastic 56.1 1.39 0.3 Proteolysis 

606 P08438 VCL Vicilin 77.9 1.39 0.3 Seed storage protein 

607 P30165 ACT2 Actin-2 51.7 1.40 0.1 Cytoskeleton 

608 Q43467 EFTU1 Elongation factor Tu, chloroplastic 62.9 1.42 0.3 Translation 

609 P29531 OLEO2 P24 oleosin isoform B 107.3 1.42 0.3 Growth and development 

610 P45734 PALY Phenylalanine ammonia-lyase 86.9 1.43 0.5 Secondary metabolism 

611 Q948P6 FRI3 Ferritin-3, chloroplastic 108.8 1.43 0.5 Photosynthesis 

612 A5JTQ2 XYL1 β-Xylosidase/ α-L-Arabinofuranosidase 1 
(Fragment) 

49.2 1.43 0.3 Cell wall synthesis 

613 O48922 C98A2 Cytochrome P450 98A2 77.6 1.43 0.3 Monooxygenase 

614 P08688 ALB2 Albumin-2 50.7 1.45 0.3 Seed storage protein 

615 O04278 GPA1 Guanine nucleotide-binding protein α-1 subunit 70.1 1.45 0.3 Signal transduction 

616 P12886 ADH1 Alcohol dehydrogenase 1 17.5 1.46 0.5 Catalytic activity 

617 P31531 1A1C 1-Aminocyclopropane-1-carboxylate synthase 2.3 1.46 0.2 Hormone metabolism 

618 P12468 RBS4 Ribulose bisphosphate carboxylase small chain 4, 
chloroplastic 

102.0 1.46 0.4 Carbohydrate metabolism 

619 Q94G16 TATB Sec-independent protein translocase protein TATB, 
chloroplastic 

85.7 1.46 0.5 Transport 

620 P34899 GLYM Serine hydroxymethyltransferase, mitochondrial 92.3 1.48 0.5 Amino acid metabolism 

621 P52418 PUR1 Amidophosphoribosyltransferase, chloroplastic 43.1 1.48 0.2 Nucleotide metabolism 

622 C0HJB3 MANA α-Mannosidase 38.2 1.48 0.1 Carbohydrate metabolism 

623 Q43138 MTDH3 Probable mannitol dehydrogenase 3 122.0 1.49 0.5 Carbohydrate metabolism 

624 Q5UB07 TPS4 Tricyclene synthase TPS4, chloroplastic 112.5 1.49 0.1 Secondary metabolism 

625 P51082 CHSB Chalcone synthase 1B 24.0 1.49 0.2 Secondary metabolism 

626 P42353 RRL16 50S ribosomal protein L16; chloroplastic (Fragment) 53.0 1.49 0.1 Translation 

627 P58385 PSAB Photosystem I P700 chlorophyll a apoprotein A2 31.8 1.51 0.3 Photosynthesis 

628 P26413 HSP70 Heat shock 70 kDa protein 67.3 1.51 0.5 Chaperone 

629 P0DH60 M3OM2 (+)-6a-hydroxymaackiain 3-O-methyltransferase 2 61.7 1.52 0.1 Secondary metabolism 

630 P15102 GLNA4 Glutamine synthetase leaf isozyme, chloroplastic 16.4 1.52 0.3 Amino acid metabolism 

631 B5LMN4 ACCD Acetyl-coenzyme A carboxylase carboxyl transferase 
subunit β, chloroplastic 

227.5 1.52 0.1 Fatty acid biosynthesis 

632 Q9BBT4 YCF3 Photosystem I assembly protein Ycf3 4.4 1.54 0.4 Photosynthesis 

633 O49859 C82A4 Cytochrome P450 82A4 101.4 1.54 0.4 Monooxygenase 

634 P48631 FD6E2 ω-6 fatty acid desaturase, endoplasmic reticulum isozyme 2 39.7 1.55 0.3 Fatty acid biosynthesis 

635 Q6EJ97 ISPS Isoprene synthase, chloroplastic 58.4 1.57 0.4 Lipid metabolism 

636 Q2PMQ0 RR8 30S ribosomal protein S8, chloroplastic 210.7 1.57 0.5 Translation 

637 Q9BBQ4 RPOA DNA-directed RNA polymerase subunit α 173.8 1.57 0.4 Transcription 

638 Q9BBP9 RK16 50S ribosomal protein L16, chloroplastic 119.0 1.57 0.4 Translation 

639 P20178 THS1 Stilbene synthase 1 0.0 1.58 0.5 Defense response 

640 Q2PMN8 NDHH NAD(P)H-quinone oxidoreductase subunit H, cloroplastic 15.9 1.58 0.2 Electron transport 

641 Q04708 P5CR Pyrroline-5-carboxylate reductase 251.3 1.58 0.4 Amino acid metabolism 

642 P93472 DIM δ(24)-sterol reductase 75.0 1.58 0.1 Steroid biosynthesis 

643 Q2HVD6 MTA70 Putative N6-adenosine-methyltransferase MT-70-like 90.1 1.60 0.2 Nucleotide metabolism 

644 P08241 RR2 30S ribosomal protein S2, chloroplastic 85.7 1.60 0.1 Translation 

645 Q764T8 LUPS Lupeol synthase 31.2 1.62 0.5 Saponin biosynthesis 

646 Q6RVV4 TIC32 Short-chain dehydrogenase TIC 32, chloroplastic 153.9 1.62 0.1 Redox homeostasis 

647 P40620 HMGL HMG1/2-like protein 137.4 1.63 0.2 DNA binding 

648 Q42920 PME Pectinesterase/pectinesterase inhibitor 45.6 1.65 0.3 Cell wall synthesis 

649 P31239 ACCO 1-Aminocyclopropane-1-carboxylate oxidase 178.9 1.65 0.5 Hormone metabolism 

650 A4GG85 RRL16 50S ribosomal protein L16, chloroplastic 31.5 1.65 0.3 Translation 

651 Q42823 RBS Ribulose bisphosphate carboxylase small chain, 
chloroplastic 

99.4 1.65 0.2 Carbohydrate metabolism 

652 O81972 C82A2 Cytochrome P450 82A2 43.0 1.65 0.2 Monooxygenase 

653 Q01289 POR Protochlorophyllide reductase, chloroplastic 106.7 1.67 0.5 Pigment Metabolism 

654 O24305 M3OM1 (+)-6a-hydroxymaackiain 3-O-methyltransferase 1 74.7 1.67 0.1 Secondary metabolism 

655 P51069 THS3 Stilbene synthase 3 0.0 1.67 0.2 Defense response 

656 Q41059 GLGB2 1,4-α-glucan-branching enzyme 1, 
chloroplastic/amyloplastic (Fragment) 

150.8 1.67 0.1 Carbohydrate metabolism 

657 P02580 ACT3 Actin-3 64.7 1.70 0.3 Cytoskeleton 

658 P25012 CCNB2 G2/ mitotic-specific cyclin S13-7 (Fragment) 19.8 1.70 0.4 Cell cycle 

659 O48928 C77A3 Cytochrome P450 77A3 49.5 1.70 0.5 Monooxygenase 

660 P51080 CHS Chalcone synthase (Fragment) 43.8 1.72 0.3 Secondary metabolism 

661 Q43822 PLSB Glycerol-3-phosphate acyltransferase, chloroplastic 78.7 1.72 0.1 Carbohydrate metabolism 

662 O48902 MDHP Malate dehydrogenase [NADP], chloroplastic 144.0 1.72 0.1 Carbohydrate metabolism 

663 Q4VY51 SYM8 Probable ion channel SYM8 26.3 1.73 0.5 Transport 

664 Q84XA3 IMDH Inosine-5'-monophosphate dehydrogenase 53.8 1.73 0.5 Nucleotide metabolism 

665 P12858 G3PA Glyceraldehyde-3-phosphate dehydrogenase A, 
chloroplastic 

190.9 1.73 0.3 Carbohydrate metabolism 

666 P15792 KPK1 Protein kinase PVPK-1 34.9 1.75 0.1 Signal transduction 

667 O03376 AOX3 Alternative oxidase 3, mitochondrial 12.4 1.77 0.4 Electron transport 

668 O65729 RL18 60S ribosomal protein L18 (Fragment) 90.5 1.77 0.5 Translation 

669 P93328 NO16 Early nodulin-16 36.9 1.80 0.5 Nodulation 

670 P30077 CHS9 Chalcone synthase 9 34.8 1.80 0.2 Secondary metabolism 

671 Q9SC88 GCP4 γ-Tubulin complex component 4 homolog 89.1 1.82 0.2 Cytoskeleton 

672 Q29U70 I4OMT Isoflavone 4'-O-methyltransferase 80.4 1.84 0.3 Secondary metabolism 

673 P07219 PHSA Phaseolin, α-type 30.2 1.86 0.2 Seed storage protein 

674 P51081 CHSA Chalcone synthase 1A 6.1 1.88 0.1 Secondary metabolism 

675 Q43070 GALE1 UDP-glucose 4-epimerase 27.9 1.90 0.4 Carbohydrate metabolism 
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676 P51078 CHS5 Chalcone synthase 4-2 34.8 1.90 0.4 Secondary metabolism 

677 P51086 CHS4 Chalcone synthase 4 (Fragment) 34.8 1.92 0.5 Secondary metabolism 

678 P30075 CHS4 Chalcone synthase 4 34.8 1.92 0.1 Secondary metabolism 

679 P30076 CHS8 Chalcone synthase 8 34.8 1.93 0.5 Secondary metabolism 

680 B0M3E8 UGE1 Bifunctional UDP-glucose 4-epimerase and  
UDP-xylose 4-epimerase 1 

27.9 1.93 0.4 Cell wall synthesis 

681 O48559 UNI Protein UNIFOLIATA 43.1 1.97 0.4 DNA binding 

682 P51085 CHS3 Chalcone synthase 3 34.8 1.97 0.3 Secondary metabolism 

683 O49858 C82A3 Cytochrome P450 82A3 33.2 1.97 0.1 Monooxygenase 

684 P19168 CHS3 Chalcone synthase 3 18.9 1.99 0.3 Secondary metabolism 

Up-regulated proteins 

685 P36875 2AAA Protein phosphatase PP2A regulatory subunit A (Fragment) 56.1 2.01 0.04 Signal transduction 

686 Q9BBN8 NDHH NAD(P)H-quinone oxidoreductase subunit H, chloroplastic 15.9 2.05 0.05 electron transport 

687 P30074 CHS2 Chalcone synthase 2 34.8 2.05 0.01 Secondary metabolism 

688 Q01915 ATPAM ATP synthase subunit α, mitochondrial 101.9 2.05 0.05 Transport 

689 O23883 CHS3 Chalcone synthase 3 34.8 2.10 0.01 Secondary metabolism 

690 P52575 IFR Isoflavone reductase 66.2 2.10 0.05 Secondary metabolism 

691 O22307 C71DB Cytochrome P450 71D11 (Fragment) 34.2 2.10 0.03 Monooxygenase 

692 P02856 VCL1 Vicilin, 14 kDa component 39.5 2.12 0.03 Seed storage protein 

693 P49046 LEGU Legumain 86.0 2.14 0.02 Seed storage protein 

694 P53393 SUT3 Low affinity sulfate transporter 3 66.9 2.16 0.01 Transport 

695 O82709 CALX Calnexin homolog 157.8 2.16 0.04 Chaperone 

696 P51087 CHS5 Chalcone synthase 5 34.8 2.20 0.05 Secondary metabolism 

697 P51083 CHS1 Chalcone synthase 1 34.8 2.20 0.01 Secondary metabolism 

698 P51079 CHS6-4 Chalcone synthase 6-4 24.9 2.20 0.04 Secondary metabolism 

699 P51088 CHS6 Chalcone synthase 6 34.8 2.23 0.01 Secondary metabolism 

700 Q01287 CHS2 Chalcone synthase 2 34.8 2.25 0.05 Secondary metabolism 

701 Q43785 GLNA3 Glutamine synthetase nodule isozyme 5.8 2.25 0.01 Nodulation 

702 O24326 VPE2 Vacuolar-processing enzyme 41.3 2.27 0.03 Seed storage protein 

703 P30081 CHS7 Chalcone synthase 7 24.9 2.29 0.03 Secondary metabolism 

704 A4GGB2 ATPA ATP synthase subunit α, chloroplastic 33.6 2.34 0.03 electron transport 

705 O22586 CHSY Chalcone synthase 34.8 2.36 0.05 Secondary metabolism 

706 P20780 ARA1 Arachin 21 kDa protein 161.3 2.51 0.02 Seed storage protein 

707 P21528 MDHP Malate dehydrogenase [NADP], chloroplastic 54.1 2.56 0.01 Carbohydrate metabolism 

708 P46259 TBA1 Tubulin α-1 chain 142.3 2.61 0.03 Cell cycle 

709 P28583 TBA1 Calcium-dependent protein kinase SK5  87.1 2.69 0.01 Signal transduction 

710 O48561 CATA4 Catalase-4 48.6 2.75 0.05 Redox homeostasis 

711 Q43068 C82A1 Cytochrome P450 82A1 (Fragment) 20.8 2.86 0.03 Monooxygenase 

712 Q43093 SSG2 Granule-bound starch synthase 2, chloroplastic/ 
amyloplastic 

26.2 3.00 0.04 Carbohydrate metabolism 

713 A4PU48 METK S-Adenosylmethionine synthase 19.2 3.10 0.04 Amino acid metabolism 

714 P49680 IAA6 Auxin-induced protein IAA6 28.1 3.19 0.03 Growth and development 

715 Q9M5Q1 FUT1 Galactoside 2-α-L-fucosyltransferase 22.8 3.25 0.01 Cell wall synthesis 

716 P93484 VSR1 Vacuolar-sorting receptor 1 40.4 3.25 0.05 Transport 

717 Q2PMU9 ATPE ATP synthase ε chain, chloroplastic 78.5 3.29 0.04 electron transport 

718 O81117 C94A1 Cytochrome P450 94A1 51.5 3.39 0.05 Monooxygenase 

719 O04300 RGP1 Probable UDP-arabinopyranose mutase 1 32.5 3.46 0.05 Cell wall synthesis 

720 P00965 GLNA3 Glutamine synthetase N-1 7.4 3.67 0.05 Amino acid metabolism 

721 P28590 ABRC Abrin-c OS 160.2 3.74 0.04 Defense response 

722 P25700 IT2 Trypsin inhibitor 2 237.8 4.18 0.02 Protease inhibitor 

723 P51851 PDC2 Pyruvate decarboxylase 2 (Fragment)  189.4 4.57 0.01 Carbohydrate metabolism 

724 P13917 7SB1 Basic 7S globulin 117.1 5.10 0.02 Seed storage protein 

725 Q06009 PP2A Serine/ threonine-protein phosphatase PP2A catalytic 
subunit 

32.0 6.55 0.03 Signal transduction 

726 O82134 PCNA Proliferating cell nuclear antigen 129.0 7.17 0.02 Replication 

727 P81007 ENT Cytolytic protein enterolobin 199.0 7.32 0.03 Pathogenesis 

728 O65743 RL24 60S ribosomal protein L24 28.8 7.92 0.01 Translation 

729 Q06930 ABR18 ABA-responsive protein ABR18 23.6 8.41 0.03 Growth and development 

730 B5BSX1 BAMO β-Amyrin 11-oxidase 17.9 8.85 0.01 Saponin biosynthesis 

731 P45456 ACEA1 Isocitrate lyase 1 (Fragment) 53.2 12.55 0.05 Carbohydrate metabolism 

732 P05190 LEGB4 Legumin type B 14.7 13.20 0.01 Seed storage protein 

733 P01070 ITRA Trypsin inhibitor A 347.1 17.99 0.02 Protease inhibitor 

734 P05693 LEGK Legumin K (Fragment) 79.0 19.89 0.04 Seed storage protein 

735 Q6PSC6 MATK Maturase K  15.1 23.81 0.04 mRNA processing 

736 O48923 C71DA Cytochrome P450 71D10 35.9 26.31 0.01 Monooxygenase 

737 Q9TKS4 MATK Maturase K 17.1 27.66 0.02 mRNA processing 

738 Q8LSN3 FYPP Phytochrome-associated serine/threonine-protein 
phosphatase 

192.3 31.50 0.05 Signal transduction 

739 P16080 LEGB7 Legumin type B (Fragment) 14.7 41.68 0.03 Seed storage protein 

740 P16078 LEGB2 Legumin type B (Fragment) 14.7 42.95 0.01 Seed storage protein 

741 P05692 LEGJ Legumin J 52.9 43.38 0.01 Seed storage protein 

742 P16079 LEGB6 Legumin type B (Fragment) 32.1 46.53 0.05 Seed storage protein 

Control-specific proteins 

743 Q53B75 CF1B1 Chalcone-flavonone isomerase 1β-1 233.8 Control   Secondary metabolism 

744 P51820 DRTS Bifunctional dihydrofolate reductase-thymidylate synthase 57.0 Control   Nucleotide metabolism 

745 P83311 IBB Bowman-Birk type proteinase inhibitor 103.9 Control   Protease inhibitor 

746 Q03467 E13B Glucan endo-1,3-β-glucosidase 96.4 Control   Cell wall synthesis 

747 P52904 ODPB Pyruvate dehydrogenase E1 component  
subunit β, mitochondrial 

70.6 Control   Carbohydrate metabolism 

748 P52902 ODPA Pyruvate dehydrogenase E1 component  
subunit α, mitochondrial 

62.6 Control   Carbohydrate metabolism 
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749 P83304 LEC Mannose/glucose-specific lectin (Fragment) 4.1 Control   Carbohydrate binding 

750 O49046 ARGI Arginase 48.7 Control   Amino acid metabolism 

751 P46298 RS13 40S ribosomal protein S13 66.7 Control   Translation 

752 Q6WNQ8 C81E8 Cytochrome P450 81E8 88.5 Control   Monooxygenase 

753 Q8GTE3 RS3A 40S ribosomal protein S3a 58.2 Control   Translation 

754 P31656 CADH Probable cinnamyl alcohol dehydrogenase 22.2 Control   Secondary metabolism 

755 P46275 F16P1 Fructose-1,6-bisphosphatase, chloroplastic 112.0 Control   Carbohydrate metabolism 

756 P32733 ID5A Kunitz-type trypsin inhibitor α chain 80.5 Control   Protease inhibitor 

757 P46256 ALF1 Fructose-bisphosphate aldolase, cytoplasmic isozyme 1 70.8 Control   Carbohydrate metabolism 

758 P14749 AGAL α-Galactosidase 62.0 Control   Carbohydrate metabolism 

759 P04670 URIC1 Uricase-2 isozyme 1 35.7 Control   Nodulation 

760 P81406 GAPN NADP-dependent glyceraldehyde-3-phosphate 
dehydrogenase 

114.4 Control   Carbohydrate metabolism 

761 Q2PMU5 RR4 30S ribosomal protein S4, chloroplastic 111.8 Control   Translation 

762 P53385 HUTU Urocanate hydratase 45.3 Control   Nodulation 

763 P22973 LEC2 Anti-H(O) lectin 2 82.7 Control   Carbohydrate binding 

764 Q564G7 GMGT1 Galactomannan galactosyltransferase 1 60.2 Control   Cell wall synthesis 

765 P38661 PDIA6 Probable protein disulfide-isomerase A6 102.1 Control   Redox homeostasis 

766 Q2PMR0 CLPP ATP-dependent Clp protease proteolytic subunit 1.6 Control   Proteolysis 

767 P13603 ADH1 Alcohol dehydrogenase 1 4.5 Control   Catalytic activity 

768 P81726 ICI2 Subtilisin inhibitor CLSI-II 46.0 Control   Defense response 

769 Q2PMQ3 RPOA DNA-directed RNA polymerase subunit α 224.3 Control   Transcription 

770 Q01516 ALFC1 Fructose-bisphosphate aldolase 1, chloroplastic (Fragment) 38.3 Control   Carbohydrate metabolism 

771 C6T0L2 SLE3 Protein SLE3 18.2 Control   Signal transduction 

772 P19594 2SS 2S albumin 15.5 Control   Seed storage protein 

773 Q9ZST8 TIC20 Protein TIC 20, chloroplastic 118.7 Control   Transport 

774 P41089 CFI Chalcone-flavonone isomerase 119.0 Control   Secondary metabolism 

775 P46519 LEA14 Desiccation protectant protein Lea14 homolog 47.5 Control   Defense response 

776 P85172 IBB1 Bowman-Birk type proteinase inhibitor 69.2 Control   Protease inhibitor 

777 P55844 RL14 Probable 60S ribosomal protein L14  31.3 Control   Translation 

778 O65751 RSSA 40S ribosomal protein SA 53.6 Control   Translation 

779 Q9XHC6 C93E1 β-Amyrin 24-hydroxylase 88.8 Control   Saponin biosynthesis 

780 Q41219 LEGRE Leghemoglobin reductase 31.0 Control   Nodulation 

781 Q5NE24 NSP2 Nodulation-signaling pathway 2 protein 32.5 Control   Nodulation 

782 C6SXZ3 CSPL8 CASP-like protein 1D1 23.4 Control   Cell wall synthesis 

783 O65731 RS5 40S ribosomal protein S5 (Fragment) 47.7 Control   Translation 

784 P35694 XTH2 Xyloglucan endotransglucosylase/ hydrolase 2 14.0 Control   Cell wall synthesis 

785 Q8LNZ5 XTHB Probable xyloglucan endotransglucosylase/ hydrolase 
protein B 

8.9 Control   Cell wall synthesis 

786 Q07463 PUR7 Phosphoribosylaminoimidazole-succinocarboxamide 
synthase, chloroplastic (Fragment) 

58.7 Control   Nucleotide metabolism 

787 Q01807 LEC2 Truncated lectin 2 69.9 Control   DNA binding 

788 P47905 RS27A Ubiquitin-40S ribosomal protein S27a 163.7 Control   Signal transduction 

789 P50346 RLA0 60S acidic ribosomal protein P0 134.6 Control   Translation 

790 P05088 PHAE Erythroagglutinating phytohemagglutinin 138.5 Control   Carbohydrate binding 

791 P05087 PHAL Leucoagglutinating phytohemagglutinin 378.3 Control   Defense response 

792 Q9SM57 OEP21 Outer envelope pore protein 21, chloroplastic 48.3 Control   Transport 

793 P93332 NOD3 Bidirectional sugar transporter N3 61.8 Control   Transport 

794 A0AAR7 CCAMK Calcium and calcium/calmodulin-dependent  
serine/threonine-protein kinase 

107.1 Control   Signal transduction 

795 P17673 RBS Ribulose bisphosphate carboxylase small chain, 
chloroplastic 

38.1 Control   Carbohydrate metabolism 

796 P49163 RK22 50S ribosomal protein L22, chloroplastic 16.7 Control   Translation 

797 Q8MC99 RPOA DNA-directed RNA polymerase subunit α 110.3 Control   Transcription 

798 P26987 SAM22 Stress-induced protein SAM22 129.0 Control   Defense response 

799 Q9BBU3 PSBA Photosystem II protein D1 26.7 Control   Photosynthesis 

800 P40590 RL34 60S ribosomal protein L34 58.5 Control   Translation 

801 O24296 GPX1 Phospholipid hydroperoxide glutathione peroxidase, 
chloroplastic 

97.4 Control   Redox homeostasis 

802 P05046 LEC Lectin 47.1 Control   Carbohydrate binding 

803 P05045 LEC1 Seed lectin subunit I 73.6 Control   Carbohydrate binding 

804 Q9BBR1 RR18 30S ribosomal protein S18, chloroplastic 71.8 Control   Translation 

805 Q9XH46 TATA Sec-independent protein translocase protein TATA, 
chloroplastic 

316.3 Control   Transport 

806 Q6PSU2 CONG7 Conglutin-7 54.0 Control   Seed storage protein 

807 Q9BBQ1 RR8 30S ribosomal protein S8, chloroplastic 44.7 Control   Translation 

808 Q9SP37 SAHH Adenosylhomocysteinase 98.5 Control   Amino acid metabolism 

809 P81371 LECS Seed lectin 107.0 Control   Carbohydrate binding 

810 P13240 DR206 Disease resistance response protein 206 25.9 Control   Secondary metabolism 

811 Q9S9E3 IBB Horsegram inhibitor 1 140.8 Control   Protease inhibitor 

812 Q39527 LECR Lectin-related protein (Fragment) 273.1 Control   Carbohydrate binding 

813 Q43064 PYRB3 Aspartate carbamoyltransferase 3, chloroplastic 90.0 Control   Amino acid metabolism 

814 P17928 CALM Calmodulin 248.4 Control   Signal transduction 

815 Q3LSN4 LIAS1 Lipoyl synthase 1, mitochondrial 37.7 Control   Carbohydrate metabolism 

816 P31893 OAT Ornithine aminotransferase 40.2 Control   Amino acid metabolism 

817 P25804 CYSP Cysteine proteinase 15A 55.3 Control   Proteolysis 

818 Q96451 1433B 14-3-3-like protein B (Fragment) 186.9 Control   Defense response 

819 A4GGF3 RR15 30S ribosomal protein S15, chloroplastic 365.8 Control   Translation 

820 P12459 TBB1 Tubulin β-1 chain 95.6 Control   Cytoskeleton 

821 A4GGE3 NU5C NAD(P)H-quinone oxidoreductase subunit 5,  
chloroplastic 

13.0 Control   Electron transport 

822 Q4LDF9 OEP37 Outer envelope pore protein 37, chloroplastic 25.9 Control   Transport 
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823 P22503 GUN Endoglucanase 137.8 Control   Cell wall synthesis 

824 P12786 COX1 Cytochrome c oxidase subunit 1 115.2 Control   Electron transport 

825 P42088 LEC Lectin OS 124.2 Control   Carbohydrate binding 

826 P36361 CHI5 Endochitinase CH5B 87.9 Control   Defense response 

827 O22308 7OMT6 Isoflavone-7-O-methyltransferase 6 92.3 Control   Secondary metabolism 

828 P26291 UCRIA Cytochrome b6-f complex iron-sulfur subunit,  
chloroplastic 

31.1 Control   Electron transport 

829 P09059 SVF30 Unknown seed protein 30.1 103.8 Control   Seed storage protein 

830 P42054 VDAC Outer plastidial membrane protein porin 96.6 Control   Transport 

831 C6TBN2 AKR1 Probable aldo-keto reductase 1 68.9 Control   Redox homeostasis 

832 Q41112 SRP Stress-related protein 66.1 Control   Defense response 

833 Q9ZS21 LGUL Lactoylglutathione lyase 57.9 Control   Secondary metabolism 

834 Q2HU68 H2A1 Probable histone H2A.1 282.1 Control   DNA binding 

835 P0CC62 NU2C1 NAD(P)H-quinone oxidoreductase subunit 2 A,  
chloroplastic 

151.7 Control   Electron transport 

836 Q40359 ALFIN PHD finger protein Alfin1 68.7 Control   Transcription 

837 P11964 SODCP Superoxide dismutase [Cu-Zn], chloroplastic 62.6 Control   Redox homeostasis 

838 A4GG96 YCF3 Photosystem I assembly protein Ycf3 52.4 Control   Photosynthesis 

839 A4GG95 RR4 30S ribosomal protein S4, chloroplastic 41.0 Control   Translation 

840 P32291 FAD3E ω-3 fatty acid desaturase, endoplasmic reticulum 140.8 Control   Fatty acid biosynthesis 

841 P16148 PLZ12 Protein PPLZ12 77.3 Control   Cell cycle 

842 P52419 PUR1 Amidophosphoribosyltransferase, chloroplastic (Fragment) 118.3 Control   Nucleotide metabolism 

843 P26204 BGLS Non-cyanogenic β-glucosidase 111.7 Control   Carbohydrate metabolism 

844 P26563 AATM Aspartate aminotransferase P2, mitochondrial (Fragment) 22.4 Control   Amino acid metabolism 

845 P52766 NDHK NAD(P)H-quinone oxidoreductase subunit K, 
chloroplastic 

19.4 Control   Electron transport 

846 A2Q1V6 ATG4 Cysteine protease ATG4 37.5 Control   Proteolysis 

847 P16121 HSP70 Heat shock 70 kDa protein (Fragment) 98.2 Control   Chaperone 

848 Q8H0G2 CFI1 Chalcone-flavonone isomerase 1 14.5 Control   Secondary metabolism 

849 P31175 NDHK NAD(P)H-quinone oxidoreductase subunit K, 
 chloroplastic 

41.9 Control   Electron transport 

850 P31174 NDHJ NAD(P)H-quinone oxidoreductase subunit J,  
chloroplastic 

113.5 Control   Electron transport 

851 P22196 PER2 Cationic peroxidase 2 164.4 Control   Cell wall synthesis 

852 P10821 IT1A Trypsin inhibitor 1A 38.0 Control   Protease inhibitor 

853 O50044 KDSA 2-dehydro-3-deoxyphosphooctonate aldolase 113.4 Control   Carbohydrate metabolism 

854 Q9XG83 G2OX Gibberellin 2-β-dioxygenase 15.7 Control   Hormone metabolism 

855 Q3LRV4 NRL4B Bifunctional nitrilase/ nitrile hydratase NIT4B 18.8 Control   Catalytic activity 

856 Q8LPW2 RT13 Small ribosomal subunit protein S13, mitochondrial 47.0 Control   Translation 

857 P22177 PCNA Proliferating cell nuclear antigen (Fragment) 196.1 Control   Replication 

858 Q9LKG7 UGPA UTP-glucose-1-phosphate uridylyltransferase 91.9 Control   Carbohydrate metabolism 

859 Q42800 DAPA 4-hydroxy-tetrahydrodipicolinate synthase, chloroplastic 151.2 Control   Amino acid metabolism 

860 P23233 NO16 Nodulin-16 93.4 Control   Nodulation 

861 Q41701 NO12 Early nodulin-12 235.2 Control   Nodulation 

862 C0HJX1 LECC1 Mannose/ glucose-specific lectin 48.3 Control   Carbohydrate binding 

863 Q39445 TBB Tubulin β chain 179.5 Control   Cytoskeleton 

864 C0HJW7 MANA α-Mannosidase (Fragments) 441.9 Control   Carbohydrate metabolism 

865 P49351 FPPS1 Farnesyl pyrophosphate synthase 1 17.0 Control   Lipid metabolism 

866 C0HK81 LECA Lectin 118.7 Control   Carbohydrate binding 

867 P14226 PSBO Oxygen-evolving enhancer protein 1, chloroplastic 92.3 Control   Photosynthesis 

868 Q03227 COX3 Cytochrome c oxidase subunit 3 201.3 Control   Electron transport 

869 P23558 LEC1 Lectin 1 162.1 Control   Carbohydrate binding 

870 P04149 ARA5 Arachin 25 kDa protein 79.8 Control   Seed storage protein 

871 P04144 NO23 Nodulin-23 140.3 Control   Nodulation 

872 P23535 E13B Glucan endo-1,3-β-glucosidase, basic isoform 111.4 Control   Cell wall synthesis 

873 P04122 LECB Lectin β-1 and β-2 chains 365.8 Control   Carbohydrate binding 

874 P80463 PHS1 Phaseolin 86.6 Control   Seed storage protein 

875 P24924 ITRY Trypsin inhibitor 189.7 Control   Protease inhibitor 

876 B5LMS0 NDHH NAD(P)H-quinone oxidoreductase subunit H,  
chloroplastic 

48.5 Control   Electron transport 

877 P48513 TF2B Transcription initiation factor IIB 112.2 Control   Transcription 

878 P02240 LGB2 Leghemoglobin-2  92.4 Control   Nodulation 

879 Q9SQL2 CB24 Chlorophyll a-b binding protein P4, chloroplastic 100.2 Control   Photosynthesis 

880 P39882 NIA Nitrate reductase [NADH] (Fragment) 19.3 Control   Nodulation 

881 P02238 LGBA Leghemoglobin A 75.3 Control   Nodulation 

882 P02233 LGB1 Leghemoglobin-1 110.3 Control   Nodulation 

883 P02232 LGB1 Leghemoglobin-1 25.0 Control   Nodulation 

884 Q6DW73 DGDG2 Digalactosyldiacylglycerol synthase 2, chloroplastic 117.4 Control   Cell wall synthesis 

885 Q41015 PIP21 Kunitz-type trypsin inhibitor-like 1 protein 17.0 Control   Protease inhibitor 

886 P56707 SMTA Selenocysteine methyltransferase 28.6 Control   Amino acid metabolism 

887 O22518 RSSA 40S ribosomal protein SA 59.7 Control   Translation 

888 Q35639 NU5M NADH-ubiquinone oxidoreductase chain 5 (Fragment) 81.3 Control   Electron transport 

889 Q42799 C93A2 Cytochrome P450 93A2 49.4 Control   Monooxygenase 

890 Q42796 F16P1 Fructose-1,6-bisphosphatase, chloroplastic 104.4 Control   Carbohydrate metabolism 

891 Q647H2 AHY3 Arachin Ahy-3 79.0 Control   Seed storage protein 

892 P93162 CHLI Magnesium-chelatase subunit ChlI, chloroplastic 43.6 Control   Photosynthesis 

893 Q84V83 LAR Leucoanthocyanidin reductase 63.9 Control   Secondary metabolism 

894 P02870 LEC Lectin 192.3 Control   Carbohydrate binding 

895 P35450 EFGC Elongation factor G, chloroplastic (Fragment) 30.5 Control   Translation 

896 Q43857 INVA Acid β-fructofuranosidase 104.3 Control   Carbohydrate metabolism 

897 P53763 URIC Uricase-2 37.0 Control   Nodulation 
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898 P28640 DHN2 Dehydrin DHN2 181.4 Control   Defense response 

899 Q9ZTR1 SPD1 Spermidine synthase 1 46.5 Control   Amino acid metabolism 

900 Q9ZTR0 SPD2 Spermidine synthase 2 58.5 Control   Amino acid metabolism 

901 P02866 CONA Concanavalin-A 43.8 Control   Carbohydrate metabolism 

902 P28639 DHN1 Dehydrin DHN1 226.7 Control   Defense response 

903 P10743 VSPB Stem 31 kDa glycoprotein 52.3 Control   Seed storage protein 

904 O81970 C71A9 Cytochrome P450 71A9 58.7 Control   Monooxygenase 

905 Q94G17 TATC Sec-independent protein translocase protein TATC, 
chloroplastic 

66.6 Control   Transport 

906 P83052 BBKI Kunitz-type serine Protease inhibitor BbKI 219.6 Control   Protease inhibitor 

907 P83051 BBCI Kunitz-type proteinase inhibitor BbCI 179.4 Control   Protease inhibitor 

908 Q43820 DCAM S-ASdenosylmethionine decarboxylase proenzyme 65.7 Control   Amino acid metabolism 

909 Q41649 FKB15 FK506-binding protein 2 115.6 Control   Defense response 

910 Q41640 RAB7 Ras-related protein Rab7 121.2 Control   Signal transduction 

911 Q41638 XTHA Xyloglucan endotransglucosylase/hydrolase protein A 23.0 Control   Cell wall synthesis 

912 P83036 ITRY Trypsin inhibitor 158.6 Control   Protease inhibitor 

913 O48920 ARF ADP-ribosylation factor 44.8 Control   Transport 

914 P07371 CB22 Chlorophyll a-b binding protein AB80, chloroplastic 40.7 Control   Photosynthesis 

915 O24076 GBLP Guanine nucleotide-binding protein subunit β-like protein 139.7 Control   Signal transduction 

916 P86993 LECT Lectin 81.4 Control   Carbohydrate binding 

917 P32110 GSTX6 Probable glutathione S-transferase 168.0 Control   Redox homeostasis 

918 P86624 LECA Lectin α chain 111.2 Control   Carbohydrate binding 

919 P51850 PDC1 Pyruvate decarboxylase 1 104.2 Control   Carbohydrate metabolism 

920 Q9M4T8 PSA5 Proteasome subunit α type-5 13.8 Control   Protein Modification 

921 A2SY66 VICHY Vicianin hydrolase (Fragment) 63.9 Control   Carbohydrate metabolism 

922 A7ISP6 CFI3 Chalcone-flavonone isomerase 3  6.8 Control   Secondary metabolism 

923 P06585 PSBA Photosystem II protein D1 19.6 Control   Photosynthesis 

924 C6SZ04 CSPL3 CASP-like protein 2C1  40.9 Control   Cell wall synthesis 

Treated-specific proteins 

925 P20150 CEMA Chloroplast envelope membrane protein 86.1 Treated   Transport 

926 O82043 ILV5 Ketol-acid reductoisomerase, chloroplastic 95.3 Treated   Amino acid metabolism 

927 Q9ZTA9 FRIL Flt3 receptor-interacting lectin 107.0 Treated   Carbohydrate binding 

928 O24325 VPE1 Vacuolar-processing enzyme 85.7 Treated   Seed storage protein 

929 P56331 IF1A Eukaryotic translation initiation factor 1α 188.1 Treated   Translation 

930 Q2N2K1 PHYK1 Probable phytol kinase 1, chloroplastic 131.7 Treated   Pigment Metabolism 

931 Q2N2K0 PHYK3 Probable phytol kinase 3, chloroplastic 23.3 Treated   Pigment Metabolism 

932 P46266 1433 14-3-3-like protein 167.2 Treated   Defense response 

933 A0A067YBQ3 UGT13 UDP-glycosyltransferase 13 66.0 Treated   Carbohydrate metabolism 

934 P15838 LEGA2 Legumin A2 6.2 Treated   Seed storage protein 

935 P01066 IBB1 Bowman-Birk type proteinase inhibitor A-II 258.1 Treated   Protease inhibitor 

936 P01057 IBB3 Bowman-Birk type proteinase inhibitor DE-3 188.0 Treated   Protease inhibitor 

937 Q94IC4 FRI2 Ferritin-2, chloroplastic 25.4 Treated   Photosynthesis 

938 Q1S9I9 H2B1 Probable histone H2B.1 33.5 Treated   DNA binding 

939 K7LFJ0 PP890 Protein PROPEP890 587.9 Treated   Cell cycle 

940 Q42372 LCB2 Bark agglutinin I polypeptide β 61.6 Treated   Carbohydrate binding 

941 Q2QKL5 PCS3 Glutathione γ-glutamylcysteinyltransferase 3 78.7 Treated   Hormone metabolism 

942 Q40193 RB11C Ras-related protein Rab11C 225.8 Treated   Signal transduction 

943 Q40191 RB11A Ras-related protein Rab11A 142.2 Treated   Signal transduction 

944 Q07176 MMK1 Mitogen-activated protein kinase homolog MMK1 46.5 Treated   Signal transduction 

945 P05718 CYB Cytochrome b 85.0 Treated   Electron transport 

946 Q2PMQ5 CYB6 Cytochrome b6 21.7 Treated   Electron transport 

947 Q06076 ABRD Abrin-d 38.4 Treated   Defense response 

948 O65781 GALE2 UDP-glucose 4-epimerase GEPI48 99.9 Treated   Carbohydrate metabolism 

949 A0A161AT60 NLTP1 Non-specific lipid-transfer protein 1 1034.5 Treated   Cell wall synthesis 

950 P10322 NO25 Nodulin-25 140.8 Treated   Nodulation 

951 Q2PMN2 NU4C NAD(P)H-quinone oxidoreductase chain 4, 
chloroplastic 

110.5 Treated   Electron transport 

952 P52581 IFRH Isoflavone reductase homolog 60.1 Treated   Secondary metabolism 

953 Q2PMM9 NU5C NAD(P)H-quinone oxidoreductase subunit 5, 
chloroplastic 

101.3 Treated   Electron transport 

954 P25273 KTI2 Kunitz-type trypsin inhibitor KTI2 190.7 Treated   Protease inhibitor 

955 B1B5P4 N8DT2 Naringenin 8-dimethylallyltransferase 2, chloroplastic 20.2 Treated   Secondary metabolism 

956 P47923 NDK2 Nucleoside diphosphate kinase 2, chloroplastic 25.7 Treated   Nucleotide metabolism 

957 Q9FT25 PDX1 Pyridoxal 5'-phosphate synthase subunit PDX1 18.6 Treated   Amino acid metabolism 

958 O49929 OEP24 Outer envelope pore protein 24, chloroplastic 156.9 Treated   Transport 

959 P24146 LEC4 Lectin-4 123.7 Treated   Carbohydrate binding 

960 P50345 RLA0 60S acidic ribosomal protein P0 63.9 Treated   Translation 

961 P51428 RT10 Ribosomal protein S10, mitochondrial 57.1 Treated   Translation 

962 P58155 CEMA Chloroplast envelope membrane protein 74.3 Treated   Transport 

963 P86893 LECS Seed lectin 16.9 Treated   Carbohydrate binding 

964 P62929 ALB1D Albumin-1 D 48.4 Treated   Seed storage protein 

965 P49158 ACCD Acetyl-coenzyme A carboxylase carboxyl transferase 
subunit β, chloroplastic 

111.3 Treated   Fatty acid biosynthesis 

966 P00865 RBS1 Ribulose bisphosphate carboxylase small chain 1, 
chloroplastic 

188.6 Treated   Carbohydrate metabolism 

967 Q9BBR0 RK20 50S ribosomal protein L20, chloroplastic 176.0 Treated   Translation 

968 Q9BBQ9 CLPP ATP-dependent Clp protease proteolytic subunit 15.8 Treated   Proteolysis 

969 Q43086 PYRB1 Aspartate carbamoyltransferase 1, chloroplastic 151.8 Treated   Amino acid metabolism 

970 Q43075 SPE1 Arginine decarboxylase 56.6 Treated   Amino acid metabolism 

971 Q43072 HIS7 Imidazoleglycerol-phosphate dehydratase 70.2 Treated   Nucleotide metabolism 

972 Q39528 LEC1 Agglutinin-1 48.1 Treated   Carbohydrate binding 



161 
 

973 H1A988 C7254 11-oxo-β-amyrin 30-oxidase 80.4 Treated   Saponin biosynthesis 

974 P08927 RUBB RuBisCO large subunit-binding protein subunit β, 
chloroplastic 

82.7 Treated   Carbohydrate metabolism 

975 O24542 AX22D Auxin-induced protein 22D 158.2 Treated   Growth and development 

976 O24541 AX22C Auxin-induced protein 22C 115.7 Treated   Growth and development 

977 P29257 LEC2 2-Acetamido-2-deoxy-D-galactose-binding seed lectin 2 41.6 Treated   Carbohydrate binding 

978 A4GGF2 NDHH NAD(P)H-quinone oxidoreductase subunit H, chloroplastic 86.4 Treated   Electron transport 

979 A4GGE6 NU4C NAD(P)H-quinone oxidoreductase chain 4, chloroplastic 25.4 Treated   Electron transport 

980 P80572 ADHX Alcohol dehydrogenase class-3 41.5 Treated   Catalytic activity 

981 Q39818 HS22M Heat shock 22 kDa protein, mitochondrial 127.7 Treated   Chaperone 

982 P39657 RUAP RuBisCO-associated protein 62.0 Treated   Carbohydrate metabolism 

983 P48630 FD6E1 ω-6 fatty acid desaturase,endoplasmic reticulum isozyme 1 160.6 Treated   Fatty acid biosynthesis 

984 P27047 DRR4 Disease resistance response protein DRRG49-C 45.1 Treated   Secondary metabolism 

985 A4GGB8 CEMA Chloroplast envelope membrane protein 80.1 Treated   Transport 

986 Q41161 LCS2 Seed agglutinin 2 61.7 Treated   Seed storage protein 

987 Q41160 LCB3 Putative bark agglutinin LECRPA3 (Fragment) 213.1 Treated   Defense response 

988 Q01417 PM1 18 kDa seed maturation protein 72.4 Treated   Growth and development 

989 Q03943 IM30 Membrane-associated 30 kDa protein, chloroplastic 264.8 Treated   Transport 

990 Q41159 LCB1 Bark agglutinin I polypeptide A 516.7 Treated   Carbohydrate binding 

991 Q9FRT8 ALB1 Albumin-1 (Fragment) 60.5 Treated   Seed storage protein 

992 Q8H0P8 RBP1 RNA-binding protein 1 14.4 Treated   mRNA processing 

993 Q944T2 TCTP Translationally-controlled tumor protein homolog 159.8 Treated   Cell cycle 

994 P0CC88 NU2C1 NAD(P)H-quinone oxidoreductase subunit 2 A, 
chloroplastic 

118.5 Treated   Electron transport 

995 Q1SU99 H2B3 Probable histone H2B.3 33.5 Treated   DNA binding 

996 Q8RW99 F16P2 Fructose-1,6-bisphosphatase, cytosolic 10.5 Treated   Carbohydrate metabolism 

997 Q9SXS3 C93C2 2-hydroxy-isoflavanone synthase 45.6 Treated   Secondary metabolism 

998 P50288 ASPG Isoaspartyl peptidase/L-asparaginase 136.5 Treated   Amino acid metabolism 

999 P29501 TBB2 Tubulin β-2 chain (Fragment)  95.0 Treated   Cytoskeleton 

1000 A4GG99 RR14 30S ribosomal protein S14, chloroplastic 100.9 Treated   Translation 

1001 C6T2J5 CSPL4 CASP-like protein 2D1 44.2 Treated   Cell wall synthesis 

1002 P45621 GSA Glutamate-1-semialdehyde 2,1-aminomutase,  
chloroplastic 

129.7 Treated   Amino acid metabolism 

1003 Q40345 IDHP Isocitrate dehydrogenase [NADP], chloroplastic (Fragment) 176.1 Treated   Carbohydrate metabolism 

1004 P52424 PUR5 Phosphoribosylformylglycinamidine cyclo-ligase,  
chloroplastic/ mitochondrial 

64.6 Treated   Nucleotide metabolism 

1005 E4NKF8 PUB1 U-box domain-containing protein 1 43.1 Treated   Nodulation 

1006 E3SXU4 BHLHW Basic helix-loop-helix protein A 149.0 Treated   Secondary metabolism 

1007 P49045 VPE Vacuolar-processing enzyme 85.8 Treated   Seed storage protein 

1008 Q42822 RBS Ribulose bisphosphate carboxylase small chain,  
chloroplastic 

34.4 Treated   Carbohydrate metabolism 

1009 Q05462 RL27 60S ribosomal protein L27  273.9 Treated   Translation 

1010 P25795 AL7A1 Aldehyde dehydrogenase family 7 member A1 21.2 Treated   Catalytic activity 

1011 P68430 H32 Histone H3.2 106.0 Treated   DNA binding 

1012 P42653 1433A 14-3-3-like protein A 165.0 Treated   Defense response 

1013 P68427 H32 Histone H3.2 106.0 Treated   DNA binding 

1014 A0AT30 NLTP3 Non-specific lipid-transfer protein 3 764.0 Treated   Cell wall synthesis 

1015 Q40977 MDAR Monodehydroascorbate reductase 68.2 Treated   Redox homeostasis 

1016 Q9FEL7 LAX2 Auxin transporter-like protein 2 148.3 Treated   Growth and development 

1017 Q9FEL6 LAX3 Auxin transporter-like protein 3 108.4 Treated   Growth and development 

1018 U3THC0 FG2KI Inactive UDP-glycosyltransferase 79A6 49.1 Treated   Carbohydrate metabolism 

1019 Q9FY06 PPF1 Inner membrane protein PPF-1, chloroplastic 67.4 Treated   Transport 

1020 C6SZP8 CSPL5 CASP-like protein 1E2 25.7 Treated   Cell wall synthesis 

1021 P30364 ASPG Isoaspartyl peptidase/L-asparaginase 159.8 Treated   Amino acid metabolism 

1022 P30362 ASPG Isoaspartyl peptidase/L-asparaginase (Fragment) 30.6 Treated   Amino acid metabolism 

1023 K7K424 DAT2D Diacylglycerol O-acyltransferase 2D 47.7 Treated   Lipid metabolism 

1024 Q04655 YMA6 Uncharacterized mitochondrial protein ORF154 107.3 Treated   Uncharacterized 

1025 P15958 NU5C NAD(P)H-quinone oxidoreductase subunit 5,  
chloroplastic 

68.5 Treated   Electron transport 

1026 P48534 APX1 L-Ascorbate peroxidase, cytosolic 53.3 Treated   Redox homeostasis 

1027 P04793 HSP13 17.5 kDa class I heat shock protein 155.2 Treated   Chaperone 

1028 P14848 LGB2 Leghemoglobin 2 413.5 Treated   Nodulation 

1029 Q09134 GRPA Abscisic acid and environmental stress-inducible protein  26.8 Treated   Defense response 

1030 Q09131 PPAF Purple acid phosphatase 57.8 Treated   Signal transduction 

1031 Q41050 OEP16 Outer envelope pore protein 16, chloroplastic 111.2 Treated   Transport 

1032 P28011 AAT1 Aspartate aminotransferase 1 52.3 Treated   Amino acid metabolism 

1033 P28010 LGB4 Leghemoglobin 174.5 Treated   Nodulation 

1034 P02236 LGB2 Leghemoglobin C2 35.4 Treated   Nodulation 

1035 Q6DW75 DGDG2 Digalactosyldiacylglycerol synthase 2, chloroplastic 18.3 Treated   Cell wall synthesis 

1036 P25096 P21 Protein P21 12.8 Treated   Cell cycle 

1037 Q43560 PR1 Class-10 pathogenesis-related protein 1 212.1 Treated   Pathogenesis 

1038 P52389 CDC2 Cell division control protein 2 homolog 80.9 Treated   Growth and development 

1039 Q06197 IDHC Isocitrate dehydrogenase [NADP] 71.9 Treated   Carbohydrate metabolism 

1040 P11894 RK9 50S ribosomal protein L9, chloroplastic 210.0 Treated   Translation 

1041 P11893 RK24 50S ribosomal protein L24, chloroplastic 52.5 Treated   Translation 

1042 Q6UD73 LYK3 LysM domain receptor-like kinase 3 69.3 Treated   Defense response 

1043 Q41009 TOC34 Translocase of chloroplast 34 169.3 Treated   Transport 

1044 Q41005 CBPX Serine carboxypeptidase-like (Fragment) 29.2 Treated   Secondary metabolism 

1045 Q35638 RHO1 Rac-like GTP-binding protein RHO1 87.0 Treated   Signal transduction 
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1046 O65874 MTF1 MADS-box transcription factor 1 91.8 Treated   DNA binding 

1047 P19329 ARC1 Arcelin-1 152.9 Treated   Seed storage protein 

1048 P16064 ICI1 Subtilisin inhibitor 1 860.5 Treated   Defense response 

1049 P16059 PSBP Oxygen-evolving enhancer protein 2, chloroplastic 68.6 Treated   Photosynthesis 

1050 P02853 PHSB Phaseolin, β-type 18.0 Treated   Seed storage protein 

1051 O81974 C71D8 Cytochrome P450 71D8 11.2 Treated   Monooxygenase 

1052 Q41669 MT1A Metallothionein-like protein 1A 76.7 Treated   Defense response 

1053 A6XNC6 UGFGT Flavonoid 3-O-glucosyltransferaseαα 129.6 Treated   Secondary metabolism 

1054 P27880 HSP12 18.2 kDa class I heat shock protein 206.4 Treated   Chaperone 

1055 Q43814 OTC Ornithine carbamoyltransferase, chloroplastic 139.6 Treated   Amino acid metabolism 

1056 P16002 PLAS Plastocyanin, chloroplastic 26.7 Treated   Photosynthesis 

1057 Q8W171 CYP1 Peptidyl-prolyl cis-trans isomerase 1 127.7 Treated   Protein modification 

1058 Q06445 CYTI Cysteine proteinase inhibitor 103.3 Treated   Protease inhibitor 

1059 I1LCI8 FG2KO UDP-glycosyltransferase 79A6 49.1 Treated   Carbohydrate metabolism 

1060 Q9SWF9 ZFNL Zinc finger CCCH domain-containing protein ZFN-like 29.8 Treated   DNA binding 

1061 P49252 AMO Primary amine oxidase (Fragment) 66.0 Treated   Hormone metabolism 

1062 P25985 PR1 Pathogenesis-related protein 1 118.3 Treated   Pathogenesis 
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Figure 3. Schematic representation of secondary metabolic pathway. Relative expression 

of proteins in roots of Pongamia related to phenylproponoid pathway.  

Colour key represents fold expression and number indicates number of identified peptides; red 

colour: up-regulated proteins, green colour: down-regulated proteins, blue colour: unchanged 

proteins, yellow colour: control specific proteins, and violet colour: treated specific proteins. 

CHS: chalcone synthase, PAL: phenylalanine ammonia lyase. For protein abbreviations see in 

table 1. 
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Figure 4. (A) Relative fold expression of chalcone synthase proteins and 

         (B) isoforms of seed storage proteins. For protein abbreviations see in table 1. 
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Figure 5. Relative fold expression of DEPs belongs to various metabolic pathways.  

Colour key represents fold expression and number indicates number of identified peptides; red 

colour: up-regulated proteins, green colour: down-regulated proteins, blue colour: unchanged 

proteins, yellow colour: control specific proteins, and violet colour: treated specific proteins. 

For protein abbreviations see in table 1. 
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kinase (NFP), guanine nucleotide-binding protein α-2 subunit (GPA1), GPA 2, phytochrome 

type (PHY) A, PHY B, mitogen-activated protein kinase homolog (MMK) 2 and protein kinase 

PVPK-1. Notably, proteins AUX 22C, AUX 22D, LAX 2, LAX 3, PCS 3, AMO (isoform of 

AMO), Ras-related protein Rab 11A, Rab 11C, MMK 1 (isoform of MMK 1), purple acid 

phosphatase, and Rac-like GTP-binding protein (RHO1) only induced in salt treated plants. 

Antioxidant enzymes and electron transport chain components 

CATA4 showed significant up-regulation under salt stress (Figure 9). Two antioxidant 

enzymes monodehydroascorbate reductase and L-ascorbate peroxidase increased significantly 

in roots of salt treated plants. Electron transport chain proteins such as NAD(P)H-quinone 

oxidoreductase (NDHH) subunit H (chloroplast origin), ATP synthase subunit α 

(mitochondrial origin), ATPA (chloroplast origin) and ATP E (chloroplast origin) significantly 

increased under salt stress (Figure 9). However, the expression levels of proteins glutathione 

S-transferase (GSTX) 3, ATP B (chloroplast origin) and ATP G (chloroplast origin) decreased 

significantly in treated roots of Pongamia. CATA 1, CATA 2, CATA 3, NAD(P)H-quinone 

oxidoreductase (NU) subunit 5 (chloroplast origin), cytochrome f (CYF), ubiquinol oxidase 

(AOX) 1 (mitochondria origin), cytochrome c oxidase subunit (COX) 2 (mitochondria origin), 

NADPH-cytochrome P450 reductase, thioredoxin F-type (chloroplast origin), NDHH (isoform 

of NDHH), alternative oxidase (AOX) 3 (mitochondria origin), ATP B (chloroplast origin) 

(isoform of ATP B), ATP A (chloroplast origin) (isoform of ATP A) and ATP A (mitochondria 

origin) (isoform of ATP A). Proteins such as CYB, CYB6, NU2A, NU4 (chloroplast origin), 

NU5 (chloroplast origin) (isoform of NU5) and NDHH (chloroplast origin) (isoform of NDHH) 

were induced significantly in roots of treated plants. 
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Other DEPs 

Trypsin protease inhibitors (IT) such as IT2 and ITRA showed significant increase, while 

ITRB was decreased in roots of salt treated plants (Table 1). Proteinase inhibitors bowman-

Birk type proteinase inhibitor A-II (IBB1), IBB3, kunitz-type trypsin inhibitor KTI2, cysteine 

proteinase inhibitor, peptidyl-prolyl cis-trans isomerase 1 and ATP-dependent Clp protease 

proteolytic subunit were significantly up-regulated in roots of treated plants. Proteins belonging 

to monooxygenase family, cytochrome P450 71D10 (C71DA), C71DB, cytochrome P450 

82A1 and cytochrome P450 94A1, showed significant induction, while cytochrome P450 71D9 

showed significant decrease in roots of salt treated plants (Figure 10). Several other proteins 

namely calnexin homolog, maturase (MATK) K, proliferating cell nuclear antigen (PCNA), 

vacuolar-sorting receptor 1, low affinity sulfate transporter 3, abrin-c OS, tubulin alpha-1 

chain, cytolytic protein enterolobin, and glutamine synthetase nodule isozyme increased under 

salt stress (Figure 11). Conversely, we also observed that isoforms of MATK showed some 

increase or unchanged during salt stress. Translation proteins such as 60S ribosomal protein 

(RL) L24 showed significant increase, while 50S ribosomal protein (RK16) L16 (chloroplast 

origin), eukaryotic translation initiation factor 5, RK2A, RK2B and RK2 showed significant 

decrease in roots of salt treated plants. Proteins such as eukaryotic translation initiation factor 

1A, 60S acidic ribosomal protein (RL) P0, RL27, ribosomal protein S10 (mitochondria origin), 

RK20, RK14, RK9 and RK24 showed significant increase in only roots of salt treated plants. 

However, carbohydrate binding proteins such as Flt3 receptor-interacting lectin, bark 

agglutinin I polypeptide (LC) B1, lectin-4, seed lectin (LEC) 1, agglutinin-1, LEC2, LCB2 and 

LCB3 showed an increase in roots of treated plants. 
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Figure 6. Schematic representation of carbohydrate metabolic pathway.  

The relative expression of proteins in the roots of Pongamia related to carbohydrate 

metabolism. Colour key represents fold expression and number indicates number of identified 

peptides; red colour: up-regulated proteins, green colour: down-regulated proteins, blue colour: 

unchanged proteins, yellow colour: control specific proteins, and violet colour: treated specific 

proteins. G6P: glucose-6-phosphatase, MTDH: mannitol dehydrogenase. For protein 

abbreviations see in table 1. 
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Figure 7. Relative fold expression of DEPs belongs to various metabolic pathways. 

Colour key represents fold expression and number indicates number of identified peptides; red 

colour: up-regulated proteins, green colour: down-regulated proteins, blue colour: unchanged 

proteins, yellow colour: control specific proteins, and violet colour: treated specific proteins. 

For protein abbreviations see in table 1. 
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Figure 8. Our proposed model for signalling transcription factors associate with salinity 

tolerance in Pongamia pinnata.  

Colour key represents fold expression and number indicates number of identified peptides; red 

colour: up-regulated proteins, green colour: down-regulated proteins, blue colour: unchanged 

proteins, yellow colour: control specific proteins, and violet colour: treated specific proteins. 

For protein abbreviations see in table 1. 
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Figure 9. Relative fold expression of DEPs belong to various metabolic pathways in 

Pongamia pinnata.  

Colour key represents fold expression and number indicates number of identified peptides; red 

colour: up-regulated proteins, green colour: down-regulated proteins, blue colour: unchanged 

proteins, yellow colour: control specific proteins, and violet colour: treated specific proteins. 

For protein abbreviations see in table 1. 
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Figure 10. Relative fold expression of CYP450 family proteins in the root tissue of 

Pongamia pinnata. 
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Figure 11. Relative fold expression of DEPs.  

Colour key represents fold expression and number indicates number of identified peptides; red 

colour: up-regulated proteins, green colour: down-regulated proteins, blue colour: unchanged 

proteins, yellow colour: control specific proteins, and violet colour: treated specific proteins. 

For protein abbreviations see in table 1. 
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Figure 12. The distribution pattern of the chloroplasts across the root section. The bright-

filed illumination of chloroplasts across the roots (green in colour) (A-D). The auto 

fluorescence of chloroplasts (Red in colour) (E-J). False colour was given to chloroplasts violet 

(G). The chloroplast auto fluorescence was excited with a blue argon laser (488 nm), and 

emitted light was collected from 660 to 731 nm. Red and White circles were drawn to show 

the chloroplasts. 
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Figure 13. Hierarchical cluster heat maps of up-regulated proteins and protein-protein 

correlations in roots of 500 mM NaCl treated P. pinnata at 4DAS.  

Each correlation value (based on Pearson correlation coefficient) corresponds to average of six 

biological replicates. HAC analysis was performed among the up-regulated proteins at 4DAS. 

Boxes were drawn to represent individual groups of DEPs. The colour key and histogram show 

degree of correlation. For protein abbreviations see in table 1. 
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Figure 14. Hierarchical cluster heat maps of down-regulated proteins and protein-protein 

correlations in roots of 500 mM NaCl treated P. pinnata at 4DAS.  

Each correlation value (based on Pearson correlation coefficient) corresponds to average of six 

biological replicates. HAC analysis was performed among the down-regulated proteins at 

4DAS. Boxes were drawn to represent individual groups of DEPs. The colour key and 

histogram show degree of correlation. For protein abbreviations see in table 1. 
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Correlation analysis 

Hierarchical cluster (HAC) analysis was performed to explore the relationship among the 

proteins in Pongamia. As shown in the Figures 13 and 14, HAC matrix was constructed based 

on Pearson correlation coefficients for each DEP pair. For better understanding, the 

correlations among proteins, both up- and down-regulated proteins were analyzed individually. 

There were 58 up-regulated proteins and 72 down-regulated proteins. A total of 3,364 

correlation values were generated for 58 up-regulated proteins and clustered into matrix form. 

There were several DEPs involved in various metabolic pathways, which include mainly seed 

storage proteins (11), secondary metabolism (10), carbohydrate metabolism (4), signal 

transduction proteins (4), monooxygenases (4), ETC protein (3), transport proteins (3), amino 

acid metabolism (2), cell wall synthesis proteins (2), hormone metabolism (2), protease 

inhibitor proteins (2) and other metabolism (9) related proteins. Based on correlation values 

these DEPs were grouped into two individual clusters (cluster I and cluster II) (Figure 5). In 

cluster I, a strong correlation was observed among proteins related to amino acid metabolism 

(METK, GLNA3), carbohydrate metabolism (MDHP, PDC2), cell wall synthesis (FUT1, 

RGP1), secondary metabolism (CHS1, CHS2, CHS5, CHS6, CHS6-4, CHS7, IFR), seed 

storage proteins (LEGU, VPE2, ARA1, 7SB1), signal transduction (PP2A, CDPK-SK5), ETC 

proteins (ATPA, ATPE (chloroplast origin)), transport (SUT3,VSR1), tubulin α1, calnexin 

homolog, abrin-c and IAA6. We also observed a strong association between proteins of 

carbohydrate metabolism (SSG2, ACEA1), seed storage proteins (LEGB4, LEGK, LEGB7, 

LEGJ, LEGB6), ABR18, MATK, ITRA, CATA4, PCNA, BAMO, FYPP and RL24. 
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Similarly, HAC analysis was also performed on down-regulated proteins. A total of 5,184 

correlation values were generated for 72 down-regulated proteins and clustered in the form of 

matrix. Several DEPs were involved in various metabolic pathways which include secondary 

metabolism (16), carbohydrate metabolism (8), translation proteins (8), ETC protein (5), 

hormone metabolism (4), DNA-binding proteins (3), seed storage proteins (3), signal 

transduction proteins (3), fatty acid metabolism (2), monooxygenases (2), amino acid 

metabolism (2), cell wall synthesis proteins (2), photosynthesis proteins (2), saponin 

metabolism (2) and others (10). Based on correlation values these DEPs were grouped into four 

individual clusters (cluster I, cluster II, cluster III, and cluster IV) (Figure. 6). In cluster I, a 

positive correlation was observed among proteins related to secondary metabolism (COMT1, 

CHS1, favin, 6DCS, PAL3), signal transduction protein (CALM2, GBLP), translational 

proteins (RKL16, RKL2B, IF5), photosynthesis proteins (non-SGRW, SGRW), ETC proteins 

(ATPG, ATPB (chloroplast origin)) RBL, PME3, 1433B, BCCP, AOG, MATK, ITRB, LGC3, 

and AR5A. In cluster II, a strong association was observed between proteins of secondary 

metabolism (CHSY, CHS1 (isoform), CHS2, CHS4, CHS4.1, CHS5), saponin biosynthesis 

(BAMS, SGT3) GGH, RBL (isoform), PANC, 1433C, 1433D, CCD1, HMGYA, HMGYB, 

C71D9, MATK (isoform), LGC1, GSTX3, ALB2 and RKL2A. In cluster III, a strong 

interaction was reported between proteins secondary metabolism (TCMO, 708D1), SAHH, 

SUS, PGIP1, ATPB (isoform), G2OX2, LGB3 and RAC1. In cluster IV, a strong interaction 

between proteins MDHC, HMGL, FAO2, G2OX1, C93B1, CHS1 (isoform), IFR (isoform), 

AR5B, GLGS2, RKL16 (isoform) and RKL2 (isoform).  
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Protein network studies 

To elucidate protein-protein interaction networks, we employed Pearson’s correlation 

coefficient (r) on selected fold values of ≤ 0.5 (down-regulated) and ≥ 2.0 (up-regulated) data 

points. The correlation network was generated at the P < 0.99 significance threshold and at P 

≤ 0.05 statistical significance. We analyzed the network as an undirected with combined paired 

edges.  

For up-regulated protein correlation network, each data point was considered as a node 

and a total of 58 nodes formed 1350 edges (neighboring interactions) on an average each node 

shared 47 edges with neighboring nodes (clustering coefficient of 0.92) (Figures 15A and B). 

In order to simplify the correlation network, the nodes were represented in circles with three 

colours (yellow, blue and green) based on degree of interactions. The number of interactions 

range from ~15 to ~55, yellow circles ranges from ~15 to ~40, blue circles ranges from ~45 to 

~50, and green ranges from ~50 to ~55; Notably, green nodes consists a dense network 

containing on average of ~50 interaction edges (closeness centrality < 0.90) with neighboring 

nodes. These correspond to proteins related to secondary metabolism (CHS1, CHS2, CHS5, 

CHS6, CHS6-4, CHS7, IFR), carbohydrate metabolism (ACEA1, SSG2), cell wall synthesis 

(FUT1, RGP1, PDC2), hormone metabolism (ABR18, IAA6), ETC proteins (ATPE, ATPA), 

seed storage proteins (7SB1, LEGB4, LEGK), CATA4, CALX, PP2A, GLNA3, C94A1, 

VSR1, C82A1, TBA1, ITRA, BAMO, RL24, ENT, PCNA and ABRC.  

Similarly, 72 nodes were formed a dense interaction network with 1414 edges for down-

regulated correlation network. Each node shared its interaction network on an average of 39 

neighboring nodes (clustering coefficient of 0.84) (Figure 15C and D). To simplify correlation 

matrix, each node was represented with specific colour (yellow, blue, red) based on degree of  
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Figure 15. Correlation networks of DEPs. 

(A) Up-regulated correlation network based on Pearson correlation coefficient with probability 

threshold P < 0.0001. Each node was represented with different colour based on degree of 

interaction. The order of interaction was green colour node > blue colour node > yellow colour 

node respectively.  

(B) Correlation network of the 53 proteins in cluster; box was drawn to represent zoom-in of 

the most highly interconnected core of proteins.  

(C) Down-regulated correlation network based on Pearson correlation coefficient with 

probability threshold P < 0.0001. Each node was represented with different colour based on 

degree of interaction. The order of interaction was red colour node > blue colour node > yellow 

colour node respectively.  

(D) Correlation network of the 72 proteins in cluster; box was drawn to represent zoom-in of 

the most highly interconnected core of proteins. For protein abbreviations see in table 1.  
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interaction (Figure 15C and D). The number of interactions range from ~10 to ~55; yellow 

circles ranges from ~10 to ~40, blue circles ranges from ~40 to ~50, and red ranges from ~50 

to ~55.Further, red and blue nodes formed a dense network containing on an average of ~50 

interaction edges (closeness centrality < 0.75) with neighboring nodes, corresponding to 

proteins related to secondary metabolism (CHS2 (isoform), CHS4, CHSY, COMT, LEC), 

saponin metabolism (BAMS, SGT3), defense response proteins (1433B, C and D), ITRB, RBL 

(isofom), LGC1, GGH, MATK (isoform), RK16, CALM2, SGRW, HMGYB, LGC3, IF5, and 

AR5A. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



195 
 

 

 

 

 

 

 

 

 

 

 

Figure 16. Our proposed model of high salinity tolerance in Pongamia pinnata.  
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In present study, plants were treated with 500 mM NaCl (3% NaCl; equivalent to sea saline 

concentration) for 4DAS and root proteome analysis was carried out by using nLC-MS. To our 

knowledge, this is the first report on Pongamia root proteome. A total of 1062 proteins were 

identified through label free shot-gun proteome analysis in roots of Pongamia. Additionally, 

we used computational platforms (R-program and cytoscape network analysis) and GO based 

analysis to explore more knowledge on global proteome change in Pongamia as well as to 

further simplify the complex data into visual graphical and network forms. Based on above 

analysis, the protein homology appears to confirm the relatedness of Pongamia with other 

Fabaceae members (Kazakoff et al., 2012; Sreeharsha et al., 2016). However, our protein 

homology studies revealed that Pongamia showed relatedness with two legume members 

Pisum and Glycine with 21% protein homology (Figure 1A). Upon stress, Pongamia showed 

7.8, 82.3 and 9.8% higher, unchanged and lower abundance of proteins related to various 

metabolic and cellular pathways respectively. Most of the proteins were unchanged in response 

to salt stress suggesting the dynamic nature root cell proteome, which is essentially important 

to preserve the cellular processes and may provide resilience to changing environmental cues. 

In this study, we identified proteins related to various metabolic processes including primary 

metabolism, secondary metabolism, ion transport, signal transduction and other cellular 

processes. Furthermore, correlation studies and network analysis provided an extensive 

comprehensive insights into the mechanisms of tolerance in Pongamia. A total of 130 DEPs, 

detected during salt stress, demonstrates that global changes in protein expression determines 

the plant growth during stress. However, system based approaches, correlation studies and 

integrated network analysis are needed to understand such complex  
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processes. For better understanding, we constructed two co-regulation networks, one for up-

regulated DEPs and the other for down regulated proteins.  

In response to stress, Pongamia roots expressed numerous proteins related to secondary 

metabolism including phenylpropanoid pathway (Figure 3). The unchanged expression of 

PALs, TCMO (rate-limiting enzyme) and 4CL2 may replenish the phenylpropanoid pathway 

intermediates (trans-cinnamate, trans-coumaric acid and coumaroyl-CoA), which are crucial 

for synthesis of naringenin chalocone. Our study focuses interactive co-regulation networks of 

each protein group to elucidate pathways responsible for tolerance in Pongamia. For example, 

correlation among the proteins belonging to same pathways was observed for flavonoid 

synthesis from CHSs, IFR and IFRH, indicating the branched pathway is an important target 

for studying the salt tolerance mechanism in P. pinnata (Jia et al., 2017; Xiong et al., 2017; 

Wang et al., 2018; Wu et al., 2020). In addition, correlation network also revealed several node 

proteins closely linked with other. CHS1 found to be a network node containing highest number 

of interactions with other proteins. CHS catalyses the synthesis of naringenin chalocone which 

is a branch point for synthesis of flavanones, flavonols and anthocyanins (Kang et al., 2014; 

Chen et al., 2019; Zhang et al., 2020). The increased levels of CHSs might help in biosynthesis 

of flavonoids to scavenge the ROS generated during salt stress and is a potential target to study 

salt tolerance mechanism (Chen et al., 2019). Expression of CADH, COMT, THS2, and CAMT 

indicates use of phenylpropanoid pathway intermediates to produce crucial secondary 

metabolites such as cinnamaldehyde, caffeate, resveratrol and ferulyl-CoA respectively which 

are involved in defense role against ROS and in maintaining the cell wall integrity under saline 

conditions (Le-Gall et al., 2015; Liu et al., 2018; Souid et al., 2019). The present study also 

shows the expression of several proteins of flavonoid  
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synthesis including isoflavanone synthase (IFS), naringenin-8-dimethylallyltransferase 2, 

UGT13, FG3H, FG2KO and (flavonoid-3-O-glucosyltransferase) UFGT which were 

associated with biosynthesis of 2-hydroxyflavanone, sophoraflavanone, daidzin, genistin, 

ononin, kaempferol-3-O-sophoroside, kaempferol-3-O-rutinoside (nicotiflorin) and other 

anthocynanins respectively in response to salt stress. Further, up-regulation of 

glycosyltransferases (FG3H and FG2KO) may induce the accumulation of flavonoids such as 

kaempferol-3-O-sophoroside and kaempferol-3-O-rutinoside to play defense role in plants 

during salt stress (Martinez et al., 2016; Li et al., 2017). The significant increase in the 

expression of UFGT levels may result in enhanced accumulation of anthocyanins for 

exceptionally high ROS scavenging activity (Sakamoto and Suzuki, 2019). The present study 

demonstrates that Pongamia is a rich source of chemically diverse secondary metabolites 

possessing high antioxidant activity to defend ROS damage and its root growth during high 

salinity conditions. 

Pongamia also accumulated numerous amino acids in roots upon salt stress to mitigate its 

negative effects. Enhanced expression of cytoplasmic glutamine synthetase (GLNA) and 

ASPG may induce the production of glutamate and aspartate respectively to increase the 

availability of nitrogen for newly synthesizing proteins involved, in cellular processes and salt 

adaptive signalling. Glutamate was found to act as a second messenger involved in carrying 

long distance signalling under various biotic and abiotic stress conditions including salinity 

(Qiu et al., 2020). The increased availability of free amino acids may also help in maintaining 

osmotic balance within the cell (Credali et al., 2012). Significant increase in the S-

adenosylmethionine synthetase (METK) would enhance the formation of adenosyl-methionine 

(AdoMet), which is the principle methyl group donor involved in numerous cellular reactions 

including polyamine and lignin biosynthesis.  
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Further, the decreased expression of SPD1 and 2 clearly suggest that AdoMet contribution was 

significantly reduced in biosynthesis of polyamines such as spermine and spermidine. The 

induction of ADC might increase the synthesis of putrescine, while concomitant decrease in 

the expression of SPD1 and 2 may lead to the availability of putrescine either in free or 

conjugate form in the cell. The perennial plants might use the conjugated putrescine to stabilize 

the membrane potential and cellular pH balance under saline conditions, albeit the free form of 

putrescine which is toxic to the cell (Yamamoto et al., 2017). The correlation between METK 

and lignin precursor synthesizing enzymes CHSs and IFR may help in reorganising the root 

vasculature in response to saline environment. This hypothesis justified our previous findings 

where root xylem tracheary elements were lignified to improve cell-to-cell water and ion 

transport pathway. Very few studies have reported the functional role of plastids inside root 

cells and its importance in non-photosynthetic tissues (Kobayashi et al., 2017). Pongamia roots 

showed high abundance of chloroplasts inside the root cells (Figure 4). Additionally, we also 

observed significant increase in the expression of chloroplast localized proteins OTC, ILV5, 

GSA and PYRB1 which are involved in synthesis of polyamines, branched chain amino acids, 

chlorophyll pigments, and nucleotide synthesis to modulate root growth under to saline 

condition (Damaris et al., 2016; Nounjan et al., 2018; Dong et al., 2019). 

Expression of INV indicates that constant supply of carbohydrates (glucose and fructose) 

to downstream pathways including glycolysis and HMP shunt. The rise in F16P2 expression 

levels might favour accumulation of fructose-6-phoshate, which is a substrate for numerous 

metabolic pathways including sucrose and osmolyte biosynthesis (Dikilitas et al., 2019; Stein 

and Granot, 2019). The steady state levels of F6P catalysing enzymes SUS/ SUS2, SPSA, 

PMM and MTDH  
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should help the plant to synthesize modified sugar moieties such as sucrose-6p, mannose-1p 

and mannitol to retain celluar osmotic potential and cell turgor (Dong et al., 2018). The 

decreased levels of MDHC and expression of CAPP1 & 2, MAOX may enhance the PEP levels, 

which will be further converted into pyruvate by KPYC. Notably, with induction of PDC2, 

ADHX and AL7A1 expression, pyruvate undergoes into anaerobic process with the production 

of reduced energy equivalents, NAD(P)H (Luo et al., 2017). Therefore, driving the anaerobic 

process is beneficial for the plant to quickly restore the cellular energy needs under adverse 

conditions. In addition, increased levels of isocitrate dehydrogenases IDHC (cytosol), and 

IDHP (chloroplast) might enable the plant to produce NADH by converting isocitrate to α-

ketoglutarate, which plays a crucial role in energy metabolism. During salt stress, Pongamia 

showed root glyoxylate cycle fluxes. Both glyoxylate and succinate are involved in the 

production of NADH, FADH2 and other TCA cycle intermediates to provide carbon redox 

energy source for other cellular metabolic process (Yuenyong et al., 2019). Interaction between 

ACEA1 and PDC2 divert the carbohydrate pool to anaerobic respiration towards acetate and 

ethanol formation to replenish reducing energy equivalents rather than channelizing the 

carbohydrate pool towards TCA cycle (Figure 16). We also observed significant increase in 

the expression of chloroplast localized RBS, RBS1, RUBA, RUBB, and SSG2 suggesting 

fixation of CO2 and synthesis of carbohydrates including starch and amylopectin. However, 

the enhanced expression proteins related to chloroplast CO2 fixation and amylopectin 

biosynthesises in roots and their role in salt stress needs further investigation. Significant 

increase in the chloroplast localized proteins (NDHH, NU4C, NU5C, NU2C1, CYB, CYB6, 

FRI2, PSBP, PLAS, PHYK1 and PHYK3) involved in both linear and cyclic electron transport 

of photosynthesis are recorded suggesting that the increased expression of these proteins  
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may help in maintaining cellular redox energy status and also involved in protecting cellular 

organelles from oxidative stress damage under adverse environmental conditions (Wang et al., 

2014; Spicher et al., 2017; Yang et al., 2017; Wu et al., 2020). Thus, we hypothesize that the 

viability of chloroplast within the roots of Pongamia may be crucial in protecting the roots 

under saline conditions.  

The induction of auxin responsive proteins IAA6, LAX2, and LAX3 might be involved in 

regulation of salt-induced root growth (Péret e al., 2012). We also observed a significant 

decrease in G2OX expression. Decreased G2OX expression leading to increased active 

gibberellin levels to promote root growth under salt stress (Wang et al., 2019). Pongamia 

induced numerous proteins related to cell wall synthesis including FUT1, RGP1, CSPL4, 

CSPL5, NLTP1 and NLTP3 which are involved in the glycosylation and acylation processes 

in the cell to stabilize the membranes in response to the changing environmental cues (Tryfona 

et al., 2014; Liu et al., 2015; Yang et al., 2015; D'Agostino et al., 2019; Saqib et al., 2019). In 

order to protect cellular components, Pongamia also induced expression of numerous chaperon 

proteins CALX, HSP13, HSP12 and HS22M in roots under salt stress. The up-regulation of 

these chaperons might prevent miss-fold and aggregation of proteins caused under salinity 

stress (Haq et al., 2019). Antioxidant enzymes including APX1, CAT4, and MDAR showed 

significant up-regulation in Pongamia roots under salt stress to reduce ROS production inside 

the cell under salt stress (Li et al., 2015; Sofo et al., 2015). In response to salinity, Pongamia 

also accumulated several defense related proteins including carbohydrate binding proteins 

(CYP450 family proteins, ABRC, ABRD, 1433, GRPA, LYK3, MT1A and LCB3) in order to 

adapt extreme salinity conditions (Paparella et al., 2014; Yang and Guo, 2018; Mekawy et al., 

2020). Induction of proteins related to transcription and  
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translation localized in both chloroplast and cytosol may be beneficial for the plant growth and 

development (Kosová et al., 2013; Xu et al., 2016). Further, a significant increase in PDX1, 

which is involved in the synthesis of cofactor vitamer, pyridoxal 5'-phosphate (vitamin B6) 

was recorded. Vitamin B6 acts as an efficient quencher of ROS in addition to its cofactor 

function for numerous cellular reactions (Czégény et al., 2019). Previous studies suggest lack 

of PDX1 showed a differential impairment in root growth and viability under abiotic stresses 

(Boycheva et al., 2015). 

Signal transduction or signal sensing molecules play crucial role in plant defense, 

metabolism, growth and development (Dikilitas et al., 2019). Up-regulation of both PP2A and 

FyPP1 expression, and positive interaction between PP2A and FyPP1 leads to the formation of 

PP2A-FyPP1 complex, which might regulate salt-induced root growth and auxin transport 

across the plant (Dai et al., 2013). ABA negatively regulates both PP2A and FyPP1 functions 

(Dai et al., 2013). Induction of both PP2Ac and PP2Ar might regulate amino acid balance by 

controlling both SAHH and GLN1 expression (Lillo et al., 2014). In addition to PP2A 

expression, increased or decreased expression of PP1, RAC1, CCaMK might help in ROS 

regulation, which plays crucial role in plant survival and under high salinity stress conditions 

(Choudhary et al., 2020). Pongamia roots also induced numerous proteins of small G family 

(RHO1, RAB11A, RAB11C, RS27A, GAP1, GAP2, GBLP, and RAB7), SLE1, SLE3, PHYA, 

PHYB, MSK1, MSK3, CaM2, CDPK, MMK1 and MMK2. Altered expression of these 

proteins may contribute to plant growth by promoting cell wall reinforcement, salt-induced 

root growth, cell and tissue morphogenesis under salt stress (Cheval et al., 2013; Zeng et al., 

2015; Liu et al., 2018; Yang et al., 2018). 
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In conclusion, the extensive root proteome analysis in Pongamia as shown in this study 

proposed new insights into salt tolerance mechanisms in a tree species, P. pinnata, which would 

be beneficial for tree important programs.  
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Summary 

Pongamia pinnata is a medium sized leguminous tree belong to Fabaceae family. Despite 

of using whole plant as a crude drug in Indian ayurvedic medicines, Pongamia seed oil has 

50% oleic acid and can be used as a potential feed stock for biofuel. Further, with the nitrogen 

fixing ability, Pongamia can fix huge amounts of nitrogen even under normal field   conditions. 

Although, there are several reports on growth and development of Pongamia even under most 

unfavourable environmental conditions, the precise regulatory events associated with 

physiology and biochemistry at the whole plant level under such stressful conditions are little 

known. Saline lands and salinized arable lands are inadequate for plant growth and propagation. 

Cultivation of tree species such as Pongamia as a rehabilitate tree species in these lands would 

have high   economic gain as it is a well-known tree species for biofuel production. 

Soil salinity is gradually becoming a threat to the global economy by affecting agricultural 

productivity worldwide. Here, we analyze the salinity tolerance of Pongamia pinnata with an 

insight into the underlying physiological and molecular responses. Despite a reduction in net 

photosynthetic rate, P. pinnata efficiently maintained its leaf water potentials even at 500 mM 

NaCl for 15 days and displayed no visible stress symptoms. Na+ localization analysis using 

CoroNa-Green AM revealed effective Na+ sequestration in the roots when compared to leaves. 

Elemental analysis demonstrated that roots accumulated more of Na+ while K+ content was 

higher in leaves. At the molecular level, salt stress significantly induced the expression levels 

of salt overly sensitive1 (SOS1), SOS2, SOS3, high affinity K+ transporter (HKT1), ABA 

biosynthetic and receptor genes (NCED and PYL4), guaiacol peroxidase (POD) exclusively in 

roots while tonoplast localized Na+/H+ exchanger (NHX1) was significantly enhanced in 

leaves.  
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Without display of salt-induced morphological symptoms in plants grown 500 mM NaCl 

(3% NaCl; sea saline equivalent) for 30 days, the plants showed strong adaptive mechanisms 

operating under the extreme saline environment. Pongamia showed reduced gas exchange 

characteristics (net photosynthesis (Asat), transpiration (E), and stomatal conductance (gs)) to 

about 50% at 15 DAS (day after salt-treatment) and maintained these levels for 30 days. Similar 

results were obtained in Asat/Ci and Asat/Q analysis. Analysis of polyphasic chl a fluorescence 

kinetics revealed well maintained structural and functional integrity of PSII. The characteristic 

negative L-band (which denotes grouping or connectivity among PSII units) was observed in 

both 300 and 500 mM NaCl treated plants at 30 DAS. A negative bell shaped K-band was also 

recorded at 300 μs time interval in salt treated plants at 30 DAS. The JIP-test analysis and 

phenomenological fluxes showed salt induced photoacclimation responses including reduced 

electron transport and enhanced thermal dissipation of light energy from PSII.  Proline levels 

were slightly increased in 300 and 500 mM salt treated plants at 30 DAS.  

 Hydroponically grown 30 days old seedlings of Pongamia were treated with two different 

salt concentrations (300 and 500 mM NaCl) for 8 days and analysed at regular intervals of 1, 

4 and 8 days after salt exposure. Physiological parameters were recorded using infrared gas 

analyser and portable mini-PAM. Ion (Na+, K+, Cl, and Ca2+) accumulation in leaves and roots 

were analysed through atomic absorption spectroscopy and Na+ localization was tracked 

through confocal laser scanning microscopy. Histochemical detection of lignin and suberin 

depositions in leaves and roots were carried out. Pongamia roots act as ultra-filters/strong 

barriers to avoid accumulation of excess Na+ levels in the leaves. The Na+ probe fluorescence 

analysis demonstrated effective vacuolar  
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sequestration of Na+ in the roots. Formation of suberized multiseriate exodermis in the roots, 

along with extensive lignification maximized water permeability in both leaves and the roots.  

The present investigation further describes alterations in hormonal and metabolic 

responses in correlation with physiological and molecular variations in leaves and roots of 

Pongamia at sea salinity level (3% NaCl) for 8days. At physiological level, salinity induced 

adjustments in plant morphology and leaf gas exchange patterns were observed. Our study also 

revealed that phytohormones including JAs and ABA play crucial role in promoting the salt 

adaptive strategies in Pongamia. Correlation studies demonstrated that hormones including 

ABA, JAs and SA showed a positive interaction with selective compatible metabolites (sugars, 

polyols and organic acids) to aid in maintaining osmotic balance and conferring salt tolerance 

in Pongamia. At the molecular level, our data showed that differential expression of transporter 

genes as well as antioxidant genes regulate the ionic and ROS homeostasis in Pongamia. These 

data shed new insights on an integrated physiological, structural, molecular and metabolic 

adaptations conferring salinity tolerance to Pongamia. 

Fresh roots were harvested for protein extraction and whole proteome was quantified by 

using free labelled nanoLC-MS/MS technique. A total number of 1062 proteins were identified 

with 130 differentially expressed proteins (DEPs). Protein homology studies have shown 

Pongamia sharing ~22% sequence similarity with Glycine and Pisum. Most of the DEPs 

belonged to flavonoid biosynthesis, CYP450 family proteins, seed storage proteins and 

carbohydrate metabolism. Interestingly, we recorded a significant increase in the chloroplast 

protective as well as glyoxylate cycle proteins. Our correlation network studies also clearly 

demonstrated a cross link between carbohydrate metabolism and amino acid metabolism.  Our 

data on whole root proteome have  
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explored novel insights into the salt tolerance mechanisms in Pongamia pinnata which are 

crucial to improve certain tree species to adapt for the fast changing and unfavourable climate 

regimes. 

Conclusions 

1. For the first time, our data explored novel insights into underlying mechanisms which 

are responsible for unchanged leaf morphology characteristics in Pongamia pinnata 

under high saline environment. 

2. Our results clearly demonstrate that leaves and roots of Pongamia exhibit differential 

responses under salt stress,   although roots are more efficient in sequestering the Na+ 

ions.  

3. The Na+ probe fluorescence analysis demonstrated effective vacuolar sequestration of 

Na+ in the roots.  

4. Formation of suberized multiseriate exodermis in the roots, along with extensive 

lignification, maximized water permeability in both leaves and the roots of Pongamia.  

5. Correlation studies demonstrated that hormones including ABA, JAs and SA showed 

a positive interaction with selective compatible metabolites including sugars, polyols 

and organic acids in order to aid in maintaining osmotic balance and conferring salt  

tolerance  in Pongamia. 

6. For the first time, our data on whole root proteome have explored novel insights into 

the salt tolerance mechanisms in Pongamia pinnata which are crucial to improve 

certain tree species to adapt for the fast changing and unfavourable climate regimes. 

Collectively, the present study provides crucial inputs and shed new insights on an integrated 

physiological, structural, molecular and metabolic adaptations conferring salinity tolerance in 

Pongamia pinnata, a potential biofuel tree species. 
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a  b  s  t  r  a  c  t

Soil  salinity  is gradually  becoming  a threat  to the  global  economy  by  affecting  agricultural  productivity
worldwide.  Here,  we  analyze  the  salinity  tolerance  of  Pongamia  pinnata  with  an  insight  into  the  under-
lying  physiological  and  molecular  responses.  Despite  a reduction  in  net photosynthetic  rate,  P. pinnata
efficiently  maintained  its  leaf  water  potentials  even  at 500  mM  NaCl  for 15  days  and  displayed  no  visible
stress  symptoms.  Na+ localization  analysis  using  CoroNa-Green  AM  revealed  effective  Na+ sequestration
in  the  roots  when  compared  to  leaves.  Elemental  analysis  demonstrated  that  roots  accumulated  more
of Na+ while  K+ content  was  higher  in  leaves.  At the  molecular  level,  salt stress  significantly  induced  the
expression  levels  of  salt overly  sensitive1  (SOS1),  SOS2,  SOS3,  high  affinity  K+ transporter  (HKT1),  ABA
biosynthetic  and  receptor  genes  (NCED  and  PYL4),  guaiacol  peroxidase  (POD)  exclusively  in roots  while
tonoplast  localized  Na+/H+ exchanger  (NHX1)  was  significantly  enhanced  in  leaves.  Our  results  clearly
demonstrate  that  leaves  and roots  of Pongamia  exhibit  differential  responses  under  salt  stress  although
roots  are  more  efficient  in  sequestering  the  Na+ ions.  The  present  study  provides  crucial  inputs  for  under-
standing  salt  tolerance  in  a tree species  which  can  be  further  utilized  for  developing  salt  tolerance  in
higher  plants.

© 2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Continuous salinization of arable lands at an annual rate of 10%
forecasts the possibility of approximately 50% of the total culti-
vated land area to be salinized by the year 2050 worldwide [1].
Thus, demands for initiating cultivation of economically important
tree species in salinized lands, which are otherwise unfit for agri-
cultural productivity is increasing in many parts of the world, as
a potential alternative for optimum economic sustainability [2]. A
recent review on salt tolerance ability of trees discussed the wide
variations in salinity tolerance among tree species which can thrive
at soil salinities ranging from 200 to 450 mM [3]. Despite having

Abbreviations: Asat , light saturated net photosynthetic rate; CT, cycle threshold;
E,  transpiration rate; FESEM-EDX, field emission scanning electron microscopy cou-
pled with energy dispersive X-ray spectroscopy; Fv/Fm, maximum quantum yield of
photo system II; gs, stomatal conductance to water vapour; HKT1, high affinity K+

transporter1; NCED, 9-cis epoxycarotenoid dioxygenase; NHX1, tonoplast localized
sodium/proton exchanger1; PAR, photosynthetically active radiation; POD, peroxi-
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SOS, salt overly sensitive; SP, saturation pulse; TOIL, tree oil India ltd; WUE, water
use efficiency.
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considerable reports on salt tolerance of trees, the underlying
genetic, physiological and molecular basis for the trait is still super-
ficial and limited mostly to poplars [4–6] and mangroves [7].

In general, salinity affects plant growth and development by
decreasing the water potential of the soil leading to reduced water
uptake by roots. Thus, both salinity and drought stress induces a
set of common responses in plants owing to the osmotic stress
signal [8]. However, in addition to osmotic changes salinity leads
to uptake of Na+ and Cl− ions along with water. Thus, long term
salinity and/or absence of efficient extrusion/sequestering mech-
anisms in plants result in accumulation of high concentrations of
Na+ and Cl− in the cytosol causing ion homeostasis imbalance at
cellular level. Salinity-induced decline in photosynthetic rates due
to stomatal closure is an adaptive response [9]. However, exces-
sive accumulation of Na+ ions within photosynthetic tissues leads
to toxicity and damage to the photosynthetic machinery which is
detrimental to the plant. Thus in order to survive, plants need to
limit Na+ transport into the shoot tissue by compartmentalizing
the Na+ into the root stele and vacuoles [10–12].

In order to withstand the Na+ toxicity, salt-tolerant plant
species develop certain morphological, physiological and biochem-
ical mechanisms which include initiation of lateral roots, ion
compartmentalization, biosynthesis of osmo-protectants and acti-
vation of salt exclusion and/or sequestering pathways [13]. Before
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responding to salinity stress, plants need to first perceive the stress
signal and then transfer it through a series of signaling compo-
nents to the final response i.e. expression of salt-responsive genes.
The phytohormone abscisic acid (ABA) is a well known cellular sig-
nal for mediating the expressions of salt and drought responsive
genes and reported to be induced rapidly in roots [14]. Further,
antioxidative defense system has been reported to play a key role
in some members of both C3 and C4 plants, to neutralize the effect
of stress-induced toxic levels of reactive oxygen species (ROS). As
ROS production is a continuous process, most of the antioxida-
tive enzymes are constitutively expressed. Salt stress is known
to induce expressions of certain key enzymes including guaiacol
peroxidase (POD), glutathione reductase (GR) and ascorbate per-
oxidase (APX) which are considered as fine regulators of ROS and
are required to maintain the ROS levels within physiological lev-
els [15]. Apart from these, the most important mechanism for
salt-tolerance in plants is through the salt overly sensitive (SOS)
pathway, wherein following salt stress perception by a salinity
receptor (unknown), Ca2+ spikes (enhanced Ca2+ levels) gets gener-
ated within the cytoplasm acting as secondary signals for activating
the SOS pathway components. Increase in cytosolic Ca2+ is per-
ceived by SOS3 (a myristoylated calcium-binding protein) which
gets activated and in turn binds and activate the serine/threonine
protein kinase SOS2. Following SOS2 activation it goes and acti-
vate SOS1 through phosphorylation (a plasma membrane localized
Na+/H+ antiporter) which brings about the extrusion of excess Na+

ions from the cytosol to the apoplast [16,17].
Most of the available information regarding salt tolerance mech-

anisms at physiological and molecular levels is limited to crops
while only few reports are available for trees [6,3]. At present,
mangroves are the only known plant community that can toler-
ate up to 500 mM NaCl, which is equivalent to seawater salt levels
[18,19]. Ironically, in spite of being an excellent model for under-
standing high salinity tolerance in trees, mangroves are unsuitable
for cultivation in salinized terrestrial lands [2] and hence identi-
fication of new tree species having high economic potential and
salinity endurance as well as understanding the physiological and
molecular responses in tree species is highly crucial. On the other
hand, due to the dwindling fossil fuel resources, a parallel strong
demand has arisen for identification of certain tree species acting
as potential sources for high quality biofuel production [20]. This
demand has recently led to the unravelling of a fast-growing legu-
minous tree Pongamia pinnata (Linn.) Pierre (Synonym: Millettia
pinnata), indigenous to India and Southeast Asia, whose non-edible
seed oil was recognized worldwide as a potential feedstock for
biodiesel production [21,22]. Biodiesel production was  reported
from Pongamia seed oil through the consecutive acid and base-
catalyzed dual step transesterification method [23]. Apart from the
seed oil, all other parts of the plant have also been implemented as
crude drugs in Indian traditional medicine as well as for application
as animal fodder and timber [22].

Fortunately, P. pinnata was found to display semi-mangrove
characteristics, capable of operating both glycophytic and halo-
phytic mechanisms, preferentially, for adaptation to salinity [24].
Unlike mangroves, Pongamia does not exhibit physiological and
anatomical adaptations to exclude Na+ in order to endure salinity
stress [25]. Previous studies have shown partial salinity toler-
ance in Pongamia [26–28]. More recently, Huang et al. [29] used
salt-responsive transcriptome to demonstrate that Pongamia can
overcome salt stress within 8 h after treatment. On the other hand,
another report by Arpiwi et al. [30] showed that some varieties
of P. pinnata, collected from Kununurra, Western Australia and
some parts of India did not tolerate salinity stress beyond 250 mM.
However, an integrated knowledge regarding the physiological
and molecular responses of P. pinnata under salt stress is still at
its incipient stage and needs proper characterization. However, a

comprehensive analysis on the leaf and root responses as well as
Na+ localization patterns under different salt concentrations at both
physiological and molecular level is not yet elucidated.

In the present study, we  aim to analyze the salt tolerance of one
month old P. pinnata plants under two  different salt concentrations
(300 and 500 mM NaCl) by targeting the underlying physiological
and molecular responses in both leaves and roots. Nevertheless,
the high tolerance of P. pinnata to soil salinity makes it an ideal
target for cultivation in the marginal or degraded lands which are
otherwise not suitable for food production.

2. Materials and methods

2.1. Plant material and experimental condition

Seeds of P. pinnata accession TOIL12 were obtained from Tree
Oils India Limited (TOIL), Zaheerabad, Telangana, India. The exper-
imental plants were grown under greenhouse conditions at the
University of Hyderabad (Hyderabad, Telangana, India). Oven dried
seeds (40 ◦C overnight) were initially germinated in trays con-
taining soilrite (mixture of expanded perlite, Irish Peat moss and
exfoliated vermiculite in 1/3:1/3:1/3 w/w) under controlled tem-
perature of 23 ◦C for 2 weeks. Later, healthy and uniform seedlings
were selected and transplanted one each in 20-L capacity pots filled
with mixture of soil and sand (3:1w/w) to be grown under green-
house conditions (temperature 25 ± 1 ◦C, relative humidity 60–70%,
and natural photoperiod). The pot water holding capacity (PC) was
measured according to Ennahli and Earl [31] before performing
any experiment. The PC was found to be approximately 1L. Plants
were allowed to grow under regular and optimum watering con-
dition till the production of four mature tripartite leaves (30 days).
After 30 days, plants were randomly selected and divided into two
groups: well-watered (WW)  and salinity-stressed (SS). WW plants
were regularly maintained at 100% PC (as control) for 15 days,
whereas SS plants were further subjected to two  different salin-
ity treatments: 300 mM (moderate salinity) and 500 mM NaCl (sea
water equivalent) for 15 days. Each treatment group comprised 9
plants. Salt treatment was given according to Mudalkar et al. [32],
with small modifications. Each individual plant was watered with
1L of 300 mM and 500 mM NaCl solution separately to each respec-
tive treatment pot ensuring that soil in the pot was  completely
moist with salt water. Control plants were treated with the same
amount of distilled water. The treatment was repeated at an inter-
val of 7 days and samples were collected 15 days after the first NaCl
application.

2.2. Photosynthetic leaf gas exchange measurements

Leaf gas exchange measurements were performed by using a
portable infra-red gas analyzer (IRGA, LCpro-32070, ADC  Bioscien-
tific Ltd., UK). All measurements were performed on fully expanded
2nd and 3rd leaves of the plant. Throughout the measurement, the
following conditions were maintained: a saturating photosyntheti-
cally active radiation (PAR) of 1600 �mol  m−2 s−1 supplied by a LED
light source (LCpro Lamp 32070–Broad, ADC Bioscientific Ltd., UK)
attached to leaf chamber, air temperature of 25–26 ◦C and relative
humidity of 55–60%. Light saturated net photosynthetic rate (Asat),
stomatal conductance (gs), and transpiration rate (E) were mea-
sured in leaves of control and treated plants during 10.00–11.00 h.
Leaf water use efficiency (WUE) was  calculated as Asat /E.

2.3. Measurement of photosystem-II (PSII) efficiency

To determine changes in maximum quantum yield (Fv/Fm), Chl
a fluorescence measurements were performed by using a portable



104 S. Marriboina et al. / Plant Science 258 (2017) 102–111

Handy PEA (Plant Efficiency Analyzer-2126) fluorometer (Hansat-
ech Instruments Ltd., Kings Lynn Norfolk, UK) on the same leaves
used for photosynthetic leaf gas exchange measurements. Fully
expanded third leaves of control and treated plants were dark-
adapted for 30 min  using leaf-clips and the fluorescence intensities
were recorded after illuminating with a saturating light intensity
of 3000 �mol  m−2 s−1 (an excitation intensity sufficient to ensure
closure of all PSII reaction centers), of 650 nm peak wave length
provided by an array of three light emitting diodes, for 1 s. Data
presented are average of three independent replicates.

2.4. Leaf relative water status

Fully expanded third leaves of control and treated plants were
collected, immediately weighed and recorded as fresh weight
(fw). The leaf samples were rehydrated by immersing in distilled
water in plastic trays sealed with plastic bag for 24 h at 4 ◦C
in dark and then weighed after removing the moisture super-
ficially on leaf surface with blotting paper (turgid weight, tw).
After turgid weight measurement, the samples were oven-dried
at 60 ◦C for 72 h and weighed (dry weight, dw). The leaf relative
water content (LRWC) was  calculated using the following formula:
100 × [(fw − dw)/(tw − dw)] [33].

2.5. Electrolyte leakage assays

Fresh leaves of control and treated plants were harvested and
uniform leaf discs of 1 cm diameter were punched out. Equal quan-
tity (100 mg)  of leaf disc samples were taken and immersed into
20 ml  of deionized water taken in a falcon tube and kept for shaking
in a rotary shaker at room temperature for 2 h. The initial electrical
conductivity (C1) of the solution was recorded using a conductiv-
ity meter (Digisun Electronics, Hyderabad, India). Further, the leaf
discs were boiled in deionized water at 100 ◦C for 20 min  in order
to facilitate complete release of electrolytes from the tissue fol-
lowed by cooling the samples to room temperature. Then the final
electrical conductivity (C2) of the solution was measured and the
percentage of electrolyte leakage was calculated according to the
formula: (C1/C2) × 100 [34].

2.6. Chlorophyll measurements

Fresh leaves from control and salt-treated plants were collected,
washed in distilled water and homogenized with 80% (v/v) ice cold
acetone solution. Chlorophyll content was measured according to
Arnon [35].

2.7. Visualization of Na+ ions through confocal laser scanning
microscopy

Leaves and roots harvested from control and treated plants were
used for Na+ ions visualization using a Na+ specific probe CoroNa-
Green AM in a laser scanning confocal microscopy (Leica TCS SP2
with AOBS, Heidelberg, GmbH, Germany). All measurements were
performed as described by Oh et al. [36] with some minor modi-
fications. Roots and leaves were incubated in 2.5% glutaraldehyde
fixative solution overnight at room temperature. Thin free-hand
sections of leaves and roots were stained with 20 �M CoroNa-
Green AM (Invitrogen) in the presence of a final concentration of
0.02% (w/v) pluronic acid (Invitrogen) for 3 h. The sections were
further incubated with 2.5 �M propidium iodide (Invitrogen) for
∼10–20 min  before visualization under microscope.

2.8. Quantification of Na+ and K+ ions

The measurement of Na+ and K+ contents in both roots and
leaves of control and treated plants was performed through flame
photometer. The leaves and roots from both control and treated
plants were harvested, washed with deionized water and oven-
dried at 60 ◦C for 72 h. The dried leaves and roots were powdered
for further analysis. Powdered leaves and roots from control and
treated plants (0.1 g each) were then extracted with 10 ml  of tri
acid mixture (TAM) (which is a mixture of nitric acid, sulfuric
acid and perchloric acid in the ratio of 10:5:4) for 60 min  at 95 ◦C.
The resulting solution diluted appropriately, and analyzed for Na+

and K+ concentrations with a flame photometer (Khera-391, Khera
Instruments, New Delhi, India) in emission mode (Na – 589 nm, K –
766 nm)  against a standard curve of 0–400 mg  ml−1 concentration
range for both ions [37].

2.9. Field emission scanning electron microscopy-Energy
dispersive X-ray spectroscopy (FESEM-EDX) analysis

FESEM-EDX was used on dehydrated sections of leaves and roots
harvested from 4 week-old soil grown plants for the measurement
of Na+ and K+ ions. The tissue sections were incubated in 2.5% glu-
taraldehyde solution for overnight at room temperature and then
dehydrated with gradient solutions of ethanol (30%, 50%, 70%, 90%
and 100%) for 15 min  [36]. The dried sections were mounted on
copper stubs using double stick cellophane tape and the mounted
samples were coated with gold in a sputter coater for 2 min  prior to
visualization under scanning electron microscope (Carl-Zeiss MER-
LIN Compact, S. No. 6027, Germany). Samples were analyzed with
an ATW detector interfaced with a link ISIS analyzer (Oxford Instru-
ments) under the following conditions: accelerating voltage, 15 kV;
working distance between sample and detector, 9.9 mm;  X-ray
exposure time, 60 s.

2.10. Quantitative RT-PCR analysis

Indirect primers were designed for four of the targeted genes
(SOS1, SOS2, SOS3 and HKT1) based on the available gene sequences
of Glycine max from SoyKB (www.soykb.org) database since the
transcriptome as well as plastome sequence analysis indicated that
P. pinnata is closely related to G. max [38,39], while direct primers
were used for the genes NCED, PYL, NHX1 and POD based on the
salt-responsive P. pinnata transcriptome sequence given by Huang
et al. [29] to amplify approx. 200 bp products for qPCR analysis
(details of primers given in Supplementary Table S1). All genes were
PCR amplified using P. pinnata cDNA, the products were gel puri-
fied and the amplicons obtained via the indirect G. max primers
were sequenced for confirming the identity of the amplified tar-
get gene from P. pinnata. Quantitative PCR analysis was  performed
using KAPA SYBR FAST [Mastermix (2×)  Universal; KAPA Biosys-
tems] real-time PCR kit following the manufacturer’s instructions
in an Eppendorf Realplex MasterCycler (Eppendorf, Germany). For
the relative quantification, equal quantities (500 ng) of total RNA
extracted from control and salt-treated Pongamia leaf and root tis-
sues using Sigma SpectrumTM Plant Total RNA kit (Sigma, USA) and
were used for preparing cDNA using Reverse Aid cDNA synthesis
kit (ThermoScientific). Target genes were amplified using the fol-
lowing program: 1 cycle at 95 ◦C for 2 min, followed by 40 cycles
of 30 s at 95 ◦C for template denaturation, 30 s at 60 ◦C and 20 s at
72 ◦C, followed by the dissociation (melting) curve. Fluorescence
was detected using the Realplex software (Eppendorf, Germany).
Each reaction was carried out in triplicate with 50 ng of cDNA as
template. Templates (cDNAs) were used from three biological repli-
cate, wherein for each biological replicate cDNAs from 3 individual
plants were pooled up. The relative fold difference was  determined

http://www.soykb.org
http://www.soykb.org
http://www.soykb.org
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Fig. 1. Effect of salinity stress on plant morphology and photosynthetic performance of Pongamia pinnata. (A) Shoot morphology of 1 month old soil-grown P. pinnata plants
after  15 days treatment with 0 (Control), 300 and 500 mM NaCl. (B) Variations in light saturated net photosynthetic rate (Asat) (�mol  m−2 s−1), (C) stomatal conductance (gs)
(mol  m−2 s−1), (D) transpiration rate (E) (mmol  m−2 s−1), (E) water use efficiency (WUE) (mmol  m−2 s−1) and maximum quantum yield of PSII (Fv/Fm) (F), in P. pinnata grown
under  control and salt treatment. Error bars represent the mean ± SD (n = 4).

using the 2−��C
T formula [40]. We  checked the efficiency of the tar-

get and reference as per the Applied Biosystems User Bulletin No. 2
(P/N 4303859) to ensure that both the genes amplify with approx-
imately equal efficiency. The 18SrRNA was used as the reference
gene after confirming its stability under salt stress.

2.11. Statistical analysis

All physiological and biochemical parameters were represented
as mean ± SD (n = 3). Three individual plants were taken for each
treatment under each biological replicate and the final results
represents the data obtained from 3 biological replicates. The sig-
nificance of the differences between mean values of control and
salinity-treated plants was determined using Student’s t test. For
qPCR analysis, three independent RNA samples were used for each
sample, and each reaction was run in triplicate for both control and
salinity stressed samples of each time point.

3. Results

3.1. Comparative morphology and photosynthetic performance of
P. pinnata

To identify the level of salt-tolerance in the biofuel tree P.
pinnata, 1 month old plants were subjected to 300 and 500 mM

NaCl treatment continuously for 15 days. Salt-treated P. pinnata
seedlings displayed no stress-induced symptoms till 15 days treat-
ment (Fig. 1A). The leaves of treated seedlings were healthy and
green similar to leaves of control plants. This was corroborated by
our findings on relative water content (RWC) of leaves, electrolyte
leakage as well as leaf chlorophyll and carotenoid contents which
did not show any significant variations in both 300 and 500 mM
NaCl treated plants (Table 1).

Photosynthesis being the major biochemical process getting
affected under stress conditions, we  measured Asat , E, gs and WUE
of control and salt-treated seedlings of P. pinnata. Significant vari-
ations were recorded for gas exchange characteristics of Pongamia
grown in salinity conditions. The Asat of both 300 and 500 mM NaCl
treated Pongamia plants significantly declined by ∼50% in compari-
son to control plants and was recorded to be ∼3 �molm−2 s−1 while
it was  ∼6 �molm−2 s−1 for control plants after 15 days of growth
(p < 0.01; Fig. 1B). Similarly, significant reduction of ∼58% (300 mM)
and ∼67% (500 mM)  was observed in gs and ∼67% (both 300 and
500 mM)  in E, respectively for treated plants in comparison to con-
trol plants (p < 0.01; Fig. 1C and D). Transpiration rate is inversely
proportional to WUE  and in the present study also, with a gradual
decline in E under salt stress, the corresponding WUE  showed sig-
nificant increase of ∼27% (300 mM;  p < 0.05) and ∼82% (500 mM;
p < 0.001) respectively, in comparison to control plants (Fig. 1E). We
also analyzed the PSII efficiency in salt-treated P. pinnata through
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Table 1
Modulations in leaf relative water content (RWC), electrolyte leakage, chlorophyll and carotenoid contents in 1 month old P. pinnata leaves after 15 days salt treatment.
Values  represent mean ± standard deviations (n = 3).

Parameters Control 300 mM NaCl 500 mM NaCl

RWC  (%) 85.55 ± 2.80(ns) 90.34 ± 3.90(ns) 94.98 ± 2.10(ns)
Electrolyte leakage (%) 71.27 ± 0.73(ns) 73.73 ± 0.19(ns) 74.21 ± 1.14(ns)
Chl  a (mg  g−1 FW)  2.55 ± 0.01(ns) 2.54 ± 0.02(ns) 2.55 ± 0.01(ns)
Chl  b (mg  g−1 FW)  1.05 ± 0.05(ns) 1.05 ± 0.04(ns) 1.08 ± 0.02(ns)
Chl  a/b (mg  g−1 FW)  2.39 ± 0.04(ns) 2.41 ± 0.04(ns) 2.34 ± 0.02(ns)
Total  Chl (mg  g−1 FW)  3.95 ± 0.05(ns) 3.94 ± 0.06(ns) 4.00 ± 0.03(ns)
Total  carotenoids (mg  g−1 FW) 0.68 ± 0.02(ns) 0.69 ± 0.03(ns) 0.69 ± 0.02(ns)

Fig. 2. FESEM-EDX analysis for tissue integrity and ion measurement in leaves and roots of salt-treated P. pinnata. (A) Cross section of leaves of control, (C) 300 mM NaCl
and  (E) 500 mM NaCl treated P. pinnata and (B, D, F) magnified view of the vascular bundle region enclosed in red border where ion measurements were performed in all
three  treatments. Similarly, (G) cross section of roots of control, (I) 300 mM NaCl and (K) 500 mM NaCl treated P. pinnata and (H, J and L) magnified view of the vascular
bundle region enclosed in red border where ion measurements were performed in all three treatments. Graphical representation and comparison of Na+ and K+ contents
from  both leaves (M)  and roots (N). Samples from both control and treated processed simultaneously and ion measurements were performed on four to six cells from each
tissue.  Values are represented as percentage of relative weight. The white bar in each micrograph represents the scale of measurement. (For interpretation of the references
to  colour in this figure legend, the reader is referred to the web version of this article.)

Handy PEA fluorometer. Our results demonstrated that the max-
imum quantum yield of PSII (Fv/Fm) of treated plants remained
similar to that of controls even after 15 days of treatment and was
recorded to be ∼0.8 (Fig. 1F).

3.2. Anatomical variations and Na+ and K+ content in leaves and
roots of salt treated P. pinnata

At the anatomical level, FESEM-EDX analysis revealed that the
cellular integrity of both leaves (Fig. 2A–F) and roots (Fig. 2G–L) of
300 and 500 mM NaCl treated plants remained similar to that of

the controls. The vascular bundles in both leaves and roots of the
treated plants did not shrivel and were similar to the vascular bun-
dles of the control plants. There were no significant variations in K+

content in the vascular bundles of leaves of treated plants in com-
parison to control plants as demonstrated by EDX analysis (Fig. 2M).
However, the K+ content in roots decreased significantly in 300 and
500 mM treated plants by ∼19% and ∼23% respectively, when com-
pared to control plants (p < 0.05; Fig. 2N). Interestingly, we recorded
a significant variation in accumulation pattern of Na+ with increas-
ing salt concentrations in both leaves and roots of treated plants.
There was a non-significant decrease of ∼17% in the Na+ content
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Fig. 3. Sodium and potassium concentrations in the leaves and roots of salt-treated P. pinnata. (A) Flame photometer based quantification of the Na+ and K+ content in leaves
and  roots of salt-treated P. pinnata. (B) Variations in the Na+/K+ ratios in the leaves and roots of control and salt treated plants.

in the leaves of 300 mM treated plants while a significant (p < 0.01)
increase of ∼70% in 500 mM was recorded when compared to con-
trol plants (Fig. 2M).  Further, a significant (p < 0.001) increase of
∼218% and ∼260% for 300 and 500 mM  treated plants respectively
was recorded for Na+ content in roots when compared to control
plants (Fig. 2N). The Na+ and K+ quantification in vascular bundles
indicated accumulation of Na+ ions was higher in roots while K+ in
leaves in the salt treated plants.

3.3. Na+ sequestration capacity in leaves and roots of salt treated
P. pinnata

Flame photometric based quantification of Na+ and K+ contents
in the whole leaf and root displayed the same trend as FSEM–EDX
that accumulation of Na+ ions was higher in roots, while K+ accu-
mulated more in the leaves. There was no significant variation in
Na+ content recorded in the leaves of both control and salt treated
Pongamia plants (Fig. 3A). However the K+ content significantly
(p < 0.01) increased by ∼82% in leaves of both 300 and 500 mM
treated plants in comparison to leaves of control plants (Fig. 3A).
The Na+ content in roots increased significantly by ∼10% (p < 0.05)
and ∼27% (p < 0.01) in 300 and 500 mM treated plants respec-
tively when compared to roots in control plants (Fig. 3A). However,
K+ content decreased significantly by ∼27% in the roots of both
300 and 500 mM  treated plants (p < 0.05; Fig. 3A). When taken as
Na+/K+ ratios as a whole, roots showed a significant (p < 0.05) dose-
dependent increase in the Na+/K+ ratios, while the Na+/K+ ratios
declined significantly (p < 0.05) with increasing salt concentrations
in leaves (Fig. 3B).

To gain further insight into the Na+ dynamics within tissues,
we studied the Na+ localization patterns in control and salt-treated
P. pinnata roots as well leaves by using a cell permeable fluores-
cent Na+ probe CoroNa-Green AM (Fig. 4A–L). In the present study,
the transverse section of leaves showed a consistent high inten-
sity staining of the central vascular bundle region in both control
and salt-treated plants (Fig. 4A–F). Apart from the central pith,
cell walls (apoplasmic region) also showed green fluorescence in
both control (Fig. 4A and B) and salt-treated leaves of P. pinnata
(Fig. 4C–F). Though leaf tissues of P. pinnata did not show significant
accumulation of Na+ within photosynthesizing cells (symplasm)
in the salt-treated plants when compared based on the fluores-
cence intensities of symplasmic and apoplasmic regions of six
replicate images (p < 0.05, n = 6), we observed high intensity fluo-
rescent spots in 500 mM NaCl treated leaf sections (Fig. 4F arrows).
On the other hand, root tissues showed a completely different Na+

localization pattern. Most of the green fluorescence was visible in
the symplasmic region and control plants (Fig. 4G and H) showed
minimal fluorescence intensities in most of the cells while the
intensity increased gradually in 300 and 500 mM  salt-treated roots
(Fig. 4I–L). Further, in 300 and 500 mM NaCl treatment, vacuolar
sequestration of Na+ is clearly visible (Fig. 4J and L arrows).

3.4. Differential expression of salt-responsive genes in the leaves
and roots of salt treated P. pinnata

We monitored the gene expression levels of some of the key
salt-responsive genes including the SOS pathway components. The
sequence obtained for the PCR amplified gene products from G.
max based indirect primers confirmed the identity of the target
genes (details given in Supplementary Fig. S1). In the present study,
high affinity potassium transporter 1 (HKT1) was significantly up-
regulated by ∼4 fold under both 300 and 500 mM NaCl treated
roots, while in leaves only 300 mM NaCl induced significant expres-
sion of HKT1 by ∼3 fold (Fig. 5A). Interestingly, NHX1 showed
significant induction only in the leaves of 300 and 500 mM  NaCl
treated plants by ∼2 fold, while in roots the NHX1 gene expression
remained unchanged (Fig. 5B). SOS1 expression was  significantly
upregulated by ∼2 fold in both 300 and 500 mM NaCl treatment
(Fig. 5C). However, in leaves significant up-regulation of ∼2 fold
was recorded only in 300 mM NaCl treatment (Fig. 5C). SOS2 kinase
showed significant up-regulation by ∼60 and ∼ 25 fold in the leaves
during 300 mM and 500 mM NaCl treated plants, respectively.
While ∼26 fold up-regulation was observed in the roots of only
300 mM NaCl treated plants, which declined to near control lev-
els during 500 mM salt treatment (Fig. 5D). SOS3 was  significantly
upregulated in leaves by ∼2 fold in both 300 and 500 mM  NaCl
treated plants while in roots it was significantly induced by ∼2 and
∼29 fold in 300 and 500 mM treated plants respectively (Fig. 5E).
Further, the salt-responsive peroxidase (POD) gene also showed
high up-regulation in the roots of 300 and 500 mM NaCl treated
plants by ∼9 and ∼7 fold respectively, while in the leaves, the
expression levels remained unchanged (Fig. 5F). NCED (9-cis epoxy-
carotenoid dioxygenase) and PYL4 (PYR1-like4) showed ∼3 and ∼2
fold up-regulation respectively in the roots of 300 mM NaCl treated
plants and gets strongly induced by ∼14 and ∼229 fold respectively
in 500 mM NaCl treated-roots (Fig. 5G and H). However, the expres-
sion levels of both NCED and PYL4 remain unchanged in the leaves
(Fig. 5G and H).

4. Discussion

In the present study, the key molecular and physiological
responses of a particular accession (Toil 12) of P. pinnata were ana-
lyzed under high salinity conditions. The seed oil being a potential
feedstock for biofuels, P. pinnata plantations are currently in high
demand worldwide [21]. Thus, an integrated insight into the salt-
induced responses of Pongamia will create a win-win situation for
the present need of utilizing salinized land areas towards economic
gains from trees. Moreover, being native to India [41] availability of
a range of accessions of P. pinnata makes it a boon for stress biolo-
gists to screen and select the comparatively best accessions suited
for a particular environmental constraint, for example soil salinity.
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Fig. 4. Visualization of Na+ in fluorescent CoroNa-Green AM stained leaves and roots of control and salt-treated P. pinnata through confocal microscope. (A and G) Cross
section of leaves and roots of control, (C and I) 300 mM NaCl and (E and K) 500 mM NaCl treated P. pinnata and magnified view of the vascular bundles enclosed in red border
in  leaves (B, D and F) and (H, J and L) roots where Na+ localization was visualized around xylem vessels respectively in all three treatments. The white arrows indicate the
regions  of high Na+ localization in the vacuoles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Salt-treated P. pinnata seedlings displayed no stress-induced
symptoms till 15 days treatment, which indicate the existence of
strong adaptive mechanisms effectively ameliorating the impact
of salt-induced osmotic imbalance and ion-induced toxicity that
is comparable to that of known halophytes [42,43]. Pongamia is
considered as a semi-mangrove i.e. a transitional species having
intermediate characteristics between glycophytes and halophytes
and is known to tolerate a broad range of soil salinity without pos-
sessing specialized morphological and physiological traits like true
halophytes [29]. Thus, it was interesting to understand the physio-
logical, biochemical and molecular responses of P. pinnata under
salinity stress. We  observed a significant decline in Asat , gs and
E in 300 and 500 mM salt-treated plants when compared to con-
trols. Salinity decreases the soil water potential and reduces water
uptake by roots. Hence, the first physiological response is to avoid
water loss through transpiration, which is achieved via stomatal
closure leading to decline in gs values [44]. As a consequence of
reduced stomatal conductivity, E and Asat also showed a concomi-
tant decline. The observed decline in photosynthetic gas exchange
parameters could either be an adaptive response of P. pinnata to
tolerate the salinity-induced osmotic imbalance and is reversible
upon providing optimum conditions or it could be the result of
salt-induced toxicity and irreversible damage to the photosynthetic
machinery. As no morphological stress symptoms were observed
in the salt treated seedlings, it was unlikely that the photosynthetic
machinery were damaged. The gas exchange and Chl a fluorescence
results clearly demonstrate that the photosynthetic machinery was

not affected under salt stress indicating that P. pinnata effectively
restricted the entry as well as accumulation of Na+ ions to toxic
levels in leaves which is detrimental to the plant. Further, there
was no significant reductions in the leaf relative water contents,
electrolyte leakage as well as leaf chlorophyll and carotenoid con-
tents in both 300 and 500 mM NaCl treated plants. Moreover at the
anatomical level also, the cellular integrity of both leaves and roots
of 300 and 500 mM  NaCl treated plants remained similar to that of
the controls despite a gradual accumulation of Na+ with increasing
salt concentrations. Taken together, it can be hypothesized that the
decline in the photosynthetic performance under salt stress is an
adaptive response of P. pinnata. Similar level of salinity tolerance in
other accessions of P. pinnata was  also reported by Huang et al. [29],
though the treatments were given on a short-term (hourly) basis.
Our results are in slight contradiction with those of Arpiwi et al.
[30], which showed moderate salinity tolerance in some selected
genotypes of Pongamia (upto 250 mM  NaCl). As different genotypes
of P. pinnata are sporadically reported to possess tolerance against
a wide range of salt concentrations, such differences in the salt
tolerance capacity in Pongamia could be attributed to the geno-
typic variations as well as developmental stage and the mode of
application of salt-treatment.

Flame photometric based quantification of Na+ and K+ as well as
FSEM–EDX data revealed that accumulation of Na+ ions was higher
in roots, while K+ accumulated more in the leaves. Salt-tolerant
plants were reported to show Na+ sequestration in roots in order
to restrict Na+ entry into leaf tissues [45,46]. Based on the observed
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Fig. 5. Relative mRNA expression levels of salt-responsive genes in salt-treated Pongamia. The effect of NaCl treatment (0, 300, 500 mM)  for 15 days on the expression profile
of  (A) HKT1, (B) NHX1, (C) SOS1, (D) SOS2, (E) SOS3, (F) POD, (G) NCED and (H) PYL4 in both roots and leaves. Results are the mean ± SD (n = 3).

Na+ accumulation pattern, it can be inferred that a similar mech-
anism is possibly operating in the roots of P. pinnata to inhibit
excessive accumulation of Na+ in the leaf tissues, which is essential
to protect the photosynthetic machinery from ion toxicity. It has
been reported that accumulation of K+ in guard cells regulates sto-
matal behavior and in turn the photosynthetic gas exchange and
transpiration patterns in plants [47]. Thus, it is crucial to modulate
K+ homeostasis under high salinity conditions to ensure optimum
water potential, cell turgidity as well as photosynthesis. Previous
studies have shown that maintenance of low Na+/K+ ratio as well
as high K+ levels in cytoplasm is crucial for conferring salt tolerance
in plants [48,49]. Also, it has been recently reported that K+ reten-
tion ability plays a major role in salinity tolerance [50]. In case of
Pongamia, we observed that salt-treated leaves accumulate more
K+ than Na+, which could be either due to enhanced K+ uptake or
reduced efflux of K+. Previous studies have reported the role played
by high affinity K+ transporters including HAK5, CHX17 and KUP1
in increasing K+ uptake and maintaining ion homeostasis under
nutrient deficiency and salinity stress [51,50]. In the present study,
we observed high expression of HKT1 gene which might also be
involved in contributing to K+ uptake under salt stress along with
other K+ transporters. Based on our results, we  can predict that
enhanced K+ content in leaves under salinity stress is one of the
major factors responsible for conferring high salinity tolerance to
Pongamia.

In the present study, the leaves showed a consistent high inten-
sity staining of the central vascular bundle region in both control
and salt-treated plants which is possibly due to the pre-existing
salts (including NaCl as well as other salts present in the soil). Sim-
ilar high intensity staining pattern in the stellar region has been
reported in citrus leaf sections also [52]. Apart from the central
pith, cell walls (apoplasmic region) also showed green fluores-
cence in both control and salt-treated leaves of P. pinnata which
is due to the inherent nature of apoplast to act as cation-binding

matrix and probably retains the Na+ ions in these regions [53]. The
observed high intensity fluorescent spots in 500 mM NaCl treated
leaf sections were in congruence with similar studies performed
on different plants. Exactly similar 2–6 �m fluorescent spots have
been observed through CoroNa-Green staining in salt-treated citrus
leaves by Gonzalez et al. [52], which they described as membrane
bound cytosolic organelle-like structures and assumed that Na+ ini-
tially gets sequestered within these spots and then into vacuoles. In
the present analysis the authentication of such membrane bound
organelle-like structure were carried out, but based on the exact
similarity in the appearance of the fluorescent spots, it is likely the
small amount of Na+ which escaped the root barriers and reached
the leaves of the 500 mM salt-treated plants, is sequestered within
these 2–6 �m structures. The pattern of Na+ accumulation in root
tissues corresponded well with the observed dry weight based ion
contents. In general, tolerance against salinity is achieved through
reduction in Na+ uptake by the root system, sequestering the Na+

ions within root tissues, restricting xylem loading of Na+ and finally
through the increased ability to sequester Na+ in intercellular com-
partments of leaves [52,54]. Further, vacuolar sequestration of Na+

ions is a highly crucial and complementary mechanism which not
only ameliorates the toxic effects of Na+ in the cytosol but also
provides additional protection by enhancing osmoticum levels for
continued water uptake and turgor maintenance under long term
salinity conditions [55]. A recent study analyzed the Na+ localiza-
tion pattern using CoroNa-Green probe in wheat varieties under
salinity stress. It was demonstrated that the meristematic regions
of the root apex could probably act as salt sensors and the pattern
of Na+ sequestration ability in the mature zones correlated with the
observed salt tolerance [56]. In case of Pongamia,  the CoroNa-Green
AM sodium probe study demonstrated that there is significant com-
partmentalization of Na+ into the vacuoles in roots.

Salinity tolerance is known to be a highly complex trait, wherein
plants experience both osmotic limitations as well as toxicity due
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to gradual accumulation of ions in the cytosol during long term
salinity exposures [57]. High salt concentrations in the soil leads
to gradient based passive uptake of Na+ into the cytosol. How-
ever, majority of the accumulated Na+ in the roots gets expelled
back to the soil by the active efflux mechanism of a highly con-
served plasma membrane localized Na+/H+exchanger or salt overly
sensitive 1 (SOS1) [45,16]. Though SOS1 actively extrudes excess
Na+ into the soil, long term high salinity conditions will inevitably
cause accumulation of Na+ in the cytosol due to the passive uptake
of Na+ through various potassium channels or non-specific cation
channels (NSCC) [58]. In order to have a picture of the high salt-
tolerance of P. pinnata, we  monitored the gene expression levels of
some of the key salt-responsive genes including the SOS pathway
components.

Role of HKT1 genes in conferring salinity tolerance to plants have
been well documented [59]. In general, HKT1 takes part in removal
of Na+ from the xylem into the neighboring parenchyma cells and
thus inhibiting Na+ translocation to the shoots and protects leaves
from Na+-induced toxicity [60,61]. Based on the present observa-
tions of the expression patterns of HKT1, we can hypothesize that
the HKT1 homologue is responsible for the observed low Na+ lev-
els in leaves of Pongamia by reducing Na+ loading into the xylem.
However, exact confirmation of the role played by HKT1 requires
in-situ localization studies under salt stress conditions, as based on
localization only, we can predict that whether the HKT1 is play-
ing a role in Na+ uptake in the roots along with NSCCs [13,62] or
in Na+ unloading from the xylem [45]. Tonoplast-localized NHX1
and NHX2 are known to facilitate K+ uptake in vacuoles to regulate
stomatal behavior and cell turgidity as in Arabidopsis [63]. In the
present study, the K+ accumulation pattern shows a positive cor-
relation with the NHX1 gene expression pattern in both leaves and
roots. Thus, it can be assumed that the particular isoform of NHX1
analyzed in the present study is possibly mediating an active K+

uptake in the leaves, which could be responsible for maintaining the
cellular water potential under high salinity conditions. However,
more experimentation is required to authenticate the assumptions.
The NHX1 isoform targeted in the present study was  found to cor-
relate more with vacuolar K+ uptake rather than Na+ and hence,
some other NHX isoform might operate for mediating vacuolar
Na+ uptake in Pongamia.  Alternatively, it is also possible that SOS2
kinase mediated post-translational activation of the existing NHX1
proteins [64] is responsible for the observed vacuolar sequestration
of Na+ and hence, the NHX1 mRNA levels did not correlate with
the Na+ localization data in the roots. The differential expression
data of SOS1, SOS2 and SOS3 provides an indication for effective
activation of the SOS pathway in the both roots and leaves of salt-
treated P. pinnata. As the proteins for the above genes are known to
be post-translationally regulated, further analysis in terms of pro-
tein activity is required for understanding the role of SOS pathway
in Pongamia under salinity stress. Moreover, apart from acting as
a Na+ ion extruder SOS1 is also known to be involved in indirect
uptake of K+ [65] as well as the stele-localized isoform of SOS1 per-
forms either loading or unloading of Na+ from the stele depending
of external Na+ condition [66,67]. Hence, in-situ localization stud-
ies are required for confirming the actual role played by SOS1 under
salt stress.

Enhanced expression of POD gene in roots indicates a strong
ROS modulating mechanism operative within the roots of P. pinnata
under salinity conditions. The regulatory enzyme of ABA biosyn-
thetic pathway, NCED (9-cis epoxycarotenoid dioxygenase) and the
ABA receptor PYL4 (PYR1-like4) showed more than two fold up-
regulation in the roots of 300 mM NaCl treated plants and gets
strongly induced in 500 mM NaCl treated roots. In the case of
Pongamia,  significant up-regulation of the homologues of both ABA
biosynthetic gene NCED as well as ABA receptor PYL4 was  observed
in the salt-treated roots. Similar to previous studies [68,69], we can

postulate that the high ABA biosynthesis and receptor gene expres-
sions might be contributing towards the observed high salinity
tolerance in Pongamia.

5. Conclusion

Based on the overall salt stress mediated adaptive responses in
this study, it can be concluded that roots play a key role in con-
ferring salt-tolerance in P. pinnata. Further, vacuolar sequestration
of Na+ in roots minimizes Na+ translocation to the shoot system.
Uptake of K+ in the leaves might contribute in maintaining leaf
water potential and photosynthetic efficiency. At the molecular
level, SOS pathway components as well as other crucial salt respon-
sive genes including ABA biosynthesis/receptor and POD effectively
operate in the roots and contribute towards the high salinity toler-
ance of P. pinnata.
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A B S T R A C T

Gradual soil-salinization is enhancing the proportion of non-arable salinized land areas. Developing strategies to
utilize salinized lands for balanced economical productivity are highly desirable. Salt-tolerating Pongamia pin-
nata has gained significant attraction as a potential biofuel tree species and hence, could act as an efficient
energy- crop alternative for cultivation in salinized lands. However, mechanisms conferring salt-tolerance to
Pongamia are not yet demonstrated. It is highly crucial to understand the tolerance mechanisms for future
breeding purposes for enhanced productivity under saline conditions. Hydroponically grown 30 days old
seedlings of Pongamia are treated with two different salt concentrations (300 and 500mM NaCl) for 8 days and
analysed at regular intervals of 1, 4 and 8 days after salt exposure. Physiological parameters were recorded using
infrared gas analyser and portable mini-PAM. Ion (Na+, K+, Cl−, and Ca2+) accumulation in leaves and roots
were analysed through atomic absorption spectroscopy and Na+ localization was tracked through confocal laser
scanning microscopy. Histochemical detection of lignin and suberin depositions in leaves and roots were carried
out. Pongamia roots act as ultra-filters/strong barriers to avoid accumulation of excess Na+ levels in the leaves.
The Na+ probe fluorescence analysis demonstrated effective vacuolar sequestration of Na+ in the roots.
Formation of suberized multiseriate exodermis in the roots, along with extensive lignification maximized water
permeability in both leaves and the roots. The present study clearly demonstrates the key cellular mechanisms
conferring salinity tolerance in P. pinnata, which can be sustainably grown in salinized marginal lands as a
potential biofuel tree species.

1. Introduction

Salinity is one of the major environmental constraints limiting plant
growth and productivity and is becoming more extensive in the arid
and semi-arid areas (Munns and Gilliham, 2015). Global climate
change, inadequate water supply, and excessive irrigation are further
expanding the marginalization of arable lands and thereby limiting
their availability for crop production (Sharma et al., 2016; Quinn et al.,
2015; Shabala, 2013). To date, attempts to extend the crop productivity
on saline lands have had limited success, due to the failures in de-
termining plant’s responses to this stress owing to the high physiolo-
gical and genetic diversity among various plant species and spatio-
temporal heterogeneity of soil salinity (Shabala et al., 2016; Pandolfi
et al., 2016). Indeed, salt tolerance is a complex trait governed by
multiple genes intertwining with various physiological and biochemical
mechanisms. A comparative understanding of physiological and

morphological adaptive mechanisms evoked interest among researchers
worldwide over the past few decades, to sustain crop productivity on
marginal lands (Jones et al., 2014). However, it is also essential to
understand the detailed anatomic and molecular level mechanisms
leading to salinity tolerance in plants.

Plants growing in saline soils, restrains the root cell wall expansion
through increased deposition of lignin and suberin on the root cell walls
to prevent excessive flow of toxic Na+ ions through the apoplastic
pathway and increase water retention in the roots (Shabala and
Mackay, 2011). According to Krishnamurthy et al. (2014) and Meyer
et al. (2011) plants such as Bruguiera and Iris germanica possess layers of
suberin and lignin coated exodermis (BEX and MEX) in roots, as well
vascular tissues in leaves to enhance the water permeability under salt
stress. In addition, the increased number of lignified tracheary elements
in the vascular tissues under salt stress also enhances the water per-
meability and greater selectivity for ion uptake in crops such as soybean

https://doi.org/10.1016/j.envexpbot.2019.103949
Received 23 May 2019; Received in revised form 22 October 2019; Accepted 9 November 2019

⁎ Corresponding author at: Department of Plant Sciences School of Life Sciences, University of Hyderabad, Hyderabad, 500046, Telangana, India.
E-mail address: attipalli.reddy@gmail.com (R.R. Attipalli).

Environmental and Experimental Botany 171 (2020) 103949

Available online 11 November 2019
0098-8472/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00988472
https://www.elsevier.com/locate/envexpbot
https://doi.org/10.1016/j.envexpbot.2019.103949
https://doi.org/10.1016/j.envexpbot.2019.103949
mailto:attipalli.reddy@gmail.com
https://doi.org/10.1016/j.envexpbot.2019.103949
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envexpbot.2019.103949&domain=pdf


and tomato (Neves et al., 2010). Based on their survival strategies,
halophytes are broadly classified as salt-secretors which excrete the salt
through specialized glands on the leaves, and non-secretors exclude out
the salt through specialized barriers in the roots (Jiang et al., 2017;
Wang et al., 2011; Parida and Jha, 2010). However, the tolerance of all
halophytes to salinity relies on controlled uptake and compartmenta-
lization of Na+, K+, and Cl− and the synthesis of organic ‘compatible’
solutes, even where salt glands are operative.

Also, during salt stress reduced water uptake may limit the inter-
cellular CO2 concentration in the leaf due to stomatal closure. In ad-
dition, excessive Na+ decreases the synthesis of photosynthetic pig-
ments and net photosynthesis which leads to an imbalance between
absorption and utilization of the energy during carbon fixation, re-
sulting in excessive accumulation of reactive oxygen species (ROS) and
disruption of the cellular redox homeostasis (Li et al., 2017). The ac-
cumulation of high amounts of Na+ ions in the plants can also create
ionic imbalance leading to osmotic stress, ion toxicity, and oxidative
stress. To mitigate the effect of osmotic and ionic toxicity, plants are
known to accumulate various compatible inorganic ions (K+ and Ca2+)
and organic osmolytes (valine, glucose, fructose, sucrose, mannitol,
pinitol, glycerol, and myo-inositol) (Gharsallah et al., 2016; Papazian
et al., 2016). However, an integrated analysis to demonstrate the co-
existing adaptive and defensive mechanisms for conferring overall tol-
erance under salinity stress is essential for gaining a thorough under-
standing of a specific plant’s salt stress responses.

Oil seed-producing perennial halophytes are now gaining im-
portance as a renewable energy resource (Chhetri et al., 2008).
Growing salt-tolerant perennial halophytes for sustainable bioenergy
production on marginal lands, will efficiently manage the energy and
land use competition without interfering with productive arable land
areas (Quinn et al., 2015). Interestingly, Pongamia can serve as a good
alternative for the utilization of marginal saline lands associated with
economic gain. Although Pongamia does not possess salt adaptive
characters such as leaf salt bladders, succulence and trichomes like
mangroves, it can still endure up to sea saline concentration (3% NaCl).
Based on its physiological and molecular characteristics under salt
stress Pongamia is classified as a translation species (intermittent spe-
cies between glycophytes and halophytes), semi-mangrove or mangrove
associate (Jiang et al., 2017; Wang et al., 2013). In our previous study,
we demonstrated the varied physiological and molecular responses of
leaves and roots of Pongamia to high salinity in soil-grown plants in
pots (Marriboina et al., 2017). However, for in-depth analysis, a sys-
tematic and accurate salt exposure under non-limiting root proliferation
conditions are essential to understand the mechanism of stress toler-
ance, specifically salinity stress in Pongamia.

In the present study, we aimed to analyse the physiological, bio-
chemical, anatomical as well as molecular adaptive and defensive re-
sponses of Pongamia pinnata under medium and severe salinity stress
conditions both in terms of concentration as well as duration of ex-
posure by utilizing a hydroponic growth system consisting of specia-
lized elongated glass tubes, with periodic replacement of nutrient
medium. The present outcomes proposed a possible model of salt
management strategy in leaves and roots of Pongamia pinnata, which
can be highly useful for further studies on yield improvement of
Pongamia under saline conditions.

2. Materials and methods

2.1. Plant material, growth conditions, and salinity treatment

Seeds of P. pinnata accession TOIL 12 were obtained from Tree Oil
India Limited (TOIL), Zaheerabad, Hyderabad, Telangana and were
germinated on moist cotton for 10 days at 25 °C in the dark. The ger-
minated seedlings were grown in a long cylindrical glass tube (5 cm
diameter X60 cm length) filled with full-strength Hoagland No. 2 basal
salt mixture (Himedia) solution adjusted to pH 5.75 ± 0.02 for 30

days. The solution was replenished every day. The hydroponic experi-
ment was carried out in a plant culture room maintained at 24 °C with a
16 h photoperiod and relative humidity maintained approximately at
60%. For salinity treatment, 30 days old plants (n= 20–30) were se-
lected and subjected to 300 and 500mM NaCl concentrations with an
increment of 100mM NaCl per day (Chen et al., 2017). Control plants
were maintained with fresh Hoagland nutrient solution. Plants were
harvested at an interval of 1 day after stress treatment (1 DAS), 4 and 8
DAS. Fresh weights of leaf and root were measured immediately after
harvest. Dry weights of control and treated plants were determined
after drying at 70 °C for 3 days. Control and treated samples were
harvested at each time intervals, flash frozen in liquid nitrogen and
stored at −80 °C prior to analysis.

2.2. Leaf gas exchange and chlorophyll fluorescence parameters

Leaf gas exchange measurements were performed by using an in-
frared gas exchange system (LI-6400/LI-6400XT, LI-COR Inc., Lincoln,
NE, USA). All measurements were performed on fully expended 2nd
and 3rd leaves of the plant between 10:00 and 13:00 h. Gas exchange
parameters such as light saturated net photosynthetic rate (Asat), sto-
matal conductance (gs) and transpiration rate (E) were measured in
leaves of control and salt-treated plants at 1, 4 and 8 DAS. Leaf water
use efficiency was calculated as Asat/E.

Chla fluorescence measurements were performed with a portable
mini-PAM chlorophyll fluorometer (Walz, Germany). Whole plants
were adapted in dark for 30min prior to the analysis. Photosynthetic
induction and light responsive curves were measured with the in-
tensities of measuring light (< 0.1 μmol photons m−2 s−1), saturating
pulse (3000 μmol photons m−2 s−1), actinic light (170 μmol photons
m−2 s−1) and far-red light (7 μmol photons m−2 s−1) respectively. The
duration of actinic light and saturation pulses were 0.8 and 30 s.
Induction curve measurements were taken at ∼780 PAR about 5min to
complete with 0.8 and 30 s between saturating and actinic flashes of
light and the light curve measurements were taken about 88 s to com-
plete with increasing intensities actinic light (∼190 PAR to ∼3000
PAR). Concentration of chlorophyll a and b was calculated by using
Arnon (1949).

2.3. Histochemical detection of lignin and suberin depositions in leaves and
roots

Freshly collected leaves and roots of control and salt-treated plant
samples were incubated in 2.5% glutaraldehyde solution in 0.1M
MOPS overnight at 4 °C and quickly cut into small thin sections. To
check for lignin deposition, both leaf and root cross section were
stained with phloroglucinol-HCl for 15min. To check for suberin de-
position, both leaf and root cross section were stained for overnight
with sudan III stain. Stained leave and root cross-sections are examined
with Leica DM6B (GmbH, Germany) light microscope (Krishnamurthy,
1999). Total five biological replicates were used and∼12 cross sections
from each replicate were used for the examination.

2.4. Quantification of Na+, K+, Ca2+ and Cl− ions

Accumulation of Na+, K+, Ca2+ and Cl− in leaf and root tissues was
determined as described in Munns et al. (2010) with some minor
modifications. The collected samples were oven dried at 70 °C for 3
days. Ions (Na+, K+, and Ca2+) were extracted in 5ml of Aqua Regia at
95 °C for 60min. The resulting solution was diluted and analysed for
ions with an atomic absorption spectroscopy (GBC 932, Braeside,
Australia). Chloride ion concentration was determined by titrimetric
method.
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2.5. Visualization of intracellular Na+ ions through confocal laser scanning
microscopy

Leaves and roots collected from and salt-treated plants were seg-
mented into 1 cm sections and incubated with 2.5% glutaraldehyde
solution in 0.1 M MOPS buffer overnight at 4 °C. For sodium illumina-
tion, tissues were stained with 5 μm Na+ specific probe CoroNa-Green
AM (Invitrogen) in the presence of 0.02% pluronic acid in 50mMMOPS
(pH 7.0) for overnight at room temperature. Samples were thoroughly
washed with 50mM MOPS (pH 7.0) several times, sectioned and im-
mediately immersed in propidium iodide (Invitrogen) for 15min. Cross
sections of leaves and roots were examined under a laser scanning
confocal microscopy (Leica TCS SP2, Heidelberg, GmbH, Germany) as
described by Oh et al. (2009) with some minor modifications. The cy-
tosolic and vacuolar Na+ fluorescence was calculated by LCS software
(Heidelberg, GmbH, Germany).

2.6. Statistical analyses

Significant differences at P < 0.001, P < 0.01 and P < 0.05 in
various parameters estimated between control and salt-treated plants
were calculated by using one-way ANOVA. All the statistical and linear
regression analyses were performed using the statistical package Sigma
Plot 11.0.

3. Results

3.1. Morphology and physiology of P. pinnata under salt stress

After 8 DAS, leaves of 300mM NaCl treated plants were healthy and
green as that of control. However, leaves of 500mM NaCl treated plants
exhibited minor senescence symptoms after 8 DAS (Fig. 1D). The Asat

significantly declined by ∼25, ∼11, and ∼10%, in 300mM NaCl
treated plants and ∼54, ∼72, and ∼63% in 500mM NaCl treated
plants at 1, 4 and 8 DAS, respectively when compared to controls
(Fig. 2A). A significant reduction of ∼50% (300mM NaCl) and ∼75%
(500mM NaCl) was observed in gs (Fig. 2B) as well as ∼50% (300mM
NaCl) and ∼83% (500mM NaCl) decline was recorded in E, respec-
tively with respect to control plants (Fig. 2C) at 1 DAS, which showed
no gradual declining trend with increasing exposure times at 4 and 8
DAS. However, WUE showed significant increase by ∼1.3, ∼1.7 and
∼1.5-fold in 300mM NaCl treated plants as well as ∼2.0, ∼1.1 and
∼1.6-fold increase in 500mM NaCl treated plants at 1, 4 and 8 DAS,
respectively (Fig. 2D). In 300mM NaCl treated plants, the leaf relative
water content (LRWC) did not change significantly at 1, 4 and 8 DAS
when compared to controls, whereas 500mM NaCl treatment showed
significant decline in LRWC at 4 and 8 DAS (Fig. 2E). Root relative
water content (RRWC %) remained unchanged in both the salt treat-
ments throughout the exposure period (Fig. 2F).

There was no significant difference in the maximum quantum yield
of PSII (Fv/Fm) of 300mM NaCl treated plants at 1, 4 and 8 DAS
(Fig. 2G). In 500mM NaCl treated plants, Fv/Fm significantly de-
creased at 4 and 8 DAS, while these levels remained similar to that of
control at 1 DAS. Further, the quantum yields of non-photochemical
quenching (YNPQ) and constitutive heat dissipation (YNO) were sig-
nificantly varied in control and salt-treated plants. In 500mM NaCl
treated plants, YNO was significantly increased, while YNPQ values
decreased significantly at 1, 4 and 8 DAS (Fig. 2H). However, YNO and
YNPQ did not change significantly in 300mM NaCl treated leaves at 1,
4 and 8 DAS. Our results demonstrated that the chlorophyll contents
(Chl a, Chl b and Chl a/b) were not changed much in both control and
salt-treated plants (Fig. 2I).

Fig. 1. Shoot and root morphology of hydroponically grown 30-days old P. pinnata treated with 300mM NaCl (A–C) and 500mM NaCl (D–F) for 1, 4 and 8 DAS,
respectively when compared to corresponding controls.
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3.2. Salinity-induced Na+, K+, Ca2+ and Cl− ion homeostasis in leaves
and roots of P. Pinnata

In leaves, Na+ and Ca2+ levels increased gradually in both 300 and
500mM NaCl treated plants at 1, 4 and 8 DAS. However, K+ levels
remained unchanged during 1 DAS of both 300 and 500mM NaCl
treatment but got slightly enhanced at 4 and 8 DAS of 300mM salt
stress and at 8 DAS of 500mM salt treatment. Correspondingly, the Cl−

ion content was significantly enhanced at 1 DAS of only 500mM salt-
treated plants and 4 and 8 DAS of both 300 and 500mM NaCl treated
plants (Fig. 3A–C).

Interestingly, in roots Na+ and Cl− ion content showed similar
pattern of gradual accumulation in 300 and 500mM salt-treated plants
at 1, 4 and 8 DAS. However, Ca2+ levels were only slightly enhanced at
1 DAS under 300mM salt treatment and remained similar to controls
during 4 and 8 DAS, while 500mM salt-treated plants showed sig-
nificant gradual increase in the Ca2+ content from 1 to 8 DAS. Further,
K+ content also increased slightly in 300mM NaCl treatment, which
showed a gradual increase from 1 to 8 DAS, however, in 500mM salt-
treated plants, K+ levels were enhanced only till 4 DAS and declined
again to control levels at 8 DAS (Fig. 3D–F). Also, K+/Na+ ratio de-
clined significantly and consistently when compared to control in both
leaves and roots under 300 and 500mM salt-treatment during all time
points. However, leaf K+/Na+ ratio remained slightly higher than roots
at all points except 8 DAS of 500mM NaCl treatment (Fig. 3G). A si-
milar trend was observed for Ca2+/Na+ ratios, wherein it declined
significantly under both 300 and 500mM salt treatment across all time
points, but the leaf Ca2+/Na+ ratio was maintained at higher levels
than roots across all the time points (Fig. 3H). In contrast, the Na+/Cl−

ratio increased when compared to control plants in both leaves and
roots under 300 and 500mM salt treatments across all time points. Here
also, in the overall trend leaf ratios were higher than root Na+/Cl−

ratios during all points, except at 1 DAS of 300mM NaCl treatment

when both are same. Also, at 8 DAS of 300mM salt treatment, leaf
Na+/Cl− showed unusually high values when compared to controls,
which appeared like an outlier for the overall trend of gradual increase
(Fig. 3I).

3.3. Visualization of Na+ ion sequestration and salinity induced
hydrophobic barrier (suberin and lignin) formation in leaves and roots of P.
pinnata

Significantly higher green fluorescence was observed in the sym-
plasmic regions of 300mM and 500mM NaCl treated leaf sections at 1,
4 and 8 DAS, when compared to the corresponding control sections
(Fig. 4A–I). Further, significant fluorescence intensity was also ob-
served in the apoplasmic regions of 500mM NaCl treated leaves at 4
and 8 DAS (Fig. 4H, I). Further, the vacuolar and cytosolic Na+ in-
tensity was also measured in control and salt-treated plants. The cyto-
solic Na+ intensity did not change significantly in 300 and 500mM
NaCl treated leaves, however, the vacuolar Na+ intensity was increased
consistently in 300 and 500mM NaCl treated laves at 1, 4 and 8 DAS
(Fig. 4J).

On other hand, root tissue exhibited a completely different pattern
of sodium compartmentalization in salt-treated plants. The Na+ fluor-
escence intensity was significantly increased in 300 and 500mM NaCl
treated roots at 1, 4 and 8 DAS with respect to the controls (Fig. 4K–S).
Surprisingly, high intensity of sodium specific fluorescence was ob-
served in the vacuolar region of salt-treated plants. The profile dis-
tribution of Na+ between cytosol and vacuole in roots of control and
salt-treated plants was shown in Fig. 4T. The cytosolic Na+ intensity
was slightly changed in the 300 and 500mM NaCl treated roots.
However, the vacuolar Na+ intensity was significantly increased in 300
and 500mM NaCl treated roots at 1, 4 and 8 DAS.

Characteristic magenta-pink color of lignin from phloroglucinol-HCl
was observed across all cross-sections of leaves and roots of control and

Fig. 2. Physiological parameters of P. pinnata under salt stress conditions. (A) light-saturated net photosynthetic rate (Asat) (μmol m−2 s−1). (B) Stomatal con-
ductance (gs) (mol m−2 s−1). (C) Transpiration rate (E) (mmol m−2 s−1). (D) Water use efficiency (WUE) (mmol m-2 s-1). (E) Leaf relative water content (LRWC). (F)
Root relative water content (RRWC). (G) Changes in maximal photochemical efficiency of PSII (Fv/Fm). (H) Changes in effective quantum yields of regulated (YNPQ)
and non-regulated heat dissipation (YNPQ) of PSII. (I) chlorophyll content. Error bars represent the mean ± SD (n=5).
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Fig. 3. Sodium, calcium, potassium and chloride ion content in leaves of 0 (control), 300 and 500mM NaCl treated plants at (A) 1 DAS, (B) 4 DAS and (C) 8 DAS and
in roots of 0 (control), 300 and 500mM NaCl treated plants at (D) 1 DAS, (E) 4 DAS and (F) 8 DAS respectively. Variations in the ratios of K+/Na+, Ca2+/Na+ and
Na+/Cl–in the leaves and roots of control and salt-treated plants (G–I). Error bar represents the mean ± SD (n=6).

Fig. 4. CLSM localization of Na+ ions using Na+ specific Coro Na-Green AM (green) and cell-wall binding propidium iodide (red) stains. Leaf sections from control
plants (A–C), 300mM NaCl (D–F) and 500mM NaCl treated plants (G–I) at 1, 4 and 8 DAS. Intensity of CoroNa-Green AM fluorescence in cytosolic and vacuolar
compartments in the leaf sections (J). Root sections of control plants (K–M), 300mM NaCl (N–P) and 500mM NaCl treated plants (Q–S) 1, 4 and 8DAS. Intensity of
CoroNa-Green AM fluorescence in cytosolic and vacuolar compartments in the root sections (T). Red lines were drawn to measure Na+ fluorescence intensity. For
quantification of Na+ fluorescence intensity more than 20 images were pooled from five biological replicates in control and salt-treated plants. Error bar represents
the mean ± SD (n= 20).
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salt-treated plants (Figs. 5 and 6). In leaves, under control conditions
lignin deposition was faint in both lipid-parenchyma and xylem vessels
of the vascular tissue at 1, 4 and 8 DAS (Fig. 5A–C). In treated leaves,
lignification of xylem cells was slightly increased in 300 and 500mM
NaCl treatment at 1, 4 and 8 DAS. Further, a lignified layer of lipid-
parenchyma cells increased across the leaf axis in both 300 and 500mM
NaCl treatment at 1, 4 and 8 DAS (Fig. 5D–I). Sudan III staining was
used to detect the suberin deposition across the cross-sections of leaves
and roots of control and salt-treated plants. Similar pattern of suberin
deposition was observed in control and salt-treated leaves at 1, 4 and 8

DAS (Fig. 5J–R).
In roots, under control and salt-treated conditions magenta-pink

color staining was detected in the cortical cells or xylem cells of 300
and 500mM NaCl treatment at 1, 4 and 8 DAS (Fig. 6A–I). However,
lignification gradually increased in the cortical cells or xylem cells of
300 and 500mM NaCl treated roots at 1, 4 and 8 DAS (Fig. 6D–I). Also,
a thin uniform suberized bilayer exodermis (biseriate exodermis (BEX))
was seen at 1, 4 and 8 DAS (Fig. 6J–O). Interestingly, a continuous band
of suberized exodermis (multiseriate exodermis (MEX)) in salt-treated
plants was recorded. The cells of BEX and MEX showed thick layer of

Fig. 5. Histochemical detection of lignin and suberin content in leaves of P. pinnata. For lignin visualization, sections were stained with HCl-phloroglucinol. Leaf
sections of control (A–C) 300mM (D–F) and 500mM NaCl (G–I) treated plants at 1, 4 and 8 DAS, respectively. For suberin visualization, sections were stained with
Sudan III. Leaf sections of control (J–L), 300mM (M–O) and 500mM NaCl (P–R) treated plants at 1, 4 and 8 DAS. Red arrows indicate lignin deposition and black
arrows indicate suberin deposition. Cu: cuticle, Ue: upper epidermis, Xy: xylem, Ph: phloem, Lp: lignified parenchyma, Le: lower epidermis. Scale bars =100 μm.

Fig. 6. Histochemical detection of lignin and suberin content in roots P. pinnata. Staining was done similar to leaf sections explained previously. Lignin visualization
in the root sections of control (A–C) 300mM (D–F) and 500mM NaCl (G–I) treated plants at 1, 4 and 8 DAS, respectively. Suberin visualization in the root sections of
control (J–O), 300mM (P–U) and 500mM NaCl (V-A1) treated plants at 1, 4 and 8 DAS. Red arrows indicate lignin deposition and black arrows indicate suberin
deposition. Ex: exodermis, P: phloem-enriched fraction, Xy: xylem, BEX: biseriate exodermis, MEX: multiseriate exodermis. Bars: black bars equivalent to 100 μm and
red bars equivalent to 50 μm.
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suberin deposition in 300 (Fig. 6P–U) and 500mM NaCl treated plants
at 1, 4 and 8 DAS (Fig. 7V–A1).

4. Discussion

4.1. Pongamia adapts to high salinity conditions through physiological
adjustments

Pongamia exhibited a remarkable tolerance to salinity stress which
is comparable with other established halophytes. Salt-treated hydro-
ponically grown Pongamia seedlings displayed no salt-stress induced
symptoms such as wilting, yellowed leaves, leaf tip burning, chlorosis
or necrosis in leaves till 8 days treatment indicating a strong adaptive
mechanism to combat salinity induced oxidative stress and ionic im-
balance (Shabala and Mackay, 2011) (Fig. 1). Exposure of Pongamia to
high salinity resulted in a significant decrease stomatal conductance
(gs), photosynthetic rate at saturating light conditions (Asat), and tran-
spiration rates (E) (Fig. 2). The pattern of gas exchange rates was si-
milar to our previously reported ones on soil grown Pongamia
(Marriboina et al., 2017). Salinity can cause osmotic stress and mini-
mize water uptake by roots resulting reduced Asat and E. Water use
efficiency (WUE) increased substantially in salt-treated Pongamia
seedlings (Fig. 1D). The higher WUE improves the level of salt tolerance
since high WUE can reduce the salt uptake by roots and substantiate the
water deficiency caused by salinity (He et al., 2009). Plants have de-
veloped various mechanisms to improve the RWC in order to withstand
ion and osmotic imbalance caused by osmotic stress (Shabala, 2013).
The reduced RWC as shown in this study is relatively a rapid adaptive
strategy, which might allow the plants to accumulate the selective ca-
tions and compatible solutes to maintain cell or tissue turgor under high
salinity stress (Negrão et al., 2017).

The Fv/Fm levels were not changed significantly in 300mM NaCl
treated leaves (Fig. 2G) which results suggest that photoinhibition was
not triggered. Although the maximum quantum yields of PSII did not
change significantly, the ETR and qP levels in 300mM NaCl treated
leaves were progressively decreased as the time of salt exposure in-
creased (Supplementary Fig. S1). The observed increase in the quantum
yields of non-photochemical energy loss of PSII (NPQ and qN) might
protect the photosynthetic apparatus against photodamage (Moradi and
Ismail, 2007; Netondo et al., 2004). However, the leaves of 500mM
NaCl treatment showed a significant reduction in Fv/Fm at 4 and 8DAS,
but these levels remained unchanged at 1DAS. After prolonged ex-
posure of 500mM NaCl stress YII, NPQ, and YNPQ levels also showed a
concomitant decline. In addition, decreased levels of Fv/Fm led to the
gradual decrease in the efficiency of photochemical quenching (qP) and
relative electron transport rate (ETR). Similar results were reported by
Zhou et al. (2018) in privet seedlings were treated with lead. The ob-
served decline in chla fluorescence parameters and increased levels of
YNO could be the result of salt-induced irreversible damage to photo-
synthetic machinery (Maxwell and Johnson, 2000). As seedlings
showed no morphological and as well as well-maintained chlorophyll
pigments (Fig. 2I), it was unlikely that the photosynthetic machinery
was damaged (Marriboina et al., 2017; Santos et al., 2015). Further, the
increased levels of qN may substantiate the photo-damage caused by
non-regulated energy dissipation (YNO) through a lutein dependent
process (Santos et al., 2015).

4.2. Salinity induced increase in Ca2+ and K+ ions in roots of salt-treated
P. pinnata effectively retained Na+ and Cl− ions in root tissues and
restricted their entry into leaf tissues

Atomic emission spectroscopy and titrimetric based quantification

Fig. 7. Our proposed model based to show the mechanism of high salinity tolerance in Pongamia pinnata. Suberized multiseriate exodermis and lignified walls of
xylem vessels, cortical cells, tracheids of root and lignified vascular tissues of leaf are represented. Red line and red arrows: symplastic water and Na+ transport
through cytosol to enhance the Na+ ion sequestration into the vacuoles of tracheids and xylem parenchyma cells; blue dashed lines: apoplastic water and Na+

transport through suberized and lignified cell walls to reduce the excess deposition of Na+ ions in the cytosol of leaf and root cells. Black arrows: water and solute
transport though xylem vessels. Red color: suberin lamellae; pink color: cells with lignin deposition; green spots: vacuoles with Na+ ions; white region with green
border: empty vacuole. Abbreviations: vac, vacuole; ex, exodermis; cc, cortical cells; tra, tracheids; xyl, xylem vessel; xpc, xylem parenchyma cells; vas, vascular
tissues.
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of Na+, K+, Ca2+, and Cl− reveals that salt treated leaves and roots of
P. pinnata showed different pattern of ion accumulation across all time
points. The Na+ and Cl− contents were significantly increased in both
leaves and roots of salt-treated plants (Fig. 3A–F). Our results showed
that the levels of Na+ and Cl– were significantly higher in roots than in
leaves as well as maintenance of high Na+/Cl− ratio in roots than in
leaves (Fig. 3I), suggesting that roots were actively involved in the ion
sequestration in order to reduce the salt-induced toxic effect on areal
parts of the plant (Wu et al., 2018; Marriboina et al., 2017). Initial
exposure of 300mM NaCl treatment did not induce the K+ content
significantly in the leaves, while these levels significantly increased at 4
and 8DAS. In contrast, 500mM NaCl treated leaves showed significant
increase only at 8DAS. Further, content in roots K+ showed significant
increase in 500mM NaCl treatment across all time points as well as in
300mM NaCl treated roots at 1DAS. In general, high level of Na+ in-
hibits the uptake of K+ ion which results in growth impairment and
may even lead to death of the plant (Gupta and Huang, 2014). The
observed increase in K+ content with an accompanying increase in Na+

content in both leaves and roots enhances salt tolerance in P. pinnata. In
addition, the steady-state increase of K+ content in 500mM NaCl
treated roots with treatment time could be either due to increased
magnitude of the NaCl-induced K+ influx or decreased efflux of K+

across cell and vacuolar membranes (Shabala et al., 2007). The results
suggest that the increase in the K+ level may be crucial to maintain
osmoregulation caused by excess accumulation of Na+ in the vacuole
which in turn regulates cytosolic enzyme activity and protein stability
under high salinity conditions (Hasanuzzaman et al., 2018). Low K+/
Na+ ratio under salt stress indicates low selectivity for K+ in the pre-
sence of high NaCl concentration (Fig. 3G) (Taha et al., 2000). The fact
that K+ is essential for the growth and survival of the plant raises, the
question how P. pinnata and other salt-tolerant plant species cope along
with low K+/Na+ and maintain ion balance under high salinity stress.
A possible way to answer is possible existence of strong adaptive me-
chanisms to compensate the low retention of K+ in both leaves and
roots under high salinity stress. In addition, the accumulation and
compartmentation of Na+ in the vacuole is energetically more efficient
as compared with K+ accumulation to maintain high K+/Na+ in the
plant tissues under high salinity condition (Taha et al., 2000; Yeo,
1983). Similarly, Ca2+ levels were significantly increased in both leaves
and roots of salt-treated plants across all time points, while these levels
did not show any significant change in 500mM NaCl treated roots at
8DAS. Calcium is well known for its role in maintaining structural and
functional integrity plant cell membranes, stabilizes cell wall and cel-
lular structures regulates ion transport across cell membrane and act as
an intracellular second messenger under salt stress condition (Hadi and
Karimi, 2012; Shabala et al., 2006). Further, the enhanced uptake of
Na+ into the vacuole conceals the significant increase in the Ca2+ le-
vels resulting low Ca2+/Na+ ratio in both leaves and roots of Pongamia
(Chowdhury et al., 2018; Koksal et al., 2016). However, the plants with
low Ca2+/Na+ ratio showed no morphological stress symptoms with
respect to the controls (Fig. 3H) and it was unlikely that the cellular
integrity and cell wall structures were damaged. Further, the transient
increase in Ca2+ levels of salt-treated plants might help the plant ac-
tivating its salinity adaptive signaling pathways as well as the oxidative
stress protective enzymes under salinity conditions (Hadi and Karimi,
2012).

4.3. Roots of salt treated P. pinnata effectively sequestered Na+ ions

Similar to our previous results (Marriboina et al., 2017), the salt-
treated Pongamia leaves showed a consistent high intensity staining of
the central vascular bundle region, while control leaves did not change
in its Na+ specific fluorescence across all time points (Fig. 4A–C). In
addition, a high intensity of green fluorescence was observed in the cell
walls (apoplastic region) of 500mM NaCl treated leaves of Pongamia at
4 and 8DAS, which is due to increased accumulation of Na+ ions in the

apoplast. The results suggest that the higher accumulation of Na+ ions
may increase the availability of cation-binding groups in the cell wall
matrix to enhance the apoplastic based Na+ sequestration, which may
act as an additional barrier to existing vacuolar Na+ sequestration in
order to protect the plant cellular integrity from Na+ toxicity (Byrt
et al., 2018). In this study, we investigated the distribution of Na+

between the cytosol and the vacuole in control and salt-treated leaves of
P. pinnata at 1, 4 and 8DAS. Interestingly, we could observe high va-
cuolar Na+ intensity in 500mM NaCl treated leaves only at 8DAS,
while cytosolic Na+ intensity did not change significantly in both 300
and 500mM NaCl treated leaves across all time points (Fig. 4J). From
the above observation, we infer that the small amount of sodium which
escaped root barrier and reached salt-treated leaves, is actively se-
questered into the vacuole and cell wall matrix (apoplastic region) to
attain structural and functional integrity of photosynthetic machinery
under high salinity (Marriboina et al., 2017). The CoroNa-Green in-
tensity increased with increasing salt concentration in both 300 and
500mM NaCl treated roots (Fig. 4N–S). Further, the xylem companion
cells which are surrounded by xylem vessel exhibited high levels of Na+

specific fluorescence across the cross sections of both 300 and 500mM
NaCl treated roots, while the Na+ specific fluorescence intensity level
of adjacent cortical cells remain similar to that of controls. The data
suggest that the xylem parenchyma cells (XPCs) might act as Na+ ion
specific filter barrier which restricts the entry of excess Na+ ions
(transported across the root either by symplastic or apoplastic origin) to
the aerial parts of the plant. These very well corresponded with the
observed dry weight-based Na+ ion content that the roots accumulated
more Na+ than leaves. Further, intracellular Na+ ion distribution
pattern of Na+ ions was investigated in the XPCs of both control and
salt-treated roots. The vacuolar Na+ intensity of XPCs was significantly
higher in roots of both 300 and 500mM NaCl treated plants, while the
cytosolic Na+ intensity was remained unchanged (Fig. 4T). The Na+

vacuolar sequestration and low cytosolic Na+ content in the XPCs
might favor the uptake of Na+ ions from the xylem vessel, as the ob-
servation showed that the vacuolar Na+ intensity increased with salt
treatment time. The absence of propidium iodide-stained cells across
the cross-sections of leaves and roots of salt-treated plants suggest that
the structural and functional integrity of cell and cellular components
were well maintained even under high salt condition (Oh et al., 2010).

4.4. Salinity induced multiseriate exodermis/hydrophobic barrier formation
in the roots of P. pinnata effectively enhanced the leaf and root water
permeability and vacuolar Na+ sequestration

Lack of morphological salt-induced stress symptoms, low Na+

content in the salt-treated leaves and unchanged root relative water
content led us to examine the development of hydrophobic barriers in
leaves and roots, which have been shown to restrict the ion uptake and
water transport in some plants (Krishnamurthy et al., 2014). In this
study, the structural development of exodermal layers of leaves and
roots in P. pinnata were recorded. In roots, we could observe increased
pattern of suberization in both 300 and 500mM NaCl treated roots
across all time points (Fig. 6J–A1). Suberin is a complex biopolymer
with a polyaliphatic domain that forms hydrophobic barriers in exo-
dermis and endodermis, which mediates the symplastic transportation
by regulating the unregulated apoplastic by flow of water and solutes.
Enhanced deposition of suberin in the exodermis as evidenced in the
roots result decreased uptake of Na+ into shoot and increased retention
of water in root under salinity stress. The results also corresponded with
unchanged RWC content of root and low Na+ ion content in leaves of
300 and 500mM NaCl treatment. Interestingly, a third suberized mul-
tiseriate or multilayer exodermis (MEX) was formed periclinally to the
existing biseriate or bilayer exodermis (BEX) in the salt-treated roots of
P. pinnata across all time points, while control roots did not exhibit MEX
across all time points. Such multiseriate exodermis formation was re-
ported in Iris germanica in response to varying environmental
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conditions, which restrict water and solute transport through apo-
plasmic route (Meyer et al., 2011). To the best our knowledge, this is
the first study reporting on the identification of salt-induced multi-
layered exoderm in this species. Moreover, at anatomical level, though
we could not observe significant changes in suberization pattern be-
tween the cross sections of control and salt-treated leaves (Fig. 5J–R),
the cellular integrity of both 300 and 500mM NaCl treated leaves was
well maintained as similar to that of respective controls.

Histological cross sections of leaves and roots showed that salt-
treated plants showed high lignification of xylem vessels, XPCs and
cortical cells with respect to controls across all time points. Increased
salinity also resulted in number of lignified cells in xylem vessels, XPCs,
and tracheids in the roots of Pongamia at all-time points (Fig. 6A–I).
Presumably, this increased in the number lignified tracheids, xylem
vessels and its XPCs is an adaptive strategy to high salinity stress aiming
to restrict the Na+ uptake through apoplastic flow as well as enhance
the cell-to-cell pathway for water transport (Neves et al., 2010;
Sánchez-Aguayo et al., 2004). Further, the numbers of tracheary ele-
ments in the vascular bundle of NaCl treated leaves were increased with
increasing treatment time. Under salinity stress, the occurrence of high
lignin content in the cell wall not only decreased the excess ion accu-
mulation in the plant but also reduced the water uptake by several
folds. The abundance of lignified xylem vessels may compensate for the
salt-induced reduction in water uptake (Sánchez-Aguayo et al., 2004).

In conclusion, the absence of salt-induced symptoms on leaves,
decline in the leaf photosynthetic parameters and continuous increase
in the regulated heat dissipation of PSII confer salinity adaptive me-
chanisms in P. pinnata. Further, increased Ca2+ and K+ minimizes the
salt-induced damage in leaves and roots. Higher Na+ content in the
roots than leaves also revealed that Pongamia roots act as ultra-filters/
strong barriers to protect the leaves from Na+ toxicity. The Na+ probe
fluorescence data reveals the existence of vacuolar Na+ sequestration
mechanism in the root and the confinement of Na+ specific fluores-
cence to certain cells such as tracheid cells and xylem parenchyma
showing the strong salinity tolerance mechanisms effectively operating
in the roots of P. pinnata. At the anatomical level, formation of salt-
induced suberized multiseriate exodermis in the roots and a greater
deposition of lignin maximize the water permeability leaves and roots
(in Fig. 7 Our proposed model). In addition, suberin and lignin synth-
esis effectively operate in the roots and leaves to contribute towards the
high salinity tolerance of P. pinnata. Our results highlight the key me-
chanisms conferring high salt tolerance in Pongamia, which can be
highly crucial for further research to develop Pongamia as a tolerant
and sustainable biofuel tree crop.
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Domestication and cultivation of tree species, such as Pongamia pinnata is quite important because of its 

biofuel properties. Seedlings grown in modified hydroponic culture were morphologically similar to that of soil 

grown seedlings. Further, seedlings were allowed to grow without root limitation. Comparatively, our modified 

hydroponic growth system can be performed with minimal resources. Prior incubated root segments with 

CoroNa-Green AM dye retained maximum amount of dye when compared to CoroNa-Green AM dye incubated 

sections. Our modified protocol provides quantitative analysis of 2D and 3D imaging process at cellular and sub- 

cellular level. 

• Our protocol is customized to study individual plant behavior. 
• Additionally, it is customized for growing tap rooted trees species hydroponically. Changing the nutrient 

solution with regular intervals provides continuous supply of nutrients to the plants. 
• Prior incubation of root segments with Na + probe (CoroNa-Green AM) provides better resolution in imaging 

process. Additionally, both 2D and 3D imaging provides a means to acquire and analyze entirety of the sample. 
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Specification Table 

Subject Area: Environmental Science 

More specific subject 

area: 

Hydroponic system and Na + -fluorescence measurements 

Method name: Hydroponic cultivation of tree species Pongamia pinnata (L.) pierre and Na + -fluorescence 

measurements 

Name and reference of 

original method: 

Our method is a modified version of Khan et al. [2] hydroponic system; Oh et al. [8] and Wu 

et al. [9] Na + probe visualization protocol. 

Resource availability: n/a [ 2 ] 

Method details 

Background 

Plant growth and optimization of hydroponic system 

Hydroponic growth system is a versatile platform to study plant behavior under controlled 

conditions. It is a convenient system for not only controlling the plant nutrition but also provides an 

excellent model for researchers to study root system and its responses under different environmental 

conditions [1 , 7] . Certain hydroponic systems have been developed for Arabidopsis and other crop 

species to study their behavior under various environmental stress conditions [2 –4] . To our best 

knowledge, only few studies were available on trees species which were grown hydroponically under 

controlled environment [5] . Based on existing knowledge, we have modified/ customized hydroponic 

system for Pongamia seedlings. Pongamia is known to possess elongated tap root (about 50 cm long 

roots in 30 days old seedlings) and lateral root system [7] . To accommodate Pongamia tap root system 

and without facing the root inhibiting effect, we have designed new experimental system. Our method 

was uniquely designed to perform tree species stress studies with minimal resources. 

Pods of P. pinnata accession TOIL 12 were obtained from Tree Oil India Limited (TOIL), Zaheerabad, 

Hyderabad, Telangana. Freshly collected pods were kept in incubator (Orbitek) for drying at 37 °C for 

three days. Seeds were removed carefully from the dried pods with the help of pruning secateurs 

(Falcon). Uniform sized seeds were selected for the experiment. The seeds were sterilized with 1% 

( v /v) hypochlorite solution for 5 min and washed thoroughly with sterilized double distilled water for 

3 h. The sterilized seeds were transferred on a sterile moist cotton bed in an air tight container kept 

in dark for 10 days. After 10 days of dark incubation, radicle emergence was observed. Synchronously 

germinated seeds were used for experimentation. For hydroponic culture experiment, full strength 

Hoagland’s No. 2 basal salt mixture (Himedia) solution was used. The solution was sterilized under 

121 °C and 16 lbs pressure for 30 min after adjusting the pH 5.75 ± 0.02. Nevertheless, we were 

discouraged with our results when plants grown in full strength Murashige and Skoog (MS) media 

(Himedia), and 10 X Yoshida solutions (Himedia). In addition, plants grown in MS solution were 

showed stunt in growth, while 10 X Yoshida solution was formed a white color precipitate at the 

bottom of the culture tube after 7days of plant growth. The germinated seeds were placed just above 

the nutrient medium level with help of parafilm in 50 ml falcon tubes (Genaxy) for 10 days. At this 

stage, seedling with primary root length was ~10.0 cm long. Careful measures were taken that the tip 

of primary root was not allowed to touch the bottom of the culture tube. According to Bengough et al. 

[11] , root limitation imposes a direct effect on plant growth and development. Further, the seedlings 

were transferred to 300 ml glass tubes (5 cm diameter X 30 cm length) and kept for 15 days. At 

this stage, length of primary root was increased ~25.0 cm long. Finally, the seedlings were transferred 

to 10 0 0 ml glass tubes (5 cm diameter X 60 cm length) before root tip touch the bottom of the 

culture tube and kept for 15 days ( Fig. 1 A–C) ( Table 1 ). The culture medium was renewed every day. 

Each tube was designed to maintain only a single seedling. These tubes were fitted with a rubber 

stopper with sterile non-adsorbent cotton to support the seedlings. Further, the tubes were covered 

with black paper to protect the roots from photo-oxidative damage. Changing the culture media on 

a regular basis may save the energy consumption on maintaining the air filtration system and also 

prevent the anoxia condition [6 , 7] . The following culture conditions were maintained throughout 

the experiment; plant culture room maintained 24 °C room temperature, 16 h light and 8 h dark 



S.
 M

a
rrib

o
in

a
 a

n
d
 R

.R
.
 A

ttip
a

lli
 /
 M

eth
o

d
sX
 7
 (2

0
2

0
)
 10

0
8

0
9
 

3
 

Fig. 1. Optimized plant hydroponic culture system for P. pinnata seedlings. (A) Plants were grown in 50 ml falcon tubes for 10 days, (B) in 300 ml vertical glass tubes for 15 days and (C) 

in 1liter vertical glass tubes for 20 days. 
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Table 1 

Comparison of new modified method to the old methods of hydroponic culture system. 

Components Old method New method 

Apparatus 

Culture media reservoir Plastic tanks, plastic trays Customized glass tubes 

Culture media circulating system Nutrient pumps, drip system -n/a- 

Air pumping system Submerged pumps, air pumps, air stones Changing the nutrient solutions on 

regular basis 

Root supporting/ holding material Peat moss, expanded clay, coco coir, rock 

wool, Sand, perlite, vermiculate, etc., 

Non-absorbent cotton 

Culture media 

Nutrient solution Murashige and Skoog, Hoagland, Yoshida, 

etc., with carbon and vitamin 

supplements 

Hoagland’s No. 2 basal salt mixture 

photoperiod and humidity were maintained approximately at 60%. Moreover, we compared both soil 

grown and hydroponically grown plants (Supplementary Fig. 1A and B). Interestingly, hydroponically 

grown plants were morphologically similar to that of soil grown plants. For salt stress treatment, 

30 days old plants ( n = 20 ± 30) were subjected to 300 and 500 mM NaCl treatment with an 

increment of 100 mM NaCl per day to avoid sudden osmotic shock [ 12 ]. Acclimatizing the plants 

with lower salt concentrations and attaining desired concentrations of salt stress produces accurate 

effect of stress. Sudden exposure of 300 and 500 mM NaCl salt stress may impose lethal effects on 

plants. 

Visualization of intracellular Na + ions by using CoroNa-Green dye through confocal laser scanning 

microscopy 

CoroNa-Green AM (Invitrogen) is a cell permeant Na + specific fluorescent dye that exhibits a 

characteristic increase in green fluorescence upon binding to Na + ions, with little shifts in its 

absorption/ emission maxima at ~492/516 nm wavelength. It has a wide application in cell physiology 

studies to visualize the Na + homeostasis mechanisms in both plant and animal cells [8 –10] . 

In the current study, Oh et al. [8] and Wu et al. [9] protocol was optimized to investigate Na + 

ion localization in higher plants/ tree species ( Fig. 2 ). Freshly harvested Pongamia roots were cut 

into 1 cm long placed in fixative solution (2.5% glutardehyde solution in 0.1 M MOPS buffer, pH 7.5) 

for overnight at 4 °C. Notably, Pongamia roots were hard to performing the sections. However, the 

fixative solution was helped to soften tissue. The segments were washed thoroughly with 50 mM 

MOPS buffer solution 2–3 times. Further, the segments were incubated in 5 μM Na + specific probe 

CoroNa-Green AM (Invitrogen) and 0.02% pluronic acid in 50 mM MOPS (pH 7.0) for overnight at room 

temperature. The segments were washed thoroughly with 50 mM MOPS buffer solution 2–3 times 

before performing sections. The sections were immersed in propidium iodide solution (Invitrogen) 

(2 μM in 50 mM MOPS buffer) for 15 min before visualizing under confocal microscope. We were 

discouraged with our results when the sections were directly incubated with CoroNa-Green AM dye 

(Supplementary Fig. 2A). However, prior incubation of root segments with CoroNa-Green AM dye 

produced good results for Na + imaging and quantification (Supplementary Fig. 2B). 

We followed two methods for Na + ion intensity measurements: first is 2D approach-sections 

were observed under confocal microscopy (Leica TCS SP2, Heidelberg, GmbH, Germany) and images 

captured on 2D plane ( Fig. 3 A). The cytosolic and vacuolar Na + fluorescence was calculated by LCS 

software (Heidelberg, GmbH, Germany) ( Fig. 3 B). Selective regions were taken in the sections and lines 

or boxes were drawn to measure Na + fluorescence by using LCS software. The observed intensity of 

Na + specific fluorescence was ~250 arb. units. Similarly, in second method (3D approach), sections 

were observed under confocal microscopy and images captured on 3D plane by using Z-stacking 

( Fig. 3 C). Each section was thoroughly scanned, made optical sections at distance of 0.48 μm and 

3D images were constructed (Supplementary Fig. 3). This approach provides a means to acquire and 

analyze entirety of the sample to measure Na + fluorescence in salt treated plants ( Fig. 3 D). 
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Old Method New Method
Whole plant was used for 

the experiment
Plant roots were cut into 1 cm long

Root segments were incubated in fixative 
solution over night at 4 °C

Root segments were incubated in 
CoroNa-Green dye buffer

over night at room temperature

Sectioning was performed/ whole plant was incubated in 
CoroNa-Green dye buffer 2h at room temperature

Sectioning was performed

Sections were incubated in 
PI dye buffer for 15 min at room temperature

Sections were incubated in 
PI dye buffer for 15min at room temperature

observed under confocal microscope

Fig. 2. Comparison of the modified method and the old method of Na + localization and Na + fluorescence intensity measurements. 
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Fig. 3. Intensity of CoroNa-Green AM fluorescence in cytosolic and vacuolar compartments in the root sections. Red lines were drawn to measure Na + fluorescence intensity. (A) 2D view 

of the root sections and (B) red lines were drawn to measure Na + fluorescence intensity represented in graph. (C) 3D view of the root sections and (D) white box was drawn to measure 

Na + fluorescence intensity was represented in graph. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.) 
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Conclusion 

In this study, we demonstrated that Pongamia seedlings exhibited similar morphological pattern as 

compared to soil grown seedlings with the modified hydroponic system. Apparatus designed on basis 

of root growth and morphology permits to conduct extensive studies on root/ rhizosphere studies. 

The method was modified to study individual plant responses to environmental cues. Our modified 

hydroponic growth system could be a promisive and reliable resource one can be able to perform 

hydroponic studies on tree species with minimal resources. Further, our method can be executable 

with low cost and power consumption. Our modified Na + fluorescence imaging protocol can ideally 

be used to produce high quality Na + fluorescence images in the roots of tree species. Our modified 

protocol also provides quantitative analysis of 2D and 3D imaging process at cellular and sub-cellular 

level. 
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A B S T R A C T

The present study analyzed the dynamic changes in metabolites and key proteins during the seed development of
Pongamia pinnata L. (Family: Fabaceae) with a particular focus on lipid biosynthesis and oil accumulation. The
developing seeds were collected at four different stages: 120 (stage 1), 180 (stage 2), 240 (stage 3) and 300
(stage 4) days after flowering (DAF), representing S1, S2, S3 and S4 respectively. The analysis of seed pigments
and mRNA expression patterns of key photosynthetic genes confirmed the photo-autotrophic behavior of P.
pinnata seed during the initial stages of development. The metabolite profiling of developing P. pinnata seeds also
revealed differentially expressed sugars, amino acids, free fatty acids and organic acids. Proteins related to
development, energy metabolism, lipid accumulation as well as stress responses were documented through
MALDI-TOF-MS/MS analysis. The structure and pattern of oil body accumulation at each stage of seed devel-
opment were determined by electron and confocal microscopy of the cotyledonary sections. The thin layer
chromatogram of P. pinnata oil revealed higher amount of Triacylglycerides and the fatty acid profile of ex-
tracted triacylglycerides showed a rapid increase in oleic acid (C18:1) at S3 and S4. The outcomes reveal new
insights into the complex oleogenic metabolism during P. pinnata seed development at macro level.

1. Introduction

Plant oils have a potential to replace petroleum based fuels by
acting as feedstock for the oleochemical and biofuel industries.
Understanding the regulatory networks of seed oil biosynthesis has
been a target of agronomists and metabolic engineers for decades in
order to enhance the oil production. The current knowledge on reg-
ulation of seed development and oil accumulation is limited to food
crops and other model plants. While, very limited reports are available
for biofuel plants including Pongamia pinnata, Jaropha curcus, Camelina
sativa (Mudalkar et al., 2014; Chaitanya et al., 2015; Kumar et al.,
2017). In general, the seed development bears a complex regulatory
network of metabolic and developmental machinery which include
signaling elements associated with accumulation of storage compounds
(Baud et al., 2008; Atabani et al., 2013). Further, the seed storage-

compound synthesis overlays the developmental progression of em-
bryogenesis and is to an extent governed by the metabolite and hor-
monal signals inside the embryo (Borisjuk et al., 2003). The propor-
tional distribution of seed storage products into carbohydrates, oils and
proteins will depend on the influx of metabolic pathways during the
development and can vary between species (Schiltz et al., 2005; Ekman
et al., 2008; Chaitanya et al., 2015). For oil development, carbon is
delivered to fatty acid synthesis in seed plastids via glycolysis with
hexose and triose as the predominant carbohydrates entering the
plastid. Previous reports signified the role of sucrose import into em-
bryo and its metabolism in the cytosol and plastids in the formation of
starch and oil (Luthra et al., 1991; Eastmond and Rawsthorne, 2000). It
is well established in several model legumes that the dynamic changes
of hexose/sucrose ratios play a key role in the commencement of sto-
rage product synthesis as the seed development progressed. On the
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other hand, the primary metabolism inside the seed which includes
major pathways of glycolysis and TCA link the biosynthesis of carbo-
hydrates, amino acids and fatty acids which also provide energy bal-
ance inside the developing seeds (Rolletschek et al., 2005; Schwender
et al., 2015). Hence, the precise understanding of changes in these
regulatory metabolites will provide insights into the seed development
and oil composition in non-model legume tree species, specifically P.
pinnata.

The oilseeds can be photo-autotrophic or heterotrophic depending
on the presence of chloroplast and light plays an important role in
regulating the green oil seed development. It was reported in certain
crop plants that the seed carries out photosynthesis during embry-
ogenesis which provides energy for FA biosynthesis and also helps in re-
fixing the respiratory CO2 release (Schwender et al., 2004). Though the
absence of seed photosynthesis will not affect the overall FA bio-
synthesis, it will be considered as an important factor in promoting
carbon storage, energy flux and lipid biosynthesis in oilseeds. The dy-
namic shift in the expression patterns of photosystem related proteins
along with FA biosynthesis enzymes during the seed development of
Arabidopsis and Glycine max support the active role of seed photo-
synthesis. Hence, studying the pigments and associated protein ex-
pression patterns in large seeds with long developmental cycles will
provide more insights into the role of seed photosystems in synthesizing
storage compounds.

The cultivation of P. pinnata is suitable in diverse tropical and
subtropical environments. The oil content of P. pinnata seeds ranges
from 35 to 40% of seed dry weight and 55–65 % of the total lipid has
been reported as oleic acid which is the ideal fatty acid for biodiesel
production (Sreeharsha et al., 2016; Xiong et al., 2018). Due to the
accumulation of high levels of poly unsaturated fatty acids in the P.
pinnata seed oil, it is considered as a potential biofuel feedstock with an
optimized efficiency to use as a biodiesel for diesel engines (Singh et al.,
2018; Jain et al., 2018). Moreover, not only the P. pinnata oil, but also
the seed waste after oil extraction have recently been used to produce
bio-ethanol (Muktham et al., 2016). The biochemical characteristics
and protein profiling during seed development has been investigated in
P. pinnata (Kesari and Rangan, 2011; Pavithra et al., 2014). The prox-
imal chemical composition of mature P. pinnata seed along with fatty
acid composition were also reported earlier (Bala et al., 2011; Sharma
et al., 2011; Pavithra et al., 2012). However, in depth analysis of me-
tabolite and proteomic profiles throughout the lengthy developmental
period of P. pinnata seed have not yet been reported. It is crucial to
study the metabolome and proteome of the developing seed to under-
stand the complex association between various metabolites and FA
biosynthesis to oil body formation. The objective of the current study is
to decipher the metabolome and identification of key regulatory pro-
teins in different developing stages of P. pinnata seed and their role in
FA accumulation. In addition, the photosynthetic behavior of the P.
pinnata seed also have been identified which will help in understanding
the carbon influx to FA biosynthesis. Our results will deepen the
knowledge on metabolic regulation of P. pinnata seed development and
oil accumulation which is important for further metabolic engineering
of this potential biofuel feedstock for different industrial and agri-
cultural applications.

2. Materials and methods

2.1. Plant material and study site description

Ten year old P. pinnata plantation, established in the experimental
farm of Tree Oils India Limited (TOIL) Zaheerabad, Medak district,
Telangana state, India (latitude 17°36′; longitude 77°31′E; 622m MSL)
was selected for the present study. The study site has a tropical, hot-
steppe agroclimate with the summer months between March to May
having maximum temperature up to ⁓42 ℃ and an average tempera-
ture of 22–23 ℃ in the winter months of September to February,

monsoon starts during June to October with average rainfall ranging
from 700 to 1500mm. Plants were maintained under natural photo-
period with uniform 2m spacing between as well as within the rows.
The recorded range of light intensity in the region on a normal sunny
day ranged between 1200–2000 μmol/m2/s during 10.00–14.00 h solar
time. The plants were regularly watered during hot summer months
with alternate watering during winter months and no watering during
monsoon season. Nitrogen was provided by applying cow dung mixed
with vermicompost as farmyard manure at the rate of 12 kg/year twice
in equal splits during growth. Trees had a circular canopy with 15–20
tertiary branches. The flowering and fruiting seasonal events were re-
corded periodically for further experimental analyses. Flowering in-
itiated in the month of March with visible inflorescence which con-
tinued until April. Natural pollination resulted in formation of pods
with first visible appearance recorded at 80–90 days after the flowering
started. Seed development and maturation was completed by nearly
300 days (⁓10 months) from the first visible appearance of flowers.
The appearance of flower buds in each tertiary branches was considered
as 0 days after flowering (DAF). Individual flowers were tagged ran-
domly and the development of pod and seed was monitored regularly in
the tagged trees. The tagged pods were collected at 120, 180, 240 and
300 DAF to study the seed morphology and stored at –80 ℃ for further
biochemical and molecular analyses. The pod contained very tiny seeds
with negligible dry mass during first initial stages of development (30 to
100 DAF). Therefore the experiments were carried out when the seeds
reached 120 DAF till maturation. Seeds inside 120, 180, 240 and 300
DAF old pods were considered as stage1 (S1), stage2 (S2), stage3 (S3)
and stage4 (S4) respectively. The study was performed for two suc-
cessive flowering seasons of P. pinnata (for two consecutive years,
March 2016 to February 2017 and March 2017 to February 2018).

2.2. Seed morphology and biochemical analysis

Fresh seeds were initially weighed and dried for 12 h at 65–70 °C in
a ventilated hot air oven. The weight of seed coat and cotyledon were
measured gravimetrically and percentage was calculated using the
formula: (weight of cotyledon / weight of total seed) ×100; (weight of
seed coat / weight of total seed) ×100, respectively. The seed dry mass
was recorded and seed moisture content (%) was calculated according
to the formula: (FW–DW/FW) ×100.

Chlorophyll content in the seed samples was estimated according to
the method reported by Hiscox and Israelstam (1979). Fresh seeds
(100mg) were ground and refluxed for 1 h in 10mL of DMSO, extracted
liquid was collected and absorbance was measured at 645 and 663 nm
using a UV–vis spectrophotometer (Eppendorf, Germany) and chlor-
ophyll contents were calculated according to Arnon (1949) using the
formula: chlorophyll a (g/L)= 0.0127 × A663– 0.00269 × A645;
chlorophyll b (g/L)= 0.0229 × A645 – 0.00468 × A663; the results
were expressed as mg/g FW (where A663, A645 represents the absor-
bance measured at 663 and 645 nm respectively).

Total carbohydrates and starch content in the seeds were estimated
according to Anthrone method as described by Hedge and Hofreiter
(1962), where 100mg of fresh seed tissue was refluxed with 5mL of
2.5 N HCl followed by neutralizing with NaOH. The mixture was cen-
trifuged for 10min at 6000×g. An aliquot of supernatant (1mL) was
taken and added with 4mL of Anthrone reagent. After heating at 80–90
℃ for 8min in a water bath, the solution was allowed to cool rapidly
and the absorbance was measured at 630 nm. Spectrometric readings
were quantified using glucose standards and represented in mg/g FW of
the seed.

For starch estimation, 100mg of fresh seed tissue was first ground
with hot 80% ethanol. The supernatant of this mixture was removed
after centrifugation. The residue was washed repeatedly with 80% hot
ethanol till the washings did not give green color with Anthrone re-
agent. The dried residue was mixed with 5mL of water and 6.5mL of
52% perchloric acid. The mixture was kept at 0 °C for 20min and
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centrifuged at 8000×g for 5min, supernatant was collected and the
extraction was repeated twice. The collected supernatant (1 mL) was
mixed with 4mL of Anthrone reagent and starch was estimated by the
method used in estimation of carbohydrates.

For total protein quantification, fresh tissue (100mg) was ground
with liquid nitrogen and mixed with 2mL of protein extraction buffer
consisting of 25mM Tris−HCl (pH 7.2), 15mM MgCl2, 15mM EGTA,
75mM NaCl, 2 mM DTT, 1mM NaF, 1mM PMSF with 0.1% Nonidet,
followed by centrifugation at 12,000×g for 5min at 4 °C. Supernatant
was collected and protein was estimated according to Bradford (1976).
Quantification of total protein was achieved by using BSA as the protein
standard and represented as mg/g FW.

Total lipids were extracted by using the method described by Bligh
and Dyer (1959) with slight modifications. Fresh seeds were ground
with CHCl3:MeOH:H2O (2:2:1.8) v/v and the mixture was centrifuged
at 10,000×g for 15min. The lower CHCl3 layer was collected and the
extraction was repeated three times. The chloroform was separated by a
Rotary evaporator (Heidolph, Germany) and total lipid was estimated
gravimetrically and represented as g oils/100 g seed. All of the chemical
reagents used for biochemical analysis were purchased from Sigma
Aldrich, USA.

Fig. 1. Position of seed inside the pod and cotyledons separated from seed coat at each developmental stage (a). Morphological and biochemical analysis of
developing P. pinnata seeds. Changes in seed dry weight, moisture content, % cotyledon and seed coat throughout development (b). Values are mean ± SD,
(n=40); the scale is presented by white bar with the length of 0.3 cm.

Fig. 2. Pattern of increasing storage products (lipid, protein, total carbohydrate
and starch) with development. Values are mean ± SD (n= 3). Data are given
as means ± SD; (n=3). *, ** represents significant differences within the
stages analyzed by one-way ANOVA, P < 0.05; P < 0.01 respectively.
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2.3. Gene expression analysis by real time PCR

Total RNA was isolated from developing fresh seeds using Plant
total RNA extraction kit by following manufacturer’s instructions
(Sigma Aldrich, USA). Primers for the required genes were designed
from available P. pinnata transcriptome sequences (Sreeharsha et al.,
2016). First strand cDNA was synthesized with 1 μg of RNA using
Revert aid first strand cDNA synthesis kit (Thermo-Fischer Scientific,
USA). Expression analysis of selected genes were carried out on
Realplex thermal cycler (Eppendorf, Germany) using SYBR FAST qPCR
universal master mix (2X) (KAPA Biosystems, USA) with 50 ng of cDNA
as template and following the program: 2min at 95 °C, followed by 40
cycles of 15 s at 95 °C, 30 s at 55 °C annealing temperature and 20 s at
72 °C, followed by the dissociation (melting) curve. The mRNA ex-
pression level was calculated according to the 2–ΔΔCt formula (Livak and
Schmittgen, 2001). For the internal control, 18 s ribosomal RNA gene
was used.

2.4. Metabolite profiling

P. pinnata seeds at different developing stages were ground into fine
powder in liquid nitrogen. 100mg of the seed powder was homo-
genized with 1.4 mL precooled methanol by vortexing for 10 s and
60 μL of ribitol (0.2 mg/mL) was added to the mixture as internal
standard followed by 10 s of vortexing. This solution was ultra-soni-
cated for 10min, followed by centrifugation at 11,000×g for 10min.
The supernatant was transferred to a new tube and mixed with 750 μL
of precooled chloroform and 1.5 mL of precooled water. The mixture
was then centrifuged at 2200×g for 15min. 150 μL of extraction so-
lution from upper phase was dried under vacuum and stored at –80 ℃
until derivatization. The extract was methoxyaminated, silylated and

the dried extract was dissolved in 20 μL of methoxy amine hydro-
chloride pyridine solution (40mg/mL) which was incubated at 30 ℃
with vigorous shaking for 90min. Then 80 μL of N-methyl-N-(tri-
methylsilyl) trifluoro-acetamide-solution was added to the sample fol-
lowed by 30min incubation at 37 ℃ with vigorous shaking. The deri-
vatized sample was centrifuged at 20,000×g for 8min. The
supernatant was then transferred to vials for measurement. Samples
were measured with gas chromatography coupled with LECO Pegasus R
4D GC GC–TOF spectrometry (GC-TOF-MS) (Agilent 6890, USA). Each
sample was injected under both split less and split 25 times mode for
better quantification of candidates with a wide capacity range.
Candidates were manually annotated by comparing their retention
times (RTs) and mass spectra to those of standards in GMD database
(Kopka et al., 2005) with a minimum match factor of 700. The peak
areas of the same metabolite with different derived groups were merged
and normalized to internal standard of ribitol. The concentration of the
metabolites was calculated with respect to the known concentration of
ribitol and represented as μg/g FW. The differential analysis at devel-
oping stages were analyzed using MetaboAnalyst Version 4.0 [Soft-
ware] (available from http://www.metaboanalyst.ca/MetaboAnalyst/
faces/home.xhtml).

2.5. 2-D protein profiling and identification using MALDI TOF MS/MS
analysis

Gel based 2D proteome was carried out according to the method
described by Sengupta et al. (2011). Protein extracted earlier (200 μL)
was precipitated using 800 μL of 0.1% ammonium acetate in methanol
and kept at –20 ℃ for 8–12 h. The mixture was centrifuged at
10,000×g for 10min at 4 ℃ and the precipitate was washed with fresh
methanol for 3 times followed by 2 times wash with acetone. The

Fig. 3. Changes in the chlorophyll a, b, total chlorophyll and
chlorophyll a/b (a). Expression patterns of key regulatory
genes represented in fold change related to photosynthesis
(b). Fold change>2 is considered as upregulation. Values are
mean ± SD (n=3). Data are given as means ± SD; (n=3).
*, ** represents significant differences within the stages ana-
lyzed by one-way ANOVA, P < 0.05; P < 0.01 respectively.
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isolated protein sample (900 μg) was then solubilized in rehydration
buffer followed by isoelectric focusing using pH 4–7 isoelectric focusing
strips (18 cm, 4–7 pH linear gradient; GE Healthcare, USA) for 12 h at
50 V for first separation. Rehydration and focusing was carried out in
Ettan IPGphor II (GE Healthcare, USA) at 20 °C, using the following
program: 30min at 500 V, 3 h to increase from 500 to 10,000 V and 6 h
at 10,000 V (a total of 60,000 Vh). The IEF strips were then placed over
12% acrylamide gel for the second separation through SDS PAGE at
300–500 V using standard protocol. After staining, the gels were
scanned and the gel image obtained was analyzed though Image Master
2-D Platinum version 6 image analysis software (GE Healthcare, USA).

For the identification of proteins, MALDI TOF MS/MS was carried
out through in-gel trypsin digestion and database searches (PMF and
MS/MS) using MASCOT program [Software] (available from http://
www.matrixscience.com). The similarity search for mass values was
done with existing digests and sequence information from NCBInr and
Swiss Prot database. The taxonomic category was set to Viridiplantae
(green plants). The other search parameters were: fixed modification of
carbamidomethyl (C), variable modification of oxidation (M), enzyme
trypsin, peptide charge of 1+ and monoisotopic. Out of top ten most
significantly identified proteins, results having highest score, peptide
match, and similarity of molecular weights were considered.

2.6. Microscopic studies of P. Pinnata seeds

Fresh seeds were made into thin sections and fixed in 2.5% glutar-
aldehyde for 8–12 h followed by re-fixing again in 0.2% osmium tetra
oxide for 2–3 h. After washing with 0.1% PBS and series of ethanol
dehydration, thin sections were embedded in epoxy resin (Araldite
502). Ultrathin sections were made using ultra microtome (LEICA EM
UC6, Germany) and observed under Scanning electron microscope
(TESCAN S8000, Czech Republic). For TEM, ultrathin sections were
fixed in grids and stained with uranyl acetate and lead citrate which
was observed later in TEM (FEI Model, Tecnai G2S Twin, Spain)
(200 kV). Nile red staining was performed by following the method
reported by Greenspan et al. (1985) with slight modifications. Prefixed
thin sections of the fresh tissues were infiltrated with the working
concentration of 2 μg/mL Nile red solution in 0.1% HEPES buffer for
1–2 h under dark. After washing for 4–5 times with HEPES buffer, the
sections were visualized under confocal microscope (LIECA TCS SP2
AOBS, Heidelberg, Germany) under excitation of 488 nm and emission
range of 530–650 nm. All images were obtained with 10% laser power.

2.7. Thin layer chromatography for lipid profiles

Total lipid (5mg) extracted from all the samples were dissolved in
chloroform and spotted on the TLC Silica gel 60 F254 (Merck,

Fig. 4. Heat map based on the fold change in concentration of metabolites (μg/g FW) at S1, S2, S3 and S4 (a). Pie chart representing functional classification of
metabolites detected in all the developing stages (b).
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Germany). The separation was carried out with hexane and ethyl
acetate (9:1 v/v) as the mobile phase and silica gel bonded with alu-
minum sheet as the stationary phase. The TLC plates were air dried and
exposed to iodine vapor. Iodine stained spots were compared with the
standards of phospholipids, DAGs and TAGs separated in TLC plates
with the same mobile phase.

The TAGs from the multiple TLC plates were scrapped carefully and
extracted using chloroform. Further, chloroform was separated from the
extracted TAGs with the help of rotary evaporator (Heidolph,
Germany). The fatty acid profiling and quantification was carried by
following the methods reported by Coetzee et al. (2008) and Sun et al.
(2017) with slight modifications. FAMEs were prepared by refluxing
50mg of the TAGs extracted with 5% H2SO4 in methanol (w/v) for 6 h
on a hot plate. Prepared esters were analyzed through gas chromato-
graphy (GC-TOF-MS) (Agilent 6890, USA) with DB225 column (inner
diameter =0.25mm, length=37m, thickness =0.25 μm; Agilent,
USA). The injector and flame ionization detectors were set at 250 °C and
270 °C, respectively. The oven temperature was set at 160 °C for 2min
and then increased to 230 °C at a rate of 5 °C/min. Nitrogen was used as
the carrier gas at a flow rate of 1mL/min. Fatty acids were confirmed
by comparing with standard FAMEs mix (C14 – C22, Supelco, Sigma
Aldrich, USA) analyzed at different concentrations. Quantification of
fatty acids was carried out using area normalization method with per-
centage area of each peak corresponding to the identified fatty acid.

2.8. Statistical analysis

Each seed collected at various stages was considered as one unit
(n= 40), where n is the number of seeds for the verification of differ-
ence in its morphological and physiological measurements. All the ex-
periments were carried out in triplicates for the developing stages. PCA
and heat map analysis was carried out for metabolome data using
MetaboAnalyst online tool version 4.0 [Software] (available from http:
//www.metaboanalyst.ca/MetaboAnalyst/faces/home.xhtml). The
mean values were compared and analysis of significance (P < 0.05)
was determined by student’s t-test and one way ANOVA using Sigma
plot 11.0.

3. Results

3.1. Seed morphological characteristics and storage biochemistry during
development

A single pod of P. pinnata generally houses either one or two seeds
with 3–4 seeds occasionally/rarely observed. All the four different
stages of P. pinnata seed with developmental progressing of pod, coty-
ledon and seed coat are shown in Fig. 1. The young seeds are green in
color initially, which turned completely brown upon maturation
(Fig. 1a). There was a gradual decrease in the seed moisture content
from S1 to S4 whereas, the seed dry weight increased till S3 and got
stabilized by maturation (Fig. 1b). Seed coat percentage decreased

Fig. 5. 2D reference gel image where the identified spots were indicated by spot ids in red mark (a), some of the upregulated and downregulated spots were
presented as separated images at each stage (b). Functional classification of identified proteins in pie chart (c).

K.T. Singha, et al. Industrial Crops & Products 140 (2019) 111621

6

http://www.metaboanalyst.ca/MetaboAnalyst/faces/home.xhtml


gradually while the percentage of cotyledon increased as the seed
matured (Fig. 1b). Accumulation of all the storage products including
starch, protein and lipids increased gradually, reaching the highest le-
vels during S4 (Fig. 2). Protein and lipid contents were similar at
younger stages (S1–S2), while the lipid content reached up to 37% of
total 100 g of seeds (∼36.8 g oil/100 g seed), whereas protein content
reached to 33% (∼331mg/g FW) by the end of the development. Si-
milarly, the total carbohydrate content in the mature seeds (S4) was
∼298mg/g FW (1.9 folds higher when compared to S1), out of which
the content of starch was only ∼80mg/g FW (4.3 folds higher when
compared to S1) (Fig. 2). Chlorophyll a, chlorophyll b and total

chlorophyll concentrations showed a distinct pattern when the seeds
were green where their contents increased from S1 to S2 with a further
decrease thereon at S3 and S4, during which the seeds started to de-
velop brown color (Fig. 3a). Similarly, chlorophyll a/b ratio also con-
sistently decreased with the progression of seed development (Fig. 3a).
Relative gene expression of some of the key photosynthetic genes were
analyzed at different stages of development by considering S1 as re-
ference (Fig. 3b). All genes related to Photosystem I and II major sub-
units (psaA, psaD psbA, psbC, psbQ) and ATP synthase subunit (atp1A
and atp1B) were upregulated at S2 which subsequently decreased from
S3 to S4 (Fig. 3b).

Table 1
The list of protein spots identified with their % spot volume and MASCOT search results at four stages of development. Values are mean ± S.D, (n= 3), level of
significant difference was analyzed by one-way-ANOVA with reference to S1. Note - *, P < 0.05; **, P < 0.01.

Sp. ID Spot intensities Protein identified MW
observed
in gel

MW from
literature

Known Function Organism
related to

Accession no. MS/
MS
Score

Peptide sequences matched

5 Acetyl coA
carboxylase

200kD 226 kD Fatty acid
biosynthesis

Sesamum
indicum

XP011083400.1 98 DEGRGPMR
EDAFFQAVTEVACAQK
ASQLLEQTK(Total matched peptides-
29)

12 Midasin 95kD 116kD Female gamete and
seed development

Arabidopsis
thaliana

MDN1_ARANTH 94 WMYLESIFVGSDDIRHQLPAEAK
KSFEMVSLAVSQK (Total matched
peptides - 34)

17 AP2 Complex
subunit alpha 1

91kD 112kD Vesicular transport
and development

Arabidopsis
thaliana

AP2A1_ARATH 94 FAPDLSWYVDVILQLIDK
LVLFMGWK (Total matched peptides -
12)

18 Phosphoenol
pyruvate
carboxykinase

95kD 73.7kD Photosynthesis
carbon fixation
and energy
metabolism

Zea maize PCKA_MAIZE 64 GLFGVMHYLMPK
AQTIDELHSL QR(Total matched
peptides - 12)

19 Probable disease
resistance protein

100kD 104.5kD Defence and
disease resistance

Arabidopsis
thaliana

PX24L_ARATH 108 VLGGLLAAKYTLHDWKR
ERKDEIQNMK(Total matched
peptides - 31)

64 Glyceraldehyde-3-
phosphate
dehydrogenase

45kD 36.5kD Glycolysis and
energy metabolism

Oryza sativa G3PC1_ORYSJ 278 AASFNIIPSSTGAAK
LKGIIGYVEEDLVSTOFVGD SR(Total
matched peptides - 7)

68 ATP synthase
subunit beta

35kD 53.3kD Photosynthesis
electron transport
and energy

Brimeura
amethystina

ATPB_BRIAM 68 AVAMSATDGLTR
EGNDLYMEKESGVINEK(Total
matched peptides - 8)

71 Ent-copalyl
diphosphate
synthase 1

35kD 99kD Secondary
metabolism

Oryza sativa CPS1_ORYSJ 88 ARNFSYEFLR
EIEQNMDYVNR(Total matched
peptides - 8)

76 1-cys
peroxiredoxin B

35kD 24.4kD Vitamins Oryza sativa REHYB_ORYSI 67 DTAGGELPNR
VVIPPGVSDEEAK(Total matched
peptides - 8)

77 GTP Binding
protein SARB1

30 kD 22.02kD Vesicular transport
of storage bodies

Arabidopsis
thaliana

SAR1B_ARATH 74 VWKDYYAK
YHLGLTNFTTGKG (Total matched
peptides - 9)

81 Heat stress
transcription
factor c-1b

30kD 27.4 kD Abiotic stress
regulator

Oryza sativa HFC1B_ORYSJ 97 NFASFVR
QLNTYGFR(Total matched peptides -
17)

92 Lipid transfer like
protein VAS

10kD 17kD Lipid transfer
metabolism

Arabidopsis
thaliana

VAS_ARATH 90 WSSQAER
EVPQVCCNPLK(Total matched
peptides - 8)

98 Integrin linked
protein kinase 1

25kD 52.4kD Signal
transduction (Plant
defence response)

Cucurbita
maxima

XP_022970695.1 101 TNPGSRSFSK
WGSTPLADAIYYK(Total matched
peptides - 6)

107 Class I heat shock
protein

10.5kD 17.7kD Heat shock and
stress

Solanum
pennelli

XP_015078018.1 88 FRLPENAK
VEVEEDRVLQISGER(Total matched
peptides - 7)

108 Class I heat shock
protein

10.3kD 17.8kD Heat shock and
stress

Solanum
lycopersicum

HSP11_SOLLC 66 FRLPENAK
VEVEEDRVLQISGER(Total matched
peptides - 6)

97 Protein ELF 4 Like 15kD 14.07kD Circadian clock Arabidopsis
thaliana

EF4LT_ARATH 58 DGDTTTTTTGSS
NVGLINEINISQVMEIYSDLSLNFAK
(Total matched peptides - 2)

N17 Allergen LEN 90kD 47.7kD Allergen protein in
non-edible plants

Lens culineris CAD87730.1 112 IFENLQNYR
KSVSSESESEPFNLR(Total matched
peptides - 8)
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3.2. Complete metabolome analysis of developmental stages of P. Pinnata
seed

In all the four stages, 61 metabolites were identified with the help of
GCMS analysis (Supplementary data 1). Metabolites were classified
based on their chemical structure (Fig. 4a) and biological functions
(Fig. 4b). The variation among distinctive profile of metabolites was
observed through PCA analysis where there was overall 71.7% se-
paration among the developing stages (Supplementary data 3). Se-
paration or variation of seed metabolites among S2 and S3 was less
when compared to S1 and S4. Majority of the metabolites detected were
functionally related to protein metabolism (21%), carbohydrate meta-
bolism (18%) and development (16%). Rest of the metabolites belonged
to energy (12%), stress and defense (10%), fatty acids (9%), cell wall
formation (7%), hormonal responses (4%) and secondary metabolism
(3%) (Fig. 4b). The dynamics of the metabolites were determined by
their concentration during the 4 developing stages analyzed through
heat map using Pearson’s test in MetaboAnalyst online software. Me-
tabolites were classified as fatty acids, amino acids, sugars and organic
acids depending on their respective chemical characteristics (Fig. 4a).
Among the sugars, ribose, glucose, erythrose, gluconic acid, inositol and

ribonolactone had higher concentrations at S1 which gradually de-
creased with the maturation. Glyceric acid, pinitol and mannose were
abundant at S4 whereas sugars like cellobiose, arabinose and NADGA
were higher during S1 to S2. In contrast to the sugars, most of the
amino acids and organic acids were abundant during S3 and S4
(Fig. 4a). Leucine, threonine, alanine, tryptophan, valine, glutamate
and some organic acids including keto-glutaric acid, fumaric acid,
succinic acid, pyruvic acid and malonic acid were abundant in S3 and
S4. The concentrations of glycine, proline and glutamine were higher in
S4. Similarly, adipic acid and allonic acids were higher during S3 and
S4 respectively (Fig. 4a). In contrast, few organic acids including pro-
pionic acid, acetate, malic acid, citric acid, oxalic acid and certain
amino acid such as aspartic acid were more at S1, which gradually
decreased to the lowest levels at S4. Fatty acids which were abundant in
S1 were stearic acid and myristic acid, hexanoic acid was abundant in
S3, while others including butanoic acid, and eicosane were more in S4
(Fig. 4a).

3.3. 2D- proteomic profile of developing P. Pinnata seed

The seed protein expression patterns were quantified at different

Fig. 6. P. pinnata seed cross section under SEM (a) (20–50 μ) and TEM (b) (2–0.2 μ). Nile red staining of P. pinnata seed sections observed under confocal microscope,
oil bodies are marked by white arrows (c) (5–2 μ). PSV- protein storage vacuole; OB- oil body.
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developing stages of P. pinnata seed. More than 300 spots were re-
producibly detected in all the gels with Image Master 2D Platinum
software and 125 spots matched in all the four stages (Fig. 5a). Based on
the percent spot volume in the S1 stage, we have determined the sig-
nificantly upregulated, unchanged or downregulated spots throughout
developing stages. Some of the spots were selected and successfully
identified using MALDI MSMS (Table 1). Rest of the spots which did not
give any significant match in the MASCOT search were not considered.
All of the differentially regulated spots were represented as gel picture
in the supplementary data 2, and the changes in some of the spots
among the different stages were represented along with the reference
gel in Fig. 5a,b. The spot distribution and intensity at each stage were
analyzed through PCA analysis which illustrated the variation in the
form of percentage separation (Supplementary data 4). There was
overall 64.4% separation among the stages and the graph clearly
showed the protein profile of S4 was different compared to the younger
stages (120–240 DAF). The profiles of S2 and S3 were more similar with
least separation (Supplementary data 4). The functions of the identified
spots were classified based on the available literature (Fig. 5c). The
upregulated spots from S1 to S4 were identified as Accase, lipid transfer
like protein VAS, ATP synthase subunit β and GTP binding protein
SAR1b. The unchanged spots were identified as PEP carboxykinase and
G3PD. Two of the downregulated spots included Midasin and ap2
complex subunit alpha1 (Table 1). The protein spot identified as ELF 4
was observed only in S1 whereas, Allergen Len was observed only in S4
(Table 1).

3.4. Visualization of storage granules and oil bodies in developing P.
Pinnata seeds

The surface morphology of P. pinnata cotyledonary cross sections
analyzed by SEM at various stages showed an increase in storage
granules from S1 to S4 (Fig. 6a). Further the biochemical nature of

these storage granules were studied through TEM analysis and identi-
fied large protein vacuoles at S1 which further increased during S2. The
appearance of a large amount of oil body accumulation was observed in
S3 and S4, where the lipid droplets were located at cellular periphery
(Fig. 6b). For more clarification of the accumulation of oil bodies in
developing stages, Nile red fluorescent staining was performed which
specifically stains only the lipid containing substances. Oil body accu-
mulation was very low at S1 and S2, but showed rapid increase at S3 to
S4 (Fig. 6b, c). Moreover, the oil bodies were localized near the per-
iphery of the cell with sizes varying from 1 to 2 μ while the protein
storage vacuoles have unusually large diameter (⁓2–5 μ) and situated
mostly in the central region (Fig. 6).

3.5. Fatty acid profiling of the TAGs

The separation of phospholipids, DAGs and TAGs during developing
stages were compared by the intensities on the TLC plates which have
been loaded with equal quantity and separated with the same mobile
phase. There was a visible change in the TAGs accumulation where it
progressively increased as the seeds reached maturity (Fig. 7b). The
fatty acid profile of the accumulated TAGs was examined with the help
of GCMS analysis and compared with the FAMEs standards, based on
which the percentage was also determined. The major fatty acids during
initial stages of development (S1 and S2) were oleic and linoleic acid
which were present in equal amounts (Fig. 7a). In later stages of de-
velopment, oleic acid gradually increased with a significant (P < 0.05)
decrease in linoleic acid (Fig. 7a). Furthermore, palmitic acid also de-
creased gradually from S1 to S4 (Fig. 7a) while there was no change in
stearic acid content in all the stages.

4. Discussion

The basic seed morphology and biochemistry of developing P. pin-
nata seed share certain similar developmental regulatory processes with
other legumes where, the pods were nearly flat in younger stages with a
tiny developing seed inside and the pod thickness increased as the seed
developed, finally filling the pod (Wright and Lenssen, 2013). The
duration of seed development in P. pinnata is a prolonged process
making it complex to understand the seed filling and oil accumulation
patterns in this imminent biofuel tree species. Thus, knowledge on
physiological and molecular dynamics of this lengthy seed development
will boost the attempts to improve the seed productivity towards po-
tential biofuel feedstock. The current study thoroughly examined the
seed developmental processes of P. pinnata and deduced the physiolo-
gical, biochemical and molecular changes through metabolomics and
proteomic approaches. Our present studies also provide insights into
the photo-autotrophic nature of P. pinnata seed.

Legume seed development and differentiation is characterized by
three rapid growth phases separated by two lag phases (Weber et al.,
2005). Majorly, the growth phases are marked by the development of
endosperm, seed coat and embryo associated with maturation and cell
expansion. The differentiation of processes during seed development is
a sequential process which involves active mitotic cell division, sucrose
uptake, cell expansion, greening and gaining of photosynthetic activity
as well as accumulation of storage products (Baud et al., 2002). For oil
seeds, the differentiation phase is of special interest because during this
stage a regulatory network initiates the accumulation of storage pro-
ducts. The developing seeds of P. pinnata are green in color at younger
stages (S1-S2) which turned brown during maturation with a gradual
increase in seed weight, storage products and lipid content but decrease
in moisture content as well as the weight of seed coat. The importance
of maternal seed coat in providing the necessary sources of filial coty-
ledons for development and controlling germination is well known in
legumes (Weber et al., 2005). Seed coat percentage in terms of its
structural weight is high during younger stages of development which
indicated its active role in maintaining seed development. During

Fig. 7. Percentage of fatty acids accumulated in the TAGs at different devel-
oping stages (a). Total lipid profiling through TLC (b). Values are mean ± SD
(n=3). *, ** represents significance difference (P < 0.05, P < 0.01) between
the fatty acid content with respect to 120 DAA, analyzed by t-test.
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natural seed maturation process, there is a gradual increase in seed
desiccation, wherein the water content declined significantly,
(Angelovici et al., 2010). In general, chlorophyll content and the ratio
of chlorophyll a/b ratio play a significant role in developing green seeds
and are directly related to the photosynthetic efficiency of the green
seeds (Eastmond and Kolacna, 1996). In the current study, initial stages
of P. pinnata seed showed higher chlorophyll a/b ratio (> 1), which
declined gradually with maturation. This clearly indicated the active
photosynthesis in P. pinnata developing seeds during S1 and S2. To
support our results, we have also analyzed the gene expression of some
of the key photosynthetic electron transport genes. PS I and PS II related
gene expression was reported in many green and oil yielding seeds and
it is also considered to be an important factor for embryo development
and fatty acid biosynthesis (Niu et al., 2009; Allorent et al., 2015). The
expression of photosynthetic genes in P. pinnata was higher till S2 after
which there was a steady decline in expression levels indicating very
active photosynthetic process during the initial stages of seed devel-
opment. The temporal induction of ATP synthase subunit gene (atp1A)
could have also contributed for substantial production of ATP which is
needed for the energy productions and fatty acid biosynthesis. The seed
photosynthesis may provide energy for the fatty acid biosynthesis
during subsequent stages and also helps in re-fixing the respiratory CO2

release. The release of O2 through the photosynthesis can aid in redu-
cing NO:O2 ratio, thereby preventing anoxia in seeds during develop-
ment (Borisjuk and Rolletschek, 2009). Active photosynthesis might
also contribute for significant accumulation of storage products in-
cluding protein, starch and other carbohydrates which was evident in
this study with P. pinnata seeds.

Metabolites are considered as very robust and sensitive as they
maintain the seed physiology and storage biochemistry (Weselake et al.,
2009). Understanding the dynamics of metabolic profile among various
stages of development might give new insights into the mechanism of
seed oil biosynthesis with respect to quantity and quality of lipids in
this potential biofuel crop. The stage dependent metabolite changes of
various crops including Oryza sativa, Glycine max and Brassica napus
were recently reported which had enlightened the role of metabolites in
regulating oil biosynthesis, cellular morphology, seed filling and ma-
turity (Tan et al., 2015; Hu et al., 2016; Gupta et al., 2017). We have
detected sugars, organic acids, free fatty acids and amino acids through
our metabolite analysis in developing P. pinnata seed. Sugars and or-
ganic acids take part in energy metabolism thus providing reducing
compounds as well as precursors for fatty acid biosynthesis, cell divi-
sion and differentiation. Among the detected sugars, glucose is utilized
as a signal for cellular multiplication and differentiation while other
sugars like ribose and erythrose take part in nucleotide formation and
energy metabolism such as Calvin cycle. Interestingly, sugars related to
cell wall formation and cell division were higher in S2-S3, for example
NADGA, cellobiose, pyranose and arabinose indicating that the active
stages of cellular division and differentiation are from S1 to S3. Sugars
such as mannose were most abundant in the mature stage S4 and it may
contribute to the production of bioethanol from remaining seed residue
after the extraction of oil. The major organic acid components of TCA
cycle were also detected in the metabolites where, the stage wise
quantitative changes were observed in P. pinnata seeds. The presence of
a flux mode for respiratory energy synthesis through TCA may be the
reason of expression of these metabolites in higher concentration
during initial stages (S1-S3), which in turn can aid the fatty acid bio-
synthesis. Amino acids in the developing seeds contribute in various
metabolic activities including storage protein accumulation, germina-
tion, stress responses and in respiratory catabolic processes to maintain
optimum energy status inside the developing seeds (Miranda et al.,
2001; Galili et al., 2014). Most of the amino acids were abundant in S2-
S3, while glycine and proline which are having stress responsive
characteristics were abundant during S4 providing clues for stress tol-
erance nature of P. pinnata seed as the development progressed (Hayat
et al., 2012; Czolpinska and Rurek, 2018). The other important amino

acids such as glutamate, aspartate, glutamine were also detected which
play a central role in the synthesis of other amino acids during seed
development (Brian et al., 2007; Jander and Joshi, 2009).

Total seed storage protein profile analyzed through 2D gel electro-
phoresis gave the overall picture of stage wise variation in protein ex-
pression and regulation, where some key regulatory proteins have been
successfully identified. The proteins, related specifically to seed devel-
opment are Midasin and ap2 complex subunit alpha which take part in
the development of female gametophyte as well as the cotyledonary
development (Chantha et al., 2010). On the other hand, glycer-
aldehyde-3-phosphate dehydrogenase, a glycolytic enzyme showed
higher expression during younger stages which decreased significantly
at S4 indicating an active cellular mechanism such as glycolysis at
younger stages S1-S2 which gradually decreased with maturation. AT-
Pase subunit beta of photosynthetic electron transport and PEP car-
boxykinase of carbon assimilation metabolism were upregulated at S2-
S3. Our data infers that photosynthesis in P. pinnata seed plays a critical
role in carbon recycling and energy metabolism which is crucial for
fatty acid biosynthesis. Significantly upregulated spots from S1 to S4
included acetyl CoA carboxylase (Accase), the first catalyzing enzyme
of fatty acid biosynthesis and lipid transfer like proteins (LTPs). The
LTPs are low molecular weight (9–10 kD) proteins and have a sig-
nificant role in plant development such as transporting lipids for
membrane biosynthesis, defense responses and vesicular transports (Liu
et al., 2015). A subcellular localization study in seeds also showed the
involvement of LTPs with protein as well as lipid bodies (De O.
Carvalho et al., 2004). In addition, GTP binding protein SAR1b, which
is well known for taking part in vesicular protein traffic from En-
doplasmic reticulum to Golgi leading to storage body formation was
detected in P. pinnata seeds (Memon, 2004). Moreover, recently in liver
cells, phosphorylation of SAR1b had been proven to be an important
step for release of lipid chylomicrons (Siddiqi and Mansbach., 2012).
However, in plants particularly the high oil yielding species like P.
pinnata, it still remains a question to whether this protein carries a role
in the synthesis of lipid bodies.

The accelerating accumulation of oil bodies in developing seeds
could help in determining the best harvest time of P. pinnata seeds.
However, the size and pattern of oil body accumulation during seed
development is important for understanding the dynamics of molecular
regulation behind this process. It was evident from our data that TAG
levels were increased gradually as the seed development progressed and
the fate of most of the TAGs accumulated is to ultimately form oil
bodies (Hills, 2004). The increasing number of oil bodies with ma-
turation suggest that majority of storage product observed were lipids
in P. pinnata seed. The FAMEs composition of biofuel and its blend can
determine its efficiency for fuel capacity (Sbihi et al., 2018; Xiong et al.,
2018). In P. pinnata, the fatty acid composition of accumulated TAGs at
each stage had shown that oleic acid was predominantly incorporated
only after S3 making the seed oil of P. pinnata rich with unsaturated
fatty acids and making it a valuable source of biodiesel which meets all
the standard criteria for biodiesel production (Karmee and Chadha,
2005).

5. Conclusion

Present study highlights the active role of metabolites and some key
proteins in the stage specific regulation of P. pinnata seed development.
The pattern of gene expressions along with metabolites and the pro-
teome data can contribute to possible regulatory networks of cellular
metabolism responsible for synthesis and accumulation of oil in
Pongamia seeds during different developmental stages. Major metabo-
lites and proteins of each stage belonging to various pathways are
identified and their profiles reveal that energy metabolism and cell
division are major processes in S1 and S2 which is followed by rapid
increase in storage products along with oil bodies from S3 to S4. The
TAGs are the major form of lipids in Pongamia oil and we confirmed
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that in mature seeds they contribute to the highest content of oleic acid,
which also concur with high content of unsaturated fatty acid in P.
pinnata making it desirable for biofuel production. These results will
possibly lay the foundation for metabolic engineering of oilseed crops
for improving the quality and quantity of seed oil as a potential feed-
stock in the biofuel industry.
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Pod-wall proteomics provide novel insights
into soybean seed-filling process under
chemical-induced terminal drought stress
Debashree Sengupta,a Divya Kariyat,a Sureshbabu Marriboinaa and Attipalli
R Reddya,b*

Abstract

BACKGROUND: Drought is very detrimental when it occurs during the reproductive phase of soybeans, leading to considerable
yield loss due to the disproportionate allocation of photo-assimilates to competing sinks. As pod walls are known to play a
crucial role in regulating carbon partitioning during seed filling under stress conditions, the present study aims to analyze the
stage-specific carbon allocation pattern during potassium iodide (KI)-simulated terminal drought, and to provide an insight into
the pod-wall proteome responses during drought onset.

RESULTS: A comparative proteomics approach was adopted to visualize the differential protein expression in soybean pod-wall
at stage R5 (seed initiation). Sugar status was analyzed using high-performance liquid chromatography (HPLC) and biochemical
methods. Potassium iodide-simulated terminal drought during reproductive stages 4, 5 and 6 (R4, R5, and R6) caused a
significant decline in starch, total carbohydrate, and reducing sugar in the leaves; however, the pod-wall and seeds showed a
reduction only in the total carbohydrate content, whereas starch and reducing sugar levels remained unchanged. A pod-wall
proteome at stage R5 showed immediate induction of proteins belonging to stress signaling / regulation, protein folding /
stabilization, redox-homeostasis, cellular energy, and carbon utilization and down-regulation of negative regulators of drought
stress and protein degradation-related proteins.

CONCLUSIONS: A KI spray effectively simulated terminal drought stress and caused around 50% yield loss when compared
to controls. Our results indicate that, at the very onset of desiccation stress, the pod wall (stage R5) activates strong protective
responses to maintain the carbon allocation to the surviving seeds.
© 2018 Society of Chemical Industry

Supporting information may be found in the online version of this article.

Keywords: carbon allocation; chemical desiccation; Glycine max; pod wall; seed filling; terminal drought

INTRODUCTION
The productivity of most economically important crops is often
compromised due to adverse environmental conditions, such
as drought, high / low temperatures and soil salinity.1 In general,
to ensure survival under water-limiting conditions, plants channel
most of the assimilates towards root maintenance, while repro-
ductive structures are deprived, leading to early embryo abortion,
reduced seed numbers / weight, and a considerable decrease in
the final yield.2 Analyzing drought stress responses has become
the highest priority for agricultural research, and it is making use
of the latest information regarding complex drought-induced
regulatory mechanisms.3,4 Among various droughts, agricultural
drought, which results from insufficient rainfall, is of particu-
lar interest for plant scientists as it has a major effect on plant
growth and productivity. Moreover, in India, rainfall patterns
are highly erratic and unpredictable leading to droughts and
floods, which result in huge crop losses every year.5 If water
deprivation occurs during crucial reproductive growth stages,
e.g seed-filling, it results in a massive reduction in the crop yield.
Most of the drought-based research focuses on understanding

the key defense responses of plants under water-limiting regimes
of varying intensities including low, medium, and high levels of
stress.6,7 Studies have also investigated and compared the effect
of drought on plant responses at seedling, vegetative, and repro-
ductive stages.2,8 Such extensive research on drought response
in plants has facilitated the current understanding of the com-
plex drought-response mechanism at physiological, biochemical,
and molecular levels. Development of drought-tolerant crop
varieties through modernized crop improvement programs such
as precision breeding and cis-genics approaches are gradually
materializing.9,10 Despite the present scientific understanding of
drought responses, there is still quite a limited understanding of
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the immediate molecular responses of the plant for regulating
resource allocation to developing reproductive structures. On
the other hand, chemical-induced desiccation was reported to
simulate terminal drought effects and has been used in sev-
eral plants including wheat, pearl millet, and soybean for rapid
screening purposes.11–13 To gain an insight into specific regu-
latory mechanisms, it is crucial to have an in-depth analysis of
the KI-induced terminal drought response at the very onset – i.e
within a day after spraying (DASP). The outcomes of such an
analysis could provide new concepts for understanding the
drought-induced regulation of plant physiological and metabolic
plasticity.

Soybean (Glycine max L. Merril) is a highly important crop
legume serving as a rich source of protein and oil because of
its high protein (40%) and oil (20%) content. The importance of
soybean is evident from the extensive research leading to whole
genome sequencing and development of herbicide-tolerant
transgenic soybean for commercial cultivation.14,15 India has lower
soybean productivity than other developed countries. One of the
major reasons for this is the rainfed cultivation system, with uneven
and erratic rainfall patterns. This often causes terminal drought
stress, i.e. water deprivation during the key reproductive stages
of soybeans, which substantially hampers the final grain yield.16

At present, extensive research is being diverted towards soybean
crop development in terms of yield and disease resistance through
breeding and many new hybrid varieties have been developed and
released for cultivation. However, the quest for developing signifi-
cant terminal drought tolerant soybean varieties is still continuing
and, hence, an increasing amount of research is being directed
towards the analysis of terminal drought tolerance strategies in
soybean.

Recent reviews have indicated that the pod walls of leguminous
crops are not merely protecting structures but also play a crucial
role in regulating carbon partitioning to the developing seed
under various adverse environmental conditions.17 Photosynthet-
ically active (green) pod walls act as additional source for nutrients
to the developing seeds and simultaneously perform the action of
active sinks, which are capable of storing remobilized carbon and
nitrogen from senescing leaves or stems under terminal drought
conditions.18 Studies on developmental stage-specific transcrip-
tional profiling of the pod wall showed that the pod’s anatomical
changes, along with chlorophyll concentrations, correlated signif-
icantly with transcription factor expression patterns.17,19 Due to
the strong interrelationship between pod development and seed
size, pod length was even considered as a phenotypic marker for
crop yield.20 Thus, an insight into the pod wall-based molecular
mechanisms in response to terminal drought conditions during
seed-filling stages will provide very useful information regarding
the regulation of seed filling under drought conditions. In the
present study, we aim to understand the proteome responses of
soybean pod walls, occurring within 24 h (or 1 day after spray-
ing) of potassium iodide-induced desiccation, simulating the
initial onset of drought conditions. As far as the authors are
aware, this is the first report analyzing the immediate effect of
KI-induced desiccation on soybean pod wall proteome and its
impact on the final carbon allocation patterns. We believe that
the outcomes of the present study will be crucial for an under-
standing of the initial regulatory aspects of seed filling in soybean
under terminal drought conditions and will also facilitate fur-
ther research for developing terminal drought-tolerant soybean
varieties.

MATERIALS AND METHODS
Plant material and experimental design
Gycine max (L.) Merril var. JS335 (Jawahar Soybean-335), a
semi-determinate and early maturing (99 days) soybean vari-
ety, was used for the present study. The study was carried
out in the greenhouse of University of Hyderabad Telangana
state, Hyderabad, India (17.3∘ 10′ N, 78∘ 23′ E, at an altitude
of 542.6 m above mean sea level). The greenhouse conditions
were as follows: photosynthetic photon flux density (PPFD)
ranged from 900–1200 μmolm−2 s−1, air temperature 24 ± 1 ∘C
(∼5:00–6:00 h) to 36 ± 4 ∘C (∼12:00–14:00 h) and relative humid-
ity 36 ± 5%–48 ± 2%. Seeds were germinated in 2 L capacity pots,
filled with a mixture of red soil and manure. Commercial Bradyrhi-
zobium japonicum in powdered form (Rhizo powder, AgriLife Pvt
Ltd, Medak Dist., Hyderabad, India) was mixed with the seeds
before sowing. Plants were maintained until the initiation of the
reproductive stage (ca. 45 days) under regular watering regimes
in which the pot water holding capacity (PC) was maintained
at approximately 80–90%.21 After stage R1 (initial flowering),
plants were monitored daily to calculate the days post-anthesis
(dpa), and were recorded until stage R8 (supporting information,
Table S1).

For the present study, seed-filling stages, i.e. R4
(pod-elongation), R5 (seed initiation), and R6 (complete seed
filling) were selected for carbon allocation analysis while only
stage R5 was used for proteomics and other molecular analysis.
Terminal drought was simulated by using 0.1% potassium iodide
(KI) as foliar spray, and 100 mL of 0.1% KI was sprayed uniformly
per plant, individually at each stage. Spray treatment was given
to three individual plants at each stage. Controls were sprayed
with equal amount of double distilled water. The present study
was divided into three phases. The first phase was for the confir-
mation of KI acting as a terminal drought simulator. The second
phase analyzed the final impact of stage-specific KI-spray on the
H/S ratio, carbohydrates, and yield parameters. The final phase
marked the major experimental analysis to gain an understanding
of the immediate proteome response of the soybean pod wall
to KI spray. The entire experimental strategy is schematically
represented in the supporting information, Fig. S1.

It has been well documented that KI simulates terminal drought
conditions very effectively and that the development of the stress
effect (in the form of senescence) is gradual.22 For clarity pur-
poses, our experimental design is depicted in three phases. In
phase I, randomly selected plants (n = 6), which all belonged to
stage R5 (seed initiation), were sprayed with 0.1% KI (100 mL), and
another group of stage R5 plants (n = 6) was sprayed with equal
amounts of distilled water, and this group served as controls. Then,
the morpho-physiological effects of KI-spray at 1 and 9 days after
spraying (DASP) were monitored and parameters such as leaf rel-
ative water content (LRWC %), total chlorophyll, and carotenoids
were estimated during the two time points (1 and 9 DASP) apart
from recording the visual leaf pod and seed morphologies. In
phase II, a separate group of plants (20 plants at each of stages
R4, R5, and R6) were maintained for final yield analysis. Ten plants
from each stage were sprayed with 0.1% KI, while the remaining
ten were maintained as controls. Potassium iodide-sprayed plants
from each stage were allowed to grow until stage R8 (or com-
plete senescence) and seeds, pods, roots, and shoots were har-
vested, oven dried at 80 ∘C for 48–72 h and the dry weights were
recorded along with the total number of pods and seeds. The same
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samples were utilized for reducing sugar, starch, and total car-
bohydrate analysis, and high-performance liquid chromatography
(HPLC)-based estimation of glucose, fructose and sucrose.

As we were interested in identifying key regulatory mecha-
nisms acting immediately in response to terminal drought, in
phase III, all experiments were performed during 1 DASP of
KI-spray treatment at stage R5 (n = 6) to obtain information on
the immediate stress response during the seed-filling stages.
Hence, samples were collected at 1 DASP and either submerged
in fixative solutions (for further microscopic analysis) or frozen
in liquid nitrogen and stored in −80 ∘C. In phase III, comparative
pod wall proteomics and scanning electron microscopy were
performed.

Physiological measurements
To identify the immediate impact of KI-induced stress in soybean
during seed filling, we analyzed some of the key physiolog-
ical parameters, at both 1 DASP and 9 DASP of KI (sprayed
during 22 dpa). Plant water status was determined by mea-
suring the leaf relative water content (LRWC %) calculated as:
LRWC (%) = [(FW-DW)/(TW-DW)] × 100, where FW is leaf fresh
weight, TW is the turgid weight (mass after rehydration obtained
by storing leaf samples for 24 h in distilled water) and DW is
oven-dried weight (105 ∘C) of leaves.23 Leaf pigments were
extracted using the dimethyl sulfoxide (DMSO) method accord-
ing to Hiscox and Israelstam.24 Absorbance of the extract was
recorded at 663.2, 646.8, and 470 nm and the amount of Chl a,
b and total carotenoids were calculated according to the fol-
lowing formula: Chl a (μg mL−1): 12.25 × A663.2 –2.79 × A646.8;
Chl b (μg mL−1): 21.5 × A646.8 –5.1 × A663.2; total carotenoids
(μg mL−1):1000 × A470-1.82 × Chl a-85.02 × Chl b.25

Sugars (glucose, fructose, and sucrose) were extracted by follow-
ing the method of Giannoccaro et al.26 with minor modifications.
Briefly, 100 mg of dried and powdered samples was extracted
in 1 mL (1:10 w/v) of milliQ water for 15 min in a rotospin. The
extracted sample was then centrifuged at 13 000 rpm for 10 min at
room temperature and 500 μL of the clear supernatant was trans-
ferred to a fresh Eppendorf. This sample aliquot (500 μL) was then
purified by adding 1.5 mL of 95% Acetonitrile and mixed for 30 min
in the rotospin. The sample was then centrifuged at 13 000 rpm
for 10 min at room temperature. The supernatant was collected in
a fresh tube and was evaporated completely in a drybath set to
95 ∘C. The residue was redissolved in 1 mL of milliQ water and fil-
tered through 0.22 μm filter paper (Millipore, Merck) using syringe
filters. Sugars were separated isocratically through reverse-phase
HPLC using an NH2 column (Shodex-Asahipak NH2P-50-4E) with
acetonitrile : water (70:30 v/v) as the mobile phase. Flow rate was
set to 1 mL min−1 and the absorbance was detected at 190 nm
(UV) using a photodiode array (PDA) detector. Glucose, fructose,
and sucrose peaks were identified through spiking with standards
and the concentrations were calculated using an external standard
calibration method. Calibration curves for glucose, fructose, and
sucrose were made using 0.5, 1, 2, 5, 10, 15, and 20 mg mL−1 con-
centrations and straight line equations were used for calculating
the concentrations from the ‘area’ of the HPLC peaks of the respec-
tive sugars.

To identify the KI spray’s effect on the ultimate yield in terms
of carbon status of the plant, we analyzed the reducing sug-
ars, starch, and total carbohydrates after stage R8, from each
individual KI-sprayed stage (R4, R5, and R6). The total reduc-
ing sugars were estimated using a dinitro-salicylic acid (DNS)
method following Miller.27 Total carbohydrate and starch was

estimated following Hedge and Hofreiter28 using Anthrone
reagent.

Scanning electron microscopy (SEM)
Anatomical changes were observed using SEM by following
the method of Guha et al.29 Freshly harvested pods (stage R5)
samples from control and KI-treated (1 DASP) plants were sepa-
rated into pod-wall, funiculus, and seeds. The pod wall is cut into
smaller pieces and fixed in FAA (formaldehyde acetic acid ethanol)
solution, along with funiculus and seed tissues, and stored at
4 ∘C overnight in 50 mL glass vials. Before SEM analysis, fixed
pod-wall tissues were sectioned (immersed in pre-cooled fixative
solution) longitudinally to obtain 3 × 3 mm inner wall surface.
Similarly, the funiculus tissues were also sectioned longitudinally
(horizontal surface attached to the seeds), and the seed coats
were excised into 3 × 3 mm pieces. All sectioned samples were
stored in fresh fixative at 4 ∘C and then subjected to postfixa-
tion in 2% osmium tetroxide for 2 h followed by dehydration in
graded ethanol series. Following critical point drying, samples
were mounted horizontally in copper stubs using double stick
cellophane tape to observe the pod-wall inner surface, funiculus
surface, and seed-coat inner surface. The mounted samples were
gold-coated in a Polaron sputter coater (Quorum Technologies,
UK).Observation and photography were made with a transmission
electron microscope (JEOL, Tokyo, Japan) fitted with a scanning
attachment (Hitachi S-570, Japan) at 20 kV.

Protein extraction and two-dimensional electrophoresis
(2-DE)
Pod walls from both control and KI-sprayed pods were collected
at 1 DASP, immediately frozen in liquid nitrogen, and stored
at −80 ∘C until protein extraction. Proteins were extracted
as described previously.6 In brief, 6 g of pod wall tissue was
ground to fine powder in liquid nitrogen and suspended in 24 mL
of the extraction buffer consisting of 0.5 mol L−1 tris–HCl (pH
7.5), 0.7 mol L−1 sucrose, 0.1 mol L−1 KCl, 50 mmol L–1 EDTA, 2%
𝛽 mercaptoethanol and 1 mmol L–1 PMSF. Equal volumes (24 mL)
of phenol saturated with tris–HCl (pH 7.5) were added, mixed
for 30 min at 4 ∘C, and centrifuged at 5000 g for 30 min at 4 ∘C.
The upper phenolic phase was collected, and an equal volume of
extraction buffer was added to it. The above step was repeated,
and the upper phenolic phase was re-extracted. Four volumes of
0.1 M ammonium acetate in methanol was added to the collected
phenolic phase and kept overnight at −20 ∘C for protein precip-
itation. The samples were then centrifuged at 10 000×g at 4 ∘C
for 30 min and the precipitate was washed three times in ice-cold
methanol and twice in ice-cold acetone and air dried. The final pel-
let was solubilized in 200 μL of the rehydration solution (8 M (w/v)
urea, 2 M (w/v) thiourea, 4% (w/v), CHAPS, 30 mmol L–1 Dithio-
threitol (DTT), 0.8% (v/v) Immobilized pH gradient (IPG) buffer pH
range 4–7 (GE Healthcare)), and the protein concentration was
determined.

Aliquots of 800 μg protein were mixed with rehydration solution
(8 mol L–1 urea, 2 mol L–1 thiourea, 4% (3-((3-cholamidopropyl)
dimethylammonio)-1-propanesulfonate) (CHAPS), 30 mmol L–1

DTT, 0.8% IPG buffer pH range 4–7% and 0.004% bromophenol
blue) to a final volume of 320 μL and used for 2-DE. Active rehy-
dration of protein (800 μg) was carried out on immobilized pH
gradient (IPG) strips (18 cm, 4–7 pH linear gradient; Amersham, GE
Healthcare (Chicago, United States) for 12 h at 50 V. Rehydration
and focusing was carried out in Ettan IPGphor II GE Healthcare at
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20 ∘C, using the following program: 30 min at 500 V, 3 h to increase
from 500 to 10 000 V and 6 h at 10 000 V (a total of 60 000 Vh).
After isoelectric focussing (IEF), strips were equilibrated twice
for 30 min with gentle rocking at room temperature (25 ± 2 ∘C)
in equilibration buffers. The first equilibration was performed
in a solution containing 6 mol L−1 urea, 50 mmol L–1 Tris-HCl
buffer (pH 8.8), 30% (w/v) glycerol, 2% (w/v) SDS and 2% DTT
and the second equilibration was performed by using 2.5% (w/v)
iodoacetamide instead of DTT. The proteins were separated in the
second dimension SDS-PAGE (12% vertical polyacrylamide slab
gels) using an EttanDalt6 chamber (GE Healthcare). The gels were
stained with modified colloidal Coomassie staining.30 Protein
patterns in the gels were recorded as digitized images using a
calibrated densitometric scanner (GE Healthcare) and analyzed
(spot cropping, correlation among triplicate gels within control
and treated groups, correlation between control and treated
groups, statistical analysis using ANOVA), using Image Master 2-D
Platinum version 7 (IMP7) image analysis software (GE Healthcare).

In gel digestion and mass spectrometry (MS)
In gel digestion and matrix-assisted laser desorption / ioniza-
tion time of flight mass spectrometric (MALDI-TOF MS) analy-
sis was conducted with a MALDI- TOF/TOF mass spectrometer
(Bruker Autoflex III smartbeam, Bruker Daltonics, Germany) accord-
ing to the method described by Shevchenko et al.31 with slight
modifications. Colloidal Coomassie-stained protein spots were
manually excised from three reproducible gels. The excised gel
pieces were destained with 100 μL of 50% acetonitrile (ACN) in
25 mmol L–1 ammonium bicarbonate (NH4HCO3) for five times.
Thereafter, the gel pieces were treated with 10 mmol L–1 DTT
in 25 mmol L–1 NH4HCO3 and incubated at 56 ∘C for 1 h. This
is followed by treatment with 55 mmol L–1 iodoacetamide in
25 mmol L–1 NH4HCO3 for 45 min at room temperature (25 ± 2 ∘C),
washed with 25 mmol L–1 NH4HCO3 and ACN, dried in speed vac
and rehydrated in 20 μL of 25 mmol L–1 NH4HCO3 solution contain-
ing 12.5 ng μL−1 trypsin (sequencing grade, Promega). The above
mixture was incubated on ice for 10 min and kept overnight for
digestion at 37 ∘C. After digestion, it was spun for 10 min and
the supernatant was collected in a fresh Eppendorf tube. The gel
pieces were re-extracted with 50 μL of 0.1% trifluoroacetic acid
(TFA) and ACN (1:1) for 15 min with frequent vortexing. The super-
natants were pooled together and dried using speed vac and
were reconstituted in 5 μL of 1:1 ACN and 0.1% TFA. Two micro-
liter of the above sample was mixed with 2 μL of freshly prepared
𝛼-cyano-4-hydroxycinnamic acid (CHCA) matrix in 50% ACN and
1% TFA (1:1) and 1 μL was spotted on target plate.

MS/MS analysis
Protein identification was performed by database searches
(MS/MS) using MASCOT program (http://www.matrixscience.com)
employing biotools software (Bruker Daltonics, Germany). The
similarity search for mass values was done with existing digests
and sequence information from NCBIprot and the Swiss Prot
database. The taxonomic category was set to Viridiplantae (green
plants) / other green plants. The other search parameters were
fixed modification of carbamidomethyl (C), variable modification
of oxidation (M), enzyme trypsin, peptide charge of 1+, and
monoisotropic. According to the MASCOT probability analysis
(P < 0.05), only significant hits were accepted for protein identifi-
cation. Functional categorization of identified proteins was based
on the UniProt database (www.uniprot.org).

Statistical analysis
Results of the physiological parameters were represented
as mean ± standard deviations (n = 10). The significance of the
differences between mean values of control and KI-sprayed plants
was determined using Student’s t-test. All the statistical analyses
were performed using the statistical package Sigma Plot 11.0. For
proteomic analysis, the ‘pooled sample’ method was followed to
reduce the biological variance and obtain an average sample, in
which six randomly selected plant samples were pooled to one for
each control and KI-sprayed groups.32 Further, from each group,
triplicate gels were run and each gel within the control as well
as treated groups was matched carefully by using IMP7 software,
so that the minimum correlation coefficient (R2) among the gels
within or between groups was > 0.8. A one-way ANOVA (P < 0.05)
was performed by the IMP7 software, which gives a cumulative
ANOVA table and only those spots were selected where P < 0.05.
Further, using the central spot intensity of each spot, we calculated
the respective induction factor (relative fold expression) as a ratio
of central spot intensity of a particular protein under KI treatment
/ central spot intensity of that protein under control conditions;
> 1.5 fold was considered significant up-regulation, < 0.75 as
significant down-regulation.

RESULTS
KI-spray effectively simulates terminal drought stress during
seed filling stages of G. max JS335
Morphologically, KI-spray during stage R5 of soybean develop-
ment caused only minimal senescing symptoms within 1 DASP,
which gradually increased, and significant yellowing of the leaves
was observed at 9 DASP (Fig. 1(a)–(e)). Seed filling was severely
affected by KI spray, so that at 9 DASP the seed size remained sim-
ilar to the initial seed size at the stage R5 with no further develop-
ment (Fig. 1(f )).The KI-induced desiccation effect on seed filling is
similar to terminal drought conditions.33 Drought simulation was
also evident from the LRWC values, which declined by 20% at 1
DASP and around 40% at 9 DASP (Fig. 1(g)). As KI-induced desicca-
tion leads to early senescence, we observed a significant decline
in the total chlorophyll content in the leaves at 9 DASP. However,
the total chlorophyll content was found to be initially enhanced at
1 DASP (Fig. 1(h)). Total carotenoid content was also significantly
increased during 1 DASP, but no significant change was observed
at 9 DASP (Fig. 1(i)).

Effect of stage-specific KI spray on pattern of carbohydrate
accumulation and hexose-to-sucrose ratios
Significantly less total carbohydrate (TC) accumulated in the leaves
of KI-sprayed plants at stages R4, R5, and R6 when compared
to the control. Specifically, 32%, 28%, and 21% less TC content was
observed in stages R4, R5, and R6 KI-treated plants, respectively.
Similarly, 51%, 24%, and 23% lesser starch accumulated in the
leaves of KI treated plants at stages R4, R5, and R6, respectively.
However, reducing sugars (RS %) were found to be significantly
enhanced in the R5 and R6 stage KI-treated plants when compared
to controls, while the RS % remained unchanged in plants treated
with KI at stage R4 (Fig. 2(a)). In the pod wall, TC declined signif-
icantly (P < 0.05) by 25%, 40%, and 30% in stages R4, R5, and R6
KI-treated plants, respectively when compared with control plants.
However, the changes observed in starch and reducing sugar con-
tent were not found to be statistically significant when compared
to controls (Fig. 2(b)). Similarly, in the seeds too, the TC levels
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Figure 1. Morpho-physiological parameters of soybean treated with KI spray during 25 dpa and sampled after 1 and 10 DASP to evaluate immediate
and prolonged KI-induced desiccation effects, respectively. (a) Soybean leaf morphology at 22 dpa under regular watering conditions. (b) Potassium
iodide-sprayed soybean leaf morphology sampled at 1 DASP, showing only slight yellowing (arrow head) at the intravenous space of the leaf lamina and
dark green pigmentation in the rest of the spaces. (c) Control leaf morphology at 9 DASP. (d) Potassium iodide-sprayed (during 22 dpa) leaves, sampled at
9 DASP, showing severe senescence symptoms (arrow head). (e) Comparison of single leaf morphology between control and KI-sprayed leaves, sampled
at 9 DASP. (f ) Seed growth comparison between control and KI-sprayed (during 22 dpa) pods, sampled at 9 DASP, showing complete seed-growth arrest
in the KI-sprayed pods. (g) Leaf relative water content. (h) Total chlorophyll. (i) Total carotenoid content in control and KI-sprayed plants at 1 and 9 DASP.
Values represent means ± SE (n = 3 or 4) and ***P < 0.001, **P < 0.01, and *P < 0.05.

declined significantly by 32%, 28%, and 28% with respect to con-
trols in stages R4, R5, and R6 KI-treated plants, respectively, but the
starch and reducing sugar levels remained statistically unchanged
in comparison to control plants (Fig. 2(c)).

We have also analyzed the glucose (G), fructose (F) and sucrose
(S) levels individually through HPLC. For maintaining the figure
clarity, the statistical significance results for Fig. 2(d), (e) and (f )
are presented in Table 1. We observed that the hexose (F + G)
to sucrose ratio (H/S) was not significantly changed in the leaves
of soybean plant when treated with KI at stages R4 and R5 but
was significantly enhanced with KI treatment during stage R6.
Similarly, fructose and glucose levels were significantly enhanced
in the leaves of stage R4 and R5 KI-treated plants; however, the
change in the sucrose levels with KI treatment in the correspond-
ing stage of development remained insignificant. KI treatment

during stage R6 resulted in a significant increase in the H/S ratio
and a corresponding increase in glucose and decrease in sucrose
content, while no significant change was observed in fructose
levels (Fig. 2(d) and Table 1). In the pod wall, glucose, fructose,
sucrose content and also the H/S ratios were found to be signif-
icantly enhanced with KI treatment at all the stages (R4, R5, R6)
when compared to control plants (Fig. 2(e) and Table 1). Inter-
estingly, in the seeds, the H/S ratio was found to be significantly
less than control seeds. Correspondingly, the sucrose content was
found to be significantly enhanced with KI treatment at each stage.
Fructose content declined in the seeds when the plants were KI
sprayed at stage R4 of development but remained unchanged
with KI treatment at stages R5 or R6. Glucose content also declined
significantly in seeds on KI treatment of the plants at stages R4 and
R5 but remained statistically similar to controls sprayed at stage
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Figure 2. Sugar and carbohydrate alterations with stage-specific KI treatment on G. max JS335, analyzed at the end of stage R8. Total carbohydrate, starch
(mg g−1 DW) and reducing sugar (%) content in the leaves (a), pods (b), and seeds (c) of the control (without treatment), R4 KI-sprayed, R5 KI-sprayed, and
R6-KI sprayed plants. Fructose, glucose, sucrose, and hexose (fructose + glucose) to sucrose ratios in leaves (d), pods (e), and seeds (f ) of control (without
treatment), R4 KI-sprayed, R5 KI-sprayed, and R6 KI-sprayed plants. Values are represented as means of three replicates ± SD, each replicate consisting of
samples pooled from three different plants. In (a), (b), and (c), statistical significance was analyzed by one-way ANOVAs and different capital and small
letters indicate statistically significant difference in TC and starch, respectively, whereas * indicates the statistically significant difference in reducing sugar
with respect to controls (n = 3, P < 0.05).

R6 (Fig. 2(f ) and Table 1).Yield parameters (Table 2) showed that
KI-induced drought stress at stage R5 (seed initiation) resulted in
maximum yield loss.

Immediate response of pod-wall proteome to KI-induced
desiccation
The entire 2D protein profile of the control soybean pod wall
at stage R5 reproducibly detected around 800 protein spots,
which matched significantly in all the three replicate gel (cor-
relation coefficient > 0.8), while the 2D gels from KI-sprayed
pod wall at 1 DASP reproducibly detected around 600 distinct

protein spots, which correlated significantly in the three repli-
cates (correlation coefficient > 0.8) (Fig. 3(a), (b) and supporting
information, Fig. S2). Considering one of the control gels as
the reference, all three replicate KI-treated gels were matched,
which resulted in a significant correlation (correlation coefficient
> 0.8) of around 500 protein spots from each gel (supporting
information, Fig. S3). Among the matched protein spots, only
those were taken for calculating induction factor that showed
significant ANOVA results (P < 0.05). Among the reproducible
protein spots, 20 significantly up-regulated proteins (IF >1.5 fold),
seven down-regulated proteins, and six unchanged proteins
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Table 1. Student’s t-test statistical analysis showing significant dif-
ference with respect to controls for the fructose, glucose, and sucrose
content and H/S ratios in the leaves, pod wall, and seeds of control and
stage-specific KI-treated soybean plants (analyzed after stage R8)

LeafStage of KI
treatment Fructose Glucose Sucrose H/S ratio

R4 ↑** ↑** ns ns
R5 ↑*** ↑↑*** ns ns
R6 ns * ↓*** ↑**

Pod wallStage of KI
treatment Fructose Glucose Sucrose H/S ratio

R4 ↑*** ↑*** ↑*** ↑***
R5 ↑*** ↑*** ↑*** ↑***
R6 ↑*** ↑*** ↑** ↑***

SeedStage of KI
treatment Fructose Glucose Sucrose H/S ratio

R4 ↓* ↓* ↑*** ↓***
R5 ns ↓** ↑*** ↓***
R6 ns ns ↑** ↓***

*P < 0.05, **P < 0.01, ***P < 0.001 (n = 3).

were selected for MALDI-TOF-TOF analysis. Among the 33 protein
spots, 27 spots showed significant hits (P < 0.05) in the MS/MS
analysis (Mascot search). Protein profile from representative 2D
protein profile of soybean pod wall indicating the position of
all the 27 identified proteins is given in Fig. 4(a) and the details
of each identified protein is provided in Table 3. Significantly
up-regulated, down-regulated, and unchanged proteins in the
soybean pod wall within 1 DASP of KI spray were categorized
into five, three, and two major functional groups, respectively.
Up-regulated proteins include signaling / regulatory, cellular
energy, redox-homeostasis, carbon utilization, and protein folding
/ stabilization-related proteins, whereas protein degradation and
ABA responsive negative stress regulator proteins were found to
be down-regulated. Nutrient storage and cytoskeleton-related
proteins remained consistently unchanged (Fig. 4(b), (c)).

Immediate alterations in pod ultrastructure to KI-induced
desiccation
To observe the immediate effect of KI spray on the ultra-structural
components in the carbon allocation pathway from pod to seed,
we observed the longitudinal sections of the pod wall (stage R5)
inner surface, funiculus, and the seed coat inner surface through
scanning electron microscopy. Significant anatomical alterations
in the form of starch granule disruption were observed within
1 DASP of KI spray in the pod-wall inner surface and funiculus

when compared to control plants (Fig. 5(a)–(d)). The funiculus cells
also showed shrinkage when compared to controls. However, no
significant difference could be observed in the inner surface of
the seed coats from control and KI-treated plants within 1 DASP
(Fig. 5(e), (f )).

DISCUSSION
Terminal drought stress leads to significant loss in soybean yield
due to seed and pod abortion.34 The role of the pod wall as a crucial
regulator of reserve accumulation in developing seeds has been
evidenced through various studies.17,35 In the present study, a
chemical desiccation-based simulation of terminal drought effects
was created to carry out a systematic stage-specific study of soy-
bean. Potassium iodide (KI), as a foliar spray for simulating termi-
nal drought stress in soybean had been standardized previously.13

In the present study it was observed that KI treatment during
stages R4 (pod elongation), R5 (seed-initiation), and R6 (complete
seed fill) significantly reduced the pod weight as well as pod
and seed number, which closely simulates the terminal drought
stress effects leading to pod and seed abortions.33 The total car-
bohydrate and starch content in the leaves significantly reduced
upon KI treatment during all three stages stage, which clearly indi-
cates photosynthetic inhibition due to KI induced senescence and
oxidative stress.36 However, reducing sugar levels were found to
be increased upon KI treatment during R5 and R6. This could be
attributed to desiccation-induced osmotic adjustment in the leaf
tissues37,38 and / or enhanced starch degradation.39

On the other hand, the pod wall and seeds of KI-treated plants
during all three stages showed reductions in total carbohydrates
but the starch and reducing-sugar levels remained similar to
those of control plants. This could be due to effective stem
reserve remobilization or to pod photosynthesis.17 Terminal
drought / KI is also known to induce early senescence symp-
toms in the plants.33 It is postulated that senescence is an
‘altruistic’ behavior, as nutrients are remobilized from senesc-
ing leaves to newly developing structures.40 Thus, the observed
maintenance of starch and reducing sugars in pod walls and
seeds in the present study could be the result of a combined
effect of resource allocation from senescing leaves and osmotic
response to dehydration stress. Apart from acting as osmoticum
and nutrient sources, soluble sugars – specifically hexoses and
sucrose – are also known to be involved in metabolic signaling
in the form of hexose-to-sucrose ratios (H/S), to regulate var-
ious plant developmental processes.41,42 However, analysis of
H/S ratio patterns during the final yield could provide informa-
tion regarding the overall stress defense responses of the plant,
with respect to a particular tissue. In the present study, the H/S
ratios of leaves, pod-walls, and seeds were compared among
control and KI-treated plants after stage R8 (after harvest). The

Table 2. Effect of stage-specific KI-spray on G. max JS335 yield component grown under greenhouse condition in 1 L capacity pots, values represent
mean ± SD *P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant (n = 10 for plants, n = 40 for seeds)

Stages of KI spray treatment

Yield component Control(without KI spray) R4 R5 R6

Shoot weight (mg plant-1) 588.3 ± 47.3 443.8 ± 132.5* 243.6 ± 48.7*** 363.5 ± 73.8***

Root weight (mg plant−1) 116.8 ± 16.2 90 ± 24.6ns 25.3 ± 10.6*** 50.2 ± 6.3***

Pod weight (mg pod−1) 84.6 ± 8.4 30.7 ± 4.2*** 23.7 ± 9.8*** 51.5 ± 9.5***

Seed weight (mg seed−1) 78.7 ± 5.0 39.3 ± 11.1*** 26.4 ± 10.7*** 44.9 ± 19.4***
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Figure 3. Two-dimensional protein profile of soybean pod wall at stage R5 under control (a) and KI-treated (1 DASP) conditions (b).

H/S ratio was higher than controls in the leaves and the pod wall
of KI-treated plants but significantly lower in seeds. This could
be due to higher starch degradation, reduced sucrose biosyn-
thesis or enhanced sucrose translocation from the leaves.43 In
case of the pod wall, although sucrose levels were also found
to increase, the corresponding rate of increase in hexoses was
much higher and, hence, an elevated H/S ratio was observed
on KI-induced desiccation. As starch levels were maintained, the
observed high accumulation of hexoses could be attributed to
enhanced rate of sucrolysis.44 Now, a higher H/S ratio during
harvest in stressed plants, could possibly act as an indicator of
effective hexose-mediated osmotic adjustment in these tissues. In
seeds, a very low H/S ratio was observed in KI-desiccated plants,
which was the result of low hexose and high sucrose accumu-
lation under dehydration stress. This could be due to inhibition
of seed-coat associated cell wall invertase or down-regulation
of hexose transporters.45 Moreover, sucrose accumulation
is known to be an effective drought response in developing
seeds.46,47

To investigate the initial regulatory responses of the pod-wall
upon KI-simulated terminal drought stress, we carried out a com-
parative proteomic analysis on stage R5 (seed initiation) KI treated
plants within 1 DASP. Identified proteins were classified into the fol-
lowing functional groups:

• Signaling / regulatory proteins. Among the significantly induced
proteins, the majority were signaling / regulatory proteins. The
most important protein was the 14-3-3 protein, which is a fam-
ily of serine / threonine binding proteins and acts as regulator
of multiple stress-signaling pathways through protein–protein
interaction.48,49 The soybean 14-3-3 protein family was reported
to regulate ABA sensitivity in Arabidopsis.50 Our results are con-
sistent with previous studies, which showed that 14-3-3 pro-
tein (GSGF140) was strongly induced during drought stress.51

In plants, the MAP kinase cascade-based signaling mecha-
nism for transducing extracellular signals to appropriate cellu-
lar response is well established.52 Recently, it was reported that
MAP kinase 3 regulates stomatal response and root growth in
cotton, leading to drought tolerance.53 We observed significant
induction of MAP kinase 3 proteins in soybean within 1 DASP of
KI spray in the pod wall at stage R5.

• Carbon utilization / metabolism and protein folding / sta-
bilization. Rubisco activase (RCA) is an important regulator

of photosynthesis as it helps in enhancing the activity of
the Rubisco enzyme by removing the inhibitory sugar phos-
phates from the enzyme’s catalytic site and also acts as a
chaperonic protein under various stress conditions.54 Rubisco
activase was reported to be down-regulated in the leaves,
hypocotyl and roots of soybean under saline stress.55 How-
ever, in the present study we observed an enhanced expres-
sion of the protein with KI-induced desiccation stress in the
soybean pod wall within 1 DASP. Higher expression of RCA
in the silique wall of Brassica napus, leading to better silique
wall photosynthesis was reported to influence seed oil con-
tent in a positive way.35 Further, both isoforms of RCA pro-
teins were found to be up-regulated under various abiotic
stress conditions in rice leaves.54 The observed up-regulation
of RCA in soybean pod-wall could be attributed to its chaper-
onic function under desiccation stress and also for maintain-
ing the pod-wall photosynthesis. Protein stabilizing / refold-
ing proteins and photosynthesis-optimizing proteins, includ-
ing HSP-70, Rubisco large subunit binding proteins, Kunitz-type
trypsin inhibitor, and carbonic anhydrase were also significantly
induced in the soybean pod wall within 24 h of KI treatment. This
indicates that soybean pod-wall responds to KI-induced desic-
cation as early as 1 DASP by activating its drought-responsive
signaling pathways and oxidative stress-protective enzymes.

• Redox-homeostasis and cellular energy related proteins.
Another interesting protein that was induced in the pod wall of
soybean is ferritin. Ferritin is an iron (Fe)-chelating protein that
plays a crucial role under oxidative stress through rapid removal
of freely available Fe in the cell, which otherwise takes part in
the Fenton’s reaction for producing highly reactive hydroxyl
radicals.56 Our results are consistent with previous studies
where ferritin protein was found to be induced significantly in
various organs of soybean under drought stress.57 Involvement
of various GSTs in the abiotic stress responses of plants for main-
taining redox homeostasis is well documented.58 In Arabidopsis,
the GST protein (U17) was reported to be a negative regulator
of the drought response, in which repression of the above
gene leads to drought tolerance in the plant.59 On the other
hand, a recent study showed that overexpression of tomato
GST (U2) in Arabidopsis confers tolerance against salt and
osmotic stress and the maximum expression of the transcript
was observed in flowers and roots.60 Such differences could be
attributed to variation in stress intensity, developmental stage
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Table 3. Identified pod wall proteins of Glycine max JS335, differentially expressed and unchanged reproducibly when compared
to control within 1 DASP of 0.1% KI spray treatment

Groups S No MatchID. Protein identified Peptide sequences matched Mr/ pI Accession no. S C (%)a Reference organism

MS / MS

score

Up-regulated 1 2 14–3-3 protein 2 K.LAEQAERYEEMVQFMEK.V

K.VSTSLGSEELTVEERNLLSVAYK.N
R.NLLSVAYKNVIGAR.R
R.NLLSVAYKNVIGAR.R
R.LGLALNFSVFYYEILNSPDR.A

29/4.72 P93208 25 Solanum lycopersicum 199

2 365 ATP synthase subunit 𝛽 R.LVLEVAQHLGEGVVR.T

K.AHGGFSVFAGVGER.T
R.IPSAVGYQPTLSTDLGALQER.I

60/5.8 XP_003536650.1 8 Glycine max 250

3 137 Glutathione
S-transferase

R.VPPLTSTSEPPSLFDGTTR.L
R.LYISYICPYAQR.V

27/5.5 NP_001304567.1 13 Glycine max 139

4 316 Rubisco activase 1 R.VPIIVTGNDFSTLYAPLIR.D
K.LVDTFPGQSIDFFGALR.A

52/6.3 Q7X9A0.1 7 Larrea tridentata 141

5 356 ATP synthase 𝛽 subunit K.GRDNSGQEINVTCEVQQLLGNNR.V

R.IFNVLGEPIDNLGPVDTR.T

50/5.35 CAB90076 8 Elaeagnus sp. Chase 2414 150

6 430 Heat shock 70 kda
protein

R.TTPSYVAFTDTERLIGDAAK.N
K.NAVVTVPAYFNDSQR.Q

K.EQVFSTYSDNQPGVLIQVYEGER.A

70/5.2 P11143 8 Zea mays 274

7 243 Adenosine kinase 2 K.VNYYEIDNTPTGTCAVCVVGGER.S
K.VLPYMDYVFGNETEAR.T
R.AGCYAANVIIQRPGCTYPPTPDFH

38/5.3 KHN48251 18 Glycine soja 237

8 423 Carbonic anhydrase K.EAVNVSLQNLLTYPFVK.E

R.VCPSVTLGLEPGEAFTIR.N

35.7/8.9 CAHC_HORVU 10 Hordeum vulgare 55

9 9 Endoglucanase13 R.QEGNPNVIMGALVGGPDRR.D

K.FGLPMAFAVTMLSWSIIK.F

69/5.6 XP_010935663.1 5 Elaeis guineensis 70

10 117 Ferritin-1(Chloroplastic) R.VGKGHGVWHFDQR.L

K.GHGVWHFDQR.L

28/5.7 FRI1_SOYBN 5 Glycine max 124

11 167 14–3-3 protein 2 K.LAEQAERYEEMVQFMEK.V

R.YLAEFKTGAER.K

29/4.7 14332_SOLLC 11 Solanum lycopersicum 90

12 60 Kunitz type trypsin
inhibitor

K.LTGYDNTVPGEFKIEK.A
K.CGHIGIHFDDDGNR.R

23/5.5 XP_003532236.1 16 Glycine max 83

13 133a hypothetical protein
KK1_033456

K.AIREKPQGKQDQGQATDI.- 22/7.0 KYP44995.1 9 Cajanas cajan 80

14 121 mitogen-activated
protein kinase
kinase kinase
Raf34.1

K.EPVMVIVTELLQGGTLRK.Y

K.VDAYSFAIVLWELLHN.K

39.8/8.0 AGA37226.1 12 Brassica napus 94

15 378 Endochitinase R.ETFNQMLLHR.N

R.GFYTYDAFIAAA.R

35.6/6.28 CHI1_GOSHI 5 Gossypium hirsutum 69

16 400 Rubisco large subunit
binding protein
subunit 𝛽

K.AAVEEGIVVGGGCTLLR.L
K.VVAAGANPVLIT.R

62/6.5 RUBB_BRANA 5 Brassica napus 73

17 424 Probable
nucleoredoxin1

R.DLVSLYGADAYPFTEER.I
K.SFGSCSDFTPKLVEVYE.K

64/4.86 XP_003532006.1 6 Glycine max 84

18 425b Probable
nucleoredoxin1

R.DLVSLYGADAYPFTEER.I 65/4.8 XP_003532006.1 2 Glycine max 65

19 326 Eukaryotic initiation
factor 4A-15

R.GIYAYGFEKPSAIQQR.G

R.VLITTDLLA.R

47/5.4 KHN06630.1 7 Glycine max 69

Unchanged 20 26 Actin deplymeri-zing
factor like

K.LGEPAQGYEDFTASLPADECR.Y

R.YAVYDFEYLTEGNVPK.S
R.IFFIAWSPDTSR.V

16/6.15 XP_006586815 35 Glycine max 298

21 220 13S globulin seed
storage protein 2

K.TLTEQDFPFIGDVGLSVIR.V

K.APSYPINPTVQLIYIAR.G

33/5.16 XP_003531302.1 11 Glycine max 275

22 296 Actin-52 K.TSSSVEKSYELPDGQVITIGSER.F

K.SYELPDGQVITIGSER.F

37/5.4 Q96484 6 Solanum lycopersicum 79

23 211 Annexin K.VPAQLPSPLEDSEQLRK.A

K.IAEKAYNDEDLIR.I

35/6.0 NP_001239752.1 9 Glycine max 149

Down-regulated 24 721 WPP domain associated
protein (fragment)

K.HMSKDEMVTYFNNIMTK.M
R.MVSDSVIKGIVSAVEQEAAER.L

96/5.07 WAP_SOLLC 4 Solanum lycopersicum 83

25 746 Actin, partial R.AVFPSIVGRPR.H
K.LSYIALDYEQELETAR.T

37/5.6 AAB40082 8 Glycine max 95

26 652 Arginine decrboxylase K.SSGGLGLQLPLIVR.F

K.VTGPKSSGGLGLQLPLIVR.F

78/5.1 SPE2_ARATH 2 Arabidopsis thaliana 69

27 131 20S Proteasome
subunit 𝛼

R.LYKEPIPVTQLVR.E

EGFEGQISGTNIEIGIIGAD.K

28.3/5.5 BAU02938.1 13 Vigna angularis 78

a SC, Sequence coverage.
b Only one peptide match found (hypothetical protein was excluded from discussion, while spot 425 was considered similar to 424 based on the common peptide match).
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Figure 4. (a) Colloidal Coomassie-stained representative two-dimensional electrophoresis gels showing the protein profile of soybean pod wall at stage
R5. Arrows indicate the reproducibly up-regulated, down-regulated, and unchanged proteins identified through MALDI-TOF-TOF. Numbering of the
proteins in the gels correspond to the match ID numbers given in Table 2. (b) Induction factors (fold change) for the 27 identified proteins. (c) Functional
categorization of the up-regulated, down-regulated, and unchanged proteins of soybean pod-wall in response to KI-induced desiccation stress within 1
DASP.

of the plant and / or protein isoform differences. In our study,
a GST protein was found to be significantly up-regulated in
the pod-wall of soybean within 24 h of KI-simulated drought
conditions, which clearly indicates its involvement in mitigating
the KI-induced oxidative imbalance. Apart from GST, two spots
corresponding to soybean nucleoredoxins were also found
to be induced in the present study. These proteins belong to
the redoxin superfamily of oxidoreductases, which functions
in reduction of oxidized proteins under high cellular reactive
oxygen species (ROS) conditions. Recently, it was shown that
nucleoredoxin activity is required to maintain the integrity
of antioxidative enzyme systems under redox dis-balance.61

Thus, our data demonstrates that soybean pod-wall immedi-
ately triggers the oxidative stress tolerance machinery under
KI-simulated terminal drought onset. In addition to protective
and redox-balancing protein systems, soybean pod walls also
showed rapid activation of proteins related to cellular energy.
Enhanced expression of the ATP synthase 𝛽 subunit in response
to drought and salinity stress has been observed consistently
in all stress response studies, and they help the plant to meet
the stress-induced energy demands.6,62,63

• Protein degradation and nutrient storage related proteins. The
protein-degrading-machinery-related protein 20S proteasome

subunit 𝛼, ABA-responsive negative regulator of drought stress
(WPP domain associated protein), and arginine decarboxylase
(involved in polyamine synthesis under drought stress) were
among the significantly down-regulated protein in the soy-
bean pod wall at stage R5 within 24 h of KI-simulated terminal
drought. Seed storage protein globulin and annexin proteins
remained consistently unchanged in the pod wall at stage R5
within 1 DASP of KI-induced desiccation.

Thus, overall the proteomics-based analysis revealed that, during
seed initiation, soybean pod wall responds rapidly to KI-simulated
terminal drought stress at the very onset (within 24 h) and trig-
gers strong drought-tolerance mechanisms. Despite reduction in
pod and seed numbers, the observed maintenance of starch and
reducing sugar levels in the existing pods / seeds of stressed plants
could be attributed the strong and rapid induction of defense
/ protective responses in the pod-wall. Though starch granule
disruption was observed within 1 DASP of KI treatment, in the
inner pod-wall sections upon SEM analysis, the difference in the
final starch accumulation in pod-wall and seeds (after stage R8)
when compared to controls was found to be insignificant. This
could be attributed to remobilization of carbon reserves at later
stages of KI-induced desiccation from senescing leaves or stems. A
schematic model depicting the overall observations regarding the
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Figure 5. Scanning electron microscopic (SEM) analysis of the ultra-structural variations in the (a) pod-wall inner surface, (b) funiculus longitudinal section,
(c) seed-coat inner surface, in control and 1 DASP KI-sprayed samples during stage R5 of development. A bar represents 20 μm in all the images. PW-I,
pod-wall inner surface; Fun-L, funiculus longitudinal section; SC-I, seed coat inner surface.

Figure 6. Schematic representation of the pod-wall-based molecular mechanisms triggered within 1 DASP of KI spray-induced desiccation, based on
proteomics and gene expression data and their implications for the carbon allocation patterns in the developing seeds of soybean.
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pod-wall-based molecular mechanisms and corresponding car-
bon allocation pattern during the seed initiation stage of soybeans
under KI-simulated terminal drought is summarized in Fig. 6.

CONCLUSIONS
In conclusion, the present study revealed the immediate molecular
responses of soybean pod-wall during the very onset of termi-
nal drought stress with a parallel insight into the stage-specific
postharvest carbon allocation and yield parameters in response
to KI-induced desiccation. This provides key inputs for understand-
ing the initial regulatory mechanisms under terminal drought
stress, which ultimately affect the storage reserve and yield
of soybean and hence would be useful for developing terminal
drought-tolerant soybean cultivars.
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Photosynthetic performance and sugar variations during key reproductive 
stages of soybean under potassium iodide-simulated terminal drought
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Abstract

Importance of utilizing chemical desiccants to simulate terminal drought effects is gradually increasing. In the present 
study, a potassium iodide (KI)-simulated terminal drought stress was imposed during the full bloom (R2), pod elongation 
(R4), and seed initiation (R5) stages of soybean; the KI-induced desiccation effects were assessed at 1, 3, and 5 d after 
spraying (DASP). Plants responded to KI-simulated terminal drought stress within 1 DASP of KI-treatment, in terms 
of photosynthetic and transpiration rates. Seed initiation stage was found to be comparatively tolerant to KI-induced 
desiccation, with respect to chlorophyll degradation and PSII efficiency, which correlated well with the high hexose 
accumulation during this period. The present study provides a basic understanding regarding the stage-specific responses 
of soybean towards KI-simulated terminal drought, with respect to photosynthetic performance and sugar status and a 
correlation between the two traits, which could be useful for developing terminal drought-tolerant varieties.

Additional key words: chemical desiccation; Glycine max; hexose to sucrose ratio; linear regression; photosynthetic carbon exchange 
rate.
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Introduction

Being the major source of edible oil, animal feed and other 
industrial products, soybean [Glycine max (L.) Merril] 
has become one of the most important grain legumes 
worldwide (Pagano and Miransari 2016). In India, 
soybean cultivation area increased from 0.03 Mha in 1970 
to 11.67 Mha in 2016, with a corresponding increase in 
yield from 426 to 737 kg ha–1 (Agricultural Statistics at 
a Glance 2016). One of the major limitations to soybean 
productivity is the rain-fed cultivation system, with 
highly erratic monsoon patterns. Drastic spatio-temporal 
variations in rainfall often cause terminal drought stress, 
i.e., water deprivation during the key reproductive stages, 
which substantially hampers the final grain yield (Daryanto 
et al. 2015). Physiologically, terminal drought effects 
include decreased photosynthetic carbon exchange rates 
(CER), early leaf senescence and maturity, and a reduced 
seed yield (Manavalan et al. 2009). Hence, the ability 
to remobilize stem carbohydrates towards developing 
pods/seeds is the key trait, which determines terminal 
drought tolerance in soybean. Screening and selection 
of cultivars with effective stem reserve mobilization 

marks the first step for subsequent breeding strategies for 
terminal drought tolerance. However, due to variation in 
soil moisture, field screening for terminal drought is quite 
difficult due to lack of uniformity and reproducibility 
of plant responses to the stress factor (Tuberosa 2012, 
Bhatia et al. 2014). Thus, to mimic terminal drought stress 
effects, chemical desiccants, such as potassium iodide 
(KI) were used (Regan et al. 1993, Royo and Blaco 1998, 
Bhatia et al. 2014). KI was reported to act as a contact 
desiccant and rapidly inhibits photosynthesis without 
showing any direct toxic effect to grain filling from the 
translocated carbohydrates (Nicolas and Turner 1993). 
The possible mechanism behind KI-induced desiccation is 
the interference with plant water relations. Hygroscopicity 
of the salt solution was also included as one of the major 
factors causing ʻhydraulic activation of stomataʼ (HAS), 
which affects the stomatal conductance, transpiration rates, 
and ultimately photosynthesis (Burkhardt 2010). Also, 
desiccation leads to osmotic stress and triggers osmotic 
stress-inducible gene expression (Shapiguzov et al. 2005). 
Detailed physiochemical responses of soybean to KI-
induced desiccation, with respect to specific reproductive 
growth stage, are not yet reported. Moreover, for wide 
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scale adoption of the technique, it is necessary to analyse 
and experimentally validate the plant responses to KI-
simulated drought, at both physiological and biochemical 
levels.

As the primary plant metabolic process, photosynthesis 
is the ‘hub’, which controls all other metabolic and 
regulatory functions of the plant system under optimal 
as well as adverse environmental conditions (Lawlor 
and Cornic 2002, Reddy et al. 2004, Ashraf and Harris 
2013, Flexas et al. 2014). During terminal drought, along 
with reduction in CER, leaf senescence is also triggered 
(Samarah et al. 2009, Saeidi and Abdoli 2015). It is 
reported that senescence itself is highly regulated and can 
contribute towards stress tolerance (Munné-Bosch and 
Alegre 2004, Jagadish et al. 2015). Further, sink strength 
variations from flowering (R1–R2) to complete seed fill 
(R5) also regulates the source photosynthetic capacity. 
Hence, KI-based terminal drought stress responses need to 
be analysed carefully with respect to growth stages, taking 
into consideration possible interactions between leaf 
senescence and sink strength. Apart from the actual CER, 
photosynthetic performance of plant is also characterized 
by the PSII efficiency, which is monitored via the 
chlorophyll (Chl) a fluorescence transients (Govindjee 
2004, Boureima et al. 2012, Brestic et al. 2015). In fact, 
monitoring Chl a fluorescence has become one of the 
crucial nondestructive techniques for screening drought 
tolerance in plants, and is used extensively for screening 
purposes (Oukkaroum et al. 2007). Systematic analysis of 
fast kinetics of Chl a fluorescence provides information 
on quantum yield efficiency of PSII, electron transport 
from PSII to PSI, reduction of the end electron acceptor, 
photochemical and nonphotochemical quenching along 
with energy connectivity among PSII units, and stability 
of the oxygen-evolving complex (Strasser et al. 2004, 
Papageorgiou et al. 2007, Stirbet et al. 2018). For a 
complete understanding of the physiological responses of 
soybean to KI-simulated drought stress, it is necessary to 
evaluate the modulations in Chl a fluorescence patterns 
along with CER. Moreover, detailed stage-specific analysis 
of KI-desiccation effects on Chl a fluorescence kinetics in 
soybean has not been reported yet. 

In general, drought stress inhibits photosynthetic rate 
and also disrupts carbohydrate metabolism in leaves, which 
together results in reduced availability of photosynthates 
for sink-translocation and hence, leads to seed abortion 
and yield loss (Nguyen et al. 2010, Lemoine et al. 
2013, Osorio et al. 2014). As terminal drought tolerance 
primarily deals with reserve mobilization, either from 
stem or from senescing leaves, it is inevitable to analyse 
sugar accumulation patterns under KI-simulated drought 
stress. Also, it is evidenced that a sugar status plays a 
regulatory role in determining plant's metabolic responses 
under various adverse environmental conditions (Rosa et 
al. 2009, Smeekens and Hellmann 2014). Abiotic stress-
induced changes in soluble sugars contents are the result 
of alteration in CO2 assimilation, source-to-sink carbon 
partitioning, activity of sugar-metabolizing enzymes 
or expression of specific genes (Gupta and Kaur 2005, 
Baena-González et al. 2007). Hexose (mainly glucose 

and fructose) and sucrose concentrations plays crucial 
signalling roles for regulating metabolic processes in both 
source and sink tissues (Ruan 2012, Lemoine et al. 2013, 
Griffiths et al. 2016). Further, hexose to sucrose ratio (H/S) 
is also implicated as a key signalling factor regulating 
various aspects of plant growth and development, where 
high H/S ratio was reported to favour cell division and the 
low H/S to induce cellular differentiation (Weber et al. 
1998, Koch 2004, Ruan et al. 2010, Eveland and Jackson 
2012). The absolute concentration of leaf sucrose is 
governed by a number of concurrent factors including the 
rate of photosynthesis, photosynthetic carbon partitioning 
between starch and sucrose, sucrose hydrolysis, sucrose 
export rates, and drought-induced disproportions in any 
of the above factors will cause a change in the H/S ratio. 
Hence, it is important to have an insight into the pattern of 
hexose, sucrose, as well as H/S ratio upon KI-simulated 
terminal drought stress during specific reproductive 
stages of soybean. Previous studies have reported that 
under drought conditions, sucrose is accumulated due 
to the reduced activity of sucrose-cleaving enzyme, acid 
invertase. Though hexose concentrations were also reported 
to be enhanced under water deprivation, the amount of 
sucrose accumulation was comparatively higher and as a 
result, the H/S ratios were found to be lower under drought 
conditions (Zinselmeier et al. 1999, Andersen et al. 2002). 
KI-induced desiccation causes early senescence along 
with photosynthetic inhibition and it is known that during 
senescence reduced photosynthesis triggers metabolic 
reprogramming to maintain sugar homeostasis (Biswal 
and Pandey 2018). Hence, it is important to understand the 
stage-specific modulations in hexose and sucrose contents 
under KI-simulated terminal drought. 

In the present study, we aimed to analyse the stage-
specific responses of soybean to KI-simulated terminal 
drought stress from full bloom to seed initiation. 
Soybean response was analysed through modulations 
in the photosynthetic CER, transpiration rate, pigment 
composition, and various PSII efficiency parameters, along 
with the stage-specific sugar accumulation patterns. We 
also aimed to deduce a statistical correlation between the 
sugar status in terms of H/S ratio and the photosynthetic 
efficiency. Outcomes from the present study can provide a 
basic understanding of the usefulness of KI as a terminal 
drought simulator and the stage-specific variations in 
terminal drought response of soybean with respect to 
photosynthetic efficiency and sugar dynamics.

Materials and methods

Plant material and experimental conditions: The 
experimental material used, Glycine max (L.) Merril var. 
JS335 (Jawahar Soybean-335) is a semi-determinate and 
early maturing (~ 99 d) soybean variety, which is widely 
cultivated in India. The study was carried out in the 
greenhouse of University of Hyderabad, Telangana state, 
India (17.3°10'N and 78°23'E at an altitude of 542.6 m 
above mean sea level). The greenhouse conditions were 
as follows: PPFD ranged from 900–1,200 µmol(photon) 
m–2 s–1, air temperature of 24 ± 1°C (~ 5:00–6:00 h) to 
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36 ± 4°C (~ 12:00–14:00 h), and relative humidity of 
36 (± 5)–48 (± 2)%. Seeds were germinated in 2-L pots, 
filled with a mixture of red soil and manure. Commercial 
Bradyrhizobium japonicum in the powdered form 
(Rhizopowder, AgriLife Pvt Ltd., India) was mixed with 
the seeds before sowing. Plants were maintained under 
regular watering regimes till flowering (ca. 45 d). For the 
present study, reproductive stages, i.e., R2 (full bloom), 
R4 (pod elongation), and R5 (seed initiation) were selected 
for the 0.1% potassium iodide (KI) spray treatment, which 
simulates drought stress. Spray treatment (100 mL of 0.1% 
KI per plant) was given to three individual plants at the 
starting of each reproductive stage (R2, R4, and R5) and 
subsequent readings as well as sample collections were 
performed at 1, 3, and 5 DASP for each growth stage. 
Controls were sprayed with equal amount of double 
distilled water and are considered as initial or 0 DASP.

Leaf relative water content (RWC): Fresh mass (FM) 
of leaf samples were recorded immediately after sample 
collection from three different plants of control and treated 
groups. Leaf samples are then rehydrated in distilled 
water at 4°C for 24 h in order to obtain the corresponding 
turgid mass (TM). After recording the TM, leaves were 
oven-dried for 24 h to get the dry mass (DM) values. Leaf 
relative water content was calculated using the formula 
RWC [%] = [(FM) – (DM)/(TM) – (DM)] ×100.

Photosynthetic CER and transpiration rates (E): CER 
and E were measured using Q-Box CO650 CO2 exchange 
measurement system (Qubit Systems Inc., Canada). Mea- 
surements were taken on fully expanded, mature leaves 
of three different plants, after applying a light intensity 
(white light) of 1,200 µmol(photon) m–2 s–1 for 2 min. 
All measurements were taken under atmospheric CO2 
conditions. Photosynthetic CO2-fixation rate (or the 
carbon-exchange rate) expressed as µmol(CO2) m–2 s–1 
was calculated by the LoggerPro software (Qubit Systems 
Inc., Canada) by using the differential CO2 concentration, 
which is the difference between the influx and efflux CO2 
(dif. CO2) following light exposure and the molecular flow 
(MF) rate. Following formulas were used for calculation:
   MF = Flow rate/[22.4 × (273 + Tair)/273]/60 × 10,000/
leaf area,
   CER = dif. CO2 × MF

Transpiration rate (E) was also calculated automatically 
by the software by using the values of reference and 
analytical relative humidity (RH) values. 

Chl a fluorescence transients and flux ratios: Three 
leaves from three different plants were dark-adapted for  
30 min using leaf clips and the fluorescence intensities were 
recorded using a portable Handy PEA (Plant Efficiency 
Analyzer-2126, Hansatech Instruments Ltd., Kings Lynn 
Norfolk, UK). Dark-adapted leaves were illuminated with 
a saturating light impulse of 3,000 µmol(photon) m–2 s–1, 
provided by an array of three light emitting diodes, for  
1 s which is sufficient to ensure closure of all PSII reaction 
centres. The Handy PEA data were analysed using the 
Biolyzer software. Three key PSII flux ratios or quantum 

yield parameters, i.e., (1) TR/ABS (trapping/absorbance), 
which is also denoted as Ф(Po) and calculated as 1 – F0/Fm,  
(2) ET/TR (electron transport/trapping) also denoted 
as ψ(Eo), calculated as 1 – Vj, and (3) RE/ET (reduction 
efficiency/electron transport) or δ(Ro) was calculated as  
(1 – Vj)(1 – Vi), were selected for the present analysis 
which illustrates the PSII efficiency from photon capture to 
the reduction of the end electron acceptor in the thylakoid 
membrane. Further, patterns of nonphotochemical and 
photochemical quenching were also investigated using 
the deexcitation constants Kn and Kp values, respectively, 
which are obtained directly from the Biolyzer software. 
Analysis of Chl a fluorescence transients for O–K and 
O–J phases was performed by normalizing the variable 
fluorescence between O and K, as well as O and J phases 
of the OJIP curve [F1 (50µs) and F3 (300µs) for O–K; F1 
(50µs) to F4 (2 ms) for O–J] by using the Biolyzer software. 
Theoretically, VOK = [(Ft – FO)/(FK – FO)] and VOJ =  
[(Ft – FO)/(FJ – FO)], while the corresponding kinetic 
differences, ΔVOK and ΔVOJ were calculated from the 
normalized data by subtracting the ̒ 1 DASP controlʼ values 
from the fluorescence values of each of the subsequent 
DASP of control and KI-treated groups, to get the L (in 
ΔVOK) and K-bands (ΔVOJ), respectively. Data presented 
are average of three independent replicates.

Chl pigments: Leaf samples (50 mg) were used for 
extraction of pigments by following dimethyl sulfoxide 
(DMSO) method described by Hiscox and Israelstam 
(1979) with minor modifications. Each leaf disc was kept 
in an Eppendorf tube and 2 mL of DMSO was added to 
each vial. Eppendorfs were kept at room temperature under 
dark conditions for 2 d. Then supernatant was removed 
through centrifugation. Absorbance of the supernatant 
was measured at 663.2 and 646.8 nm using UV-Visible 
160A spectrophotometer (Shimadzu, Tokyo, Japan) and 
Chl contents were calculated using the following formula:  
Chl a: 12.25 × A663.2 – 2.79 × A646.8; Chl b: 21.5 × A646.8 – 
5.1 × A663.2 and the results were expressed as mg g–1(FM).

HPLC-based sugar estimation: Sugars (glucose, fructose, 
and sucrose) were extracted by following the method 
of Giannoccaro et al. (2006) with minor modifications. 
Briefly, 100 mg of dried and powdered sample was 
extracted in 1 mL (1:10, w/v) of milliQ water for 15 min 
in a rotospin. The extracted sample was then centrifuged at 
13,000 rpm for 10 min at room temperature and 500 µL of 
the clear supernatant was transferred to a fresh Eppendorf 
tube. This sample aliquot (500 µL) was then purified by 
adding 1.5 mL of 95% acetonitrile and mixed for 30 min 
in the rotospin. Sample was then centrifuged at 13,000 
rpm for 10 min at room temperature. The supernatant was 
collected in a fresh tube and evaporated completely by 
keeping in a dry bath at 95°C. Residue was redissolved 
in 1 mL of milliQ water and filtered through 0.22-µm 
filter paper (Millipore, Merck) using syringe filters. Sugars 
were separated isocratically through reverse phase HPLC 
using a NH2 column (Shodex-Asahipak NH2P-50-4E) 
with acetonitrile:water (70:30, v/v) as a mobile phase. 
Flow rate was set to 1 ml min–1 and the absorbance was 
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detected at 190 nm (UV) using a photodiode array (PDA) 
detector. Glucose, fructose, and sucrose peaks were iden-
tified through spiking with internal standards and the 
concentrations were calculated using external standard 
calibration method. Calibration curves for glucose, fruc-
tose, and sucrose were made using 0.5, 1, 2, 5, 10, 15, 
and 20 mg mL–1 concentrations and respective slope and 
intercepts from the straight line equations were used for 
calculating the concentrations from the ̒ areaʼ of the HPLC 
peaks of the respective sugars.

Statistical analysis and linear regression modelling: All 
physiological measurements and biochemical estimations 
were performed in triplicates. Statistical significance 
between control and treated groups at each sampling time 
of individual reproductive stage were analysed through 
Student's t-test using SigmaPlot 11.0 and significant 
difference having *p<0.05 were considered. Linear regres-
sion models were generated using the average values of 1, 
3, and 5 DASP from control and treated groups for each of 
the three growth stages (n = 18) for the response variable 
CER, E, and H/S using SigmaPlot 11.0. 

Results

KI-simulated terminal drought impact on leaf RWC, 
photosynthetic CER, and transpiration rate (E): As 
KI is known to induce gradual desiccation (Sawhney and 
Singh 2002), we monitored the leaf RWC at 1, 3, and  
5 DASP and correspondingly checked the photosynthetic 
CER and E. In the present study, leaf RWC declined 
gradually from 1 to 5 DASP upon KI spray, for each 
individual stage (R2 to R5), however, the statistically 

significant difference was observed from 3 DASP onwards 
during R2 (Fig. 1A) and at 5 DASP in R4 (Fig. 1B) and 
R5 stages (Fig. 1C). The corresponding CER values were 
significantly reduced to almost 50% of the control during 
1 DASP of KI spray with no further progressive decline 
in the subsequent DASP, upon KI treatment in all three 
stages (Fig. 1D–F). A similar pattern was observed in E, 
which also declined considerably during 1 DASP and did 
not show any progressive decline in all the three stages 
(Fig. 1G–I). 

Effect of chemical desiccation on pigment composition: 
Similar to natural drought conditions, KI treatment also 
enhanced the Chl a/b ratios consistently during 3 and  
5 DASP of KI treatment at R2 and R4 stages (Fig. 2A,B), 
while in the R5 stage, the ratio was significantly higher than 
that of controls from 1 DASP onwards (Fig. 2C). Total Chl 
content declined gradually from 1 to 5 DASP of KI spray 
during R2, R4, and R5 stages of soybean development, 
however, when compared to respective controls, it was 
observed that at 1 DASP, total Chl content was slightly 
higher, but then declined during 3 and 5 DASP (Fig. 2D–F). 
To have further insight into the pigment system efficiency 
upon KI-induced drought stress, we analysed the PSII flux 
ratios or the quantum yields. The TR/ABS or Ф(Po), also 
known as the PSII quantum yield, was found to decline 
at 5 DASP upon KI spray during R2 and R5 stages and at  
3 and 5 DASP during R4 stage (Fig. 2G–I).

Effects of KI spray on quantum yield efficiencies 
and Chl a fluorescence transients: The flux ratio ET/
TR (calculated as 1 – Vj) denotes the quantum yield of 
electron transport from PSII to PSI and is also denoted as 

Fig. 1. Changes in the leaf relative water 
content (RWC) (A–C), photosynthetic 
carbon-exchange rate (CER) (D–F), and 
transpiration rate (E) (G–I) during 1, 3, 
and 5 d after spraying (DASP) of soybean 
plants with KI spray at full bloom (R2), 
pod elongation (R4), and seed initiation 
(R5) stage. Values are means ± SD (n = 3).  
* means significant difference with respect 
to control. *p<0.05.
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ψ(Eo). It was observed that ψ(Eo) declined significantly from 
1 DASP onwards upon KI spray during R2 stage, after  
3 and 5 DASP during R4 stage, and only at 5 DASP during 
R5 stage (Fig. 3A–C). The efficiency of the reduction of the 

end electron acceptor was indicated by the quantum yield 
for reduction efficiency, RE/ET or δ(Ro). Here, we observed 
that δ(Ro) decreased significantly during 3 and 5 DASP of 
KI treatment in both R2 and R4 stages of development  
(Fig. 3D,E). However, δ(Ro) declined only marginally 
at 5 DASP of KI spray during R5 stage (Fig. 3F). The 
photochemical and nonphotochemical deexcitation rate 
constants (Kp and Kn) showed antagonistic response 
upon KI treatment. During R2 and R4 stages, Kp declined 
significantly from 3 DASP onwards when compared to 
controls. On the other hand, Kn was found to be enhanced, 
when compared to respective controls from 3 DASP 
onwards upon KI spray during R2 stage. However, during 
R4, Kn increased significantly during 3 and 5 DASP  
(Fig. 4A–C). Upon KI treatment during R5 stage, Kp 
showed a slight decline during 5 DASP and Kn enhanced 
at the same time (Fig. 4D–F). 

The double normalized variable fluorescence transients 
between O to K phase [(Ft – FO)/(FK – FO)] and the 
corresponding kinetic difference ∆VOK (Fig. 5A–C) with 
respect to 1 DASP control as a reference point, showed 
L-band during 3 and 5 DASP of KI treatment at R2 and 
R4 growth stages, while KI spray at R5 stage showed a 
significant L-band only after 5 DASP. Moreover, during 

Fig. 2. Chlorophyll (Chl) a/b ratio (A–C), total 
chlorophyll content (D–F), and quantum yield 
of trapping (Ф(Po)) (G–I) during 1, 3, and 5 d 
after spraying (DASP) of soybean plants with 
KI spray at full bloom (R2), pod elongation 
(R4), and seed initiation (R5) stage. Values are 
means ± SD (n = 3). * p<0.05

Fig. 3. Effect of KI-simulated drought stress on the quantum 
yield of electron transport from PSII to PSI (ET/TR, ψEo) (A–C) 
and quantum yield for the reduction efficiency of the end electron 
acceptor (RE/ET, δRo) (D–F) during 1, 3, and 5 d after spraying 
(DASP) of soybean plants with KI spray at full bloom (R2), pod 
elongation (R4), and seed initiation (R5) stage. Values represent 
mean ± SD (n = 3). * p<0.05
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R2 stage, L-band at 5 DASP had higher amplitude than that 
at 3 DASP, while during R4 stage, the L-band amplitude 
was higher at 3 DASP. Similarly through O–J double 
normalization [(Ft – FO)/(FJ – FO)] and corresponding 
kinetic difference, ∆VOJ, positive K-bands were observed 
with gradually increasing amplitudes from 1 to 5 DASP 
of KI spray at R2 stage. During R4 stage, KI treatment 
showed positive K-band at 3 and 5 DASP, wherein the 
amplitude for 3 DASP was higher than that of 5 DASP, 
while at R5 stage, a positive K-band was observed only at 
5 DASP of KI-induced drought stress (Fig. 5D–F).

KI effect on stage-specific sugar accumulation and 
H/S ratio patterns: Sugar accumulation was represented 
in terms of hexoses, which indicates the cumulative 
glucose (G) and fructose (F) content, sucrose contents, 
and the corresponding hexose to sucrose ratios (H/S) 
for each reproductive stage under KI-simulated terminal 
drought stress (Table 1). It was observed that hexose 
contents gradually declined with plant development 
from R2 to R5 stage under control conditions, however, 
under KI-simulated drought conditions, this trend was not 
followed. Further, KI-treatment resulted in higher hexose 
accumulation in all stages. Similar to hexoses, sucrose 
contents also progressively declined with reproductive 
development of soybean from R2 to R5 stages under 
non-stress conditions, but not under KI treatment. Also, 
enhanced sucrose accumulation was observed upon KI 
treatment during all stages, however, R2 stage showed 
significantly lesser increment in sucrose contents when 
compared to R4 and R5 stages. Under control conditions, 
the H/S ratio remained more or less stable during 
reproductive development from R2 to R5 stage during 

Fig. 4. The nonphotochemical (Kn) (A–C) and photochemical 
(Kp) (D–F) deexcitation rate constants during 1, 3, and 5 d after 
spraying (DASP) of soybean plants with KI spray at full bloom 
(R2), pod elongation (R4), and seed initiation (R5) stage. Values 
are mean +- S.D. *p<0.05

Fig. 5. Chl a fluorescence transients for O–K and O–J phase 
in soybean leaves upon KI-simulated drought stress during 
full bloom (R2), pod elongation (R4), and seed initiation 
(R5) stages. Kinetic difference of VOK (∆VOK) with respect 
to 1 day after spraying (DASP) control (1 DC) as reference, 
showing prominent L-band (A–C). Kinetic difference of VOJ 
(∆VOJ) with respect to 1 DASP control (1 DC) as reference, 
showing prominent K-band (D–F). Values are average of 
three independent replicates. 
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all observation points. Upon KI-induced desiccation, H/S 
ratio declined significantly in R4 and R5 stages during all 
DASP observed, when compared to respective controls. 
However, at R2 stage, the ratio was higher in comparison 
to controls at 1 DASP, similar at 3 DASP, and slightly 
lower at 5 DASP.

Overall stage-specific sugar accumulation, pigment 
efficiency, and carbon assimilation patterns: Since 
sugar accumulation pattern did not follow any specific 
pattern with progressing DASP of KI spray treatment, 
we analysed the overall (an average of the 3 observations 
points, i.e., 1, 3, and 5 DASP) pattern of sugar accumulation 
and H/S ratio for each individual stage of reproductive 
development. To get a comprehensive overview, along 
with sugar accumulation, we also analysed the pigment 
efficiency in terms of the overall stage-specific total Chl 
content, functional reaction centres (RC/CSo) and the 
quantum yield of energy trapping (TR/ABS) as well as 
the carbon-assimilation efficiency defined with respect to 
quantum yield of electron transport from PSII to PSI (ET/
TR), reduction efficiency for the final electron acceptor 
(RE/ET), and the actual carbon exchange rates (CER) in 
response to KI-induced drought stress. In the present study, 
we observed that hexose (G+F) concentrations showed a 
more or less gradual decline with stage progression from 
R2 to R5 under control conditions. Upon KI treatment, 
hexose contents were enhanced in all stages (Fig. 6A). 
Sucrose contents also declined gradually from R2 to R5 
stage under control conditions. But, with KI-induced 
drought stress, sucrose accumulation increased and was 
found to be significantly higher than that of controls at 
R4 and R5 stages of development (Fig. 6B). On the other 
hand, hexose to sucrose ratios (H/S) were significantly 
lower than that of controls during R4 and R5 stage, 
remained similar to controls at R2 stage (Fig. 6D). Overall, 
the total Chl content declined upon KI treatment during R2 
and R4 but remained similar to controls during R5 stage 
(Fig. 6E). Similarly, the overall RC/CSo declined with KI 
treatment during R2 and R4 but remained stable during R5 

stage (Fig. 6C). On average, the yield determining the light 
capturing efficiency, TR/ABS, remained stable in response 
to KI-induced drought in all growth stages except R2, 
which showed a slight decline (Fig. 6G). Both ET/TR and 
RE/ET declined significantly with KI treatment during R2 
and R4 stages but remained unchanged during R5 stage 
(Fig. 6H,I). The photosynthetic CER showed an overall 
decrease upon KI treatment during all the growth stages 
when compared to controls (Fig. 6F).

Linear regression model for correlating H/S ratio with 
photosynthetic efficiency: In order to deduce a possible 
inter-relationship between the photosynthetic CER, 
stomatal conductance, and leaf H/S ratio, we considered 
the average values for each of the three observation points 
(1, 3, and 5 DASP) under control and KI-treated plants, at 
a particular reproductive growth stage (R2, R4, and R5) 
as dataset (n = 18) and carried out three linear regression 
modelling: (1) between CER and E, (2) CER and H/S, 
and (3) E and H/S using SigmaPlot 11.0. The regression 
analysis depicted that CER vs. E had the highest R2 value 
(0.808), followed by CER vs. H/S (0.473), while E vs. H/S 
showed the minimum R2 value (0.302). All the statistical 
details including correlation coefficients for the regression 
analyses are provided in Table S1 (supplement). The linear 
regression analyses are depicted graphically in Fig. 7A–C. 

Discussion
Dependency on seasonal rains for cultivation of major 
crops, including soybean, often imposes the risk of 
encountering terminal drought stress, which results in  
huge decline in crop productivity (Sadras 2002, Samarah 
et al. 2009). Developing terminal drought tolerant 
varieties through breeding or genetic engineering ap-
proach requires extensive screening for terminal drought 
tolerance traits among cultivars/wild relatives and a 
proper understanding of the underlying physiological, 
biochemical, and molecular mechanisms. At the onset 
of grain filling, chemical desiccation of plant canopies 

Table 1. Pattern of hexose, sucrose accumulation, and hexose to sucrose ratio (H/S) upon KI-simulated terminal drought stress at full 
bloom (R2), pod elongation (R4), and seed initiation (R5) stages of soybean development. Values are means ± SD (n = 3).* indicates 
significance at p<0.05, ns – not significant, DASP – days after spraying. aH/S ratio is represented as the mean(hexose)/mean(sucrose) 
and hence SD and statistical significance are not included.

Parameter Growth stage 1 DASP 3 DASP 5 DASP
Control KI-treated Control KI-treated Control KI-treated

Hexose [mg g–1(DM)] R2 71.6 ± 6.7   99.1 ± 7.5* 78.4 ± 3.6   96.2 ± 5.8* 75.7 ± 8.1 91.5 ± 4.9*

R4 43.5 ± 3.7   45.3 ± 5.1ns 41.7 ± 2.2   55.7 ± 3.6* 47.7 ± 3.4 66.8 ± 4.8*

R5 32.9 ± 2.8 106.5 ± 10.4* 35.0 ± 5.4 106.1 ± 5.7* 30.6 ± 7.3 98.2 ± 3.2*

Sucrose [mg g–1(DM)] R2 9.5 ± 1.1   9.7 ± 0.9ns 9.9 ± 0.6 12.1 ± 0.8* 9.1 ± 1.1 14.0 ± 1.7*

R4 5.0 ± 1.6 34.4 ± 2.3* 5.2 ± 1.5 35.1 ± 3.7* 6.1 ± 2.1 70.4 ± 8.2*

R5 3.4 ± 2.9 41.8 ± 5.8* 4.2 ± 3.1 44.0 ± 1.9* 3.8 ± 3.9 31.5 ± 7.4*

H/S ratioa R2 7.5 10.1 7.9 7.9 8.2 6.5
R4 8.6   1.3 8.0 1.6 7.8 0.9
R5 9.7   2.5 8.2 2.4 7.9 3.1
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was long suggested as a tool for analysing genotypic 
differences in stem reserve-mediated grain filling, when 
current photosynthesis is limited (Blum et al. 1983) and 
KI was reported to act as a contact desiccant (Tyagi et 
al. 2000). Previous studies reported that KI-induced 
desiccation leads to a decreased Chl content, stomatal 

conductance, transpiration, photosynthetic rates, and 
induces early senescence and maturity (Royo and Blanco 
1998, Sawhney and Singh 2002, Bhatia et al. 2014), which 
closely simulates terminal drought stress symptoms and 
hence, is proposed as a potential tool for screening terminal 
drought tolerance in field crops (Nezhad et al. 2012, 
Ongom et al. 2016). Also, drying initiates several major 
alterations in the carbohydrate metabolism, which might 
directly or indirectly correlate with desiccation tolerance. 
Present study involved a detailed stage-specific analysis of 
KI-simulated terminal drought responses in soybean with 
respect to photosynthetic physiology and sugar status.

Soybean is known to be most susceptible to water-
deficit conditions during germination and reproductive 
stages (Liu et al. 2004, Angra et al. 2010). Occurrence 
of drought during full bloom and pod initiation (R2 
and R4) stages of soybean induces flower/pod abortion 
causing significant decline in seed number and the effect is 
irreversible upon return of normal water conditions (Ruan 
et al. 2010), whereas water limitation during seed-filling 
stage (R5) results in seed abortion or low seed mass due to 
reduced photosynthate transfer to these structures (Borrás 
et al. 2004). Usefulness of KI, as a simulator of drought 
stress during reproductive stages, is established in rice, 
wheat, and recently in soybean as well (Singh et al. 2012, 
Kordenaeej et al. 2013, Bhatia et al. 2014). However, 
most of the studies characterizing the use of KI-simulated 
terminal drought stress concentrated on KI impact at a 
final yield stage or 6 to 7 d after spray with a few reports 
examining the plant responses within 1 DASP (Sawhney 
and Singh 2002). No reports have come up till date on 
detailed physiological and biochemical characterization of 
KI-simulated terminal drought responses in soybean.

In the present study, we observed that photosynthetic 
CER and E declined significantly within 1 DASP of KI-
spray treatment, even though the total Chl content quantum 
yield (TR/ABS), Chl a/b ratio, and RC/CSo remained 
unaffected (statistically insignificant) at 1 DASP for all the 
growth stages. As hygroscopicity of chemical desiccants, 
such as KI, was postulated to interfere with plant water 
relations and also the fact that cuticular and stomatal 
pathway for salt entry into plants is possible (Burkhardt 
2010), we can hypothesize that physical deposition of KI 
on leaf surface interfered with stomatal conductance. This 
could be the reason behind the significant decline in CER 
and E after 1 DASP, when the corresponding RWC did 
not decline significantly. This hypothesis is also supported 
by the correlation coefficient analysis from the regression 
between CER and E, CER and H/S, and E and H/S, where 
the correlation coefficient as well as significance was 
maximal for regression between CER and E, followed by 
CER and H/S, while the correlation coefficient between 
E and H/S was the lowest. This supports the hypothesis 
that KI deposition on leaf surface caused closing of 
stomata leading to decrease in CER. At the same time, 
hexose and sucrose contents were also enhanced within 1 
DASP of KI-spray during R2, R4 as well as R5 stages. 
Accumulation of hexoses under drought stress is a 
well-known plant osmotic regulation to withstand the 
decreasing water potential in the tissues (Hare et al. 1998, 

Fig. 6. Stage-specific accumulation patterns of hexose (A), 
sucrose (B), number of functional reaction centres per cross 
section area (RC/CSo) (C), hexose to sucrose ratio (H/S) (D), 
total chlorophyll content (E), carbon-exchange rate (CER) 
(F), quantum yield efficiency of PSII (TR/ABS) (G), quantum 
yield of electron transport from PSII to PSI (ET/TR) (H), and 
reduction efficiency of the final electron acceptor (RE/ET) (I) in 
soybean plants with KI spray at full bloom (R2), pod elongation 
(R4), and seed initiation (R5) stage. Values represent mean ± SD 
(n = 3). *p<0.05
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Liu et al. 2004, Wang et al. 2016), which could be the 
result of higher invertase activity (Andersen et al. 2002, 
Fu et al. 2010) or enhanced starch degradation (Pelleschi 
et al. 1997, Lemoine et al. 2013). Previous studies on 
impact of drought stress on carbohydrate composition 
in soybean showed a significant decline in leaf sucrose 
content (Liu et al. 2004). However, in the present study, 
upon KI-induced desiccation, a significant increase 
in the sucrose content was observed. Higher sucrose 
accumulation with KI-simulated drought stress was also 
reported in wheat (Sawhney and Singh 2002), which 
can be attributed to a number of factors including higher 
partitioning of photosynthates towards sucrose rather than 
starch, impaired translocation of assimilated sucrose to 
sink tissues or utilizing the osmoregulatory functions of 
sucrose under desiccation stress. Also, irritation-induced 
electrical signals were reported to inactivate H+-sucrose 
symporters, which reduces sucrose transport from leaves 
to phloem cells (Sukhov 2016). We can hypothesize 
that a similar mechanism operates under KI-induced 
desiccation resulting in a higher sucrose accumulation. In 
fact, the lowered photosynthetic CER within 1 DASP of 
KI spray, observed in the present study, could be due to 
the high hexose and sucrose accumulation in leaves, which 
is known to suppress photosynthesis through Rubisco 
inhibition (Goldschmidt and Huber 1992). 

When compared to hexose contents, sucrose accu-
mulation was found to be higher under KI-simulated 
drought stress during R4 and R5 stages, resulting in low 
H/S ratio when compared to controls. However, R2 stage 
showed a relatively lesser increase in sucrose leading 

to a higher H/S ratio at 1 DASP, similar at 3 DASP, and 
slightly lower ratio at 5 DASP with respect to controls. 
Comparatively lower sucrose accumulation at R2 stage 
can be attributed to rapid sucrose translocation to newly 
developed flowers at full-bloom stage, which upon gradual 
abortion showed progressive decline in the H/S ratio. It 
has been reported that the water demand in soybean 
during the flowering stage is the highest (Liu et al. 2003, 
Rosolem 2005) and leaf carbohydrate status is implicated 
in regulating the process of flower or pod abortion under 
natural drought conditions (Liu et al. 2004). It has been 
shown that H/S ratio plays a key role in regulating 
reproductive development of plants (Weber et al. 1998). 
A higher H/S ratio favors cell division during early stages 
of reproductive development, while a lower H/S ratio 
(or high sucrose content) is suggested to induce maturity 
and differentiation during later stages (Wang and Ruan 
2013). Drought stress is reported to cause a decline in H/S 
ratio in pod and flowers of soybean, which was assumed 
to be one of the factors for pod/flower abortion due to 
reduced cell division (Liu et al. 2004). Importance of H/S 
ratio in leaf apoplasm has been described for mediating 
hormone-regulated leaf senescence, wherein a decreased 
H/S ratio due to lower cell wall invertase (CWIN) activity 
in the leaf apoplasm was hypothesized to trigger abscisic 
acid-mediated leaf senescence along with induction 
of cysteine protease genes (Ruan et al. 2010). As KI-
simulated terminal drought stress is known to induce early 
senescence symptoms in plants, our results support the 
above hypothesis. In order to analyse whether H/S ratio 
correlates with photosynthetic CER during reproductive 

Fig. 7. Scatter plot for the linear regression 
analysis between carbon-exchange rate (CER) 
and transpiration rate (E) (A), hexose to 
sucrose ratio (H/S) and E (B), and CER and 
H/S (C).
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development of soybean, we made a simple regression 
analysis using H/S ratio as the independent and CER as the 
dependent variable. A highly significant positive correlation 
was observed between the two parameters. Though the R2 
for the regression was only 0.473, it was highly significant 
as the P value was 0.002, i.e., P<0.01. Sugar signals, 
especially hexose and sucrose, and/or H/S ratio-based are 
constantly found to be involved in modulating various 
photosynthesis-related parameters (Goldschmidt and 
Huber 1992, Iglesias et al. 2002, Lemoine et al. 2013). The 
actual concentrations of independent total hexose (glucose 
+ fructose) and sucrose also correlated significantly with 
CER, just as H/S ratio. However, as the main objective 
of the present study was to show the role of H/S ratio, 
only the H/S and CER regression analysis is shown here. 
Hence, the present statistical correlation and modelling of 
H/S-based regulation of CER indicates that H/S ratio along 
with actual concentrations of hexose and sucrose plays a 
role in modulating photosynthetic performance of plants 
under terminal drought. Further validation of the model 
will require large-scale experimental inputs in this regard.

A strong inter-relationship exists between sink 
demand and source supply, which regulates the overall 
photosynthetic performance of plants during various 
growth stages (Paul and Foyer 2001). For a careful investi-
gation of the KI-simulated terminal drought stress on stage-
specific photosynthetic responses, Chl a fluorescence 
transients and quantum yield (flux ratios) were monitored 
simultaneously with CER and sugar status dynamics. 
The KI-induced senescence effects were evidenced in the 
present study by the observed gradual decrease in total 
Chl content. Lower energy connectivity among PSII units 
(higher L-band) and disrupted oxygen-evolving complex 
(higher K-band) were previously implicated as severe 
drought stress effects (Sengupta et al. 2013, Kalaji et 
al. 2016, Falqueto et al. 2017) and in the present study 
positive L and K-bands were observed during 3 and  
5 DASP of KI spray at R2 and R4 stages, while only at 
5 DASP (with comparatively lower amplitude) during R5 
stage. Also, the quantum yield for electron transport from 
PSII to PSI, efficiency of reduction of the end electron 
acceptor and PSII quantum yield were significantly affected 
during KI-simulated terminal drought stress at R2 and R4 
stages, but not R5 stage. Similar results were reported in 
wheat leaves in response to salt stress (Mehta et al. 2010). 
Our data demonstrates that KI-induced desiccation created 
a progressive damage to PSII stability during all the three 
stages, however, R5 stage exhibited relative tolerance. 
The observed maintenance in PSII efficiencies in R5 stage 
during 1 and 3 DASP of KI treatments correlated with the 
comparatively higher hexose accumulation during this 
period, which might act as osmoticum for tolerating the 
KI-induced desiccation damage at R5.

In conclusion, the present study demonstrated that 
soybean responded to KI-simulated terminal drought 
stress within 24 h of treatment, however, the desiccation 
impact was progressive in nature. Also, the H/S ratio 
could act as a key predictor of photosynthetic CER during 
reproductive stages of soybean under terminal drought 
stress. Further, seed initiation stage (R5) was found to be 

comparatively tolerant to KI-induced terminal drought 
stress with respect to Chl degradation and PSII efficiency, 
which correlated well with high hexose accumulation 
during this period. Outcomes from the present study not 
only elaborated the usefulness of utilizing KI spray as an 
agent for simulating terminal drought stress in soybean 
but also provided information on stage-specific response 
of soybean to terminal drought stress and highlighted the 
importance of the H/S ratio in predicting photosynthetic 
efficiency during terminal drought stress. However, future 
research is required to establish the molecular mechanisms 
underlying such physiological responses to KI-simulated 
terminal drought stress.
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Abstract
The expression analysis of GhNAC4, a NAC (NAM, ATAF1-2, and CUC2) domain-containing transcription factor of the 
upland cotton, Gossypium hirsutum was carried out. Its expression was up-regulated by abscisic acid, cytokinin, methyl 
jasmonic acid, gibberellic acid, auxin, and ethylene. Its expression was also highly induced by drought, osmotic, oxidative, 
salinity, high and low-temperature stresses, and wounding. To corroborate these observations, we cloned the promoter of 
GhNAC4 and fused it transcriptionally with uidA (GUS) gene for studies in transgenic tobacco. Fluorometric GUS analysis 
of the transgenic plants revealed that it is also induced by various phytohormones and environmental stresses. The spatio-
temporal analysis of the GhNAC4 promoter revealed that GUS expression was active in all stages of plant development 
including the reproductive organs. In the mature plant, the GhNAC4 is expressed at a higher level in vascular bundles and 
guard cells. We also observed intense expression in other cells upon wounding. These observations were supported by a 
detailed bioinformatic analysis of the GhNAC4 promoter for identifying the cis-acting elements that are associated with the 
regulation of gene expression in a tissue-specific and induced manner.

Key message 
GhNAC4 gene is induced by phytohormones and environmental stress treatments in cotton. It is expressed throughout a 
mature plant, including the reproductive organs, vascular bundles, and guard cells.
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Introduction

NAC (NAM, ATAF1-2, and CUC2) transcription factors 
(TFs) constitute one of the largest plant-specific TF super-
families with more than 100 members in Arabidopsis, 
rice (Nuruzzaman et al. 2010), Populus (Hu et al. 2010), 
soybean (Le et al. 2011) and foxtail millet (Puranik et al. 
2013).

A typical NAC TF carries two domains—a conserved 
N-terminal domain and a highly divergent C-terminal 
domain (Olsen et  al. 2005). The N-terminal domain 
is essential for the DNA binding property of NAC TFs 
(Ernst et al. 2004), while the C-terminal domain is vital for 
the trans-activating property of NAC TFs (Stender et al. 
2015).

Previous studies have shown that NAC TFs play essen-
tial roles in regulating a wide variety of biological pro-
cesses such as shoot apical meristem development (Souer 
et al. 1996), seed development (Sperotto et al. 2009), leaf 
senescence (Guo and Gan 2006), flower development 
(Sablowski and Meyerowitz 1998), fiber development 
(Ko et al. 2007), abiotic (Hu et al. 2006) and biotic stress 
responses (Nakashima et al. 2007).

Promoters of only a few NAC TFs from Arabidopsis and 
rice have been characterized for their induction and locali-
zation patterns so far. OsNAC6 promoter-GUS fusion was 
induced by abscisic acid (ABA), jasmonic acid and various 
environmental stresses. Its promoter sequence exhibited 
different cis-acting elements that are known to be involved 
in responses to environmental stresses (Nakashima et al. 
2007). OsNAC5 promoter was induced by ABA and was 
localized to roots and leaves under ABA and NaCl treat-
ments (Takasaki et al. 2010). The expression patterns of 
the SNAC1 promoter was observed in callus, root, leaf, 
guard cells, ligule, stamen, and pistil (Hu et al. 2006). The 
promoter-GUS fusion of NST1 localized to the anthers, 
filaments of stamens, carpels and vascular bundles of the 
leaf, while NST2 was mostly localized to anther wall and 
pollen grains (Mitsuda et al. 2005). ANAC012 was mainly 
localized to the vascular bundles, especially in the (pro)
cambium region, xylem parenchyma cells along with shoot 
apical meristem (Ko et al. 2007).

In a genome-wide analysis, Sun et al. (2018) identi-
fied 283 NAC genes in Gossypium hirsutum, 147 in G. 
arboreum, 267 in G. barbadense, and 149 in G. raimon-
dii. They have analyzed the expression of NAC TFs in 
G. hirsutum and identified that 38 and 124 NAC TFs 
were particularly important in fiber development and 
stress responses, respectively. They also identified the 
motifs enriched in these NAC TFs promoters. In another 
study, the promoters of GhNAC8–GhNAC17 were isolated 
using genome walking and the cis-acting elements were 

predicted (Shah et al. 2013). To the best of our knowl-
edge, the spatio-temporal localization of NAC TFs has 
not been carried out so far in cotton species. Hence, a 
GUS-reporter-aided approach was adopted to elucidate 
the promoter activity of GhNAC4, a NAC TF which is 
highly up-regulated during drought treatment (Meng et al. 
2009) as a step in this direction. The promoter region was 
cloned, and the cis-acting elements were predicted. The 
histochemical analysis of GhNAC4 expression was under-
taken through promoter-GUS fusion in tobacco, which 
showed that it is active in most parts of the transgenic 
plant including reproductive tissues. In the mature plant, 
the expression was also seen at higher levels in vascu-
lar bundles and guard cells. The expression analysis of 
GhNAC4 and induction of GhNAC4 promoter under vari-
ous environmental and phytohormonal treatments showed 
that the gene is differentially regulated suggesting a unique 
expression pattern during cotton growth and development.

Materials and methods

Plant material

Cotton (Gossypium hirsutum var. JK Durga) seeds were sur-
face sterilized, germinated and grown for 2 weeks on sterile 
filter paper (Whatman no. 1) placed on top of half-strength 
Murashige and Skoog (1962) medium, denoted as 0.5 × MS 
salts.

Phytohormonal and stress treatments

Treatments were given as described by Wang et al. (2005) 
with minor modifications. For hormonal treatments, the filter 
paper (Whatman no. 1) on which the seedlings were grown 
was moistened singly with 100 µM abscisic acid (ABA), 
100 µM methyl jasmonic acid (MeJA), 100 µM salicylic acid 
(SA), 20 µM 6-benzyl aminopurine (BAP), 20 µM gibber-
ellic acid  (GA3) or 20 µM indole-3-acetic acid (IAA) and 
incubated for 24 h prior to sampling. As controls, untreated 
seedlings on filter paper moistened with water having the 
same quantity of sodium hydroxide or ethanol used for dis-
solving the hormones were also used. Ethylene treatment 
was carried out for 24 h by placing the seedlings on filter 
paper in a sealed container. Ethephon (Etherel 40%, HiMe-
dia Laboratories, India) was added to the box and diluted to 
a final concentration of 10 ppm in distilled water. Seedlings 
in a similar container having air were used as control.

High salt and osmotic stresses were induced by moisten-
ing the filter paper (Whatman no. 1) with 0.25 M NaCl and 
0.3 M mannitol separately and the seedlings were allowed to 
grow for 24 h. Oxidative and drought stresses were induced 
by moistening the filter paper with 10 µM methyl viologen 
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(MV) and 15% (w/v) polyethylene glycol (PEG) 8000 indi-
vidually, followed by incubation for 24 h. Air drying stress 
was carried out by placing the seedlings on the surface of 
dry filter paper for 30 min. Flooding stress was achieved by 
immersing the seedlings in distilled water for 24 h. Wound-
ing stress was provided by squeezing the leaves with a for-
ceps and harvesting them after 30 min. Combination of dark 
and cold treatments was given by wrapping the seedlings 
in aluminum foil and incubating at 4 °C for 24 h, while 
the dark treatment was carried out at 25 °C for 24 h. High-
temperature stress was achieved by subjecting the seedlings 
to 42 °C for 12 h. Following all the treatments, the leaves 
were quick-frozen in liquid nitrogen to analyze the expres-
sion levels of GhNAC4 gene.

To determine the degree of promoter activation,  T2 
tobacco seedlings were subjected to different hormonal 
treatments and environmental stresses following the same 
methodology as applied to cotton seedlings.

RNA isolation and real-time quantitative PCR

Total RNA was extracted from the leaves of control and 
treated cotton seedlings by the CTAB (Cetyltriethylammo-
nium bromide) extraction procedure as described by Chang 
et al. (1993). One µg of total RNA was used for synthesizing 
the first-strand cDNA using RevertAid first strand cDNA 
synthesis kit (Thermo Fischer Scientific, USA) following 
the manufacturer’s instructions. The constitutively express-
ing Ubiquitin gene (GhUBQ7, GenBank Accession No. 
DQ116441) of cotton was used as an internal reference gene. 
The primer sequences used to amplify the internal regions 
of GhNAC4 (NAC4-RTF and NAC4-RTR) and GhUBQ7 
(UBQ7-RTF and UBQ7-RTR, Kuppu et al. 2013) are men-
tioned in Supplementary Table 1. The fold change was 
determined using the ∆∆CT method (Livak and Schmitt-
gen 2001). The experiments were performed in triplicates, 
and two independent biological replicates were used in the 
analyses.

Isolation and cloning of GhNAC4 promoter 
from cotton

The full-length CDS of GhNAC4 (GenBank Accession 
Number EU706342.1) was used as a query to retrieve 
the 5ƍ-upstream sequence from Phytozome (https ://phyto 
zome.jgi.doe.gov/). Genomic DNA was used as a tem-
plate for PCR amplification of the DNA fragment. The 
primer sequences (GhNACPRO-F, GhNACPRO-R) used 
for the amplification are mentioned in Supplementary 
Table 1. The amplicon was cloned into the promoter-less 
vector pCAMBIA 1381Z (Cambia, Australia) to generate 
a fusion gene having 5ƍ upstream region of GhNAC4 and 
uidA gene  (pPROGhNAC4:GUS). This construct was used 

for Agrobacterium tumefaciens (strain EHA105) mediated 
tobacco transformation.

Generation of transgenic tobacco plants

Transgenic tobacco plants carrying the  PROGhNAC4:GUS or 
empty pCAMBIA 1381Z (vector control) were generated 
using the standard Agrobacterium-mediated leaf disc trans-
formation method as described by Horsch et al. (1985).

Histochemical localization and "uorometric 
measurement of GUS activity

β-glucuronidase(GUS) activity was assayed as described by 
Jefferson (1989) with minor modifications. For histochemi-
cal staining, the tissues were vacuum infiltrated with the 
solution containing 1 mM X-Gluc (5-bromo-4-chloro-3-
indolyl-β-D-glucuronide), 1 mM potassium ferrocyanide, 
1 mM potassium ferricyanide, 1 mM EDTA and 0.1% Triton 
X-100 in 50 mM phosphate buffer (pH 7.0) and incubated 
at 37 °C for 12–14 h in the dark. After staining, they were 
fixed in a solution containing 4% formaldehyde in 50 mM 
phosphate buffer (pH 7.0) for 12 h at 4 °C and subsequently 
cleared in 70% ethanol. Photographs were taken using 
M165 FC and DM6B microscopes (Leica Microsystems, 
Germany).

For the fluorometric assay, the tissue was homogenized 
in 400 µL GUS extraction buffer containing 10 mM EDTA 
and 0.1% Triton X-100 in 50 mM phosphate buffer (pH 7.0). 
After centrifugation at 12,000 rpm (4 °C) for 15 min, 5 µL 
of homogenate was diluted with 95 µL of extraction buffer 
and mixed with 100 µL of extraction buffer having 2 mM 
4-MUG (4-methyl-umbelliferyl-β-D-glucuronide, Duch-
efa, Netherlands) and incubated at 37 °C for 1 h. The reac-
tion was terminated by adding 1.8 mL of 200 mM sodium 
carbonate. Total protein concentration in the homogenate 
was assessed by Bradford method (Bradford 1976) with 
bovine serum albumin as standard. Fluorescence (excita-
tion 363 nm, emission 447 nm) was determined by Infinite 
200 plate reader (Tecan, Switzerland) and GUS activity 
was expressed as pmol of 4-MU (4-methyl-umbelliferone, 
Sigma, USA) per µg protein per min. 4-MU in the range of 
20 nM to 100 µM was used to generate a standard curve. 
Each MUG assay was performed in triplicate and repeated 
three times.

Bioinformatics analysis of GhNAC4 promoter 
sequence

The transcription start site was predicted by the Softberry 
database (Shahmuradov et al. 2017, www.softb erry.com) 
using the default settings. A search for the putative cis-acting 
regulatory elements in the promoter sequence was conducted 

https://phytozome.jgi.doe.gov/
https://phytozome.jgi.doe.gov/
http://www.softberry.com
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using the PlantPAN 2.0 (Chang et al. 2008, http://plant pan2.
itps.ncku.edu.tw/), PLACE (Higo et al. 1999, https ://www.
dna.affrc .go.jp/PLACE /) and PlantCARE (Lescot et al. 2002, 
http://bioin forma tics.psb.ugent .be/webto ols/plant care/html/) 
databases. Only statistically significant motifs (P value > 0.9) 
were selected.

Statistical analysis

All experiments were repeated at least three times, and the 
data were expressed as the mean ± SE. Data were analyzed 
by one-way analysis of variance (ANOVA) using SigmaPlot 
11.0 software. ***P < 0.001, **P < 0.01 and *P < 0.05 rep-
resent significant differences at 0.1, 1 and 5% level respec-
tively. ‘ns’ represents no significant difference.

Results and discussion

Responsiveness of GhNAC4 gene to treatments 
with phytohormones and environmental stresses

To gain an insight into the impact of environmental stresses 
and phytohormones on the expression of GhNAC4, real-time 
expression analysis was carried out. Figures 1 and 2 dem-
onstrate that GhNAC4 responded differentially to several 

phytohormones and environmental stresses. GA3 and BAP 
enhanced its expression by ~ 11.5 and 10.4 folds, respec-
tively. The GhNAC4 transcript levels were also up-regulated 
by MeJA and ABA to ~ 7.8 and 6.9 folds, respectively. IAA 
enhanced the expression by ~ 5.4 folds. However, other hor-
mones like ethylene and SA triggered only a low level up-
regulation of GhNAC4 expression (~ four folds). ABA modu-
lates plant abiotic stress responses, while MeJA, SA and 
ethylene play central roles in biotic stress responses. Role 
of auxin and cytokinin during environmental stress response 
is also emerging (Bielach et al. 2017). Cross-talk between 
various phytohormones results in antagonistic or synergis-
tic interactions, which are necessary for plant response to 
environmental stress (Peleg and Blumwald 2011). Induction 
of expression of GhNAC4 by these hormones suggests that 
the expression of GhNAC4 is a possible node connecting 
multiple hormone signaling pathways. 

The polyethylene glycol (PEG) induced drought stress 
treatment resulted in very high up-regulation of GhNAC4 
expression (~ 184 folds). Other abiotic stress treatments 
like high salinity and osmotic stresses also led to its high 
up-regulation (~ 43.6 and 58.7 folds respectively). Robust 
up-regulation of GhNAC4 transcripts was also observed in 
air-drying and methyl viologen (MV) treatments (~ 10.2 and 
14.5 folds). MV is known to generate ROS such as  H2O2, 
which are important signaling molecules during environ-
mental stress tolerance (Bhattacharjee 2005). Upregulation 

Fig. 1  Expression patterns of GhNAC4 transcript in response to vari-
ous phytohormones. qRT-PCR expression analysis of the GhNAC4 
gene in G. hirsutum leaves after ABA, MeJA, SA, 6-BAP,  GA3, IAA, 
or Ethephon treatment. Two weeks-old cotton seedlings incubated 
for 24 h under the treatment were used in the analysis. The mRNA 
levels of GhNAC4 gene were normalized with that of Ubiquitin gene, 
GhUBQ7. The data are shown as the mean ± SE (n = 3). A statisti-
cal analysis with one-way ANOVA indicates significant differences 
(**P < 0.01, ***P < 0.001, ns not significant). ABA abscisic acid, SA 
salicylic acid, GA3 3-gibberellic acid, MeJA methyl jasmonic acid, 
BAP 6-benzyl aminopurine, IAA indole-3-acetic acid

Fig. 2  Expression patterns of GhNAC4 transcript in response to 
various environmental stresses. qRT-PCR expression analysis of the 
GhNAC4 gene in G. hirsutum leaves after salt, mannitol, drought, 
methyl viologen, high temperature, air drying, submergence, wound-
ing, dark or combination of dark and cold treatment. Two weeks-
old cotton seedlings were used in the analysis. The mRNA levels 
of GhNAC4 gene were normalized with that of Ubiquitin gene, 
GhUBQ7. The data are shown as the mean ± SE (n = 3). A statisti-
cal analysis with one-way ANOVA indicates significant differences 
(***P < 0.001, ns not significant)

http://plantpan2.itps.ncku.edu.tw/
http://plantpan2.itps.ncku.edu.tw/
https://www.dna.affrc.go.jp/PLACE/
https://www.dna.affrc.go.jp/PLACE/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
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of GhNAC4 by MV suggests that it might be involved in the 
regulation of ROS-scavenging mechanism, playing a possi-
ble role in stress signaling pathway. Dark treatment caused 
~ 6.2 folds increase in its expression and when this treatment 
was supplemented with low temperature, the expression was 
enhanced by ~ 19.4 folds suggesting an additive effect of 
the combination of two treatments. High temperature and 
wounding also increased GhNAC4 expression by ~ 6.1 and 
5.7 folds, respectively. The above expression profile suggests 
that fine-tuning of GhNAC4 induction may require elabo-
rate cross-talk between various signaling pathways via the 
involvement of phytohormones in cells.

Several NAC TFs are up-regulated by phytohormones 
and stress treatments. Furthermore, they function in diverse 
signaling pathways (Erpen et  al. 2018). Auxin induces 
AtNAC1 expression during lateral root formation (Xie et al. 
2000). The expression of fine-stem stylo NAC TFs, SgNAC1 
and SgNAC2 showed significant upregulation during cold 
stress (Zhan et al. 2018). The expression of rice OsNAC6 is 
induced by ABA, JA, cold, drought, high salinity treatments 
and wounding (Ohnishi et al. 2005). Expression of tomato 
SlNAC11 is induced by heat, dehydration and cold (Wang 
et al. 2017). Expression of wheat TaNAC4 is up-regulated 
by ethylene, MeJA and ABA, cold, wounding and high 
salinity treatments (Xia et al. 2010). Various NAC TFs such 
as SlNAC3 and SbSNAC1 are also induced by drought and 
salinity (Al-Abdallat et al. 2015; Lu et al. 2013). Upregula-
tion of GhNAC4 by multiple stresses such as drought, salin-
ity stress, osmotic stress, ROS, and wounding suggests it 
might play a potential role in multiple environmental stress 
signaling pathways.

Sequence analysis of GhNAC4 promoter

A DNA fragment of 1612 bp corresponding to the upstream 
regulatory region (− 1492 bp to + 119 bp) of the GhNAC4 
was amplified from G. hirsutum genome. The composition 
of the GC content of GhNAC4 promoter was 29.9%, which 
is as per the observed range for a plant promoter (Joshi 
1987). The putative transcription start site (TSS) was located 
119 bp upstream of the ATG translation start codon, which 
was consistent with the features of a eukaryotic promoter as 
shown in Supplementary Figure 1. The predicted TATA box 
was located 16 bp upstream of TSS, and a CAAT box was 
located 179 bp upstream of the TATA box.

Generation and analysis of tobacco transgenics 
of  PROGhNAC4:GUS

To evaluate the promoter activity of GhNAC4 gene, a total of 
12 hygromycin resistant  T0 plants were generated and were 
confirmed by genomic PCR (GhNACPRO-F, GhNACPRO-
R and HptII-F, HptII-R; Supplementary Table  1). To 

eliminate the effect of gene copy number on GUS activity, 
only single copy  T1 progenies, P7, P9, and P17 were used 
for further generation of  T2 seeds. The  T2 progenies of three 
lines, P7.1, P9.5, and P17.3, were used for histochemical and 
fluorometric assays.

GhNAC4 expresses in various tissues during growth 
and development

To precisely define the spatio-temporal expression patterns 
of GhNAC4 promoter, we have used GUS staining analysis 
of  PROGhNAC4:GUS transgenic tobacco plants. Figures 3 and 
4 show the localization of GUS in vegetative and reproduc-
tive tissues. These GUS staining images are representative 
of at least three independent transgenic lines.

In early stages of tobacco growth (1  day old seed-
lings), GUS activity was first observed in emerging radicle 
(Fig. 3a), which was later detected in emerging cotyledons, 
root tip and shoot apex of 3 day old seedlings. However, 
GUS activity was relatively weaker in hypocotyl tissue 
(Fig. 3b). In 7, and 15 days old transformed tobacco seed-
lings, GUS expression was detected in leaf veins, petioles, 
stem, and root (Fig. 3c, d). Similar GUS activities were 
maintained in 1-month-old plants also (Fig. 3e).

The main and lateral roots showed GUS expression, 
which was absent in the root cap region and root hairs 
(Fig. 3f, g). Intense GUS staining was also observed in mid-
rib and lateral veins, but leaf lamina showed scanty stain-
ing (Fig. 3h). We also observed GUS activity in guard cells 
(Fig. 3i) and developing mid rib regions of a young leaf 
(Fig. 3j). Figure 3k–m shows the staining of floral struc-
tures, which revealed that the GUS activity was present in 
sepals and to a lesser extent in the petal edges. GUS activity 
was also observed in anthers, pollen grains, and the stigma. 
However, it was absent in ovary and pedicel. No staining was 
detected in seedlings harboring a promoter-less GUS gene 
regardless of the developmental stage (Fig. 3n).

To obtain a better understanding of tissue specificity of 
GUS activity, thin cross-sections of various tissues were 
made using a razor blade. Intense GUS staining was detected 
in vascular bundles, especially in phloem of leaf veins, peti-
ole, stem, and root (Fig. 4a–e). Both the abaxial and adaxial 
phloem tissues showed intense GUS staining. Other tissue 
types like pith, cortex, and epidermis, remained relatively 
unstained. However, cortex and epidermis also showed 
intense GUS expression upon wounding (Figs. 3k and 4f). 
The expression pattern of Passiflora PmNAC1 transcripts 
was observed in root, shoot apex, floral bud and pro-vascu-
lar tissue especially the xylem cell specification (Rosa et al. 
2013).

The occurrence of a unique pattern of GhNAC4 pro-
moter activity could be corroborated by the presence of 
several motifs responsible for tissue-specific expression 
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patterns, as shown in Supplementary Table 2. Several 
copies of the developing embryo and seed-specific motifs 
such as SEF1MOTIF, SEF3MOTIFGM, and SEF4MO-
TIFGM7S motifs were observed in the GhNAC4 promoter 
(Lessard et al. 1991) as also OSE1ROOTNODULE and 
OSE2ROOTNODULE motifs, which are root-specific ele-
ments (Fehlberg et al. 2005). Eleven copies of the ROOT-
MOTIFTAPOX1 element are predicted in the GhNAC4 
promoter, which has a distinct expression pattern in the 
root elongation zone and vascular bundle (Elmayan and 
Tepfer 1995). The CACTFTPPCA1 motif is a key com-
ponent of mesophyll expression module 1 (MEM1) and is 
sufficient for high mesophyll-specific expression (Gowik 
et al. 2004). The TAAAGSTKST1 is a guard cell-specific 
motif and five copies were observed (Plesch et al. 2001).

Binding sites for quite a few other TFs known to play 
roles in organogenesis and tissue-specific expressions are 
also predicted such as GATA, MYBST1, DOFCOREZM, 
SBP TF, TCR TF, AT HOOK TF, and WOX TF. GATA 
motif plays a role in light responsiveness and tissue speci-
ficity and is involved in light-dependent development of 
phloem tissue (Yin et al. 1997). GhNAC4 has 26 copies of 
DOFCOREZM motif, which is a binding site of DOF TFs. 
They regulate directly or indirectly the processes associ-
ated with the establishment and maintenance of vascular 
system (Le Hir and Bellini 2013).

Various motifs such as CAR CGW 8GAT, TGT CAC 
ACMCUCUMISIN and binding sites for MYBPZM and 
TCR TFs known to be important for flower and fruit devel-
opment are found in the GhNAC4 promoter. Several cop-
ies of the two pollen-specific motifs, POLLEN1LELAT52 
(Bate and Twell 1998) and GTGANTG10 (Rogers et al. 
2001) are also found in the GhNAC4 promoter. Fang et al. 
(2008) carried out a systematic sequence analysis of NAC 
genes in rice and identified 12 particularly important tis-
sue-specific NAC TFs. The promoters of these genes are 
predicted to have motifs such as SEF3MOTIFGM, ROOT-
MOTIFTAPOX1, and GTGANTG10.

GhNAC4 promoter is induced by various 
phytohormones

To explore the possible regulation of GhNAC4 promoter by 
phytohormones, GUS activity was examined by fluorometric 
MUG assay. The corresponding results have been depicted 
in Fig. 5. The specific activity of GUS enzyme without 
any hormone treatments in  PROGhNAC4:GUS seedlings was 
measured to be 2.4 ± 0.4 pmol µg−1 min−1. This is in agree-
ment with the histochemical staining results, where GUS 
staining was observed even in untreated seedlings. GhNAC4 
promoter was highly induced by BAP and ABA (~ 67.9% 
and 63.5%). IAA and MeJA treatment caused ~ 58.9% and 
54.6% induction of the promoter activity, respectively.  GA3 
and ethylene also enhanced the GhNAC4 promoter activity 
by ~ 53.3% and 45.9% respectively. The pattern of GhNAC4 
promoter induction observed in phytohormonal treatments 
in tobacco seedlings is similar to the GhNAC4 expression in 
cotton seedlings.

Evaluating the cis-elements present in the promoter 
region of the GhNAC4 gene might allow us a better under-
standing of the differential regulation of GhNAC4 by vari-
ous phytohormones. GhNAC4 promoter was predicted to 
have one copy of CPBCSPOR motif and 16 binding sites 
for Authentic Response Regulators1 (ARR1) as mentioned 
in Supplementary Table 2. CPBCSPOR motif is essential 
for cytokinin dependent transcriptional activation (Fusada 
et al. 2005). ARR1 is an important signaling component 
known to be involved in cytokinin-mediated differentia-
tion of protoxylem (Yokoyama et al. 2007). Several motifs 
known for ABA responsiveness such as six copies of ACG-
TABREMOTIFA2OSEM, eight copies of ABRELATERD1 
and one copy of ABREOSRAB21 motifs were predicted 
on the GhNAC4 promoter. Mutation of the ABRE in the 
rice OsNAC5 promoter led to the abolition of the activa-
tion of the promoter by ABA (Takasaki et al. 2010). Auxin 
responsive motifs such as AUXREPSIAA4, TGA element, 
GGT CCC ATGMSAUR, and CAT ATG GMSAUR were pre-
dicted on the GhNAC4 promoter. Arabidopsis AtNAC1 plays 
a key role in promoting auxin-mediated lateral root forma-
tion (Xie et al. 2000). A plasma membrane-bound NAC TF, 
NTM2 integrates auxin and salt signaling via the IAA30 gene 
during seed germination in Arabidopsis (Park et al. 2011).

GhNAC4 promoter region is also predicted to contain 
JA responsive motifs such as T/GBOXATPIN2, TGACG, 
and CGTCA. JAMYC/AtMYC2 TF binds to the T/GBOX-
ATPIN2 motif found in the promoter of JA responsive and 
wound-inducible Protease Inhibitor II (PIN2) gene (Boter 
et al. 2004). ANAC019 and ANAC055 act downstream of 
AtMYC2 as transcriptional activators to regulate JA-sig-
naled defense responses (Bu et al. 2008). GhNAC4 promoter 
is predicted to have four copies GAREAT and two copies of 
GARE1OSREP1 motifs, which are gibberellin responsive 

Fig. 3  Histochemical localization of GUS activity in tobacco trans-
genic plants containing  PROGhNAC4:GUS construct. a–e seedlings 
grown on MS media with hygromycin at a day1; b day 3; c day 7; 
d day 15; e day 30. f–j Various tissues of a 30-day old transgenic 
tobacco plant f main root; g lateral root; h true leaf; i guard cells; j 
developing leaf. k–m floral structures k mature flower; l dissected 
flower showing various tissues; m cross-section of an anther. n 
15 days old tobacco seedling carrying empty pCAMBIA 1381Z vec-
tor. AW anther wall, CO cotyledon, GC guard cell, HY hypocotyl, LR 
lateral root, LRJ lateral root junction, LV lateral vein, OV ovary, PD 
pedicel, PE petal, PG pollen grains, PL plumule, RAM root apical 
meristem, RD radicle, RH root hairs, SAM shoot apical meristem, SE 
sepal, TL true leaf, VB vascular bundle, WA wounded area. All arrows 
show strong GUS activity or no activity. Bars of each panel are as 
shown

◂
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elements, GARE (Skriver et al. 1991). The above-mentioned 
sequences may function as phytohormone responsive motifs 
in the GhNAC4 promoter.

GhNAC4 promoter is responsive to various 
environmental stress treatments

As we have observed that GhNAC4 gene expression was 
regulated by various stresses, we studied the promoter 
activity by the fluorometric MUG assay as shown in Fig. 6. 
Drought stress treatment resulted in high induction of the 
GhNAC4 promoter (~ 71%). Salinity and osmotic stress treat-
ments also enhanced the promoter activity by ~ 68.5% and 
69.5%, respectively. Oxidative stress and air-drying treat-
ments up-regulated the promoter activity by ~ 68.2% and 
66.6%, respectively. A combination of low-temperature 

stress and darkness treatment activated the GhNAC4 pro-
moter by ~ 59.3% as compared to darkness treatment alone 
(~ 43.1%) suggesting an additive effect of up-regulation 
of GhNAC4 promoter induction. High-temperature and 
wounding stress treatments induced the promoter activity 
by ~ 42.1% and 41.7%, respectively. Flooding stress caused 
by submerging the seedlings in water also enhanced the pro-
moter activity (~ 49.7%). The pattern of GhNAC4 promoter 
induction observed by environmental stress treatments in 
tobacco seedlings is similar to the GhNAC4 expression in 
cotton seedlings.

Evaluating the cis-elements present in the promoter 
region of the GhNAC4 gene might help us with a better 
understanding of the differential regulation of GhNAC4 
by various environmental stresses. GhNAC4 pro-
moter region is predicted to contain many motifs like 

Fig. 4  GUS activity in free hand cross-sections tobacco transgenic 
plants containing  PROGhNAC4:GUS construct. a leaf; b petiole; c stem 
d magnified view of the stem; e root; f wounded stem. abP abaxial 

phloem, adP adaxial phloem, CO cortex, P phloem, VB vascular bun-
dle, XY xylem. All arrows show strong GUS activity or no activity. 
Bars of each panel are as shown
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MYB2CONSENSUSAT, C-REPEAT/DRE, DRECRT-
COREAT, CSD, and CBFHV TF binding sites required 
for drought and cold responsiveness, as shown in Supple-
mentary Table 2. Two copies of MYB2CONSENSUSAT 
motifs are found in the GhNAC4 promoter, which is the 
binding site for AtMYB2 TF required for drought induc-
ibility of rd22 gene (Abe et al. 2003). Cold responsive 
motif, C-repeat (CRT) is responsible for the regulation 
of many cold-inducible genes in an ABA-independent 
manner. It is also involved in dehydration responsiveness 
(Stockinger et al. 1997). A fox-tail millet stress-responsive 
SiNAC promoter exhibits binding sites for MYB and MYC 
TFs and also contains CRT motif (Puranik et al. 2011). 
Three copies of the DRECRTCORE motif are found in the 
GhNAC4 promoter. CBFHV motif is a binding site for an 
AP2 domain-containing cold-inducible TF, HvCBF1 char-
acterized in barley (Xue 2002). Three copies of CBFHV 
motif are found in the GhNAC4 promoter. Eight copies 
of binding site for cold shock domain (CSD) proteins are 
also found in the GhNAC4 promoter that is highly acti-
vated during low-temperature stress. Promoter analysis 
of MusaNAC68 by Negi et al. (2016) revealed the pres-
ence of various stress responsive motifs such as ACG TAT 
ERD1, MYB1AT, CBFHV and MYCCONSENSUSAT. 
Fang et al. (2008) carried out a systematic sequence anal-
ysis of NAC genes in rice and identified 20 particularly 
important stress-inducible NAC TFs. The promoters of 
these genes were predicted to have several stress-respon-
sive motifs such as MYB1AT, MYB2CONSENSUSAT, 
MYCCONSENSUSAT, CBFHV, DRECRTCOREAT, and 
CRTDREHVCBF2.

Heat stress transcription factors (HSF) bind to the 
heat stress responsive element and modulate transcrip-
tion during heat stress (Baniwal et al. 2004). Four cop-
ies of HSF binding site are present in the GhNAC4 pro-
moter. Binding sites for C2H2 TF are also identified in 
the GhNAC4 promoter region. C2H2 TFs such as ZAT7, 
ZAT10, and ZPT2 are known to be important in regu-
lating responses to abiotic and biotic stress tolerance 
(Kiełbowicz-Matuk 2012). GhNAC4 promoter exhibited 
four copies of WBOXNTERF3 motifs. WRKY TFs binds 
to the WBOXNTERF3 motif in the promoter of ERF3 gene 
of tobacco and causes its rapid activation upon wounding 
(Nishiuchi et al. 2004). The promoter of wound-induc-
ible rice NAC gene, OsNAC6 also exhibits four copies 
of W-box (Nakashima et al. 2007). The above-mentioned 
sequences may function as environmental stress-respon-
sive motifs in the GhNAC4 promoter.
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Fig. 5  Effect of various phytohormones on the GUS activity of 
 PROGhNAC4:GUS tobacco transgenics. Fluorometric analysis of the 
GUS in tobacco seedlings after ABA, MeJA, SA, 6-BAP,  GA3, IAA, 
or Ethephon treatment. Two weeks-old  PROGhNAC4:GUS tobacco 
transgenic seedlings incubated for 24 h under the treatment were used 
in the analysis. pCAMBIA 1381Z empty vector harboring tobacco 
seedlings were used as negative controls. The data are shown as the 
mean ± SE (n = 3). A statistical analysis with one-way ANOVA indi-
cates significant differences (***P < 0.001, ns not significant). ABA 
abscisic acid, SA salicylic acid, GA3 3-gibberellic acid, MeJA methyl 
jasmonic acid, BAP 6-benzyl aminopurine, IAA indole-3-acetic acid

Fig. 6  Effect of various stresses on the GUS activity of 
 PROGhNAC4:GUS tobacco transgenics. Fluorometric analysis of 
the GUS in tobacco seedlings after salt, mannitol, drought, methyl 
viologen, high temperature, air drying, submergence, wounding, 
dark or combination of dark and cold treatment. Two weeks-old 
 PROGhNAC4:GUS tobacco transgenic seedlings, were used in the anal-
ysis. The data are shown as the mean ± SE (n = 3). A statistical analy-
sis with one-way ANOVA indicates significant differences (*P < 0.05, 
**P < 0.01, ***P < 0.001)
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Abstract 

Salinity stress results significant losses in plant productivity, and loss of cultivable lands. Although 

Pongamia pinnata is reported to be a salt tolerant semiarid biofuel tree crop, the adaptive 

mechanisms to saline environment are elusive. The present investigation describes alterations in 

hormonal and metabolic responses in correlation with physiological and molecular variations in 

leaves and roots of Pongamia at sea salinity level (3% NaCl) for 8days. At physiological level, 

salinity induced adjustments in plant morphology and leaf gas exchange patterns were observed. 

Our study also revealed that phytohormones including JAs and ABA play crucial role in promoting 

the salt adaptive strategies in Pongamia. Correlation studies demonstrated that hormones including 

ABA, JAs and SA showed a positive interaction with selective compatible metabolites (sugars, 

polyols and organic acids) to aid in maintaining osmotic balance and conferring salt tolerance to 

Pongamia. At the molecular level, our data showed that differential expression of transporter genes 

as well as antioxidant genes regulate the ionic and ROS homeostasis in Pongamia. Collectively, 

these results shed new insights on an integrated physiological, structural, molecular and metabolic 

adaptations conferring salinity tolerance to Pongamia. 
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ABSTRACT 

Pongamia pinnata is being propagated as a potential tree species as a sustainable feed stock for 

biofuel and it is essential to understand the tolerance mechanisms of such trees to propagate on 

marginal lands. Pongamia roots provide determinant role to adapt the plant to sea saline 

concentration (3% NaCl). However, the tolerance mechanisms at cellular and proteome level are 

still inexplicit. In this study, Pongamia plants were grown hydroponically for 30 days and treated 

with 500 mM NaCl concentration for 4 days. Fresh roots were harvested for protein extraction and 

whole proteome was quantified by using free labelled nanoLC-MS/MS technique. A total number 

of 1062 proteins were identified with 130 differentially expressed proteins (DEPs). Protein 

homology studies have shown Pongamia sharing ~22% sequence similarity with Glycine and 

Pisum. Most of the DEPs belonged to flavonoid biosynthesis, CYP450 family proteins, seed 

storage proteins and carbohydrate metabolism. Interestingly, we recorded a significant increase in 

the chloroplast protective as well as glyoxylate cycle proteins. Our correlation network studies 

also clearly demonstrated a cross link between carbohydrate metabolism and amino acid 

metabolism. Collectively, for the first time, our data on whole root proteome have explored novel 



insights into the salt tolerance mechanisms in Pongamia pinnata which are crucial to improve 

certain tree species to adapt for the fast changing and unfavourable climate regimes.  
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Abstract 

Saline lands and salinized arable lands are inadequate for plant growth and propagation. 

Cultivation of tree species such as Pongamia rehabilitate these lands towards economic gain, it is 

a well-known tree species for biofuel production. Without display of salt-induced morphological 

symptoms in plants grown 500 mM NaCl (3% NaCl; sea saline equivalent) for 30 days showed 

strong adaptive mechanisms operating under the extreme saline environment. Pongamia declined 

gas exchange parameters (net photosynthesis (Asat), transpiration (E), and stomatal conductance 

(gs)) about 50% at 15 DAS (day after salt-treatment) and maintained these levels for 30 days. 

Similar results were obtained in Asat/Ci and Asat/Q analysis. Analysis of polyphasic chl a 

fluorescence kinetics revealed well maintained structural and functional integrity of PSII. The 

characteristic negative L-band (which denotes grouping or connectivity among PSII units) was 

observed in both 300 and 500 mM NaCl treated plants at 30 DAS. A negative bell shaped K-band 

was recorded at 300 μs time interval in salt treated plants at 30 DAS. The JIP-test analysis and 

phenomenological fluxes showed salt induced photoacclimation responses including reduced 

electron transport and enhanced thermal dissipation of light energy from PSII. Proline levels were 

slightly increased in 300 and 500 mM salt treated plants at 30 DAS. Overall, for the first time, our 

data explored novel insights into underlying mechanisms which are responsible for unchanged leaf 

morphology characteristics in Pongamia under high saline environment. 
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