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Chapter 1 Introduction

1.1 Climate change: the world’s most burning problem

Climate change is now considered as one of the most crucial problem of the world
as evident from observations including increased mean air temperatures, altered rain and
snow -fall patterns, frequent and prolonged droughts along with widespread melting of
snow/ice, leading to a considerable rise in the average sea level (IPCC, 2013). Increased
emission of greenhouse gases (GHG’s) through fossil fuel burning for industry,
transportation and residential uses are the major causes for climate change. Major GHG’s
includes water vapour, carbon dioxide, methane, nitrous oxide, ozone and
chlorofluorocarbons in the lower atmosphere, which absorb solar radiations and emit the
same within the infrared range resulting in warming of earth’s surface, a phenomenon
termed as green house effect or global warming (NASA, 2014). Among all the GHGs,
carbon dioxide (CO2) constitutes a major proportion in the atmosphere and is the most
important for both climate change in terms of greenhouse effect as well for human
economy. It has been predicted that before industrialization, the concentration of CO-
([CO2]) in the atmosphere was roughly ~280 pmol mol™, which by the end of the
twentieth century the [CO2] reached to ~369 umol mol™ and at present [CO2] is 400
umol mol™t (Fig. 1.1) . If this pace will continue, [CO2] is predicted to reach ~560 pumol
mol by the year 2050 and ~700 pumol mol™* by the year 2100 (IPCC, 2013).

Natural sources of atmospheric [CO2] emissions includes, out gassing (slow
release of absorbed or trapped gases) from volcanoes, combustion and natural decay
of organic matter and respiration by aerobic organisms. These sources are balanced
proportionally by a set of physical, chemical or biological processes called “sinks”, which
tend to remove CO. from the atmosphere. Terrestrial plants constitute a potential
biological sink, which takes up COz through the process of photosynthesis and
contributes in mitigating increased atmospheric [COz] (Prentice et al., 2001; Solomon et
al., 2007). Natural forests act as major sinks for CO. sequestration and contribute up to
70% of the global carbon sequestration. However, forest area has been reduced by almost
30 to 40% globally in the last 140 years and the present [CO2] sequestration rate of
forests is not on par with the current scenario of increasing atmospheric [CO;]

concentration. Uncontrolled anthropogenic human activities including burning of fossil
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Chapter 1 Introduction

fuels (for transportation, heating and the generation of electrical power), clearing and
burning of natural forests are the major causative agents for exponential rise in
atmospheric [CO] (Fig. 1.2).

420PPM
400
380
360

340
320
300
280

Fig 1.1 Exponential rise in [CO2] and temperature in the atmosphere from 18" to 21%
century. (From: IPCC, 2013)

Approximately 7 gigatons of CO: is released into the atmosphere annually
through anthropogenic activities, these emissions are equal to 3% of the total emissions
of CO: by natural resources and this augmented anthropogenic carbon load far exceeds
the offsetting capacity of natural sinks (Dyson, 2005). Substantial increase of [CO2] in
the atmosphere also raises concerns on usage of non-renewable fossil fuels, which are the
most abundant and reliable energy resources available at present. Increased atmospheric

[CO2] and other GHGs also influence the air temperature, which is predicted to increase
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Chapter 1 Introduction

by 2.6°C-4.8°C by the end of 21% century (IPCC, 2013; NASA 2014). Precipitation
patterns are reported to be coupled with changes in air temperature, which together
results in intermittent warmer as well as drier environments in many areas of the world
causing a strong impact on eco-physiological responses of terrestrial plants (Albert et al.,
2011a).

Energy 35%

Power generation,
refineries, coke
ovens, fuel flaring,
fugitive methane

\
Industry 18%

Combustion of fuels,

cement production,
chemicals

Agriculture 11 %

Animal digestion,

Transport 13%

Primarily combustion
of oil based fuels for
road, shipping, air
and rail

/ Forestry 11%

Forest fires, wood decay,

peat decay and ﬁres/"
{ Waste

Fig 1.2 Different sources of anthropogenic emission of GHGs in to the atmosphere.
(From: NASA, 2014)
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Chapter 1 Introduction

Prolonged intermittent dry environments, which are predicted to prevail under
future climate change scenarios, can induce widespread mortality of seedlings as well as
mature trees leading to modifications in forest’s structure and function. Thus, in order to
mitigate such adverse environmental consequences, it is highly crucial to understand
mechanisms underlying drought-induced tree mortality under elevated [CO] conditions
(Duan et al., 2014).Most of the studies on effect of abiotic factors including elevated
[CO2], ozone, drought, salinity and temperature on plants have been primarily carried out
as an effect of a single factor and reports on interactive effects of more than one factor,
on plant growth and physiology are quite rare. However, in nature, environmental
changes occur concurrently during plant growth and hence, plants frequently face more
than one abiotic stress factors during its life span. For a comprehensive analysis, it is
essential to investigate individual effects as well as potential interactions between various
stress factors (Xu et al., 2015). Drought is one of the most important abiotic stress factor
affecting plant community, which is predicted to prevail in future climate change
scenarios, especially with increased atmospheric [CO2] (Xu et al., 2015). Thus, studies
involving integration of both drought and increased atmospheric [CO-] are crucial as the
combination of individual factors might provide an evidence for non- additive effects if
any (Albert et al., 2011b).

1.2 Effect of elevated atmospheric [CO2] on plant growth and photosynthetic
physiology

Elevated [CO2] stimulates photosynthesis in plants and the magnitude of
stimulation varies among species, growth conditions and period of exposure. In brief,
increased atmospheric [CO-] stimulates light saturated net photosynthetic rates (Asat) by
favoring Rubisco’s carboxylation process over photorespiration and by increasing the
inter cellular CO: concentration (Ci) despite reduced stomatal conductance (gs)
(Ainsworth and Long 2005; Ainsworth and Rogers 2007). Studies have reported that
long- term growth under elevated [CO:] induces photosynthetic acclimation in some
plants (Long et al., 2004) (Fig 1.3). Occurrence of photosynthetic acclimation is the result

of an imbalance in source-sink relationship due to reduced foliar nitrogen content
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resulting in accumulation of leaf carbohydrates, especially starch (Long et al., 2004).
Accumulation of carbohydrates trigger feedback inhibition of photosynthetic capacity
through reduction of Rubisco protein and/or activity termed as Ribulose 1, 5- bis
phosphate (RuBP) carboxylation (Vcmax) limitation (Ainsworth and Long 2004). Apart
from Vemax limitations, RUBP regeneration (Jmax) in terms of maximum electron transport
can also limit photosynthesis under high [CO2] atmosphere and known to be associated
with decreased expression levels as well as activities of certain rate limiting enzymes
including chloroplast  sedoheptulose-1,7-bisphosphatase  (SBPase),  fructose-1,6-
bisphosphatase (FBP) and phaspho ribulose kinase (PRK) (Ellsworth et al., 2004; Nowak
et al.,, 2004). Similarly, reduced photosystem-Il (PS-I1) efficiency can also induce
photosynthetic acclimation in [CO2] enriched environment due to diminished synthesis of
ATP as well as NADPH, which are the vital components for activation of most enzymes
involved in RuBP carboxylation and regeneration (Sekhar et al., 2014). Along with
reduced Vemax and Jmax, photosynthetic acclimation is also associated with reduced light
and CO saturated photosynthesis (Amax), photosynthetic nitrogen use efficiency (PNUE)
and specific leaf area (SLA) with concomitant increase in leaf mass per area (LMA)
(Sholtis et al., 2004). However, photosynthetic acclimation in response to elevated [CO2]
is not a uniform phenomenon and genotypic variations in response to elevated CO; in
certain herbaceous species have been reported; but, very limited information is available
on woody tree species (Liu et al., 2006). Studies on intra-specific variations in woody
tree species, in response to climate change, including increased atmospheric [CO2] will
be highly useful for tree improvement programs for mitigating atmospheric [CO-] apart
from their social and economic benefits (Wang et al., 2006). Further, plants grown under
elevated CO2 showed reduced transpiration (E) by lowering stomatal conductance (gs),
which in turn is associated with substantial increase in water use efficiency (WUE)).
Mesophytic plants with higher WUE; were considered as drought tolerant (DT) and can
exhibit better photosynthetic performance, even under extended drought environments.
Proportionate changes in WUE; were also linked to their biomass accumulation under
COz enriched atmosphere (Broeckx et al., 2014).
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Chapter 1 Introduction

1.3 Impact of elevated [COz]-drought interaction on photosynthetic performance

and oxidative stress response of plants

In contrast to elevated [CO2] responses, drought causes acclimation in gs and
which in turn is associated with reduction in C;i along with Asx in Cz plants due to

mesophyll conductance (gm) limitations (Reddy et al., 2004; Lawlor and Tezara 2009).

| By — Photosynthetic

acclimation

| PNUE

Fig 1.3 Cardinal symptoms of photosynthetic acclimation in plants grown under elevated

[CO2] environments due to source to sink imbalance under nutrient limiting conditions.
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However, plants grown under elevated [CO2] atmosphere behave differently during
drought periods, and elevated [CO>] is reported to ameliorate or delay the drought related
symptoms and sustain higher Asat (Albert et al., 2011b). Further, drought stress impairs
the function and structural integrity of cellular organelles having highly oxidizing
metabolic activity or with intense rate of electron flow including chloroplasts,
mitochondria as well as peroxisomes (Gill and Tuteja 2010). Drought-induced impair in
these organelles leads to enhanced leakage of electrons to molecular oxygen resulting in
oxidative stress via formation of reactive oxygen species (ROS) such as hydrogen
peroxide, superoxide and hydroxyl radicals (Gill and Tuteja 2010). To combat such
oxidative stress, plants have developed enzymatic and non- enzymatic antioxidant system
to mitigate excessive accumulation of ROS (Tezara et al., 2002; Li et al., 2008; Xu et al.,
2015) (Fig 1.4). Certain studies showed that elevated [CO2] ameliorates the oxidative
stress by reducing the production and accumulation of ROS, which is linked with lower
activities and expression levels of ROS scavenging enzymes (Ghasemzadeh et al., 2010;
Gillespie et al., 2012; Mishra and Agarwal 2014; Zintha et al., 2014). Some studies also
suggested that elevated [CO.] had no effect in alleviating the oxidative stress, while
others have demonstrated that increased [CO2] even exacerbated the effects of oxidative
stress (Farfan- Vignolo and Asard 2012). Thus, elevated [CO2] mediated ameliorative
effects on drought-induced oxidative stress is still a debatable issue and needs further

research.

1.4 Correlation of hydraulic conductivity and photosynthetic performance under
elevated COzand drought

Terrestrial plants require sufficient water to maintain better photosynthetic
performance and growth and water transport from soil to atmosphere via root-shoots-
leaves mainly depends on maintenance of water column within the vascular system (Chen
et al., 2010; Sengupta and Majumder 2014) (Fig 1.5). Drought stress causes hindrance in
water transport or plant hydraulic conductivity, due to increased negative water potential
in the soil, which increases the xylem sap flow tension leading to cavitation or embolism

within the xylem vessels (Brodersenet al., 2013). Certain studies have demonstrated that
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greater negative water potential during extended drought environments stimulate stomatal
closure as well as xylem embolism (Brodribb and Cochard 2009). Thus, in order to avoid
extensive xylem embolism and drought- induced mortality, plants have to maintain their
xylem water status under threshold range (Matorell et al. 2014). Mortality of plants
during prolonged drought environments can be explained by two interdependent
mechanisms including hydraulic failure hypothesis and carbon starvation hypothesis
(Duan et al., 2014). Hydraulic failure hypothesis demonstrates that reduced soil water
content and greater evaporative transpiration demand induces extensive embolism in
xylem conduits, which constrains water flow leading to plant tissue desiccation and cell
death (Brodribb and Cochard 2009; Urli et al., 2013). Carbon starvation hypothesis states
that stomatal closure, to avoid hydraulic failure, can reduces [CO2] uptake and
photosynthetic performance considerably, resulting in reduced synthesis as well as
increased depletion of stored carbon reserves due to increased respiratory consumption of
carbohydrates (Sala et al., 2010). Recent studies have supported the hydraulic failure
hypothesis for playing a major role in plant mortality under prolonged water deficit
environments (Pou et al., 2013; Nardini et al., 2013; Quirk et al., 2013).

In addition to above, during drought conditions, changes in plant hydraulic
conductivity parameters are positively correlated with changes in leaf gas exchange
characteristics (Sperry and Pockman 1993, Hubbard et al. 2001, Cochard et al., 2002).
Thus, variations in formation of xylem cavitation or embolism is inversely related to
plant survivability i.e, plants which are less vulnerable to embolism maintains better
water relations and perform superior photosynthesis even under extended water stress
(WS) conditions (Costa et al., 2004; Martorell et al.,, 2014). Contrast to drought
responses, studies have demonstrated that increased atmospheric [CO2] reduces gs as well
as leaf- level water loss in many tree species under WW conditions, which consequently
reduce drought induced negative responses (Wullschleger et al., 2002; Ainsworth and
Rogers 2007). However, studies on [CO2] x drought interactions are not uniform; some
studies have demonstrated as elevated [CO2] ameliorate drought stress (Domec et al.,
2010; Lewis et al., 2013), while in some instances, elevated [CO2] does not alleviate the
negative effects of drought (Warren et al., 2011; Duan et al., 2014).
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Fig 1.4 Schematic representation of enzymatic and non-enzymatic antioxidant defense
mechanism in plants to combat the oxidative stress induced by different types of abiotic

stress factors. (From: Xu et al. (2015) Front Plant Sci.)
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Moreover, positive effects of elevated [CO:] on drought disappear when stomata are
nearly closed with increasing intensity of WS (Franks et al., 2013; Duan et al., 2014).
These results clearly demonstrated that the process of delayed drought- induced plant
mortality under increased atmospheric [CO2] is highly variable between species,
functional groups, genotypes and duration of stress imposition time.

1.5 Role of aquaporins (AQPs) in regulating hydraulic conductivity and
photosynthesis under elevated [CO2] and drought conditions

In addition to above, water uptake and its transcellular movement in terrestrial
plants are controlled by a family of proteins so called aquaporins (AQPS) or membrane
intrinsic proteins (MIPs) (Alexandersson et al., 2005; Kaldenhoff et al., 2008) (Fig 1. 6).
Certain studies have demonstrated that variations in AQPs expression can proportionally
influence plant hydraulic dynamics as well as photosynthetic performance under various
abiotic stress factors especially during drought conditions. Along with cell to cell
permeability of water, AQPs also facilitate the movement of certain uncharged solutes
like glycerol, urea and boric acid in plants. Based on their sequence homology and
distinct sub-cellular localizations, AQPs were subdivided in to five major classes; (1)
plasma membrane intrinsic proteins (PIPs), which localize to plasma membrane, (2)
tonoplast intrinsic proteins (TIPs), targeted to the vacuolar membrane (tonoplast), (3)
NOD26-like intrinsic proteins (NIPs), localizing to the plasma membrane or the
endoplasmic reticulum (ER), (4) small intrinsic proteins (SIPs) and (5) uncategorized X
intrinsic proteins (XIPs) (Li et al., 2014). However, among the all AQPs, both PIPs and
TIPs are reported to be significantly involved in water uptake as well as its transport in
both leaves as well as in roots (Olaetxea et al., 2015; Matsumoto et al., 2009; Suga et al.,
2004). Further, for efficient water transport, both PIP1 and PIP2 aquaporins combined
together as a heterotetramer and form water channels (Fetter et al., 2004). Gene
expression studies of AQPs showed inconsistent expression patterns among different
plants, showing both up and down regulation under WS (Alexandersson et al., 2005;
Kaldenhoff et al., 2008). Some studies have demonstrated that increased expression of
AQPs under different abiotic stress factors influence the tolerance characteristics, plant
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hydraulic conductivity and recovery rates (Martreet al., 2002; Aharonet al., 2003; Parent
et al., 2009; Postaireet al., 2010; Hu et al., 2012; Wang et al., 2014).
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Fig 1.6 Aquaporins (PIPs and TIPs) facilitates the movement of both H.O and CO; in
different compartments as well as organelles of plant cells. (From: Kaldenhoff et al.
(2008) Plant Cell Environ)

However, in contrast to above, certain transgenic tobacco plants transformed with
PIP1 showed faster wilting compared to their wild types under WS (Aharon et al., 2003).

These results clearly demonstrated that increased expression of AQPs Vs drought
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tolerance mechanism shows dynamic variation among different plant species, between
genotypes and functional groups. In addition to above, negative or positive effects of
increased atmospheric [CO2] on drought may possibly associated with changes in
hydraulic dynamics and AQPs gene expression. So far, studies reporting changes in
hydraulic characteristics as well as AQPs gene expression during [CO2] % drought
interactions on tree species are very scanty. Thus, in the context of the future climate
change scenarios, such types of experimental studies are necessary to quantify the main
as well as interactive effects of elevated [COz2] on drought- induced plant mortality (Duan
etal., 2014).

1.6 Importance of woody tree species as bio-energy resources and potential carbon
sinks under future climate conditions

There is an urgent need to reduce CO> emissions and at the same time have to
provide energy sources for the growing energy demand of the world (Lemus and Lal,
2005). None of the competing energy resources including nuclear energy appear to be in
a position to fill this gap and fossil fuel based energy consumption need to be
substantially reduced. Kyoto protocol came in to the picture in the year 1997 with the aim
of reducing CO> emissions and stabilization of [CO,] in the atmosphere by minimizing
extensive usage of fossil fuels and creation of new carbon sinks within a specified time
frame (Streck and Scholz, 2006). As CO, is continuously exchanged between the
atmosphere and terrestrial ecosystems, carbon sequestration through the cultivation of
energy crops is the best way to mitigate increased atmospheric [CO2] significantly as well
as to produce renewable bio-energy to meet the energy demand for ever growing world
population (Lemus and Lal 2005). Creation of artificial forests by means of afforestation
and reforestation will be highly useful as new sinks to sequester increased atmospheric
[CO2] and stabilize the climate change (Ellsworth et al., 2004; Reddy et al., 2010).
Hence, development of short rotation coppice (SRC) forestry with dense plantation of
fast growing tree species having higher photosynthetic rates is essential (Calfapietra et
al., 2010). Coppice is a cut back process to generate new sinks in the plants at regular
time intervals. SRC plantations can be maintained up to 50- 60 years and usually have a
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rotation cycle of less than 10 years (ranging from 3-6 years) (Liberloo et al., 2006; Guha
and Reddy 2012). Biomass produced by these tree plantations can be effectively used for
the production of renewable bio-energy, along with their traditional uses like pulp, paper,
construction wood and fodder (Fig 1.8). Bio-energy can replace fossil fuels to some
extent and have additional advantage of being almost CO> neutral because the emitted
[CO] is primarily sequestered by the plants through photosynthesis and generate bio-
mass which partly fulfill the commitments of the Kyoto protocol (Calfapietra et al.,
2010). Understanding the interactions between management options (coppice and
fertilization) and climate change is essential to determine the contribution of biomass
plantations to mitigate the rise in atmospheric CO2 concentration and their ability to

substitute fossil fuel carbon indefinitely (Liberloo et al. 2006).

1.7 Important woody tree species for SRC, acting as potential bio-energy sources
and carbon sinks

Due to their faster growth rates and greater bio-mass yield, Populus, Salix and
Eucalyptus spp. are the most widely used tree species in SRC under different global
climate conditions. In certain geographical regions, species of the genera Robinia,
Nothofagus, Betula and Alnus are also utilized. For several species and hybrids of
Populus and Salix, large number of genotypes have been chosen to allow the distribution
of these plantations in different latitudes and climatic conditions (Heilman et al., 1994;
Ceulemans and Deraedt, 1999; Mitchell et al., 1999; Karacic et al., 2003). Above ground
wood bio-mass yields are highly differ according to the type of clone, climatic variables
and nutritional status, but are usually in the range of 8-12 Mg of dry weight ha* year *
though it is possible to achieve productivity of more than 20 Mg of dry bio-mass ha* year
1 (Mitchell et al., 1999). At present, SRC forestry crops are gaining greater importance in
many countries where surplus agricultural land is available. Perennial character of the
tree crops usually allows a reduction in herbicide application compared to traditional
agricultural crops. Along with environmentally advantageous attributes, due to their

dense rooting system SRC crops also offer a buffering effect on nitrogen leaching, which
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allow better nutrient utilization and consequently greater bio-mass yields when compared

to agricultural crops (Goor et al., 2000).

SRC forestry

Carbon
sequestration

CO,neutral
bio-energy
system

Used as a both transport and non-
transport fuel

Fig 1.7 Schematic representation of carbon neutral renewable bio-energy production

from short rotation coppice (SRC) forestry
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Finally, SRC plantations are gaining huge importance for their potential uses in
phytoremediation as they uptake large quantities of nutrients and heavy metals from
municipal and industrial wastewater (Aronsson and Perttu, 2001). Due to their substantial
contribution in the context of climate stabilization, is crucial to understand the responses
of SRC cultures under current as well as future climate change scenarios (Weih, 2004).
Thus, many manipulative studies have been conducted in different geographical regions
on Populus, Salix and Eucalyptus spp. by imposing single or in the combination of
multiple stress factors (CO., nitrogen, temperature, ozone and water stress) for better
understanding of realistic behavior of plants towards future climate change scenarios
(Table. 1.1). Differential responses of SRC for Populus spp. under elevated CO, have
been reported in literature. Some reports showed that persistent stimulation of light
saturated photosynthetic rates (Asat) even with long term growth (5-6 years) under
elevated CO> atmosphere indicating absence of photosynthetic acclimation (Liberloo et
al., 2009), while other studies have reported the photosynthetic down regulation by
decreasing Asat during the first year following coppice (Bernacchi et al., 2003). Such
varied responses reported on growth of SRC plants under elevated CO2 concentration
makes it imperative to study new candidate fast growing woody tree species which can be
easily propagated and cultivated in varied agro- climatic regions, can undergo intensive
coppicing treatments to generate new sinks, produce quality fuel wood and offer several

other economic and social benefits (Sekhar et al., 2014).
1.8 Mulberry: a potential bio-energy tree species for SRC forestry

Mulberry (Morus spp L.) is a fast growing ever green/semi deciduous tree, which
is the first commercialized foliage crop in the world and has been cultivated trans-
continentally over 50 countries across the world (Chaitanya et al. 2003). There are about
68 species of the genus Morus, majority of them occur in Asia, especially in China (24
species) and Japan (19 species). Further, mulberry is also widely distributed in Europe,
North America, South America, Latin America and Africa. Earlier, mulberry was
predominantly cultivated for sericulture industry to rear the silkworm Bombyx mori
(Guha et al., 2010).
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Tablel.1 Studies including global change manipulations on SRC Poulas, salix and

Water stress

Eucalyptus spp.
Location Facility Factors Species
(experiment name) examined
Viterbo, Italy FACE CO, Populus alba,
(POP-EUROFACE) N Populus nigra,
Populus deltoids x Populus nigra
Rhinelander, WI, FACE CO, Populus tremuloides (different clones)
USA (AspenFACE) Os
Oracle, AZ, USA Mesocosms CO; Populus deltoides
(Biosphere 2) Temperature
Rapolano, Italy mini-FACE CO2 Populus deltoids x Populus nigra,
Populus deltoides
Antwerp, Belgium OTCs CO, Populus deltoids x Populus nigra
Populus trichocarpa x Populus
deltoides
Alberta, MI, USA OTCs CO, Populus tremuloides (different clones)
Os
Gunnarsholt, Iceland Closed-top CO, Populus trichocarpa
chambers N
Headley, UK OTCs CO, Populus trichocarpa x Populus
O3 deltoides
Pellston, MI, USA Cooling boxes Temperature N Populus tremuloides
Gainesville, FL, USA Tunnels CO; Populus trichocarpa x Populus
Water stress deltoides,
Salix sagitta
Mekrijarvi, Finland Closed-top CO2 Salix myrsinifolia
chambers Temperature
Melbourne. Australia Glasshouse CO2 Eucalyptus cladocalix
Water stress
Darwin, Australi Chambers CO; Eucalyptus tetrodonta
Edinburgh, UK OTCs Os Eucalyptus grandis, E. urophylla, E.
camaldulensis, E. torelliana, E.
phaeotrica
Canberra. Australia Growth CO; Eucalyptus macrorhyncha, Eucalyptus
chambers Temperature rossii
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Nevertheless, studies from the last two decades have revealed several other potential
benefits of mulberry. In many Asian countries including China and India, mulberry
leaves are used as medicinal herb and leafy vegetable. Moreover, as the leaves are highly
rich in protein, antioxidants and minerals without any toxic elements mulberry is gaining
popularity in many countries (Mediterranean areas of Europe, India, Cambodia,
Tanzania, Turkey, China, etc.) as forage for livestock feeding (Papanastasis et al. 2008;
Guha et al. 2010). Several reports have emphasized the prospect of mulberry foliage as a
feed for both ruminants and non-ruminant animals. The “SILK-N-MILK” scheme is
gaining huge popularity in India in which farmers are exploiting mulberry foliage for
both silkworm rearing as well as for dairy milk production (Papanastasis et al., 2008).
Mulberry plantation is maintained as low to high bush and it produces very large amounts
of renewable biomass in the form of branches, shoots, leaves and fruits. In tropics and
sub-tropics, mulberry tree is mainly propagated by cuttings wherein some of the pruned
branches are used for preparation of cuttings and the remaining are used as fuel-wood (Lu
et al. 2009). One hectare of mulberry plantation can give yield of 12.1 MT of mulberry
sticks from which the energy generated/ha (50% moisture loss) will be almost 27830
Kcal as = i.e, equivalent to 4600 calories/kg of mulberry wood (Guha and Reddy 2013).
Therefore, mulberry can be exploited as a “energy plantation” in
wasteland/cultivable/low lying areas/road side/canal bund /fringe areas of the forest etc.
under various afforestation, watershed development and soil conservation programmes.
Thus, mulberry is considered as a multipurpose tree crop, which can fulfill a number of
roles in small-holder agricultural production (Machii et al. 2000). Many species of Morus
are found in India, of which M. alba, M. indica. M. serrata and M. laevigata grow wild in
the Himalayas and several other cultivars are also introduced recently belonging to M.
sinensis, M. multicaulis, M.nigra and M. phillippinensis (Karaba et al., 2008). Most of the
Indian mulberry cultivars are belongs to M. indica and some belong to M. alba (Dandin
et al., 2003). Although mulberry cultivation is practiced in various climatic conditions,
90% of the cultivated area is in the tropical zone covering Andhra Pradesh, Karnataka
and Tamil Nadu states. In the subtropical zone, Himachal Pradesh, West Bengal and

north-eastern states have major areas under mulberry cultivation. Total mulberry
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cultivated land in India is around 282,244 ha and mulberry growth and productivity are

remarkably influenced by the climatic variations (Dandin et al., 2003).

Faster growth
Potential forage
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Fig 1.8 Rationale for selecting the mulberry as the model plant for the present study

Among all the climate variables, water availability is one of the most important
determinants and which can significantly affects the bio-mass yield in mulberry

(Chaitanya et al., 2003). To produce one kilogram of fresh leaf mulberry needs 500 to
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700 liters of water, high yielding mulberry cultivars use more water due to their faster
growth rates, large cumulative leaf area and canopy size (Karaba et al., 2008).Thus, water
deficient environment can arrest the growth and bio-mass yield performance of elite
mulberry cultivars due to down regulation of photosynthesis (Karba et al., 2008). Studies
have demonstrated that relationship between water stress severity and yield loss can
differ significantly among the mulberry genotypes leading to divide them in to drought
tolerant (DT) and drought susceptible (DS) mulberry genotypes. From agro-economical
viewpoint, DT mulberry genotypes exhibited stable photosynthetic performance as well
as better yield compared to DS genotypes when exposed to extended water deficit
environments. Their faster growth, quick response to coppice treatment, wider agro
climatic adaptability and high responsiveness to agronomic inputs make mulberry
plantations suitable for horticulture, agro-forestry and landscaping (Sekhar et al. 2015).
Several morphological, physiological and biochemical mechanisms including
photosynthetic capacity, water use efficiency, light use efficiency, rooting vigour,
osmotic adjustment, antioxidative protection etc. are mostly associated with improved
performance and yield under variable climatic conditions. Thus, prior knowledge of this
candidate crop towards anticipated climatic conditions, especially elevated [CO2],
drought, salt and temperature, is highly essential before designing mulberry crop
improvement programmes. So far, we have very limited information on the responses of
mulberry genotypes towards different abiotic stress factors including drought, salt as well
as temperature and these studies are provide expected information on changes in morpho-
physiological, photosynthetic characteristics, biochemical and bio-mass vyields
(Ramanjulu et al. 1998; Chaitanya et al. 2003). Drought is the most predominant abiotic
stress factor affecting the photosynthetic performance as well as bio-mass yields in
mulberry and incidences of drought occurrences will be more under future climatic
changes, especially with increased atmospheric [CO2]. Hence, the present study was
aimed to understand the responses of mulberry, a potential bio-energy tree species, to
elevated [CO2] and drought as well as their interactive influence on growth, and

photosynthetic productivity of mulberry.
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1.9 Objectives for the current study

1. Variations in photosynthesis, growth and bio-mass yield responses of two
contrasting drought tolerant mulberry genotypes under elevated [COz2]

atmosphere.

2. Establishing the long term carbon sequestration potential of mulberry with
coppice management practices under [COz2] enriched environment.

3. Exploring the dynamic changes of antioxidant systems in short rotation
coppice (SRC) mulberry in response to elevated [CO2] and drought

individually as well as in their combination.

4. Investigating the coordinate changes of hydraulic conductance and
photosynthesis with particular reference to expression profiles of certain

AQPs in short rotation coppice mulberry.
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2.1 Experimental facility

For [CO2] enrichment studies, open top chambers (OTCs) (Neo Genesis
Engineering, Mumbai, India), having 4x4m dimension and octagonal shape, were
installed in the botanical garden of University of Hyderabad, India located between
17.3°10” N and 78°23” E at an altitude of 542 m above mean sea level. OTCs were
equipped with temperature, rainfall and humidity sensors for regular monitoring and
recording the climate change variations. Series of CO> gas cylinders were used to pump
100% commercial grade CO: gas into the chambers through manifold fitted with solenoid
valve to regulate the gas supply. Equipment for monitoring and controlling the [CO2] in
the OTCs was fully automated and required [CO2] was maintained with the help of non
dispersion infra-red (NDIR) CO gas analyzer and thermal mass flow meter. Two OTCs
were used for CO2 enrichment (550 pmol mol™* CO,) and remaining two OTCs were
maintained with ambient [COz].

2.2 Plant material and Experimental Layout

Based on earlier studies from our laboratory, two mulberry genotypes including
Selection-13 (S13) and Kanva-2 (K2) were selected for the present study from a wide
range of mulberry germplasm. Genotype S13 is considered as a drought tolerant (DT);
while, K2 is drought susceptible (DS). Six- month - old healthy rooted plant saplings of
S13 and K2 were selected and three representative plants of each genotype were
transferred into individual OTCs. We observed DT S13 exhibited better photosynthetic
performance, growth and biomass yields with respect to DS K2 cultivar. Further, long
term effects of elevated [CO2] as well as interactive studies with drought experiments
were continued with DT S13 mulberry cultivar. Three representative plants were
transferred into each of four OTCs; two were used for CO2 enrichment (550 pmol mol*
[CO2]) and the remaining two chambers were considered as controls. The mean [CO2] in
the control OTCs ranged from 390 to 410 pmol mol* depending on weather conditions,
whereas the mean [CO;] in elevated CO, OTCs was maintained at 550 pumol mol* (+20).
Once these plants were established under both elevated and ambient CO> environments,
plants were cut manually at the stump height of 30cm above the soil surface to create a
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coppice culture system. Later, plantation was coppiced for every 120 days (4 months)
which constitute one short rotation cycle. Shoots, resprouted from the remaining stumps,
were grown for the next four months for the subsequent harvests. After 365 days, plants
growing in two OTCs (one ambient and one elevated) were subjected to water
withholding, stopped being watered completely, for 30 days.

Fig 2.1 Experimental facility: OTCs established in the botanical garden of University of
Hyderabad for [CO2] enrichment studies.

Experimental layout to investigate the formulated objectives of the present study:
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Materials and Methods

1. Experimental design to investigate short term responses of mulberry genotypes
(S13 and K2) under elevated [CO_] atmosphere:

Elevated
OoTC
550 umol
mol1

\

Three plants of six months old
healthy rooted saplings of both
DTS13and DS K2 genotypes were
selected

Transferred them in
to OTC chambers
(OTCs)

DS K2
Control OTC Elevated
400 pmol o
h 550 pmol
mol 1
mol

f

Grown for 120 days (four months) and all
the measurements were taken
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2. Experimental plan to examine the long term carbon sequestration potential in

mulberry with altered coppice management practice

Three plants of six months old
healthy rooted saplings of S13
mulberry genotype was
selected

Transferred in to

four OTC chambers
(OTCs)

Elevated OTC Elevated OTC Control OTC

= Control OTC
-1 550 umol mol-?
550 ymol mol M 400 pmol mol-" 40n(3$1|r_r}ol

Grown for three years
through SRC for every 90
days (12 harvests)

Measurements
were performed

after 365 and 1095
days after CO,
exposure ( DAT)
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3. Experimental design to investigate the interactive effects of elevated [CO2] and

drought in mulberry:

Three plants of six months old
healthy rooted saplings

Transferred in to
four OTC chambers
(OTCs)

Elevated | Elevated
oTC Conro O oTC
550 pmol b 550 pmol
-1 mol -1
mol mol
Grown for one year Grown for one year
through SRC at every through SRC at every
120days 120 days

Well Watered (WW) by Water Stressed (WS) by

regular irrigation throughout complete water withholding for
the experimental conditions KO EVE
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2.3 Photosynthetic leaf gas exchange physiology

All the photosynthetic measurements were performed in-situ on young, well-
expanded and light-exposed 2" or 3'¢ leaves which were randomly chosen from the
upper half of the plant canopy between 10:00-11:00h by using a portable infrared
CO,/H,0 gas analyzer (IRGA) (LC Pro+, ADC Bioscientific Ltd. U.K.), equipped
with a broad leaf chamber (Fig 2.2 A). Throughout the measurements, the following
conditions were maintained: a saturating photosynthetically active radiation (PAR) of
1600 pmol m? s supplied by a LED light source (LCpro Lamp 32070 - Broad, ADC
Bioscientific Ltd. U.K.) attached to leaf chamber, air temperature of 25-26°C and relative
humidity of 55-60%. Instantaneous photosynthetic leaf gas exchange measurements were
taken at growth [CO;] of 550 and 400umol mol™? for elevated and ambient [CO2] grown
plants respectively. Once a leaf was enclosed in the chamber, an incubation time of
2 min was given to the leaf to re-adjust to its new microclimate and the
measurements on light saturated net photosynthetic rates (Asa; pmol m?s™?), stomatal
conductance (gs; mol m2s?), intercellular [CO;] (Ci; umol) and transpiration rates (E;
mmol m2st) were recorded. The instant water use efficiency (WUEj) was also
calculated from the above data (WUEj = A/E; mmol CO, mol* H,0).

2.4 Photosynthetic response (A) to increased photosynthetic photon flux density
(PPFD or Q) and intercellular CO2 concentration (Ci)

Modulation of photosynthetic response with increasing light intensity and [CO2]
was analyzed by determining the A/Q and A/C; curves respectively using the same
leaves, which were taken for the measurement of photosynthetic leaf gas exchange. A/Q
studies were performed on elevated (550 pmolmol™) and ambient (400 umolmol™?) [COZ]
grown plants with an automated program of eight steps of gradually increasing light
intensities (0, 250, 500, 750, 1,000, 1250, 1500 and 2,000 umol m 2s™* photosynthetic
photon flux density, PPFD) and each step duration was 3 minutes. A/C; studies were
determined with a range of CO, concentrations (50-1500 pmol mol™) at a saturating light

intensity of 1600 pmol m? s with an automated program of 10 steps, each step

Page 27



Chapter 2 Materials and Methods

constitutes 3 minutes was used for elevated (550, 400, 200,100, 50, 550, 750, 1000, 1250
and 1500 pumol mol™?) and ambient (400, 200,100, 50, 400, 550, 750, 1000, 1250, 1500
and 2000 umol mol™) CO2 grown mulberry plants.

Fig 2.2 Infra red gas analyzer (IRGA) used for the measurements of photosynthetic leaf
gas exchange physiology (A) and Handy PEA used for measuring PS-II efficiency (B) in

mulberry.
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CO, assimilation (A) vs intercellularCO, concentration (C; )

C.-T
-Ry

Cc + KC (1+0!K0)

Source: modified from Long and Bernacchi, 2003

Fig. 2.3 An ideal A/C; curves showing changes of in vivo RuBP carboxylation (V¢max)

and its regeneration (Jmax)

Both A/Q and A/C; curves were fitted with curve-fitting software (Sigma Plot for
Windows 11.0; Systat Software) by three component exponential function equation A= [a
(1-e™) +c], where A = photosynthetic rate and x = PPFD/ Ci and a, b and ¢ were
parameters estimated by the nonlinear regression. From these curves, parameters like
light-saturated photosynthetic rate (Asat), calculated as a + ¢, and the apparent quantum
efficiency (AQE) as the initial slope at A = 0 [calculated as b (a + c)] were deduced.
Light compensation point (LCP) was determined by solving this equation for PPFD at A
of 0 umol m2™! (Watling et al., 2000). From A/Ci curves, parameters including

maximum in vivo RuBP carboxylation (Vcmax), maximum RuBP regeneration (Jmax) and
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light and CO, saturated maximum photosynthetic rates (Amax) were calculated (Long and
Bernacchi 2003 ; Sharkey et al., 2007).

2.5 Chlorophyll a fluorescence measurements

Chlorophyll a (Chl a) fluorescence measurements were taken on the same leaves
used for the photosynthetic leaf gas exchange measurements by using MINI- PAM
(HeinzZWalz GmbH, Effeltrich, Germany) on the adaxial side of the leaves with saturated
light flashes. Maximal photochemical efficiency of photosystem-Il, (Fm — Fo)/Fm =
Fv/Fwm, was calculated on the leaves which were pre-dark adapted for 30 minutes, where
as the effective quantum yield of photosystem-Il, (Fm' — F)/Em' = AF/Fnm', under natural
light conditions were determined by illuminating saturated light flashes. From the above
parameters, non photochemical quenching (NPQ = (Fm — Fm')/F M) was also calculated
(Maxwell and Jhonson 2000).

In addition to above, chlorophyll a fluorescence measurements were also taken
using portable Handy-PEA chl fluorometer (Handy-Plant Efficiency Analyser-2126,
Hansatech Instruments, King’s Lynn, UK) for detailed analysis of changes in PS-II
efficiency under both elevated [CO2] and drought environments. Before these
measurements, leaves were pre dark-adapted for 30 min by fixing leaf clips (Hansatech,
UK) to make sure that all PSII reaction centers (RCs) were open (Guha et al., 2013).
Then chl a fluorescence transients were recorded by illuminating the leaves with a beam
of saturating light (3000 pmol m™ s) of 650 nm peak wavelength obtained from three
light-emitting diodes focused on the leaf surface through the leaf clips on a spot of 5 mm
diameter circle. Fast fluorescence kinetics were recorded from 10us to 1s and the
fluorometer was set using the following program: the initial fluorescence (Fo) was set as
O (50 ps), L (150 ps), K (300 ps), J (2 ms) and I (30 ms) are the intermediates and P (500
ms-1s) as the maximum fluorescence (Fwm). Raw (without normalization) OJIP chl a
fluorescence transient (Ft) curves were transferred with WINPEA 32 and analyzed with
Biolyzer P3. For subsequent detailed analysis of the whole digitized fluorescence
kinetics, different normalizations, calculation of kinetic differences or ratios as well as

time derivatives were undertaken. The original OJIP transients were double normalized
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between the two fluorescence extreme O (Fo) and P (Fwm) phases and the variable
fluorescence between OP expressed as Vop was determined. In addition to above, chl a
fluorescence transients were double normalized between Fo (30 ps) and Fk (300 us)
expressed as Vok [Vok = (Ft-Fo)/(Fk-Fo)] to reveal the possibility of fluorescence rise at
an early step at about 300 ps. Subsequently, for each sampling date the difference in
transients (AVok) with respect to a reference was calculated to reveal the L-band.
Further, the chl a fluorescence transients were double normalized between Fo and F;
expressed as Vos [Voi = (F-Fo)/(Fi-Fo)] and the difference between transients expressed
as AVo; was determined periodically for each sampling dates to visualize and assess the
K-band. From OJIP chlorophyll a fluorescence transients, several phenomenological and
biophysical expressions were deduced, known as JIP test parameters, which provide

structural and functional information of PSII (Table.1).

2.6 Scanning Electron Microscopy (SEM)

Leaf samples of 3x3 and 3x1 mm sizes were fixed overnight in 2.5%
glutaraldehyde solution prepared in phosphate buffer (pH 7.2). After 24hrs, samples were
processed for dehydration in graded series of ethyl alcohol (30, 50, 70, 90 and 100 %).
Samples were then dried in critical point drier (EMS850) and mounted on to copper stubs
using double stick cellophane tape. The mounted samples were coated with gold in
sputter coater (FC-1100, Jeol) and observed under Scanning electron microscope (Philips
XL 30 ESEM).The behavioural changes in stomata were observed and stomatal density
in the leaf samples were determined using a photomicroscope system (MPS 60, Leica,
Wetzlar, Germany). Stomatal size was defined as the length in micrometers (um)
between the junctions of guard cells at each end of the stomata which indicates the

maximum potential opening of stomatal pore ( Teng et al., 2006).

2.7 Specific leaf area (SLA) and leaf biochemistry
Same leaves used for photosynthetic leaf gas exchange and chlorophyll a
fluorescence measurements were used for these measurements. Leaf discs were collected

with 1.53cm? leaf borer and were completely dried by keeping in incubator at 72°C. Dry
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weights were measured and used for calculation of SLA by using leaf area/leaf dry
weight and values were expressed as cm?g*dw. Leaf samples of 10 mg were used for the
estimation of both starch and total sugars. For estimating starch, samples were extracted
in 10 ml of 80 % ethanol using a water bath at 80°C. After drying the residue over water
bath, 0.5 ml of H20 and 0.65 ml of perchloric acid was added. The homogenate was
centrifuged at maximum speed for 20 min to collect the supernatant and made up to 10
ml with double distilled H20. For estimating total sugars, samples were extracted in 5 ml
of 25 N HCL for 3 hours on hot water bath. After hydrolysis, the extracts were
neutralized with Na,COs and made up to 10 ml with double distilled H>O and
supernatants were collected by centrifugation. These supernatants were used for the
quantitative estimation of both starch and total carbohydrates. In addition to above,
chlorophyll pigments were also estimated by the methodology of Isrealstam (1979), these
samples were used to calculate Chl a, chl b and total chl contents (Arnon 1949) and the
final values were expressed as mg g* fw. Foliar nitrogen concentrations were estimated

by Dumas method.

2.8 Antioxidant enzyme activities and gene expression

Same leaves which were used for photosynthetic leaf gas exchange parameters as
well as for chlorophyll a fluorescence measurements were collected between 10:00-
11:00h and were used for both antioxidant enzyme activities and gene expression studies.
Antioxidant enzymes including ascorbate peroxidase (APX), monodehydroascorbate
reductase (MDHAR), glutathione reductase (GR), superoxide dismutase (SOD) and
catalase (CAT) activities were measured. Leaf extracts were prepared from 0.5 g of
frozen tissue in 2.5mL of 50 mM potassium phosphate buffer (pH 6.0) containing 0.04 M
KCI, 1 mM ascorbate (ASC), ImM PMSF and 8% PVPP. Enzymes of ascorbate-
glutathione cycle (ASC-GSH) like APX, GPX, MDHAR and GR activities were
determined according to Murshed et al. (2008) with minor modifications. The
homogenate was centrifuged at 14,000g for 10 min at 4°C and the supernatant was

immediately used for the enzyme activities.
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Table.2.1

Selected chlorophyll a fluorescence JIP-test parameters

Formulae Description of the individual JIP-test parameter

Fo Minimum fluorescence value after the onset of actinic
illumination at 50us

FL Fluorescence value at 150 ps

Fk Fluorescence value at 300 ps

Fi Fluorescence value at 2 ms

Fi Fluorescence value at 30 ms

Fp=Fm Maximum fluorescence intensity  under saturating
illumination at P-step

Fv Variable chlorophyll fluorescence

Kn Non-photochemical de-excitation rate constant

Kp Photochemical de-excitation rate constant

@ro = TRO/ABS = Fv/Fu = [1- (Fo/Fwu)]
Wo=ETo/TRo = (1 - V)

@0 = ETO/ABS = [1- (Fo/Fum)] wo
DIo/RC = (ABS/RC) — (TRo/RC)

RC/CSm = yo (Vi/Mo)( ABS/CSm)

ABS/CSm = Fu

TRo/CSm = ¢ro (ABS/CSm)

ETo/CSm = ¢eo (ABS/CSm)

DI0/CSm = ( ABS/CSm)-( TRo/CSm)

Pliaes) = (RC/ABS) (@po /(1— ro))*(yo /(1—

o))
Plsm) = (RC/CSm) (ppro /(1_ ®pPo)) X (Yo (1-

Vo))

Maximum quantum yield of primary photochemistry
Possibility that a trapped exciton moves an electron into
the electron transport chain beyond QA

Quantum yield of electron transport (at t = 0)

Dissipated energy flux per RC

Density of active reaction centers per cross-section

(CS)

Absorption flux per excited CS
Trapped energy flux per excited CS
Electron transport flux per excited CS
Dissipated energy flux per excited CS
Performance index on absorption basis

Performance index on cross section basis
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For APX activity assay, 1 ml reaction buffer consisting of 50 mM potassium
phosphate buffer (pH 7.0) and 10 mM ascorbic acid (ASA). Then 25 pl of sample
supernatant or extraction buffer was added to reaction buffer, total solution was mixed
with gentle shaking for 5 s and the absorbance of the reaction was measured at 290 nm
for 3 min at 25° C to determine nonspecific ascorbate degradation. Further, 200 mM
H>0> was added to the 1 ml of reaction mixture and measured the decrease in the reaction
rate/absorption at 290 nm for 3 min. Specific activity was calculated from the 2.8 mM*
cm extinction coefficient. A correction was carried out for the nonspecific oxidation of
ascorbate in the sample (first reading) and by H2O: in the absence of the enzyme sample
(blank). To measure the activity of MDHAR, reaction was started by adding of 0.4 units
of ascorbate oxidase to the 1 ml reaction buffer containing 50mM phosphate buffer,
10mM ASA, 10 mM NADH, 25 pl of sample supernatant or extraction buffer to generate
monodehydroascorbate radical. MDHAR activity was determined by measuring the
decrease in the reaction rate/absorption at 340 nm for 3 min. Specific activity was
calculated using the 6.22 mM™ cmextinction coefficient. Rate of nonspecific NADH

oxidase activity was subtracted.

Glutathione reductase (GR) activity was estimated spectrophotometrically by
measuring the NADPH oxidation at 340 nm in the presence of 10 mM NADPH. The GR
reaction was started by the addition of 20 mM GSSG to the 1 ml reaction mixture consist
of 50mM phosphate buffer, 10mM EDTA and 25 pl of sample supernatant or extraction
buffer. The specific activity was calculated from the 6.22 mMZcm™? extinction
coefficient. Nonspecific NADPH oxidation was determined before adding GSSG and
subtracted from the GR specific activity. In order to define activity as micromole of
substrate consumed or product formed per minute per milligram of protein, the protein
concentration was quantified by Bradford (1976) method.

Glutathione peroxidase (GPx) activity was measured according to the procedure
given by Paglia and Valentine (1967). Reaction buffer (1 ml) contains 50mM phosphate
buffer, 10mM NADPH, 10mM EDTA, 50mM reduced GSH, 200mM H;0,, 5U of GR enzyme

and 25 pl of sample supernatant or extraction buffer. Decrease in absorbance at 340 nm was
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measured for 3 min and enzyme activity was calculated from the 6.22 mM*cm™ extinction

coefficient.

Similarly, SOD activity was determined according to Dhindsa et al. (1981) by
measuring the inhibition of P- nitro blue tetrzolium chloride (NBT) reduction at 560 nm.
The 3 ml reaction mixture contained 50 mM phosphate buffer (pH 7.8), 13 mM
methionine, 75 uM NBT, 2 uM riboflavin, 0.1 mM EDTA and 50 pl of enzyme extract.
Riboflavin was added last and the tubes were shaken and placed 30 cm below a light
bank consisting of two 15 W fluorescent lamps for 10 min. The absorbance by the
reaction mixture was read at 560 nm. Catalase activity was assayed according to Aebi
(1984) by monitoring the H>O, decomposition rate. To measure the catalase activity, 1 ml
reaction buffer consist of 50 mM phosphate buffer (PH 7.0), 200 mM H20- and 25 pl of
plant extract.

Based on existing draft genome sequence of mulberry, Morus notabilis, gene
specific primers were designed for antioxidant enzymes and given in Table 1 (He et al.
2013). These primers were checked for their amplification by PCR (Fig. ), confirmed
through their sequence analysis and the same were used to perform quantitative real time-
PCR (gRT-PCR) to check their gene expression in mulberry under both elevated [CO>] as
well as drought conditions with their respective controls. Total RNA was isolated using
plant spectrum RNA isolation kit (Sigma-Aldrich, USA) and cDNA synthesis was
performed by using Revert Aid™ first strand synthesis kit (Fermentas Life Sciences,
Germany) and qRT-PCR was performed using Eppendorf Realplex Master Cycler
(Eppendorf, Germany) with the KAPA SYBR FAST (Mastermix (2X) Universal) (KAPA
Bio systems, USA) real time PCR kit following manufacturer's protocol. Expression
levels of the target genes were calculated by comparing the cycle threshold value (Ct) to
the reference gene actin, since its expression was stable under all experimental
conditions. The relative quantification (comparative method) was done using the 2-44¢t
method (Livak and Schimtgen 2011).
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Table 2.2 Gene specific primers designed for antioxidant enzymes (Cyt- cyrosolic, Chl-

chloroplastic, Mit- Mitocondrial) and aquaporins (AQPS).

GenBank ID  Target Forward Reverse
description
EXC01121 GPX-1 CAGGCCAAAGGGAGCCG CATCAATATCCTTTACAGTGAAG
TC
EXB68679 GPX-2 GGAATGATGCGAGTCTAAGTG CCTAGTGCATACAACCTCCTG
EXB39342 GPX-4 CTCGTCGTTAACGTCGCTTC CAGCTTTGTATCTAGTGCATGC
EXB37365 GPX-6 CCAATCCAGCAAAGGCTCTG CTGTTCATTGGTCCCTGGC
EXB37363 GPX-8 AGGAGGAACCTGGAAGTAATG GTCAACGACTTTCCCGTCC
EXC21081 ChlFeSOD CCAAGTTTGAGCTAAAGCCTC CCAAACTTGTGCTGCATTGTTG
EXB96397 Fe SOD GCTATACTATGGATGAACTTGT CAGAGCCAAATAGAGTTAGTGC
C
EXB67662 Cyt Cu-Zn CTTAAGCCCGGGCTTCATG CAGCACGGCCGATGATGG
SOD
EXC19545 Mit Mn SOD CTGCCGGACCTTCCGTAC GTTAACAGGAGCGAGATTCTTC
EXB96516 ChIMnSOD GTACGACTATGGCGCTCTG CCACCTCCTTCACTGATAGG
EXB37740 MDHAR-1 GGGAAAACTCTTATAAGCGCA GACCAATATATCCTCCTCCAAC
G
EXB37705 MDHAR-2 GTTTCCGCCGGTTACGCG CGGACTATTTCCGTGTTGAGG
EXB37294 MDHAR-3 GCAGATGCTGATGCACTAATA  CTCTGGGCAAGTGAAGGAGT
TC
EXC20301 MDHAR-4 GGAGGTGGCTATATAGGAATG CATCTCTAAGAATAACAGCTGTG
EXB87094 GTR-1 GCGGGATGGGTGCTACTG CGGTGGCAAACAATACAACATC
EXB26575 GTR-2 CGGTGGATACATTGCCTTGG AATGATCCATCGGCAACTTTAAT
G
EXC35333 APX-3.1 GTCATCCAGATGCCAAACAAG GGGAAGTTTCAATAGCCCTTTTG
EXC35330 APX-3.2 GTCTATCTGACAAGGAAATTG GTATAGCTCAACGTAGCTACG
TG
EXC33221 APX-3.3 GTACCCAGAGGAGCTCGC CAGAACCCTTGGTAGCATCAG
EXB60099 APX-T GAAGTTTGAGGTTTGAGATTG  TCTCCCTTCTTCTGGGCAC
AG
EXB37691 APX-2 GACCGCTCTGGATTTGAAGG CCAAGCTCCGATAACTTCAAATG
EXC51646 CAT GTGGTGTCAAGTCTCTGTTG CTGCAAAGAAGTTATCAATGTTC
gi|[703093878 PIP 1.1 GGTCATGGGCGTCGTCAAG GAACACTGCCCTAGTTAACGAC
gi|[703115256  PIP 2.1 CGGTGGCGTTGGGATTCTC CAAACTCTGGGCCACTATGTAC
gi|[703141596 PIP 2.2 GTCGGCATTTTGGGAATTGCC CACAGATGGCCCCCAAGC
0i|[703142030 PIP 2.7 GCCTCCTCGGCATCGCC CACGAGCCCAACCCCGC
gi|703099448 TIP 1.3 GGGGCATCGACCCCTTCG CGGATCCCAAAAGCTGTGCG
gi[703104858 TIP 2.1 GCGCCAACATCTCCGGTG CAATGGCACCAACTCCGGC
0i|[703131479 TIP2.3 CATTGCCGCCAACATCTCAG CCCAACCCCGCGGCTAG
gi[703069838 TIP 4.1 GTGGCCATCTTAACCCGGCCTC CTTGGAAGTGTCCTACC
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2.9 Estimation of oxidative stress parameters, osmolytes and molecular antioxidants
Lipid peroxidation was determined by quantifying malondialdehyde (MDA)
according to Fu and Huang (2001). Fresh leaf samples (0.5 g) were taken and
homogenized in 5 ml of 0.1% (w/v) trichloroacetic acid (TCA) at 4°C and the
homogenate was centrifuged at 5,000g for 10 min at 4°C. The reaction mixture contained
0.5 ml of the supernatant and 4 ml of 0.5% (w/v) thiobarbituric acid (TBA) in 20% (w/v)
TCA, incubated at 95°C in a shaking water bath for 30 min and the reaction was stopped
by quickly cooling the tubes in an ice water bath. The samples were centrifuged at 5,000g
for 15 min and the absorbance of the supernatant read at 532, 600 and 440 nm. MDA
concentration was calculated using an extinction coefficient of 155 mM=cm™,

Proline content in leaf tissues of mulberry from all the treatments was determined
according to Bates et al. (1973). Fresh leaf samples (0.5 g) were homogenized in 10 ml of
3% sulphosalicyclic acid and were centrifuged at 9,000g for 15 min at room temperature.
The reaction mixture containing 1 ml leaf extract, 2 ml acid ninhydrin and 2 ml glacial
acetic acid was incubated for 1 h in boiling water bath. After incubation, 4 ml of toluene
was added to the reaction mixture and mixed vigorously by vortexing for 15-20 s. The
upper reddish pink color toluene layer was separated and the absorbance was read at 520
nm, proline content was determined from the standard curve and was expressed as mg g
fw.

Ascorbic acid (ASA) was estimated according to Omaye et al. (1979), fresh leaf
tissue (0.5 g) was homogenized with 5 ml of 10% (w/v) trichloroacetic acid (TCA). The
extract was centrifuged at 10,000 g for 20 min at room temperature. The pellet was re-
extracted twice; supernatants were combined and used for assay. To 0.5 ml of extract, 1
ml of 2% DNTPH (2, 4-dinitrophenyl hydrazine in 0.5 N H2S04), a drop of 10%
thiourea (in 70% ethanol) were added and incubated at 37°C for 3 h. After incubation,
1.75 ml of ice-cold 65% H>SO4 was added, allowed to stand at 30°C for 30 min and the
absorbance of the resulting color was detected at 520 nm. The ASA content was
determined from the standard curve and was expressed in mg g™ fw.

Total glutathione content in mulberry leaves was determined according to Griffith
and Meister (1979). Fresh leaf tissue (0.2 g) was homogenized with 0.8 ml of 10%
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sulphosalicylic acid and centrifuged at 15,000g for 5 min at 4°C. The supernatant was
neutralized by adding 0.6 ml of 10% sodium citrate. 1 ml reaction mixture was prepared
by adding 0.1ml extract, 0.2ml double distilled water (ddw), 0.7ml of 0.3 mM NADPH in
potassium phosphate buffer (20 mM, pH 7.5) and 6 mM 5'-dithio-bis (2-nitrobenzoicacid)
(DNTB). The reaction mixture was stabilized at 25°C for 3—4 min, then 10 ul glutathione
reductase (GR) was added to the reaction mixture and the absorbance of the resulting
color was read at 412nm and concentrations were expressed in pmol g fw.

Total phenolic content was determined according to Stankovic (2011). The
reaction mixture was prepared by mixing 0.5 ml of methanolic solution of extract
(Img/ml), 2.5 ml of 10% Folin-Ciocalteu’s reagent dissolved in water and 2.5 ml 7.5%
NaHCOs. Blank was concomitantly prepared, containing 0.5 ml methanol, 2.5 ml 10%
Folin-Ciocalteu’s reagent dissolved in water and 2.5 ml of 7.5% of NaHCO3 and
incubated at 45°C for 45 min. The absorbance was determined at 765 nm and content of
total phenolics (TPC) in extracts were expressed in terms of gallic acid equivalents as mg
of GA/g fw.

2.10 Measurements of leaf relative water content (RWC), plant hydraulic
conductivity parameters and aquaporins (AQPS) gene expression

To check the RWC, fresh leaf discs (1.5 cm?) were weighed immediately, then re-
hydrated by immersing them in distilled water for 24 h at 4°C in darkness and
subsequently oven-dried for 24 h at 105°C. The RWC was determined as [(fw-dw)/(tw-
dw)] x 100, where fw is the fresh weight of leaf discs, tw is the turgid weight after re-
hydrating the discs for 24 h, and dw is the oven-dried weight of discs. Along with RWC,
we also measured stem xylem water potential (¥x; MPa) by using a commercially
available psychrometer (PSY; ICT International, Australia) (Dixon and Downey 2013).
PSY was installed on to the stem at 100cm above from the ground to record stem xylem
water potential. Leaf water potential (predawn, Wpq and midday Wmq; MPa) was measured
with PSY on fully matured and young leaves.
In addition to above, we obtained xylem sap flow rate (F; kg/hr) by heat ratio method by

using commercially available sap flow meter (Model: SFM; ICT International, Australia).
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SFM was installed at 150cm height and maintained constantly during all the experimental
conditions. Stem hydraulic conductivity was calculated as: Ks= [F x L/ (Win-Wout)] (kg m"
! sec! MPal), where F is sap flow rate (kg/sec), L is distance between two PSY (m), Win
is water potential at inlet (MPa) and Wout IS water potential at outlet (MPa). Leaf
hydraulic conductance (KL) was also determined by using transpiration rates measured
with leaf gas analyzer and the water potential differences of leaf and xylem. K was
calculated according to Ohm’s Law as: K. = [E/ (¥x— ¥md)](mmol m? st MPat),where
E is transpiration rate (mmol m? s™), Wmq is midday leaf water potential (MPa), Wx is
xylem water potential (MPa). We also checked gene expression patterns of membrane
intrinsic proteins (MIPs) or aquaporins (AQPs), gene specific primers were designed

based on existing draft genome sequence and these primers were given in Table 2.

2.11 Changes in morphalogical charecterstics, plant growth, destructive biomass

yield and carbon sequestration potential

At 30 days after stress (30DAS), plants grown under both elevated and ambient
[CO2] environments were photographed to visualize the drought effects. Further, these
pictures were analyzed by ImageJ software to quantify their morphological changes such
as amount of greenery leaves as well as senescence leaves and expressed their values in
integrated density/m2area/plant. In addition to above, we also measured individual leaf
density by choosing leaves randomly on images from all over the plant and expressed
values in terms of integrated density/mm?area/ leaf. Plant height (Ht) from the ground to
the canopy top was measured using measuring tapes. The shoots of all the representative
plants were coppiced using a sharp secateur (a type of pruner), and the aboveground
components (leaves, branches and stems) were separated and immediately fresh weight
was taken in the field to get total leaf fresh weight (TLFW) and total stem fresh weight
(TSFW) (primary + axillary branches). After taking fresh weights, subsamples (200mg)
from leaves and stems were chipped and mixed in order to evenly distribute wood of
different densities and oven-dried at 80°C for several days until constant weight was
achieved.
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Downstream
temperature probe

Measurement of stem hydraulic conductance

probe
Heartwood Centre of stem

Bark + cambivm  Sapwood

Measurement of |eaf
hydraulic conductance

Stem hydraulic conductance
(K stem)= [F*L/ (Win -Wou)l; kg m't sec™ Mpat
Where F is sap flow per time (kg/sec),

Wi, is water potential at inlet (Mpa) Leaf hydraulic conductance

W, is water potential at outlet Mpa) (K)=E/ (g —w,); mmol m2 stMpal

L is distance between two Psy (m) ) o
where E is transpiration rate (mmol m-2s1)
g, is leaf water potential (Mpa)

WPy is xylem water potential (Mpa)

Fig 2.5 Measurements of in situ stem and leaf hydraulic conductance by hydraulic

conductivity meter (HCM) in mulberry
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This weight was used to calculate total dry weights of respective samples for individual
plant. Dry weights as well as fresh weights of leaf and stem were used to calculate total
above ground fresh weight (TAGFW) and total above ground dry weight (TAGDW) per
plant. After three years, roots were collected from an area of Imx1mx1m volume around
the plant base. The roots were brought to the laboratory, fresh weights (RFW) were taken
and were then oven dried to obtain dry weights (RDW). This carbon content in DW was
multiplied with constant value of 3.66 to get the total CO, sequestered in the respective
plants per year. After three years, both dry weights as well as its carbon sequestration
potential of mulberry plants were calculated per hectare and these values were expressed
as Mg/hectare/3 years.

2.12 Statistical analysis

Data on leaf gas exchange characteristics, chlorophyll a fluorescence, changes in
antioxidant enzyme activities, oxidative stress parameters, molecular antioxidants and
bio-mass yield in mulberry grown under elevated and ambient CO, atmosphere under
WW and WS conditions, were given as mean + SD of 3 plants (n = 3). Analysis of
variance (ANOVA) was performed to check the statistical significance between the
treatments (elevated [CO-], drought, and time) by using statistical package Sigma Plot
11.0 .Relationship between leaf gas exchange and plant hydraulic variables were plotted
using statistical package excel 2007. Correlations between parameters were evaluated by

calculating simple linear correlation coefficient of determinations (r?).
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3.1 Objective 1- Variations in photosynthesis, growth and bio-mass yield
responses of two contrasting drought tolerant (DT) mulberry cultivars
under elevated [CO-] atmosphere

3.1.1 Photosynthetic leaf gas exchange physiology

Elevated [CO.] atmosphere induced significant changes in photosynthetic leaf gas
exchange parameters between the two genotypes and treatments (Table 3.1). [CO2]
enrichment increased light saturated net photosynthetic rates (Asat) by 35% in both the
genotypes compared to their respective controls. However, elevated [CO2] grown S13
(ES13) showed 13% (22 umol m2s?) more Asa than EK2 (18 pmol ms?). Decreased
stomatal conductance (gs) and transpiration rates (E) in both genotypes of mulberry
grown under elevated [CO2] were recorded. gs decreased from 0.35 to 0.24 mol m2s?
(31%) in S13 whereas in K2 it reduced from 0.42 to 0.30 mol m?s? (28%). In consistent
with gs, both mulberry genotypes grown in high [CO2] showed reduction in E by an
average of 30%. Because of lower E, both ES13 and EK2 showed an average increase in
WUE; by 55% than their respective controls. However, ES13 showed further
improvement in WUE; (33%) than EK2 due to additional reduction in E.

Intercellular [CO2] (Ci) was more in K2 than S13 under both ambient and elevated
[CO2], but plants which were grown under elevated [CO2] had comparatively higher C; of
34% and 32% in S13 and K2 respectively than their corresponding ambient CO2 grown
plants. Changes in instantaneous photosynthetic rates (A) with increasing photosynthetic
photon flux density (PPFD), known as A/Q curves, between the treatments and genotypes
were given in Fig 3.1 and parameter deduced from A/Q curves including apparent
quantum efficiency (AQE) was significantly enhanced in the [CO2] enriched plants with
concomitant decrease in light compensation point (LCP) as shown in Table 3.1.
The AQE in control S13 increased from 0.031 to 0.042 (23%) during [CO2] enrichment,
where as in K2 it increased from 0.027 to 0.037 (27%). In contrast to above, LCP was
decreased by 65% and 50% in ES13 and EK2 genotypes respectively than their ambient
(A) controls.
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Table 3.1 Changes in photosynthetic leaf gas exchange characteristics and foliar
biochemistry of two mulberry genotypes (S13 and K2) grown under elevated and ambient
CO, atmosphere. The measurements were taken on randomly selected young fully
expanded 3" or 4" leaf from the apex in the upper canopy region. Values are means + SD
(n=3)
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Photosynthetic photon flux density (PPFD)

Fig 3.1 Photosynthetic rates in relation to photosynthetic photon flux density (PPFD) in
S-13 and K-2 mulberry genotypes grown in ambient and elevated [CO2]. These
measurements were recorded using fully mature leaves randomly taken from upper shoot
apex. Values are mean+ SD (n=3).

3.1.2 Chlorophyll a fluorescence measurements

Significant variations in chlorophyll a fluorescence were observed between the two
mulberry genotypes under elevated [CO2] atmosphere as depicted in the radar plot (Fig

3.2 and Table 3.2). The data on fluorescence JIP-test parameters were normalized with
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proprietary control S13 by giving a numeric value of 1. Parameters like minimal (Fo) and
maximal fluorescence (Fm) were significantly higher in K2 when compared to S13
genotype under both ambient and elevated [CO:] conditions. However, [CO2] enrichment
resulted in lower Fo and higher Fm than control plants. In EK2, Fo and Fm were increased
by 9% and 10% respectively than ES13. The Fo/Fm significantly increased by 9% and
12% in AK2 and AS13 genotypes respectively, compared to their [CO2] enriched counter
parts. In parallel with above parameters, there was significant rise in dissipation energy
flux per absorption flux (DI/ABS), dissipation energy flux per PS-11 reaction centers
(DI/RCs), dissipation energy flux per PS-1I cross section of the leaf (DI/CSm) and the
sum of non-photochemical de-excitation rate constant (Kn) in both genotypes grown
under ambient [CO-]. Similar trend was recorded for ABS/RC and ABS/CSm in both
ambient [CO2] grown mulberry genotypes. Though there was a decrease in the above
parameters in elevated [CO.], ES13 showed comparatively higher reduction by 9%, 8%
and 14% in DI/RCs, DI/CSm and Kn respectively than EK2,

The Fv/Fo (efficiency of water splitting complex) was significantly increased by
32% and 30% in EK2 and ES13 respectively than their ambient counter parts. There was
also a significant increase in Fv/Fm, yo, ®Eo, ET/RCs, ET/CSm, RC/CSm, Kp, and
Plass) in [CO2] enriched mulberry genotypes compared to ambient [CO2] plants.
However, greater enhancement in these parameters was observed in ES13 by 3%, 7%,
14%, 13%, 17%, 5%, 14%, 22% and 13% respectively compared to EK2.

3.1.3 Leaf biochemistry and specific leaf area (SLA)

Significant changes in leaf biochemistry and SLA between the treatment and genotypes
were given in Table 3.1. Leaves harvested from elevated [CO2] grown mulberry plants
accumulated more non structural (total soluble sugars and starch) carbohydrates than
their controls. However, K2 showed more accumulation of sugars than S13 in both
ambient and elevated [CO2] atmosphere. Total soluble sugars in AS13 was 315mg g*
DW and increased to 410 mg g™t DW in ES13, where as in K2 the sugars increased from

380 to 470 mg g* DW under [CO;] enrichment with an average increase of 23% and 19%
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in ES13 and EK2 respectively. Similarly, starch content increased by 30% and 35% in
ES13 and EK2 respectively than their ambient counterparts. However, EK2 had more
total soluble sugars (12%) and starch (25%) than in ES13. In contrast to non structural
carbohydrates, [COz2] enriched leaves had lower chlorophyll content by 27% and 25% in
ES13 and EK2 respectively than their respective controls. Specific leaf area (SLA)
showed inverse relationship with leaf thickness which was reduced in both genotypes of

mulberry grown under elevated [CO2].

3.1.4 Growth and bio-mass yields

After four months, both genotypes of mulberry grown under elevated and ambient [CO2]
were harvested for growth and biomass yield measurements. Morphological changes of
plants grown under elevated as well as ambient [CO-] atmosphere within and between the
S13 and K2 genotypes were shown in Fig 3.3. High CO. grown mulberry plants showed
increased plant height, number of leaves and branches cumulatively leading to greater
fresh and dry biomass than their ambient [CO2] counter parts. However, S13 showed
more bio-mass accumulation than K2 in both elevated and ambient [CO2] grown plants.
Leaf fresh biomass (LFBM) was 0.95kg in AS13 which increased to 1.45 kg (34%) in
ES13, whereas the same was 0.8 kg in AK2 which increased to 1.24 kg (35%) in EK2
(Fig 3. 4 A). Similar trend in stem fresh biomass (SFBM) was observed in both
genotypes which were grown under [CO.] enriched environment. An average increase of
SFBM by 32% and 42% in ES13 and EK2 respectively compared to ambient [CO2]
grown plants was observed (Fig 3. 4 C). Similar enhancement was observed in leaf dry
biomass (LDBM) and stem dry biomass (SDBM) and an average increase of 38% and
40% respectively in both the genotypes grown under elevated [CO;] conditions (Fig 3. 4
B & D). There was a substantial increase in root fresh (RFBM) and dry weights (RDBM)
in both genotypes grown under increased [CO2] (Fig 3. 4E & F). Significant increase in
fresh and dry biomass of above (leaf + stems) and below ground (root) components
leading to an increase in total fresh (TFBM) and dry bio-mass (TDBM) in both the

mulberry genotypes grown under elevated [CO:] atmosphere compared to their respective
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controls. An average increase in TFBM and TDBM by 34% and 39% respectively was
observed in ES13, where as 36% and 44% increase was observed in EK2 when compared
to their ambient counterparts (Fig 3.4 G & H). Nevertheless, ES13 showed more biomass
accumulation of 14% and 17% in terms of TFBM and TDBM respectively when

compared to EK2.

--o-- AmbientK2 —e— Elevated K2
--0-- AmbientS13 —e— Elevated S13

ABS/RC

Fig 3.2 Radar plot showing mean changes of chlorophyll a fluorescence JIP-test
parameters in S-13 and K-2 grown under elevated and ambient [CO2] atmosphere. The
measurements were taken on randomly chosen fully mature leaves at 3 or 4" position
from the apex in upper canopy region during 11:00-11:30 h. Data are mean = SD (n = 3).
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Fig 3.3 Morphology and phenology of S-13 and K-2 mulberry genotypes grown under
elevated (A) and ambient (B) [CO2] atmosphere.
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Fig 3.4 Changes in biomass accumulation patterns in the two mulberry genotypes (S13
and K2) grown under ambient and elevated [CO2] concentrations. (A) Total leaf fresh
biomass (TLFB), (B) Total leaf dry biomass (TLDB), (C) Total stem fresh biomass
(TSFB), (D) Total stem dry biomass (TSDB), (E) Root fresh biomass (RFBM), (F) Root
dry biomass (RDBM), (G) Total (above and below ground) fresh biomass (TFBM), (H)
Total dry biomass (TDBM). Values represented are the mean + standard deviation (n=3).
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Table 3.2

Changes in photosynthetic leaf gas exchange characteristics, foliar biochemistry,
destructive biomass and JIP test parameters between the treatments and genotypes.
Values are + SD of three plants (n=3) with statistical significance of * (P<0.05), **
(P<0.01) and *** (P<0.001). E- Elevated, A- Ambient.

Parameter ~ Genotype CO; CO2 x
genotype
S13 K2
ASat **k% **k*k **k* *kk
gS * **k*k **k*% *
Photosynthetic E bl ol ek wk
phy5|0|ogy Ci * *k*k *kk *
WU Ei **k%k **k*k **k*k **k*x
AQ E * **k%k *k*k *
LCP * **k*k **k* *
Foliar biochemistry Starch ** falake whx faad
Total *kk *kk *okk *kk
sugars
Total Chl Fhx okl fadaid falaid
Destructive biomass SLA e bl kil *
L F B M ** **k*x *k*k *
L D B M ** **k*k *k*k *
S F B M ** **k*k **k* *
S D B M ** **k%k **k*% *
R F B M * **k%k **k*%k *
R D B M * **k*k **k*%k *
T F B M ** **k%k **k*%k *
T D B M ** **k%k **k*%k
Chlorophyll a Fo ** falald whk bl
fluorescence JIP test Fum * *xex *hk *
parameters Fy/Fo *k *kk Kk ke
(PPO ns **k*k **k*%k ns
\VO * **k%k *k*k **%
(PEO * **k*k **k*%k **
Kn * **k*k **k*%k *
Kp * **k%k *k*k **
ABS/RC * * * *
TRo/RC Kkk *kk - Kk
ETO/RC ** **k%k *k*k **
D I O/R C * *kxk *k*k
Dlo/CSm * faleka Fkk
R C / C S m * *kk *kk
ET/CS m * *kxk *k*k
ABS/CSm * ol Fkx
p I (abs) ** **k%k *k*k **
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3.2 Objective 2- Establishing the long term carbon sequestration
potential of mulberry with coppice management practices under [CO2]
enriched environment

Our results from long term [CO-] enrichment studies clearly demonstrated that mulberry
plants showed significant variations between short-term responses and long term
responses under elevated [CO2], wherein plants grown under elevated [CO2]
environments showed reduced photosynthetic performance with increasing [CO2]

exposure time compared to their ambient [CO2] counterparts.

3.2.1 Photosynthetic leaf gas exchange physiology

[CO,] enrichment induced significant changes in photosynthetic leaf gas exchange
characteristics in mulberry throughout the experimental period compared to ambient
[CO2] grown plants (Table 3.2). In the present study, both [CO2] and time showed
significant effects on photosynthetic leaf gas exchange characteristics (Asat, gs, E, Ciand
WUE;) in SRC mulberry plants grown under both elevated and ambient [CO2] conditions.
Recorded Assx was 22 pmol m?2st and 14 pmol m?2s? at 365 DAT and which were
reduced to 18 pmol m?2s? and 10 pmol m?2s? at 1095 DAT for elevated and ambient
[CO2] grown plants respectively. Thus, SRC mulberry plants grown under elevated [CO-]
environments displayed higher Asa by 50% at 1080 DAT compared to their current
[CO2] grown plants.

In contrast t0 Asa, gs, and E were reduced considerably in [CO2] enriched
mulberry plants by 35% and 40% respectively at 1080 DAT than their  control
counterparts. Substantial reduction in E should be linked with greater WUE; throughout
the experimental period in elevated [CO2] grown plants and a 70% increase in WUE; was
observed at 1095 DAT in [CO2] enriched SRC mulberry plants. Similarly, plants grown
under high [CO-] conditions showed increased C; throughout the experimental period in
spite of reduced gs compared to their ambient [CO2] counterparts.

SRC mulberry plants grown under elevated [CO2] atmosphere showed significant

variations in A/C;j and A/Q curves at 365 as well as 1095 DAT compared to their ambient
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[CO2] counter parts (Fig 3. 4 and 6). In addition to above, we also observed significant
variations in parameters including Vemax, Jmax and Amax, Which were deduced from A/C;
curves, between elevated and ambient [CO2] grown SRC mulberry plants throughout
experimental conditions (Fig 3.5). At 365 DAT, high [CO.] grown plants showed
reduced Vemax, Jmax and Amax by 10%, 9% and 11% respectively with respect to current
[CO2] grown plants. With increasing [CO2] exposure time, both elevated as well as
ambient [CO2] grown plants showed further decrease in Vcmax, Jmax and Amax relatively.
But, at 1095 DAT, elevated [CO2] grown plants showed greater reduction in Vemax, Jmax
as well as Amax compared to the ambient [CO2] grown SRC mulberry plants. Parameters
deduced from A/Q curves including AQE progressively decreased with an increase in
[CO2] exposure time along with simultaneous increase in LCP in both elevated and
ambient [CO2] grown plants (Fig 3.6). However, elevated [CO2] grown plants showed
higher values of AQE (44%) and reduced LCP (-52%) even at 1095 DAT when
compared to current [CO2] grown plants. Further, changes in Vemax, Jmaxand Amax in SRC
mulberry plants grown under both elevated and ambient [CO.] environments showed
positive correlation with the changes in foliar nitrogen content. In addition to above, we
also observed that changes in Vcmax proportionally influence the Jmax in both elevate and

ambient [CO2] grown mulberry plants (Fig 3.8).

3.2.2 Chlorophyll a fluorescence measurements

In addition to above photosynthetic leaf gas exchange physiology, elevated [CO2]
significantly influenced the PS-II efficiency in SRC mulberry compared to their ambient
[CO2] counterparts (Table 3.2). Plants grown under [COz] enriched environment showed
significant increase in Fv/Fm (5%) and AF/Fm' (8%) with concomitant decrease in NPQ (-
38%) compared to their ambient [CO2] counterparts. Both elevated and ambient [COz]
grown plants showed significant decrease in efficiency of PS-1l as manifested by reduced
Fv/Fm and AF/Fm' with concomitant increase in NPQ at 1095 compared to 365 DAT.
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Table 3.3 Changes in photosynthetic leaf gas exchange characteristics, chlorophyll a
fluorescence parameters and foliar biochemistry in SRC mulberry grown under elevated
and ambient [CO.] atmosphere at 365 DAT and 1095 DAT. The measurements were
taken on randomly selected young fully expanded 3™ or 4™ leaf from the apex in the
upper canopy. Values are means + SD (n=6)

Parameters 365 DAT (1 year) 1095 DAT (3 years)
E A E A
A sat 22 (£0.85)* 14 (£0.69) 18 (x0.45)* 11 (x0.76)
Ci 410 (x25)* 290 (z£15) 395 (x15)* 280 (£13)
Os 0.32 (£0.035)* 0.48 (£0.028)  0.29 (£0.018)* 0.44 (x0.012)
E 4.5 (x0.85)* 6.7 (x0.6) 3.5 (x0.15)* 5.8 (0.35)
WUE:i 4 (£ 0.34%) 1.79 (£ 0.14) 4.46 (x 0.18)* 1.37 (£ 0.25)

Fv/Fwm 0.785 (£0.032) * 0.754 (+0.025) 0.715 (+0.028)* 0.745 (+0.035)

AF/Fm’ 0.765 (£0.032)* 0.714 (£0.025) 0.735 (x0.028)* 0.685 (+0.035)
NPQ 1.42 (x0.14)* 2.27 (x0.17) 2.84(x+0.12)* 2.45(%0.15)
Total Chl 1.8 (£0.19)* 2.4 (£0.24) 1.43(x0.22)* 2.12 (x0.26)
mg/g FW
Total 320 (£15)* 216 (£18) 430 (x22)* 325 (£14)
Sugars
mg/g DW
Starch 184 (x12)* 134 (£8) 256 (x18)* 188 (x16)
mg/g DW
Nitrogen 56 (£ 2.4)* 68 (£2.7) 41 (£ 2.8)* 54 (£3.5)
mg/g DW
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Fig 3.4 Changes in A/C; curves in SRC mulberry grown under elevated and ambient

[CO2] environments.
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Fig 3.5 Variations in parameters (Vemax, Jmax and Amax ) deduced from A/C; curves in
mulberry grown under elevated and ambient [CO] environments. Values represent
mean £SD (n=6). Results shown in the figures are an average of time points and values
are £ SD of six plants (n = 6) with statistical significance of *(P < 0.05),**(P < 0.01),
***(P < 0.001) and ns- not significant.
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Fig 3.6 Changes in A/Q curves in SRC mulberry grown under elevated and ambient
[CO2] environments.
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Fig 3.7 Variations in parameters (Asa, AQE and LCP) deduced from A/Q curves in
mulberry grown under elevated and ambient [CO,] environments. Values represent
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mulberry grown under elevated and ambient [CO2] environments.
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However, plants grown under high [CO2] environments showed more reduction, except
AFIFM', in Fv/Fm (-4%) along with parallel increase in NPQ (13%) compared to ambient
[CO2] grown plants.

3.2.3 Leaf bio-chemistry

Both CO> and time showed significant effect on foliar bio-chemistry in SRC mulberry
plants (Table ). Throughout the experimental period, plants grown under [COz] enriched
environment showed significant increase in foliar carbohydrates with simultaneous
reduction in chlorophyll as well as nitrogen content compared to their ambient [CO2]
counterparts. At 365 DAT, recorded total sugars and starch contents in elevated [CO2]
atmosphere were 320 and 184 mg/g DW respectively, where as it was 216 and 134 mg/g
DW in ambient [CO2] grown plants. Though, both elevated and ambient [CO2] grown
plants showed augmented accumulation of carbohydrates with time, elevated [CO2]
grown plants showed comparatively greater accumulation compared to their ambient
[CO2] counterparts. In contrast to above, mulberry plants grown under elevated [CO2]
showed reduced foliar total chlorophylls as well as nitrogen content throughout the
experimental period compared to the ambient [CO2] grown plants. But, the reduction was
more prominent at 1095 DAT by 35% and 24% in chlorophyll and nitrogen content

respectively compared to their ambient [CO2] counterparts.
3.2.4 SEM analysis for understanding the stomatal behavior under high [CO;]

Pictorial images of stomata by SEM on the abaxial side of the leaves grown under both
ambient and elevated [CO2] were taken at 120 DAT (four months) to elucidate stomatal
behavior (Fig 3.9). Elevated [CO2] grown plants showed 25% reduction in stomatal
density (SD) compared to their ambient [CO2] grown plants. In addition to above, we also
observed that most of the stomata were partially opened and stomatal aperture was
reduced significantly in elevated [CO2] when compared to ambient [CO2] grown plants.
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3.2.5 Bio-mass yields and carbon sequestration potential

Elevated [CO:] significantly enhanced the growth, bio-mass vyield and carbon
sequestration potential in SRC coppice mulberry throughout the experimental conditions
compared to their ambient [CO2] counterparts (Fig 3.11- 14). Mulberry plants grown
under [CO2] enriched environments exhibited greater above ground fresh bio-mass
including leaves and stems (AGFBM) as well as belowground root fresh bio-mass
(BGFBM) at 365 DAT (one year) and 1095 DAT (three years) compared to their control
plants. Increased fresh bio-mass could be linked with the greater above ground dry bio-
mass (AGDBM) and below ground dry bio-mass (BGDBM) in SRC mulberry plant
grown under increased [CO2] environment with respect to current [CO2] grown SRC
mulberry plants. Thus, plants grown under elevated [CO2] conditions exhibited greater
total fresh bio-mass (TFBM= AGFBM + BGFBM) as well as total dry bio-mass
(TDBM= AGDBM + BGDBM) than their ambient [CO.] counterparts. Recorded
cumulative TDBM in SRC mulberry grown under ambient CO2 environment at 365 DAT
was 15kg plant? (Fig 3.11) and which was increased to 42 kg plant™ at 1095 DAT (Fig
3.14) ; while, TDBM in [CO;] enriched SRC mulberry plants were 25 kg plant™® and 90
kg plant?® at 365 DAT and at 1080 DAT respectivley (Fig 3. 11and 14). Hence, high
[CO2] grown plants showed higher bio-mass yields by 40% and 53% at 365 DAT and
1095 DAT respectively compared to ambient [CO2] grown plants. Further, we calculated
TDBM vyield of SRC mulberry plants grown under both elevated and ambient [CO2]
environments on hectare basis and recorded TDBM were 60 Mg hectare and 35 Mg
hectare* at 365 DAT and 180 Mg hectare? and 95 Mg hectare? at 1095 DAT
respectively (Fig 3. 1land 14). We also calculated the amount of [CO,] sequestered,
carbon sequestration potential, by the SRC mulberry plants based on their TDBM vyields
and elevated [CO2] grown plants showed greater carbon sequestration potential compared
to ambient [CO2] counterparts. Amount of [CO-] sequestered by elevated [CO,] grown
SRC mulberry plants was 45 kg plant* and 115 Mg hectare?, whereas in ambient [CO;]
grown plants it was 24 kg plant® and 58 Mg hectare™® at 365 DAT. Both elevated and
ambient [CO2] grown plants showed significantly greater carbon sequestration potential
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at 1080 with respect to 365 DAT. However, at 1080 DAT, [CO2] enriched plants
displayed greater [CO2] sequestration of 190 kg plant™* and 395 Mg hectare compared to
their control counterparts (85 kg plant™ and 200 Mg hectare™). Thus, these results clearly
demonstrated that elevated [CO2] grown plants showed augmented bio-mass yields and
carbon sequestration potential by ~ 45% to ~55% throughout the experimental period

compared to their ambient [CO2] counterparts.

AceN' SpotMagn  Det WO |
200V 30 3500 ISE 99 Ambi
J

Fig 3.9 SEM images of an abaxial surface of mulberry leaves grown under ambient and
elevated [CO2] grown plants to represent stomatal density and aperture (n=6).
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Fig 3.10 Morphological changes and destructive biomass yields from SRC-I to SRC-IV
in both ambient and elevated [CO2] grown mulberry plants (n= 6). E- elevated, A-

Ambient.
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Fig 3.11 Biomass yields and carbonsequestration in SRC mulberrry plants grown under
both ambient and elevated [CO.] atmosphere after one year of [CO.] exposure. Results
shown in the figures are an average of time points and values are + SD of six plants (n =
6).
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Elevated Ambient Elevated ~ Ambient

Fig 3.12 Morphological changes between elevated and ambient [CO2] grown SRC
mulberry plants (harvested for every 90 days) after 3 years of [CO2] exposure.
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Fig 3.13 Cumilative biomass yields and the amount of carbon sequestered after three
years of [CO.] exposure in mulberrry under both ambient and elevated [CO-]
atmosphere. Results shown in the figures are an average of time points and values are £
SD of six plants (n = 6).
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3.3 Objective 3- Exploring the dynamic changes of antioxidant systems
in short rotation coppice (SRC) mulberry in response to elevated [CO:]
and drought individually as well as in their combination

3.3.1 Changes in morphological characteristics, chlorophyll content and destructive
biomass yield under water stress (WS)

Elevated [CO2] delayed the drought induced senescence and/or severe stress symptoms
like discoloration, wilting and dehydration in mulberry even 30 days after stress (DAS)
compared to their ambient counterparts (Fig. 3.14). These visual stress symptoms were
further quantified by ImageJ software in terms of leaf greenery, senescent area and
individual leaf densities (Fig. 3.15 A, B and C). Plants grown under elevated [CO2] had
greenery leaves (58%) and individual leaf densities (60%) with less leaf senescence
(78%) compared to ambient controls. There was a significant decrease in total
chlorophyll content (45%) in ambient [CO] grown plants compared to high [CO2] grown
plants (Fig 3.15D). In addition to above changes, plants grown under [CO-] enriched
environment showed greater AGFBM (92%) and AGDBM (83%) compared to their
ambient counter parts even at 30 DAS (Fig 3.15 E and F).

3.3.2 Photosynthetic leaf gas exchange physiology, chlorophyll a fluorescence
measurements and leaf relative water content (RWC)

In addition to above morphological changes, mulberry plants showed significant
variations in photosynthetic leaf gas exchange physiology, chlorophyll a fluorescence
characteristics and RWC under WW and during WS conditions between elevated and
ambient [CO2] grown plants (Fig 3.16).Parameters like Asat (45%), Ci (32%) and WUE;
(60%) were significantly increased with concomitant reduction in gs (27%) and E (29%)
in elevated [CO-] grown mulberry plants compared to controls (Fig 3.16A, C and E). Our
results from interactive studies with drought infer that increased atmospheric [CO2] offset
the drought induced symptoms in mulberry which in turn were linked with higher Asat
(70%) even after 30DAS than their ambient [CO2] grown plants (Fig 3.16A). In contrast
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to Asa, both gs and E were reduced proportionally in [CO2] enriched plants with the
progression of drought treatment and showed maximum decrease at 30 DAS by 60% and
58% respectively than ambient plants (Fig 3.16 B and D).

Elevated

Ambient

Fig 3.14 Morphological changes in mulberry plants grown under both elevated and
ambient [CO2] atmosphere at 30 days after stress (30DAS).
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Fig 3.15 ImageJ analysis showing changes in plant phenological characteristics, total
chlorophyll content and above ground biomass yields at 30DAS in both elevated and
ambient CO> grown mulberry. Results shown in the figures are an average of time points
and values are + SD of three plants (n = 3) with statistical significance of *(P <
0.05),**(P < 0.01), ***(P < 0.001) and ns- not significant.
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Fig 3.16 Variations in photosynthetic leaf gas exchange physiology, chlorophyll a
fluorescence characteristics and leaf relative water content (RWC). These measurements
were taken on randomly chosen fully mature leaves at 3™ or 4™ position from the upper
canopy during 10:00-11:30 h. E- elevated, A- ambient, C- well watered and DAS- days
after stress. Results shown in the figures are an average of representative time points and
values are £ SD of three plants (n = 3) with statistical significance of *(P < 0.05),**(P <
0.01), ***(P < 0.001) and ns- not significant.
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Lower E was in turn associated with reduced water loss which resulted in
substantial increase of WUE; by 90% at 30 DAS (Fig 3.16 E) in elevated [CO-] grown
plants. Drought imposition significantly affected Ci in both elevated as well as ambient
[CO2] grown plants, however, elevated [CO2] grown plants maintained greater C;
throughout the experimental drought period despite their reduced gs (Fig 3.16 C). Results
from chlorophyll a fluorescence measurements demonstrated that photosystem-I1 (PS-I1)
efficiency was improved under [COz] enriched environment and which was manifested as
a significant rise in Fv/Fm (8%) and AF/Fm' (15%) with simultaneous reduction in NPQ
(25%). Nevertheless, drought diminished the PS-II efficiency in both elevated as well as
ambient [CO2] grown plants. Ambient plants showed greater reduction in Fv/Fum (13%),
AF/Fm' (33%) and with concomitant increase in NPQ (29%) than elevated [CO2] grown
plants at 30 DAS (Fig 3. 16 F, G and H). Further, there was no significant difference in
RWC under WW conditions between elevated and ambient [CO2] grown plants.
However, irrespective of [CO-] treatment, drought imposition caused reduction in RWC.
The [COz2] enriched plants maintained more RWC (68%) than their ambient counterparts
(56%) after 30 DAS (Fig. 3.16 1).

3.3.3 Changes in antioxidant enzyme activities and their gene expression

Elevated [CO] significantly influenced the enzyme activities and transcript abundance of
antioxidant systems under WW as well as during WS than their control plants. The
activities of antioxidant enzymes including SOD (40%), CAT (48%), APX (43%), GPX
(35%) MDHAR (57%) and GR (59%) were decreased under WW conditions in elevated
[CO2] grown mulberry plants with respect to ambient controls (Fig 3.17). Drought
imposition caused further increase in the activities of antioxidant enzymes in both
elevated and ambient [CO2] grown plants. But, control plants showed higher activities of
SOD, CAT, APX, GPX, MDHAR and GR by 30%, 47%, 29%, 18%, 39% 41%,
respectively at 15DAS. However, with increasing stress severity, ambient [CO.] grown
plants showed down regulation of the protective systems at 30DAS manifested as

significant reduction in the activities of above mentioned enzymes compared to CO>
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enriched plants.

Direct primers targeting 200-300 bp regions from genes encoding some of the important
antioxidant enzymes were designed and the corresponding target genes were PCR-
amplified (Fig 3.18). Amplified products were confirmed through sequence analysis and
the same were used to perform quantitative real time-PCR (qRT-PCR) to check their
gene expression in mulberry under both elevated [CO] as well as drought conditions
with their respective controls. Our results from gene expression studies demonstrated that
changes in transcript abundance of different antioxidant enzymes were tightly correlated
with their enzyme activities (Fig 3.19). Under WW conditions, ambient [CO.] grown
plants showed up regulation (>1.5 fold change) of most of the isoforms of antioxidant
enzymes compared to their elevated [CO2] counterparts other than GPX4, chloroplast
Mn-SOD, MDHAR2, MDHAR3, APX3 (Fig. 3.19 A). In consistent with above, at
15DAS, ambient [CO] grown plants showed greater transcript abundance of antioxidant
enzymes than their elevated [CO2] counterparts (Fig 3.19 B). However, in contrast to
above, with increasing drought severity (30DAS) transcript levels of most of the
antioxidant enzymes were reduced in ambient [CO2] grown plants. In other words,
elevated [CO2] grown plants maintained higher transcripts of antioxidant enzymes even
after 30DAS other than GPX2, GPX6, APX3.2 and APX3.3 (Fig 3.19 C).

3.3.4 Oxidative stress indicators, osmolytes and molecular antioxidants

Molecular antioxidants like ASA and TPC were more abundant in elevated [CO2] grown
mulberry plants under WW conditions by 15% and 26% respectively compared to their
ambient controls. Drought imposition induced additional increase in ASA and TPC
contents in both elevated and ambient [CO2] grown plants; however, [CO.] enriched
plants had greater ASA and TPC (Fig 3.20 A and B). Further, there was no change in
proline content between ambient and elevated [CO2] grown mulberry plants under WW
conditions. Drought induced substantial increase in proline levels in both ambient and
elevated [CO2] grown plants; but, ambient [CO2] grown plants had 24% more proline
content at 30 DAS than the elevated [CO-] plants (Fig 3. 20C). Oxidative stress indicators
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including H202 and MDA contents were more abundant in ambient [CO2] grown plants
under WW conditions, which further increased with drought stress compared to those
grown in the elevated [CO2] (Fig 3.20 D and E). Similar trend was observed for
glutathione (GSH) as elevated [CO-] grown plants showed reduced GSH levels in WW
and WS (Fig 3.20 F).
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Fig 3.17 Changes in antioxidant enzyme activities in mulberry. E- elevated, A- ambient,
C- well watered and DAS- days after stress. Results shown in the figures are an average
of time points and values are + SD of three plants (n = 3) with statistical significance of
*(P <0.05),**(P < 0.01), ***(P < 0.001) and ns- not significant.
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antioxidant enzymes using gene specific primers.
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Fig 3.19 changes in transcript abundance of different antioxidant isoforms in mulberry.
E- elevated, A- ambient, C- well watered and DAS- days after stress. Results shown in
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plants (n = 3).
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Table 3.4 P- values representing significant changes in photosynthetic leaf gas exchange
characteristics, chlorophyll a fluorescence, antioxidant enzyme activities, oxidative
stress parameters and antioxidants in mulberry grown under both elevated, ambient [CO>]
atmosphere under well watered and WS conditions. Time has a significant effect for these
parameters during drought in both elevated and ambient [COz] conditions. Values are +
SD of three plants (n = 3). D- drought, CO»- elevated CO,, T-time.

Parameters CO, D DxT CO,xD DxTxCO,
Agyt <0001 <0001 <0001 <0001 <0001
2 <0001 <0001 <0001 <0001 <0001
E <0001 <0001 <0001 <0001 <0001
Ci <0001 <0001 <0001 <0001 <0001
WUE, <0001 <0001 <0001 <0001 Ns
F/Fuy <001 <0001 <0001 <0001 <0001
AF/Fy- <0001 <0001 <0001 <0001 <0001
NPQ <0001 <0001 <0001 <0001 <0001
S0D <0001 <0001 <0001 <0001 Ns
CAT <0001 <0001 <0001 <0001 Ns
GPX <0001 <0001 <0001 <0001 Ns
APX <0001 <0001 <0001 <0001 Ns
MDHAR <0001 <0001 <0001 <0001 Ns

GR <0001 <0001 <0001 <0001 Ns
Proline Ns <0.001 <0001 <0001 <0001
MDA <0001 <0001 <0001 <0001 <0001
H,0, <0001 <0001 <0001 <0001 Ns
ASA <005 <0.01 Ns <0001 Ns
TPC <005  <0.01 Ns <0001 Ns
GSH <0.001 <0.01 Ns <0001 Ns
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Fig 3.20 Changes in oxidative stress characteristics, osmolyte content and molecular
antioxidants in mulberry. Results shown in the figures are an average of time points and
values are + SD of three plants (n = 3) with statistical significance of *(P < 0.05),**(P <
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3.3.5 Leaf water potential (y.), photosynthetic light response curves (A/PPFD) and
reciprocal light saturated instantaneous photosynthetic measurements

Leaf water status generally represented as changes in y and there was no significant
variation in ¥ under WW conditions between elevated as well as ambient [CO2] grown
plants (Fig 3.21 C). However, drought imposition caused significant reduction in y in
both elevated and ambient [CO2] grown plants indicating that WS negatively affects the
leaf water status (Fig. 3.21 C). After 30 days of WS, . was reduced from -1.25 to -
1.85MPa in high CO2 grown plants whereas in control plants it was reduced from -1.29 to
-2.67MPa. Therefore, leaves of plants grown under [CO] enriched environment were
more turgid (30%, P<0.001) than their ambient counterparts even after 30 days of WS.
Changes in instantaneous photosynthetic rates (A) with increasing photosynthetic photon
flux density (PPFD) under WW as well as after 30 days of WS inferred that plants grown
under increased atmospheric [CO,] were saturated at higher light intensities than their
control counterparts (Fig 3.21 A and B). Plants grown under elevated [CO>] atmosphere
showed greater Asat (45%, P<0.001) and AQE (30%, P<0.001) with concomitant decrease
in LCP (-46%, P<0.001) than plants grown at ambient [CO2]. Further, WS showed
negative impact in both elevated as well as ambient [CO2] grown plants, which is
manifested as marked reduction in Asat and AQE compared to their WW counterparts.
However, plants grown under [CO2] enriched atmosphere showed better Asa (70%,
P<0.001) and AQE (35%, P<0.001) than their ambient counterparts indicating that
increased atmospheric [CO2] ameliorates the drought induced negative effects in
mulberry. In contrast to above, our results from the reciprocal instantaneous
photosynthetic measurements clearly demonstrated that SRC mulberry plants grown
under elevated CO, atmosphere showed reduced P, when measured at common [CO2]
concentration (400 or 550 umol). Mulberry plants grown under ambient [CO2] show an
increase in Pn by 51% (P<0.001) and 76% (P<0.001) in WW as well as WS plants
respectively when [CO2] was increased from 400 to 550 umol (Fig. 3.22 A). There was
significant decrease in Pn by - 58% (P<0.001) and -80% ((P<0.001) in WW as well as
WS plants correspondingly when [CO2] was decreased from growth [CO2] of 550 umol
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to 400 pumol (Fig. 3.22 A). Similarly, mulberry plants exhibited lower stomatal
conductance in CO- enriched environment than plants grown under current [CO2] in WW
and during WS environments when measured at either 400 umol [CO2] (-15%, P<0.001
and -46%, P<0.001 respectively) or 550 umol [CO2] (-22%, P<0.001 and -45%, P<0.001
respectively) could infer that there was a stomatal acclimation (Fig 3. 22 B). Reduced gs
were intern linked with lower E in elevated [CO2] grown plants by -21% (P<0.001) when
measured at 550 umol [CO2] and -26% (P<0.001) at 400 umol [CO2] in WW conditions
(Fig3.22 C). However, drought imposition induced further reduction in gs in [CO2]
enriched mulberry plants may possibly associated with substantial decrease in E by 46%
and 48% at 550 and 400 umol [COz] respectively than their ambient counterparts. In spite
of reduced Pn, high CO2 grown plants exhibited tremendous increment in WUE;
especially under water with holding environments by 34% and 21% at 550 and 400 umol
[CO2] respectively (Fig 3. 22 D). In addition to above, stomatal acclimation should limits
the mesophyll diffusion to [CO;] in elevated [CO2] grown plants may possibly associated
with reduced C;i (P<0.05) under WW by 7% and 10% at 550 and 400 pmol [CO2]
respectively and after 30 days of WS by 18% and 20% at 550 and 400 umol [CO2]

compared to their control counterparts (Fig 3. 22 E).

3.3.6 Changes in OJIP chlorophyll a fluorescence transients and JIP test parameters
SRC coppice mulberry plants showed significant variations in the shape of the OJIP
chlorophyll a fluorescence transients and comparison made among the raw OJIP
transients between elevated and ambient [CO2] grown plants in all the experimental
conditions (given in Fig 3.23 A). Dark adapted control mulberry plants exhibited a
typical OJIP transient with Fo of ~730 a.u. Fm of ~1808 a.u. and the variable fluorescence
(Fv) of ~1078 a.u. in WW conditions. But, [CO-] enrichment lead to reduction of Fo (-
11%) with concomitant increase in Fm (9%) as well as Fv (18%) in WW conditions than
their ambient counterparts. Drought stress significantly increased Fo in both elevated
[CO2] ambient [CO2] grown plants with parallel decrease in Fm and Fv when compared to

their respective WW counterparts.
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Fig 3.21 Variations in carbon assimilation rates (A) with increasing photosynthetic
photon flux density (PPFD) , leaf water potential and parameters deduced from A/PPFD
curves under well watered (WW) as well as after 30 days of drought (WS) between
plants grown under elevated and ambient [CO2] environments. These measurements were
taken on randomly chosen fully matured leaves at 3" or 4" position from the upper
canopy during 10:00-11:30 h and values are = SD of three plants (n = 3) with statistical
significance of *(P < 0.05),**(P < 0.01), ***(P < 0.001) and ns- not significant. E-
elevated, A- ambient.
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However, plants grown under elevated [CO2] environments showed reduced Fm (-2%),
which was statistically not significant, and Fo (-19%) with simultaneous increase in Fv
(14%) compared to control plants after 30 days of WS. After 30 days of drought
imposition, both elevated and ambient [CO2] grown plants showed significantly greater
Fo and rise in fluorescence amplitude at OJ and JI phases; but, the amplitude of
fluorescence rise declined at IP phase when compared to their WW counterparts (Fig 3.
22 A). Further, OJIP chlorophyll a fluorescence transients were double normalized
between Fo and Fwm represented as Vor, (Fig 3.22 B), between 50 and 300us showed as
Vok (Fig. 3C and D) and between 50 us and 2ms indicated as Vo, (Fig 3.22 C and D) for
detailed analysis of the fluorescence kinetics. A positive L-band with a peak at around
150ps appeared in both elevated [CO2] (E), AVok= Vok EWS-Vok EWW, and ambient
[CO2] (A), AVok= Vok EWS-Vok EWW, grown plants after 30days of WS with respect
to their WW counter parts. Similarly, a positive K-band appeared at 300us when double
normalization was done between O (50us) and J (2ms) termed as Voy in both elevated
[CO2] (AVos= Vos EWS-Vo; EWW) as well as ambient [CO2] (AVos= Vo; AWS-Vo;
AWW) grown plants after 30 days of water withholding. However, plants grown under
current [CO2] had increased positive L and K bands amplitude than [CO2] enriched plants
should suggest that ambient [CO2] grown plants were more susceptible to drought stress.
In addition to above, plants grown under elevated [CO2] atmosphere showed significant
variations in parameters derived from OJIP chlorophyll fluorescence transients i.e the
JIP-test parameters under WW as well as WS environments when compared to ambient
[CO2] grown plants. All the data of JIP test parameters from all the experimental
conditions were normalized to reference WW ambient [CO2] grown plants by giving a
numeric value land significant differences between high [CO2] and current [CO2]
environmental conditions in WW as well as WS were represented as a radar plot (Fig
3.23). Drought imposition significantly increased variable fluorescence at step J (Vj) by
7.5 and 8%, at | phase (V)) by 6% and 3% in elevated and ambient [CO2] grown plants
respectively than their WW counterparts. Parameter Fv/Fm (ppo = TRo/ABS) was
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significantly increased in plants grown without water deficit by 12% as well as with
water deficit by 16% under increased [COz] than their respective controls.

Similarly, plants grown under [CO.] enriched environment exhibited greater
increase in Yo (8%), ®Eo (18%), Fv/Fo (15%), TRo/CSm (21%), ET/CSm (25%),
RC/CSm (19%), Kp (18%) and SFI (27%) compared to the ambient CO grown plants.
Nevertheless, complete water withholding induced significant reduction in above
mentioned parameters in both elevated and ambient [CO2] grown plants; but, high [CO2]
grown plants showed significant increase by 7%, 21%, 28% 14%, 19%, 16%, 29%, and
35% correspondingly compared to control counterparts. In contrast to above, plants
grown under high CO2 environments showed significant decrease in parameters including
¢Do (-15% & -14%), Fo/Fm (-16% & -14%), Kn (-9% &-2%), DIo/RC (-26% & -31%)
and DIo/CSm (-9% & -15%) in WW and WS mulberry plants respectively than their
ambient [CO2] counter parts. Further, parameters like Plags) (44% and 46%) and Plcsm)
(47% and 45%), tells about the overall performance of the PS-II, were significantly
increased in [CO2] enriched mulberry plants under without water withholding as well as
with water withholding environments than their respective ambient controls. Our results
from pipeline models also indicated that ambient [CO2] grown plants showed greater

photoinhibition when compared to elevated [CO2] grown plants (Fig 3.24).

3.3.7 Changes in chlorophyll pigments

There was significant variation in the concentration of chlorophyll pigments between
elevated and ambient [CO2] grown plants under WW and during WS conditions. Elevated
[CO2] grown plants exhibited reduced Chl a (-15%), Chl b (-11%) and total Chl (-14%)
than their ambient counterparts. Drought imposition significantly reduced chlorophyll
pigment concentration in both elevated (48%) and ambient [CO2] (65%) grown plants
when compared to their WW counter parts. But, after 30 days of WS, high [CO2] grown
plants had greater Chl a (28%), Chl b (34%) and total Chl (32%) content when compared
to ambient [CO2] grown plants.
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Fig 3.22 Variations in OJIP chl a fluorescence transients, recorded in dark adapted
mulberry plants grown in elevated and ambient [CO] conditions under control as well as
drought environments. (A) Raw chl a fluorescence transient curves exhibiting
fluorescence intensity (Ft) recorded between 0.1 and 1000 ms time period (a.u. =
arbitrary unit). (B) Chl a fluorescence transients double normalized between the two
fluorescence extreme O (Fo) and P (Fm) phases: Vor = (Ft - Fo)/(Fe -Fo). (C) Chl a
fluorescence transients double normalized between Fo and Fk phases: Vok = (Ft -Fo)/(Fk
- Fo). (D) Kinetic difference of Vok [AVok = (Ft - Fo)/(Fk - Fo)] showing L-band (0.15
ms). (E) Variable fluorescence transients double normalized between Fo and F; phases:
Vos = (Ft -Fo)/(Fs -Fo). (F) Kinetic difference of Vo [AVo; = (Ft -Fo)/(Fk - Fo)] showing
K-band (0.3ms). All these measurements were taken on randomly chosen fully matured
leaves at 3" or 4™" position from the upper canopy during 10:00-11:30 h and values are +
SD of three plants (n = 3). E- elevated, A- ambient, C —Well watered, D- drought.
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Fig 3.23 Radar plot showing the mean changes of chlorophyll a fluorescence JIP-test
parameters in mulberry between elevated and ambient [CO2] grown plants under all the
experimental conditions. These measurements were taken on randomly chosen fully
mature leaves at 3™ or 4™ position from the upper canopy during 11:00-11:30 h and data
are mean = SD (n = 3). C- Well watered, A- Ambient, E- Elevated.
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Table 3.5 Changes in chlorophyll pigments in SRC mulberry grown under both elevated
and ambient [CO2] environments under WW as well as after 30 days of WS

Well watered (WW)

Water stress (WS)

Parameter
Elevated Ambient Elevated Ambient
Chlorophyll a (mg g* fw) 1.2 (0.036) 1.42 (0.04) 0.632 (0.028) 0.450 (0.04)
Chlorophyll b (mg g* fw) 0.67 (0.042) 0.76 (0.047) 0.285 (0.032) 0.186 (0.033)
Total chlorophyll (mg g* fw) 1.87 (0.038) 2.18 (0.039) 0.917 (0.034) 0.620 (0.039)
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3.4 Objective 4- Investigating the coordinate changes of hydraulic
conductance and photosynthesis with particular reference to expression
profiles of certain AQPs in short rotation coppice mulberry.

3.4.1 Plant water status

Plants grown under both elevated as well as ambient [CO2] conditions did not exhibit
significant variations in plant leaf water status (Wpds, ¥md and ¥x) under control
conditions (Fig 3.25). However, drought imposition reduced Wps, Wmd and Wx
significantly in both elevated as well as ambient [CO2] grown plants compared to their
WW counterparts; but, reduction was more in current [CO2] grown plants compared to
[CO2] enriched mulberry plants. Wpq decreased in elevated [CO2] SRC mulberry plants
from -0.5 MPa to -1.4 MPa (-64%), whereas in ambient [CO2] grown plants it was
reduced from -0.62 MPa to -2 MPa (-70%) at 30 DAS. Similarly, ¥mq reduced from -1.2
MPa to -2.1 MPa and -1.4 MPa to -2.8 MPa in elevated as well as ambient [CO2] grown
plants respectively at 30DAS. But, plants grown under [CO2] enriched environment
exhibited 25% more Wm¢ compared to their ambient [CO2] counterparts even under
extended drought environments (30DAS). Drought imposition significantly reduced Wx
in both elevated and current [CO2] grown plants, recorded Wx at 30 DAS were -1.4 MPa
and -2.2 MPa in [CO2] enriched as well as control [CO2] grown plants respectively. Thus,
plants grown under increased [CO2] environments exhibited 36% higher Wx compared to

their ambient counterparts under prolonged WS conditions.

3.4.2 Plant hydraulic parameters

Plants grown under elevated [CO2] environments showed significant variations in plant
hydraulic characteristics including Ks, KL and F under WW as well as WS conditions
with respect to their ambient [CO2] counterparts (Fig 3. 26). Recorded Ks in plants grown
under current [CO2] was 18x10° kg m™ sec MPa?, while in [CO2] enriched mulberry
plants it was 14x10° kg m™ sec MPa! under WW conditions. Thus, ambient [CO:]
grown plants showed 22% higher Ks compared to their high [CO2] counterparts. In

Page 86



Chapter 3 Results

consistent with Ks, parameters including K. and F were also decreased in elevated [CO2]
grown plants than their ambient [CO2] counterparts. Observed K. in plants grown under
both ambient and elevated [CO,] were 13 mmol m?2sec! MPa* and 10.5 mmol m?sec™
MPat respectively under WW conditions. Recorded F in ambient [CO;] plants was 0.250
ka/hr, whereas in elevated [CO2] grown plants observed F was 0.175 kg/hr. Therefore,
SRC mulberry plants grown under current [CO2] exhibited greater K. (26%) and F (30%)
compared to the plants grown under [COz] enriched environments. Drought imposition
induced significant reduction in Ks, K_ and F in both the plants grown under ambient and
elevated [CO-] conditions than their respective WW controls. However, ambient [CO2]
grown plants showed greater reduction in aforementioned hydraulic characteristics (Ks,
KL and F) under prolonged drought conditions (30DAS) than their elevated [CO;]
counterparts. Ks decreased relatively by 55% (18x10° kg m*sec! MPa* to 8x10°kg m*
sec’t MPal) and 28% (from 14x10° kg m™tsec? MPalto 10x10° kg m*sec! MPa?) in
ambient and elevated [CO2] grown plants respectively at 30DAS when compared to their
WW counterparts. Recorded K. and F at 30 DAS in ambient [CO2] grown plants were
3.8 mmol m?2sec? MPa? and 0.125 kg/hr respectively, while in [CO2] enriched plants
observed K. and F at 30 DAS were 6.5 mmol m? sec! MPa! and 0.145 kg/hr
correspondingly. Thus, K. and F were decreased relatively by 70% and 50% respectively
in ambient [CO2] grown plants, whereas in high [CO2] grown plants K. and F were
reduced by 38% and 17% correspondingly at 30 DAS than their WW counterparts.
Nevertheless, mulberry plants grown under increased atmospheric [CO2] displayed
augmented K (41%) and F (13%) compared to their control [CO.] counterparts even

under prolonged drier environments.

3.4.3 Correlations of hydraulic characteristics and leaf gas exchange parameters

Photosynthetic leaf gas exchange parameters were (Asa, gs and E) positively correlated
with plant hydraulic characteristics (Ks, K., F and Wmq) in both elevated and ambient
[CO2] grown mulberry plants under WW as well as WS conditions (Fig 2. 27, 28, . These

results clearly demonstrated that changes in photosynthetic leaf gas exchange parameters

Page 87



Chapter 3 Results

C 15DAS 30DAS
0
ns ¢- E & A
|05 - X
© °, *kk
[ ®e
o... Q
\E.« 17 oo, Kk
°
Q .o.
= |15 - i
2 i
=25 -
O -
-0.5 -
~
©
o -1 A %S
é . O ok *kk
L] -1.5 A 'o..
€ ..’o,. §
> | -
-2.5 i
-3 A
-35 -
0 -
-0.5 A
ns
s | 4 1
o u., *kk o
\E-; ..'o. - T
‘15 T ..o J_
B" .'oi'
-2 ...' °q
|
-2.5 -

Fig 3.25 Changes in plant water status in SRC mulberry grown in elevated as well as
ambient CO; environments under WW as well as WS conditions. Results shown in the
figures are an average of time points and values are + SD of three plants (n = 3) with
statistical significance of *(P < 0.05),**(P < 0.01), ***(P < 0.001) and ns- not significant.
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Fig 3.26 Variations in plant hydraulic dynamics in mulberry grown in elevated as well as
ambient [COz] environments under WW as well as WS conditions. Results shown in the
figures are an average of time points and values are £ SD of three plants (n = 3) with
statistical significance of *(P < 0.05),**(P < 0.01), ***(P < 0.001) and ns- not significant.
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can proportionally influence the plant hydraulic dynamics or vice versa. Drought
imposition significantly reduced photosynthetic leaf gas exchange characteristics
including Asa, gs and E and hydraulic parameters such as Ks, K., F and Wma in both
elevated as well as ambient [CO2] grown plants and reduction was further increased with
the progression of stress treatment However, plants grown under current [CO2] exhibited
greater reduction in aforementioned parameters at 30 DAS compared to their elevated
[CO2] counterparts. In addition to above, we also observed that there was a strong
positive correlation between Ks and individual Asat, gs and E. As Ks was decreasing with
the progression of stress treatment, Asat, gs and E were gradually decreased in both [CO2]
enriched as well as control [CO2] grown plants. In consistent with Ks, both elevated as
well as ambient [CO2] grown plants displayed higher photosynthetic performance (Asat)
when plants exhibited increased Ki, F as well as Wmd and Asa was decreased linearly
when K, Fand Wmd were reduced under extended drought environments. Similar trend
was observed between gs Vs K., Fand Wmd, E Vs Ki, Fand Wmg in both elevated as well as
ambient [CO2] grown plants. In contrast to above, plants grown under [CO2] enriched
environments showed negative correlation between WUE; and hydraulic characteristics
including Ks, K, Fand Wmq at 30 DAS.

3.4.4 Expression profiles of aquaporin (AQP) genes under elevated [CO:] and
drought

Gene specific primers were used for amplifying a 200-300 bp regions from the exisisting
draft genome sequence of the mulberry. After confirming the successful amplification of
the target genes, the same primers were used to check the mMRNA expression levels of
these genes in mulberry grown in elevated as well as ambient COzenvironment under
WW as well as during WS conditions (Fig 3. 31) and the same were used to check their
expression levels in mulberry grown in elevated as well as ambient CO. environment
under WW as well as during WS conditions. Our results from AQPs gene expression
studies clearly demonstrated that elevated [CO>] significantly influenced the expression
profiles of AQPs in WW as well as during WS conditions compared to their control
[CO2] counterparts (Fig 3.32).
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Fig 3.27 Correlation between Ks and photosynthetic leaf gas exchange physiology in
mulberry grown in elevated as well as ambient [CO2] environments under WW as well as
WS conditions.
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WS conditions.
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WS conditions.
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Fig 3.30 Correlation between Wmg and photosynthetic leaf gas exchange physiology in
mulberry grown in elevated as well as ambient [COz] environments under WW as well as
WS conditions.
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Interestingly, some AQPs showed increased expression levels under WW as well as
during WS conditions in ambient [CO2] grown plants than their elevated [CO-]
counterparts or vice versa. Ambient [CO2] grown plants showed higher level expression
of certain AQP genes including PIP1.1, PIP2.1, PIP2.2, PIP2.7, TIP2.1 and TIP4.1 with
concomitant reduction in TIP1.3 and TIP2.3 compared to their high [CO2] grown plants
in WW conditions. However, drought imposition significantly reduced PIP1.1, PIP2.1,
TIP2.3 and TIP4.1 at 30DAS despite their higher expressions at 15 DAS than their
elevated counterparts. In contrast to above, PIP2.2, PIP2.7, TIP1.3, TIP2.1 and TIP2.3
AQPs were up regulated in [CO2] enriched mulberry plants even under extended dry
environments (30 DAS).
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Fig 3. 31 Amplification of designed gene specific primes of both PIPs and TIPs in
mulberry.
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4.1 Mulberry plants showed genotypic variations under [CO2] enriched
environment

Mulberry plants showed significant genotypic variations under [CO2] enriched
environment in terms of photosynthetic leaf gas exchange physiology, PS-I1 efficiency
and bio-mass yields. Although both genotypes exhibited positive responses to high [CO2]
environment, S13 showed significant increase of Asa under both normal as well as [CO2]
enriched environment than K2 inferring possible genotypic variations in RuBP
carboxylation associated with increased quantity and/or activity of Rubisco (Darbah et
al., 2010; Liberloo et al., 2007). In contrast to Asa, both genotypes of mulberry grown
under high CO. environment showed reduced gs and E which resulted in substantial
increase of WUE; (Onoda et al., 2009; Dang et al., 2008). Studies have demonstrated that
in spite of significant reductions in gs plants grown under [CO2] enriched environment
showed higher Asa than their ambient [CO2] counterparts possibly due to higher Ci
(Ainsworth and Long 2005; Rasineni et al., 2011). However, in this study, we observed
ascendency of Asat in S13 genotype under both elevated and ambient CO, conditions,
even under reduced Ci, clearly suggest that C; alone may not be responsible for
determining the proportionate changes in Asa. PS-II efficiency is the most important
factor which directly influences the changes in Asa under any climatic conditions; since,
its activity is directly proportional with the production of both ATP and NADPH and
these are the vital components to activate most of the enzymes involved in RuBP
carboxylation as well as regeneration (Zang et al., 2008). In this study, chlorophyll a
fluorescence results (discussed more in the following section) clearly demonstrated that
improved PS-11 efficiency directly correlated with higher Asa in S13 than in K2 despite
the lower C;. Certain tree species which were grown under elevated CO, atmosphere
showed reduced photorespiration as evident from the increased AQE with concomitant
reduction in LCP (Drake et al., 1997; Bernacchi et al., 2003). Our results from A/Q
curves demonstrated that marked rise in AQE and reduced LCP in ES13 compared to

EK2 indicates higher Rubisco carboxylation and lower photorespiration.
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In the present study, chlorophyll a fluorescence analysis emphasized that
photosystem-11 (PS-I1) efficiency differ between the treatments and genotypes. Fv/Fm
(pro = TRo/ABS) is the most widely used parameter to understand the PS-I1 efficiency of
plants under any climatic condition, which in turn depends on changes in Fo and Fm
values (Guha et al., 2013). In this study, both ES13 and EK2 showed a decrease in Fo and
an increase in Fm suggesting the efficiency of initial electron donors and final electron
acceptors respectively, leading to an increase in Fv/Fm ratio compared to control plants
Mehta et al., 2009). Despite increased Fm values, K2 had lower Fv/Fm than S13 under
both elevated and ambient CO> atmosphere which was due to higher Fo values. Greater Fo
value in both AS13 and AK2 indicate an inefficient function of oxygen evolving complex
(OEC), which should be associated with inactivation of most of the reaction centers
(Strasser, 1997). Higher Fv/Fo in CO2 enriched mulberry genotypes (ES13 and EK2)
reflects the efficient water splitting complex on the donor side of the PS Il resulting in
improved photosynthetic electron transport capacity (Kalaji et al., 2011). Significant
increase in absorption flux per reaction center (ABS/RC) and cross section (ABS/CSn) in
control S13 and K2 was mostly due to higher chlorophyll content than their respective
elevated CO; grown plants. Despite an increase in ABS/RC and ABS/CSm, both AS13
and AK2 showed reduced electron transport capacity per reaction center (ET/RC) and
reaction centers per cross section (RC/CSm), which suggested that most of the reaction
centers are inactive. Nevertheless, increased dissipation of the majority of the absorbed
light energy in the form of heat was evidenced by an increase in DI/ABS, DI/RC and
DI/CSm (Van Heerden et al., 2003). This infers that most of the absorbed light energy
was not used in photochemical reactions; instead it was dissipated in the form of heat
energy in order to prevent photo-oxidative damage of the thylakoid membranes as shown
by substantial increase in K, (non photochemical de-excitation constant) in this study
(Lin et al., 2009). Considerable increases in TRo/RC and RC/CSm could be correlated
with the higher ET/TRo, ET/RC and ETo/CSm in both genotypes of mulberry grown under
elevated [CO3], which demonstrates that improved electron transport rate (ETR) is linked
with improved overall efficiency of PS-II. This is evident from the greater performance
index (Plags) of PS-1I (Jiang et al., 2009; Rasineni et al., 2011). In the present study,
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ES13 showed significant increase in aforementioned parameters than EK2, suggesting
that most of the absorbed light energy by ES13 was efficiently used in photochemical
quenching (Kp) rather than non photochemical quenching (Kn). Based on our results from
chlorophyll a fluorescence JIP-test variables, we believed that PS-11 efficiency was much
higher in ES13 followed by EK2, AS13 and AK2.

Enhanced photosynthesis under elevated CO> atmosphere resulted in higher foliar
carbohydrate content, however, most of the assimilated carbon needs to be proportionally
exported to potential sinks to avoid end product (especially starch) - associated
photosynthetic down regulation (Long et al. 2004). In our study, S13 showed less
accumulation of foliar carbohydrates than K2 despite higher Asa under both elevated as
well as ambient [CO2], indicating greater carbohydrate mobilization and better sink
capacity (Onoda et al., 2009). Increased leaf thickness, due to accumulation of structural
and non structural carbohydrates, could be associated with lower SLA in both genotypes
grown under elevated CO, atmosphere compared to the ambient [CO2] counterparts
(Sekhar et al., 20014). In addition to above, our results from both non-destructive as well
as destructive bio-mass yield showing increased plant height, total number of leaves, leaf
size, increased secondary and tertiary branches and dense rooting system in ES13
compared to EK2, could be attributed to their higher sink capacity. Such higher sink
capacities could be achieved through continuous mobilization of photosynthates to
potential sinks to avoid end-products associated inhibition of photosynthesis.
Photosynthetic acclimation is shown to be shown to be associated with reduced
accumulation of carbohydrates, which eventually results in superior biomass yields and
the same is as shown in the study (Calfapietra et al., 2009; Kumar et al., 2014). These
results clearly demonstrated that mulberry showed genotypic variations under anticipated
climate changes especially with increased atmospheric [CO2] and S13 could be a
reasonably suitable genotype for future climate change scenarios in order to mitigate
atmospheric [CO.] as well as for superior biomass yield. Based on these results, we
selected DT S13 genotype for further studies including long term [CO2] enrichment as
well as drought responses for better understanding of mulberry, a potential bio-energy

tree species, under predicted climate change scenarios.
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4.2 Short rotation coppice (SRC) mulberry plants exhibited
photosynthetic acclimation under long term [CO.] enrichment

To understand the long term responses, mulberry plants were grown for three
years by means of coppice for every 90 days (three months) under elevated [CO;]
environment and these results clearly demonstrated that mulberry plants exhibited
reduced photosynthetic performance with increasing [CO] exposure time compared to
their ambient [CO2] counterparts. Studies have demonstrated that plants grown under
elevated [CO-] usually stimulates Asat on an average of 30-60% due to increased Rubisco
carboxylation with concomitant reduction in photorespiration (Ainsworth and Long 2005;
Ainsworth and Rogers 2007). Similarly, in the present study, SRC mulberry plants grown
under elevated [CO] exhibited greater Asa throughout the experimental conditions
compared to their ambient controls. However, both elevated and ambient [CO2] grown
plants displayed diminished Asa after 1095 days (three years) of [CO2] exposure
compared to 365 days (one year), which could be associated with reduced Rubisco
activity and/or quantity. Stomatal responses to elevated [CO;] are highly variable and are
mostly dependent on type of species, genotypes, functional groups and environmental
conditions (Ainsworth and Rogers 2007). However, many studies have demonstrated that
decrease in stomatal conductance (gs), due to either reduced stomatal density and/or
aperture, in high CO2 environment could be an adaptive mechanism to conserve water to
maintain optimum levels of photosynthesis (Long et al., 2004). Our results from SEM
studies on topological behavior of stomata indicated that both reduction in stomatal
density and stomatal aperture were responsible for lower gs in SRC mulberry plants
grown under [CO2] enriched environment. In spite of reduced gs, throughout the
experimental period, SRC mulberry plants grown under high [CO2] environment showed
an increase in C;j which could facilitate greater [CO] in the vicinity of Rubisco active site
leading to increased Asat compared to their ambient counterparts. Further, reduced gs was
associated with lower E, which in turn was associated with improved WUE; in elevated
[CO2] grown SRC mulberry plants as observed in our study (Broeckx et al., 2014).
However, SRC mulberry plants grown under both elevated as well as ambient [CO2]
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atmosphere showed further reduction in gs after 1095 days of [CO-] exposure compared
to 365 days, which might be associated with reduced Ci and Asat.

In addition to above, many studies have demonstrated that long term growth
under elevated [CO-] induces photosynthetic acclimation, which is manifested as reduced
Vemax, Jmax and Amax (Ainsworth and Long 2004). In consistent with above studies, SRC
mulberry plants grown under increased atmospheric [CO2] showed reduced Vcmax, Jmax
and Amax, parameters derived from A/C; curves, at 365 days after treatment (DAT), which
further reduced with the progression of [CO2] treatment (at 1095 DAT) compared to
ambient [CO2] counterparts corroborating the sign of photosynthetic acclimation.
Usually, photosynthetic acclimation in [CO-] enriched environment is more prevalent
under nutrient limiting conditions especially with nitrogen, which induces source to sink
imbalance and could be linked to the accumulation of non-structural carbohydrates,
especially starch, leading to feedback regulation as well as reduced photosynthetic
performance (Sholtis et al., 2004). In the present study, mulberry plants grown under both
elevated and ambient [CO2] atmosphere showed linear reduction in Vemax, Jmax and Amax
with decreasing foliar nitrogen content demonstrating strong positive correlation;
however, elevated [CO2] grown plants showed greater reduction in Vemax, Jmax and Amax
compared to their ambient [CO2] counterparts. In addition to above, significant reduction
of foliar nitrogen levels in [CO2] enriched SRC mulberry plants could be linked with
greater accumulation of non-structural carbohydrates (soluble sugars and starch), which
due to their reciprocal relationship, promote the sugar signaling associated feedback
inhibition, reduced photosynthetic performance (Vcmax, Jmax and Amax). Plants grown
under [CO2] enriched environment showed significant increase in AQE with concomitant
reduction in LCP, parameters derived from A/Q curves, compared to their current [CO2]
grown plants, suggesting reduced photorespiration due to increased Rubisco
carboxylation (Drake et al., 1997; Bernacchi et al., 2003). Similarly, in this study, SRC
mulberry plants grown under increased atmospheric [CO2] showed augmented AQE as
well as reduced LCP than their control counterparts, indicating possible reduction in
photorespiration. However, both elevated and ambient [CO2] grown plants showed

reduced AQE with increasing progression of [CO2] exposure time (1095 DAT) compared
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to the initial stages of experiment (365 DAT), which could be attributed increased
photorespiration over carboxylation of Rubisco. This could be the results of reduced
Rubisco protein quantity as well as activity due to significant deprivation of foliar
nitrogen, which in turn leads to diminished Asa. Changes in photosystem-1l (PS-11)
efficiency can proportionally influence the photosynthetic [CO.] assimilation rates (Asat),
since the enzymes involved in RuBP carboxylation as well as regeneration requires both
ATP and NADPH for their activity (Sekhar et al., 2015 & 2015). Our results from
chlorophyll a fluorescence measurements using PAM demonstrated that changes in PS-11
efficiency and Asa are positively correlated during the initial period of [CO2] exposure
(365 DAT), while, upon prolonged [CO-] treatment (1095 DAT), significant positive
correlation was not observed might be due to further nitrogen dilution. Fv/Fwm is the most
widely used and reliable diagnostic parameter under any climatic conditions to assess the
PS-11 efficiency and is known to be influenced by proportionate changes in minimum (Fo)
and maximum fluorescence (Fwm). In the present study, at 365 DAT, marked rise in Fv/Fwm
and AF/Fv' in elevated [CO2] grown SRC mulberry plants indicated the improved
efficiency of PS-1I. This could be due to the existence of more number of open PS-1I
reaction centers, which can facilitate greater light harvesting and energy transduction
leading to less photoinhibition compared to ambient [CO2] counterparts. However,
despite higher total chlorophyll content, ambient [CO2] grown plants showed reduced
Fv/Fm and AF/Fy' values suggesting that most of the absorbed light energy was not utilized
in photochemical quenching, rather dissipated in the form of heat energy. This is
evidenced by the significant increase in non-photochemical quenching (NPQ), which
further demonstrates the lower sink capacity in ambient [CO2] grown plants. On the other
hand, plants grown under [CO2] enriched environment showed reduced PS-I1 efficiency
at 1095 DAT, which is manifested in the form of lower Fv/Fm with concomitant increase
in NPQ compared to control [CO2] counterparts. This could be attributed to the reduced
sink capacity in these plants due to extensive nitrogen deprivation. In addition to above,
many studies have demonstrated that elevated [CO2] stimulated plant growth and bio-
mass yield in spite of photosynthetic acclimation. Consistent with above studies, SRC

mulberry plants grown under [CO2] enriched environment showed increased plant height,
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number of leaves, total number of primary as well as auxiliary branches should linked
with increased above and below ground bio-mass and carbon sequestration potential

compared to control counterparts.

4.3 Elevated [CO-] ameliorates drought induced negative effects in short
rotation coppice (SRC) mulberry even under prolonged dry
environments

SRC cultures are gaining greater importance in stabilizing the global climate
change by mitigating increased atmospheric [CO2] proportionally as well as for the
production of carbon neutral renewable bio-energy. Many studies have been conducted
on SRC cultures to mitigate changing climatic conditions and mostly addressed changes
in photosynthetic physiology, biomass yield as well as nutrient relations. However, very
little is known about the effects of increased atmospheric [CO2] and its associated
environmental stress factors especially drought on SRC cultures. Our present study
describes how DT S13 SRC mulberry cultivar, a potential bio-energy tree, responds to
increasing atmospheric [CO2] and drought individually as well as in their combination
with a main focus on changes in photosynthetic physiology and foliar antioxidant
systems.

Increased atmospheric [CO2] significantly influenced the plant morphological,
physiological and biochemical characteristics in SRC mulberry under well watered (WW)
as well as drought conditions when compared to their respective control plants. Elevated
[CO2] grown mulberry plants were less sensitive to drought stress as indicated by reduced
leaf discoloration (chlorosis), wilting, leaf senescence/fall, dehydration (RWC) and
higher biomass yields at 30 DAS than their ambient counterparts suggesting that elevated
[CO2] offset the drought induced symptoms in DT S13 cultivar (Hamilton et al., 2008;
Darbah et al., 2010; Naudts et al., 2014). Though, increased atmospheric [CO2] offset
drought related symptoms in DT mulberry, genotypic variation might affect the offsetting
effects of elevated [CO2] on drought, and these responses might be differ with a drought

sensitive/susceptible (DS) genotype under more severe drought stress conditions. In
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addition to above morphological changes, high [CO2] grown SRC mulberry plants
showed significant increase in Asa than ambient controls indicating that Rubisco’s
carboxylation reaction was favored over the oxygenation reaction, facilitating higher
[CO2] in the vicinity of carboxylation site of Rubisco, which maintains Ci, despite
reduced gs (Ainsworth and Long 2005; Ainsworth and Rogers 2007). Drought showed
negative impact in both elevated as well as ambient [CO2] grown mulberry plants as
manifested reduced Asat with increasing drought severity, affecting both stomatal and
mesophyll conductance (Flexas et al., 2006; Lawlor and Tezara 2009). However, high
[CO2] grown plants showing better photosynthetic performance (Asat), through higher Ci,
even after 30 days of water withholding demonstrated that elevated [CO.] delayed
drought induced stress symptoms in SRC mulberry. Our data also showed that [CO2]
enriched mulberry plants tend to adapt for better water conservation strategy during drier
environments via additional reduction in gs which could be linked with lower
transpiration (E) rates leading to substantial increase in WUE; even after 30DAS. In
addition to above, elevated CO, grown plants showed significant increase in AQE with
concomitant reduction in LCP, parameters derived from A/Q curves, in WW and during
WS conditions when compared to their ambient CO2 counterparts, which further confirms
reduced photorespiration (Drake, 1997; Bernacchi et al., 2003). Reciprocal
photosynthetic measurements were routinely used in plants grown under elevated CO>
alone or in combination with one or more abiotic stress factors to check the
photosynthetic acclimation and the phenomenon of photosynthetic acclimation, which is
known to vary between species, functional groups, genotypes and the type of abiotic
stress factors (Darbah et al., 2010). Certain studies showed that elevated CO2 grown
plants showed reduced CO assimilation rates than ambient CO2 grown plants when
measured at common [CO-] (Rey and Jarvis 1998), where as others showed that there
was no significant difference between elevated and ambient CO2 grown plants (Darbah et
al., 2010) and some studies even showed that elevated CO2 improved photosynthetic
performance when compared to their ambient CO2 counterparts (Tezara et al., 2002).
However, in the present study, reciprocal photosynthetic measurements showed that SRC

mulberry plants grown under elevated CO» atmosphere showed reduced CO assimilation
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rates (Pn) when measured at common [CO2] (400 or 550 pumol CO2) compared to
ambient CO. grown plants under WW and during WS conditions, indicating signs of
photosynthetic acclimation. Similarly, there was a significant reduction in gs in elevated
CO:2 grown plants when measured at either 400 or 550 umol [CO2] than control plants
under WW and during WS conditions signifying stomatal acclimation. Stomatal
acclimation limits mesophyll diffusion of CO. due to reduced Ci as well as Py leading to
photosynthetic acclimation (Flexas et al., 2006).

Reduced gs in CO2 enriched mulberry plants under both the experimental
conditions compared to ambient CO> grown plants could be linked with lower E, which
results in substantial increase of WUE; conferring tolerance to longer droughts (Albert et
al., 2011b). Changes in PS-I1 efficiency can proportionally influence the CO; assimilation
process, since the enzymes involved in RuBP carboxylation and regeneration require both
NADPH as well as ATP for their activity (Sreeharsha et al., 2015). Nevertheless, changes
in PS-1I efficiency in plants grown under elevated CO alone or in combination with
drought were highly variable; some studies showed that elevated CO> reduces the PS-1I
efficiency under WW and imposition of WS further exacerbated the negative effects
(Kitao et al., 2007; Albert et al., 2011), while others have demonstrated that CO:
enrichment improved PS-11 efficiency and partially ameliorates the negative effects under
WW and during WS conditions respectively (Tezara et al., 2002; Li et al., 2008; Zong et
al., 2014). In the present study, our results from OJIP chlorophyll a fluorescence
measurements demonstrated that elevated CO> improved PS-II efficiency under elevated
CO: conditions and ameliorated the drought-induced photoinhibition even after 30 days
of WS in mulberry. Fv/Fm (pro = TRo/ABS) is the most widely used parameter to
understand the changes in efficiency of PS-1l under different climatic variables and
which further depends on changes in Fo as well as Fum (Sekhar et al., 2014). In this study,
elevated CO> grown plants under WW conditions showed decrease in Fo and an increase
in Fm, suggesting the efficiency of initial electron donors and final electron acceptors
respectively, leading to higher Fv/Fm than ambient control plants (Rasineni et al., 2011).
Imposition of WS caused significant reduction of Fv/Fm in both elevated and ambient

CO2 grown mulberry plants; but, the reduction was more in ambient CO2 grown plants,
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which indicate a greater PS-Il damage. Our results were consistent with a recent report
that showed elevated CO, mitigates drought induced photoinhibition as assed by less
decrease in Fv/Fm compared to control counterparts (Zintha et al., 2014). Ambient CO-
grown plants showed significant increase in Fo under WW conditions, which is further
increased during WS conditions when compared to elevated CO> counterparts. This
might be due to either increased number of inactive RCs leading to slow reduction of
primary quinone (Qa) and/or structural damage leading to less excitation transfer from
antenna complex to RCs (Kalaji et al., 2011). In addition to above, double normalization
between phase O and K (Vok, 50-300us) was used to identify the prominent L-band;
wherein a positive L-band indicates the less stable connections between PS-Il and LHC
indicating impairment in excitation energy transfer due to changes in the structural
organization of the thylakoid membranes (Guha et al., 2013; Sengupta et al., 2013). In the
present study, irrespective of the CO> treatment, appearance of positive L-band in SRC
mulberry after 30 days of WS indicated that drought negatively affects PS-11 efficiency.
Similarly, appearance of an accentuated K-band, after 30 days of drought stress, is an
indication of reduced efficiency of oxygen evolving complex (OEC) in both elevated and
ambient CO2 grown plants leading to an impairment in electron flow between OEC to
RCs as well as towards the electron acceptors of PS-1I (Guha et al., 2013). However,
certain studies demonstrated that elevated atmospheric temperature can also induce the
appearance of K-band (Van Heerden et al., 2007) and drought can even protect OEC
against heat-induced damage (Lu et al., 1999). In consistent with above, observation of
prominent K- band in both ambient and elevated CO. grown mulberry after 30 days of
water withholding will indicate indicated that these plants are experiencing higher
atmospheric temperatures as the experiments were conducted during severe summer
season having midday temperatures of 42°C-46°C. But, in the present study, less
prominent L and K bands are observed in plants grown under elevated CO2 atmosphere
compared to control counterparts, which demonstrate that CO> fertilization ameliorates
both drought as well as heat stress effects towards PS-Il damage. Drought significantly
increased V; at 30DAS compared to their respective WW counterparts, which might be

associated with the accumulation of the reduced QA pool restricting electron transport

Page 106



Chapter 4 Discussion

beyond QA (Redillas et al., 2011). In addition to above, significant increase in Fv/Fo in
elevated CO2 grown plants under WW as well as WS conditions than their controls,
reflect the greater efficiency of water splitting complex on the donor side of the PS-11 and
the rate of photosynthetic quantum conversion at PS-1I reaction center (Kalaji et al.,
2011). Further, irrespective of the CO. treatment, drought imposition induce marked
reduction in parameters which reflects the photochemical quenching capacity including
ET/RC, ET/TRo, RC/CSm, TRo/CSm, ETo/CSm, Kp, Plags and Plesm with concomitant
increase in non-photochemical quenching parameters including DI/ABS, DI/RC, DI/CSn
and K, compared to WW plants, inferring that drought negatively affects the PS-II
efficiency in mulberry (Van Heerden et al., 2007; Guha et al., 2013; Sekhar et al., 2015).
Nevertheless, elevated CO> grown SRC mulberry showed less decrease in afore
mentioned parameters even at 30DAS indicating that CO> enriched plants showed better
PS-11 efficiency.

Effects of elevated [CO.] on changes of antioxidant systems in plant tissues
depend on plant species, crop variety, developmental stage as well as different abiotic
stress factors (Xu et al., 2015). Different studies reported that elevated [COz], under well
watered conditions, enhances (Farfan-Vignolo and Asard, 2012; Mishra and Agrawal
2014), decrease (Gillespie et al., 2011), and/or causes no change (Zinta et al., 2014) in the
enzyme activities along with corresponding gene expression levels of ROS scavenging
enzymes. In this study, under WW conditions, DT mulberry plants grown under high
[CO.] environment had lower transcript levels and activities of ROS scavenging enzymes
providing an evidence that there was a less oxidative load due to higher carboxylation of
Rubisco and reduced photorespiration (AbdElgawad et al., 2015). Drought stress,
irrespective of [CO2] treatment, induced significant increase in transcript levels and
enzyme activities of antioxidant systems compared to their respective WW controls in
mulberry showing an evidence that ROS signaling mechanisms are activated to protect
the plants from oxidative stress (Gill and Tuteja 2010). However, certain studies showed
that, elevated [CO-] protect plants from oxidative stress and stress mitigation potential
under elevated [CO-] might originate from either decreased ROS production and/or by

increasing the ROS scavenging capacities by increasing antioxidant gene expression
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(AbdElgawad et al., 2015). In the present study, mulberry plants grown under CO;
enriched environment showed both mechanisms including less production of ROS and
better antioxidant systems to combat the drought induced oxidative stress. SRC mulberry
plants grown under elevated [CO2] atmosphere showed lower transcript levels as well as
activities of ROS scavenging enzymes like SOD, Catalase, GPX, and the enzymes of
ascorbate- glutathione cycle (ASC-GSH) including APX, GR, MDHAR during the initial
stages of drought (15DAS), suggesting that plants grown under control conditions were
primed to respond more quickly to the oxidative stress. Our results are consistent with a
recent report which showed excessive gene transcriptional responses related to
antioxidant metabolism due to abiotic stress were partly repressed by elevated [CO2]
(Gillespie et al., 2012). In contrast to above, certain studies showed that there were no
changes in the activities of antioxidant enzymes except the inhibition of APX (Kumari et
al., 2013), reduced SOD, GPX, CAT, GR levels with no effect on other enzymes of
ASC-GSH cycle (Li et al., 2014; AbdElgawad et al., 2015), while some reports even
showed reduced ASC-GSH cycle associated enzymes with little effect on SOD, GPX and
Catalase enzymes (Zinta et al., 2014) during abiotic stress under elevated [CO2]
conditions. These results clearly demonstrated that changes in ROS scavenging enzymes
during stressful environmental conditions under elevated [CO2] differs among various
species, type of abiotic stress factor and duration of stress. Nevertheless, in the present
study, ambient [CO2] grown mulberry plants showed down regulation of the protective
systems manifested as reduced activities and transcript levels of ROS scavenging
enzymes with increasing drought (30 DAS) indicated that these plants are not able
tolerate longer drought periods. Unlike ambient [CO2] grown plants, high [CO2] grown
plants maintained higher transcript levels and activities of antioxidant enzymes after
30days of drought (30DAS) showing an effective incessant ROS detoxification to sustain
their photosynthetic performance under prolonged drought conditions. Abiotic stress is
also known to induce accumulation of proline, a major stress induced osmolyte, and its
concentration was directly proportional with stress severity (Reddy et al., 2004). In this

study, plants grown under elevated [COz] showed lower accumulation of proline even
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after 30 DAS compared to ambient [CO2] grown plants was suggesting that CO> enriched
plants perceived less oxidative stress.

In addition to above changes, plants grown under elevated [CO>] triggered greater
accumulation of antioxidant compounds like ASA and polyphenols resulting in improved
ROS detoxification (Smirnoff and Wheeler 2000; Zvereva and Kozlov 2006;
Ghasemzadeh et al., 2010). Nevertheless, changes in antioxidant enzyme activities (ASA-
GSH cycle) and ASA levels in mulberry under WW and drought are less correlated.
Reduced H20zas well as MDA levels in elevated [CO2] grown plants under well watered
(WW) as well as during drought conditions, inferred that elevated [CO.] ameliorate the
drought induced ROS accumulation and lipid peroxidation (Salazar-Parra et al., 2012; Xu
et al., 2014; Abdelgawad et al., 2015). Moreover, delayed senescence and/or severe stress
symptoms (discoloration, wilting and dehydration) in [CO2] enriched mulberry plants
even at 30DAS may possibly be associated with improved antioxidant enzyme activities
and greater accumulation of antioxidant compounds (ASA and TPC). In conclusion, our
data demonstrate that elevated [CO2] delayed the onset of drought related stress
symptoms in SRC mulberry under prolonged drought treatment (30DAS). Such tree
plantations including mulberry are best suitable for SRC forestry based mitigation of
increased [CO2] levels under intermittent prolonged drought conditions, which are

projected to prevail in fast changing global climate.

4.4 SRC mulberry exhibited better photosynthetic performance and
delayed drought- related symptoms even under prolonged drought
conditions due to better hydraulic conductance

In addition to above changes, elevated [COz2] significantly altered plant hydraulic
dynamics under both WW as well as WS conditions with respect to their ambient [CO2]
counterparts. Altered plant water status during WS induces hydraulic signals, which are
communicated from root to leaves via xylem, and induce several physiological, bio-
chemical and molecular responses at both roots as well as shoot levels (Sengupta et al.,
2013). In the present study, irrespective of the [CO2] treatment, WS significantly reduced
plant leaf water status by causing a gradual decrease in Wpd, ¥Ymd, and RWC when
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compared to WW, with increasing progression of stress treatment. However, ambient
[CO2] grown plants showed greater reduction in aforementioned parameters at 30 DAS,
suggesting higher level of leaf tissue dehydration; in other words, elevated [CO2] grown
plants were adapted to follow a better water saving strategy, which in turn is linked with
maintenance of photosynthesis even at 30 DAS. Further, imposition of WS induce
negative effects in SRC mulberry plants, irrespective of the [CO2] treatment, by closing
their stomata as a first level defense mechanism to prevent evapotranspiration, which
results in limitations in mesophyll conductance (gm) as well as photosynthetic
performance (Asa). Reduced Asa during WS leads to diminished synthesis as well as an
increase in depletion of stored carbon reserves, which induces carbon starvation leading
to plant mortality (Medrano et al., 2002, Gomes et al., 2008, Sala et al., 2010). However,
in the present study, mulberry plants grown under [CO2] enriched environment displayed
increased Asat in spite of reduced gs, which could be due to the higher C; levels, even at
30 DAS. Such maintenance of Asa could be associated with improved carbohydrate
synthesis and less carbon starvation in these plants compared to ambient [CO2]
counterparts. Lower gs is usually linked with reduced E during WS, which results in
substantial increase of WUE; (Asa/E) and WUE; proportionally related to drought
tolerance capacity. In our study, SRC mulberry plants grown under high [CO2] exhibited
significantly higher WUE; even under extended drought environment due to both
reduced E as well as improved Asa which might be the reason for showing better
tolerance against prolonged drought treatments.

Water movement in plants is known to be regulated by variations in hydraulic
conductance through soil-root-shoot-leaf, which in turn determines the leaf turgor status
(Wpd, Yma, and RWC) and photosynthetic performance (Costa et al., 2004). In the present
study, WS induced significant reduction in hydraulic conductivity parameters including
F, ¥x, Ks and K. which indicates the conflicts of water movement from soil to leaf to
atmosphere in SRC mulberry plants grown under both elevated and ambient [CO2]
atmosphere when compared to their control WW plants. Nevertheless, [CO2] enriched
mulberry plants showed comparatively lesser reduction in F, ¥x, Ks and K their ambient

[CO2] counterparts even at 30 DAS. This suggests that high [CO2] grown plants exhibited
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greater hydraulic safety, which could possibly be associated with maintenance of better
photosynthetic performance under extended drought conditions. Certain studies have
demonstrated that variations in water transport under WS environments in stem and leaf
are inversely related to the formation of xylem embolism and reduced hydraulic
conductivity parameters including F, ¥x, Ks and K. during drought environments, the
result of greater xylem embolism or vice versa (Nolfet al., 2015). In this study, we have
observed significant decrease in F, Wx, Ks and K¢ at 30 DAS in SRC mulberry plants
grown under ambient [CO2], which indicates that these plants are possibly more
vulnerable to xylem embolism leading to early hydraulic failure as well as plant mortality
under prolonged water deficit environments (30 DAS).

Furthermore , stomatal closure as well as hydraulic failure were highly variable in
plants under WS environment; in some instances, early stomatal closure facilitate pre-
empting the drought induced xylem cavitation and hence prevents plant mortality under
prolonged dry environments (Cochard et al., 2002, Brodribb and Holbrook 2003, Chen et
al., 2010). In contrast to above, some studies have demonstrated that plant mortality
during extended drought environments was more pronounce due to early stomatal closure
and hydraulic failure (Brodribb and Holbrook 2003, Nardini et al., 2003). However, in
the present study, mulberry plants grown under [CO2] enriched environment showed
reduced gs as well as E, leading to better water conservation as well as greater hydraulic
safety as demonstrated by the increased F, Wx, Ks and K at 30 DAS with respect to their
control counterparts. In addition to above, better water relations (improved F, ¥x, Ks and
KL) observed in [CO2] enriched SRC mulberry plants even under extended drought
environments could be due to better rooting volume (Guha et al., 2010a).

Many studies have demonstrated that variations in expression profiles of AQPs
can affect the plant hydraulic dynamics, photosynthetic performance and plant
survivability under different abiotic stress factors (Fetter et al., 2004; Galmes et al., 2007,
Benabdellah et al., 2009). In the present study, elevated [CO2] significantly influenced
the expression profiles (both up and down regulation), of AQPs under WW as well as
during WS conditions corroborating their potential roles in plant survivability under

future climatic conditions. Studies have demonstrated that reduced expression levels of
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PIP1 induces mesophyll conductance limitations (gm) to CO: in tobacco, which in turn
was linked with diminished photosynthetic performance compared to their wild types
(Flexas et al., 2006) and studies also demonstrated that increased expression of PIP1 in
Arabidopsis stimulated photosynthetic performance even under unfavorable conditions
(Aharon et al., 2003). In contrast to above, over expression of PIP2 in Arabidopsis did
not show any effect on gm (Tournaire-Roux et al., 2003); but, it improved water
permeability in xenopus oocytes (Biela et al., 1999). Further, coexpression of PIP1 and
PIP2 enhanced the water permeability many folds in xenopus oocytes compared to
individual PIP2 expression supports the notion of cooperative effects (Fetter et al., 2004;
Zelazny et al., 2007). In the present study, SRC mulberry plants grown under elevated
[CO2] showed reduced PIP 1.1 under WW as well as WS conditions could be possibly
associated with increased limitations in mesophyllconductace (gm) and photosynthetic
acclimation. Unlike PIP1, drought imposition significantly increased expression levels
PIP2 isoforms, except PIP2.1, including PIP2.2 and PIP2.7 in [CO2] enriched mulberry
plants causing improved transcellular water permeability and hydraulic conductivity.
Consistent with PIPs, increased expression levels of TIPs, another group of MIPs, confer
resistance to different abiotic stress factors (Wang et al., 2013). Studies with increased
expression levels TIP1 in Arabidopsis showed significant increase in tolerance to WS by
minimizing transpirational water loss compared to their wild types (Martinez-Ballesta
and Carvajal 2014). Further, over expression of TIP2 controls the transpiration rates
under different stress conditions in Solanumlycopersicum resulting in better CO> uptake
and better water as well as nutrient use efficiency (Martinez-Ballesta and Carvajal 2014).
But, under certain circumstances, improved expression levels of some AQPs aggravate
the stress symptoms leading to plant mortality implicating various roles of AQPs in plant
community against different abiotic stress factors (Afzal et al., 2016). However, SRC
mulberry plants grown under increased atmospheric [CO] showed increased abundance
of TIP 1(TIP1.1) and TIP 2 (TIP 2.1 and TIP 2.3) compared to their ambient counterparts
even at 30 DAS demonstrates their key roles in water conservation and CO; uptake.
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Mulberry showed significant genotypic variations in terms of photosynthetic
performance and bio-mass yielding capacity under elevated [CO2] environment (550
umol mol™). Genotypes including the drought tolerant (DT) Selection-13 (S13) and the
drought susceptible (DS) Kanva-2 (K2) showed positive responses towards increased
atmospheric [CO2] when compared to their ambient [CO,] counterparts (400 pmol mol™).
However, S13 genotype showed comparatively better response towards increased
atmospheric [CO-] than K2 genotype. There was a significant increase in light saturated
photosynthetic rates (Asa) and apparent quantum efficiency (AQE) in elevated [CO2]
grown S13 (ES13) plants, indicating higher Rubisco carboxylation efficiency compared
to K2. Improved water use efficiency (WUE;) in ES13 was due to reduced stomatal

conductance (gs) and transpiration rates (E).

Elevated CO: significantly increased chlorophyll a fluorescence characteristics
including maximum quantum yield of primary photochemistry (Fv/Fm) and performance
index (Plass) suggesting improved photosystem-1l efficiency in both genotypes
compared to the ambient [CO2] grown. In spite of superior photosynthetic performance
observed in ES13, accumulation of soluble and insoluble sugars (starch) were
significantly low compared to elevated [CO2] grown K2 (EK2), demonstrating higher
sink capacity in ES13 and better bio-mass yields. Thus, S13 could be a potential genotype
for mulberry- based short rotation coppice (SRC) forestry to mitigate increasing

atmospheric [CO2] as well as for the production of carbon neutral renewable bio-energy.

Mulberry plants grown for 3years under elevated [CO2] showed reduced
photosynthetic performance compared to their ambient [CO2] grown plants indicating the
sign of photosynthetic acclimation and once again emphasizing the role of long-term Vs
short term [CO2] enrichment studies. SRC mulberry plants grown under high [CO2]
showed significant increase in light saturated photosynthetic rates (Asat), intercellular
[CO:] (Ci), instant water use efficiency (WUE;), apparent quantum efficiency (AQE)
throughout the experimental period when compared to the ambient [CO-] grown plants.
In contrast to above, high [CO2] grown plants showed reduction in stomatal conductance

(9s) and transpiration rates (E). Further, plants grown under [CO2] enriched environment
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showed reduced in vivo maximum Rubisco carboxylation (Vcmax), maximum electron
transport rate (Jmax) and light and CO- saturated photosynthetic rates (Amax) compared to
their ambient [CO2] grown plants indicating the occurence of photosynthetic acclimation.
We also observed significant foliar nitrogen dilution, leading to accumulation of foliar
carbohydrates (due to their reciprocal relationship), which induced sugar signaling
associated photosynthetic acclimation. Despite photosynthetic acclimation, plants grown
under elevated [CO2] atmosphere displayed greater above and below ground bio-mass
when compared to their control counterparts due to their growth [CO2]. Increased bio-
mass Yields could be due to the higher carbon sequestration potential in elevated [COz]
grown mulberry plants. Our results clearly demonstrated that alterations in coppice
management practices i.e reduced coppice duration is the best strategy to mitigate

increased atmospheric [CO2] and generate CO> neutral renewable bio-energy.

Our results from interactive studies (CO, x drought) demonstrated that elevated
[CO2] is able to ameliorate drought induced negative responses in short rotation coppice
(SRC) mulberry, a potential bio-energy tree, when compared to the ambient [CO2]
counterparts. Growth in [CO2] enriched environment stimulated photosynthetic
performance in well watered (WW) as well as during water stress (WS) with significant
increases in light saturated photosynthetic rates (Asa), water use efficiency (WUE;),
intercellular [CO.], and photosystem—II efficiency (Fv/Fm and AF/Fum') with concomitant
reduction in stomatal conductance (gs) and transpiration (E) compared to ambient CO-
(A) grown plants. Reduced levels of proline, H2O2 and malondialdehyde (MDA) and
higher contents of antioxidants including ascorbic acid and total phenolics in WW and
WS in [CO2] enriched plants clearly demonstrated lesser oxidative damage. Further,
ambient [CO2] grown plants showed higher transcript abundance and antioxidative
enzyme activities under WW as well as during initial stages of WS (15 days). However,
with increasing drought imposition (30 days), ambient [CO-] grown plants showed down
regulation of antioxidant systems compared to their respective elevated [CO2] grown

plants.
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In addition to above, elevated [CO2] grown mulberry plants showed significant
reduction in net photosynthetic rates (Pn), stomatal conductance (gs), transpiration rates
and intercellular [CO2] when measured at common [CO2] (400 or 550 pumol) in all the
experimental conditions, which indicated the occurrence of photosynthetic acclimation.
Elevated [COz2] plants showed substantial increase in instant water use efficiency (WUE:;)
despite reduced Py after 30 days of WS, which suggests that these plants are well adapted
for water conservation. Analysis of OJIP chl a fluorescence kinetics revealed that WS
negatively affects the photosystem-11 (PS-I1) performance in both elevated as well as
ambient [CO.] grown plants, as evident from the prominent L and K bands. However,
greater amplitude of positive K and L bands in ambient [CO-] grown plants indicates less
energy connectivity among PS-1l units and inefficient electron flux movement from
oxygen evolving complex (OEC) towards PS-1l acceptor side in these plants. Further,
significant increase in parameters including Fv/Fm, ET/CSm and Pl(ass) with concomitant
reduction of DIo/RC and DIlo/CSm in [CO2] enriched plants under WW as well as during
WS demonstrated more photochemical quenching.

Delayed drought related symptoms in SRC mulberry grown under elevated [CO]
conditions even under prolonged drought conditions were mostly due to less constrains in
water movement when compared to ambient [CO2] counterparts. Hydraulic conductance
quantifies the efficiency of water transport in plants from soil to atmosphere via root-
shoots-leaves. We observed significant reduction in hydraulic conductivity characteristics
including sap flow rate (F) and hydraulic conductance in stem (Ks) as well as leaf (KL)
during WS in both elevated and ambient [CO-] grown mulberry plants compared to their
WW counterparts. However, [CO-] enriched plants maintained increased F, Ks and K.
when compared to the ambient [CO2] grown plats even at 30 DAS attributed to the better
hydraulic safety should linked with less vulnerable to embolism. Further, we also
observed strong positive correlation in both elevated and ambient [CO] grown mulberry
plants between photosynthetic leaf gas exchange parameters (Asa, gs and E) and
hydraulic characteristics (F, Ksand K.). But, WUE; was negatively correlated with F, Ks
and K. Better hydraulic conductivity in mulberry plants grown under elevated [CO2]

even under extended drought environment (30 DAS) was possibly due to higher
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expression of certain aquaporins including PIPs and TIPs compared to their ambient
[CO:] counterparts. Our data provide evidence that under future increased atmospheric
CO: conditions, SRC mulberry would be able to sustain enhanced photosynthetic
potential and also mitigate the drought induced oxidative stress. Our results in this study
also demonstrates that mulberry is a potential bio-energy tree crop, which is best suitable
for SRC forestry-based mitigation of increased [CO:] levels even under intermittent

drought conditions, which are projected to prevail in the fast changing global climate.
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