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Introduction

1. INTRODUCTION
Microorganisms are an indispensable part of the environment and are essential for

the general functioning of our planet. They survive in remarkably diverse environmental
conditions and often exist in an interdependent network of communities. Similarly,
organisms are adapted to various environmental conditions because of their specialized
niches (Zeyad et al. 2021). Understanding the structural and functional dynamics by which
they exist could lead us to a generation of valuable resources for potential metabolites with
various biotechnological applications (Mishra et al. 2021). This vast microbial diversity is
the primary source of undiscovered biological diversity. To better understanding of this
vast, yet primarily unknown diversity, microbial taxonomy plays a vital role in unearthing
its unrealized enzymatic, genetic and industrial potential.
1.1. Isolation sources
1.1.1. Orchids

Orchids are one of the most prominet families of angiosperms consisting of 25,000 -
30,000 species in the world (Christenhusz and Byng 2016). They come under the phylum
of Magnoliophyta, class Liliopsida, order Aspargales and family Orchidaceae (Sut et al.
2017). They are found diversely in South America, Mexico and Central America, West and
Central Africa and other Asian countries. These plants have several economical, medical
and horticultural properties (Gross et al. 2016). They are varied, exotic and prolific growing
plant species (Zhang et al. 2018). They grow chiefly in nutrient-deficient habitats. Most
varieties of orchid species are epiphytic. According to the [UCN (International Union for
Conservation of Nature), orchids are categorized under the vulnerable section as they are
very responsive to rapid climatic and environmental changes (Favre-Godal et al. 2020).
Orchids inhabit a wide range of habitats, including epiphytes on trees, terrestrial growth on

the ground or rocks like lithophytes (Phillips et al. 2020).
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Mycorrhizal Helper Bacteria

. Plant Growth Promoting Rhizobacteria

& Soil

/1 Carbon B
\ | Hyphal branching

MHB

Orchid Root Associated Bacteria
(RAB)

Fig. 1. The dynamics of the tripartite relationship between orchids, orchid mycorrhizal
fungi (OMF) and mycorrhizal helper bacteria (MHB) (Source information
adapted from Kaur and Sharma 2021)

Most orchid seeds in nature can germinate only if infected by a fungus (Favre-Godal et
al. 2020). Their life cycle involves an inevitable tripartite interaction between plant
systems, mycorrhizal fungi and plant growth-promoting rhizobacteria (PGPR) (Li et al.
2021; Fig. 1). In general, plants are always facing biotic and abiotic stress in the
environment, which significantly influences the growth and development of plant species
(Martin et al. 2017). In this context, plants scrupulously mobilize root-associated bacteria
(RABs) in response to the production of root secretion, stress and host genotype. RABs are
those bacteria that populate the rhizosphere/endorhizal area in a host plant (Kaur and
Sharma 2021). In orchid plants, RABs are often observed as having roles of PGPR and
mycorrhizal helper bacteria (MHB), components of hologenomes and holobionts (Kaur and
Sharma 2021). Sections of RABs promote development (as PGPRs), prevention of
pathogens and stress alleviation (Kaur and Sharma 2021; Mohanty et al. 2021). RABs are

noted for enhancing plant growth by amassing nutrients (Herrera et al. 2021), nitrogen
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fixation (Afzal et al. 2019), hormonal allocation (Tsavkelova et al. 22016), protection from
pathogens (Herrera et al. 2021) and mitigation of abiotic stresses (Shah et al. 2021). Most
studies retrieved in the literature focus on the fungal aspect, whereas the studies concerning
the bacterial diversity associated in terms of composition and functions are less explored
(Kaur and Sharma 2021). Metagenomic studies have shown that genera like Pseudomonas,
Burkholderia, Sphingomonas, Bacillus, Comamonas were common in different orchid
varieties (Alibrandi et al. 2020; Li et al. 2017).
1.1.2. Salt pan

Salt pans are part of hypersaline environments, kernels for remarkable ecological
habitats with varying growth conditions (salinity, pH and temperature; Oren 2002). Salt
pans are broad, expansive areas covered with salt and minerals; they are formed with
exceeding rates of evaporation of saline water bodies. These hypersaline areas support
extremophiles from the domains of Archaea, Bacteria and Eukarya with distinctive biotic
functions owing to the ecological and physiological adaptations (Das et al. 2019).
Microorganisms from these habitats can be used as exceptional biological models for
application-oriented biotechnological and industrial research (Karray et al. 2018). The
isolation and scrutiny of the bacterial members from these extreme hypersaline
environments are of prime importance because of their metabolic and physiological re-
modelling mechanisms; which makes them an excellent prospect for many industrial
applications (Mokashe et al. 2018; Zhu et al. 2020). Over the last few years, researchers
have successfully isolated different halophilic species for biotechnological applications.
Salinibacter ruber, Halomonas elongata, Paenibacillus tarimensis and Nesterenkonia sp.
are known for their carotenoid production, ectoine, cellulases and amylases, respectively

(Gunde-Cimerman et al. 2018; Zhu et al. 2020).




Introduction

1.1.3. Beach sand

Marine habitats are composed of a broad spectrum of environments, each
supporting a complex assemblage of potentially unique macroorganisms and
microorganisms. Specific habitats like open ocean beaches and intertidal areas are essential
as they form the interface between terrestrial/freshwater and marine systems (Patel 2021).
Around 40 % of the global coastline consists of gravel and sand beaches (Bird 2000). As
the beaches are subjected to various tidal and fluvial processes, it continuously shapes their
geochemistry, mineralogy and biological processes. Molecular studies of bacterial diversity
have shown that they occupy an important ecological niche in the marine environment
(Mineta and Gojobori 2016). These organisms are pervasive, and their ecological niches
can be studied as an archetype for detecting biosignatures and reconstructing evolutionary
occurrences (Walker et al. 2005). These bacteria have remarkable ways of survival in
severe conditions like solar radiance, nutrient deficiency and hyper-arid conditions
(Mezzasoma et al. 2021). They are critical in biogeochemical cycle regulation,
bioremediation processes and stromatolite formations (Reid et al. 2000; Wierzchos et al.
2015). Therefore, these marine habitats are currently being explored mainly for bacteria for
various biotechnological applications (Guan et al. 2020). Novel species of bacteria have
been described: Ciceribacter thioxidans (nitrate reduction) (Deng et al. 2017); Rhizobium
yantingense (mineral weathering) (Chen et al. 2015), and Barrientosiimonas endolithica
(Parag et al. 2015).
1.1.4. Acid mine drainage

Acid mine drainage (AMD) is water that has been contaminated by mining activity
and is usually related to coal mining. It's a principal source of water pollution in locations
where mining has already occurred (Dhir 2018). Mining waste is highly acidic and contains

a lot of sulphate and heavy metals (Guo et al. 2022). Despite its extreme nature, a various
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of eukaryotic and prokaryotic life forms live there and are classified as extremophiles. To
survive and grow in such harsh environments, these extremophilic bacteria can execute a
range of metabolic processes, including pH adjustment, Fe/S oxidation, C/N fixation, and
metal bio-remediation (Chen et al. 2016). The microbial method employs these
extremophilic bacteria to treat the AMD wastewater (Guo et al. 2022). Therefore, novel
microorganisms from such unique habitats would play a pivotal role in bio-remediation and
industrial applications.
1.1.5. Hot springs

Hot springs are geothermally heated groundwater and are hosts to diverse and
prolific microbial communities. There are 400 geothermal springs identified in India,
spread across 7 geothermal sites, out of which only 28 have been scientifically explored
(Poddar and Das 2018). They are also powerful chemical reactors and mineral deposition
sites (Sharma et al. 2009). Based on these habitats, identification of novel organisms for
their bio-prospective studies (antimicrobials, enzymes, bio-remediation) has been carried
out (Mahajan and Balachandran 2017; Panda et al. 2013). Even though hot springs are
found widely in India, have inherent scientific interest, microbial investigation of these
springs has received little attention.
1.2. Metagenome studies

The advancement in next-generation sequencing (NGS) technologies has
transformed the entire scenario in the scientific world. NGS has provided novel insights
into the functional and structural nexus of the microbiome (Ning and Tong 2019). With
constant effort and upgradation of sequencing platforms, the role of these microbiomes has
become lucid in plants, animals, humans and environments (Liu et al. 2021). This kind of
state-of-art has led to the establishment of “metagenomics” and was first coined by

Handelsman in 1998 (to denote a detection method for biosynthetic gene clusters). In
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metagenomics, the genetic material present in an environmental sample is directly analyzed
even without the prior cultivation of the cultures (Oulas et al. 2015). The metagenomic
studies have allowed the bioprospection and detection of potential enzymes and secondary
metabolites for biotechnological and industrial purposes (Eze et al. 2021; Kang et al. 2021).
NGS methods for microbiome analysis are amplicon/marker gene-based and shotgun
metagenomics.
1.2.1. Metagenomic approaches
1.2.1.1. Amplicon based

The introduction of marker-based molecular techniques has resulted in the
augmentation of studies related on microbial distribution in the environment. For amplicon-
based, DNA is extracted, and a specific region of marker gene like the rRNA gene is
amplified and sequenced (Oulas et al. 2015). 16S rRNA (bacteria), 18S rRNA (eukaryotes)
and internal transcribed regions (fungi) are often used as it gives a high resolution for
species differentiation (Woese and Fox 1977). The identification of these genes is based on
the gene identity to the references databases like SILVA (Carlton et al. 2002), Greengenes
(DeSantis et al. 2006) and RDP (Cole et al. 2005). It is cost-effective and can screen a large
consortium of bacteria and eukaryotes in any sample. 16S rRNA amplicon-based analysis
includes the following processes quality checks, de-noising, detection of chimeric
sequences, clustering into ‘Operational Taxonomic Units (OTUs) based on sequence
identity and final taxonomic assignment to these OTUs (Callahan et al. 2016; Caporaso et
al. 2010; Schloss et al. 2009). This approach is largely applied for the profiling studies of
microbial communities and the detection of rare taxa (Stefanini and Cavalieri 2018).
Mothur is one of the most notably used software for microbial community analysis (Schloss

et al. 2009).
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1.2.1.2. Shotgun based

Shotgun metagenomics allows the untargeted sequencing of all the genomes of
microorganisms present in a sample (uncultured as well) (Quince et al. 2017). It has
multiple functions of profiling taxonomic populations, functional annotation of microbial
communities, and generating whole genome sequences (Abraham et al. 2020). The shotgun
studies involve the following processes (a) quality control and elimination of host
contaminated genes (Bolger et al. 2014); (b) assembling the sequences for profiling
functional, taxonomic and genomic attributes (Huson et al. 2016; Ye et al. 2019); (c)
statistical analysis for data interpretation; (d) validation. For the assembly process, contigs
are arranged either by reference-based (using the pre-existing genome as a map) or de novo-
based assembly (no references/solely by computational method) (Oulas et al. 2015).
Binning is an integral part of the assembly wherein contigs are assigned to specific groups
either by comparing the k-mer sequences (genomic signatures) or by homology-based
(alignment algorithms) (Sharpton 2014). Shotgun metagenomics has been successfully
applied to study resistome hotspots (Chakraborty et al. 2020), rhizosphere microbial
communities (Enebe and Babalola 2021), the gut microbiome (Chen et al. 2018), infectious
studies (Gu et al. 2019), bioremediation and drug discovery (Datta et al. 2020).
1.2.2. Sequencing platforms

Sanger sequencing was introduced in 1977 by Frederick Sanger and has been used for
more than three decades (Meera et al. 2019). Due to increased innovation in science,
sequencing technologies have drastically improved over the years. Various sequencing
methods have emerged which have allowed nimble, comprehensive and cost-effective
genomic information, of a given sample. Different sequencing technologies and other
information are given in Table 1. Comparative studies using different platforms have

revealed that results were comparable amongst all the platforms with slight differences in
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coverage depth and diversity/abundances (Allali et al. 2017). Therefore, selecting the NGS

platform and analysis tools/software becomes critical for impactful research.

Platform Sequencing Principle Model Read length (bp) Output data Company
FIRST GENERATION (1977)
Sanger sequencer  Fluorescent dideoxy terminator 3730 x1 =900 <3Mb Applied Biosystems

SECOND GENERATION (2004-2009)

454 Pyrosequencing light emission GSFLX =650 700Mb Roche

Ion Torrent Hydrogen ion semiconductor Ton 316 chip 100 100Mb/chip Life Technologies
SOLiD™ Sequence by ligation 5500 x1 75 30 Gb Life Technologies
Illumina Fluorescent single-molecule HiSeq 2500/MiSeq 50-150 55 Gb [1lumina, Inc.

THIRD GENERATION (2010-till date)
PacBio SMRT™ technology PacBio RS >1000 500Mb Pacific Bioscience

Oxford Nanopore  Strand sequencing GridlON™/MinlON™  500-2300 5-10Gb Oxford Nanopore
Technologies

Table 1. Different characteristics of first, second and third sequencing technologies

1.3. Bacterial taxonomy

Microbiology is an essential branch of biology divided into various subjects and
segregated into sections like taxonomy, agriculture, medicine, environment, virology,
bacteriology, based on its utility. Like any field of science, the comprehensive study calls
for a basic understanding of the matter for analysis. The term “basic” implied here is
alluded to implementing “taxonomy” in bacteriology. At the outset, bacterial taxonomy
aides as a platform for identifying and affiliating a species to a particular taxon along with
correlation to its phylogenetic properties. It concerns the identification and classification
of the novel taxa (if new) and their nomenclature, which is done in accordance with the
ordinances given in the Prokaryotic Code 1990 (revised in 2008) by the International Code
of Nomenclature of Prokaryotes (Parker et al. 2019). It is an essential field as it imparts a
scientific foundation for the salient discernment of the bacterial species. Taxonomy and
systematics have often been applied reciprocally; however, there lies a variance between

the two. Taxonomy is one aspect of the broader field of systematics. Taxonomy is built on
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theory but governed by practical classification, whereas systematics is an evolutionary
study of a diverse set of related organisms (Hamilton et al. 2021). In the current scenario,
the novelty of the bacterial taxa is resolved by the phylogenetic analysis of the 16S rRNA
gene inconsistency with the phenotypic, chemotaxonomic and genomic studies of the
species. Thus, leading to the discovery and rearrangement of taxa with higher
biotechnological implications, which has given microbiology a new dimension.

1.3.1. Advancement in bacterial taxonomy

The early 1670s could be claimed as the time of origination of the science of
microbiology. A segment of microbiology, i.e., bacterial taxonomy, became highly
necessary to accommodate and arrange the new bacterial information, resulting in an
accumulation of knowledge. Further, brisk and precise techniques were developed for the
taxonomic studies. Around 90 % of the species published in ‘Bergey’s Manual of
Determinative Bacteriology’ were eventually reduced, whereas those appended on the
approved lists of bacterial names were considered valid (Garrity 2016; Skerman et al.
1980). To date, different approaches have been included for the advancement of the
bacterial taxonomy. Therefore, these have given rise to the emergence of bacterial
taxonomy. The evolution of bacterial taxonomy can be graded into the following phases:
1.3.1.1. Phase I (Year 1600-1900)

Taxonomic descriptions during this time were based on morphological and
biological observation. During this period (early 1670), Antonie van Leeuwenhoek and
Robert Hooke were the first to observe ‘animalcules’ like microscopic forms by the single-
lens microscope (Gest 2004). Koch invented the agar plate method to cultivate bacterial
cultures, which made the study of bacterial species easy (Blevins and Bronze 2010).
Ferdinand Cohn, in 1872, proposed the hierarchal designation of bacterial entities into

genus and species (Drews 2000). Different methods like Gram staining and acid-fast
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staining were developed by Christian Gram and Paul Ehrlich for understanding the cell
morphology of bacteria. In addition, R. J. Petri developed petri plates for practical usage in
laboratories (Blevins and Bronze 2010). These landmarks paved other pathways for the
advancement of molecular-based taxonomy.

1.3.1.2. Phase II (Year 1900-1970)

Between 1900-1970, microbiologists started applying physiological and
biochemical attributes to taxa studies. This was done following the report given by the
Society of American Microbiologists (later revised into the American Society for
Microbiology) in 1923 (Bennett 2011). Bergey’s Manual of Determinative Bacteriology
(first edition) by David Hendricks Bergey was based on this report (Sentausa and Fournier
2013). The code of nomenclature for bacteria was proposed in 1930 at the First International
Congress of Microbiology and later changed to the International Committee on Systematics
of Prokaryotes (ICSB) (Parker et al. 2019). The International Bulletin of Bacteriological
Nomenclature and Taxonomy (IBBNT) was constituted in 1950. It was later changed to
the International Journal of Systematic and Evolutionary Microbiology (IJSEM) for the
valid description of taxa (Oren 2015). In bacterial taxonomy, numerical taxonomy was
widely applied because of the generation of massive datasets (Schleifer et al. 2009). In
subsequent years, the application of semantides was made widely. By the 1960s, many
groups had started using DNA-DNA hybridization as the golden standard for describing
species (Schildkraut et al. 1961). Colwell, in 1970, first used the term “polyphasic” for
denoting genotypic and phenotypic characters for describing genus Vibro members.
Finally, in 1977, Carl Woese showed the implication of marker genes like 16S rRNA gene

sequences to identify archaea and bacteria (Woese, 2004).
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1.3.1.3. Phase III (Year 1970- till date)

This phase is still in progress due to the rapid changes in genomic and proteomic
research areas. The sequencing of DNA first began in 1977 by Frederick Sanger by the
chain termination method (Heather and Chain 2016). In the following years, different DNA
typing methods like amplified fragment length polymorphism (AFLP) (Gzyl et al. 2005),
restriction fragment length polymorphism (RFLP) (Iaganowska and Kaznowski 2004),
randomly amplified polymorphic DNA (RAPD) (Gzyl et al. 2005), pulse-field gel
electrophoresis (PFGE) (Xu et al. 2009) and multilocus sequence typing (MLSA) (Maiden
et al. 1998) were applied for demarcating bacterial taxa (Stackebrandt et al. 2002). The
breakthrough in genome sequencing of Haemophilus influenzae in 1995, marked the
genomic era (Fleischmann et al. 1995). It had a major effect on bacterial taxonomy. NGS
techniques were majorly introduced in the late years of 2000 and they provided a platform
for rapid sequencing of prokaryotic genomes (Besser et al. 2018). As per the EzBioCloud
database (Yoon et al. 2017), 63587 16S rRNA gene sequences have been archived, with
191909 genomes being sequenced. Of these, 26.2 % (50319) are valid, while 2 % (4030)
are invalid. “Candidatus” taxa are accounted for 1 % (1151), while the remaining 71 %
(136409) are the total taxa of the bacterial phylotype (www.ezbiocloud.net/). A total of
new species names validly published from 2020 to 2021 was 2508
(https://www.ezbiocloud.net/dashboard).

1.3.2. Significance of bacterial taxonomy

Bacterial taxonomy sets the foundation upon which all relevant biological research is
conducted as it aids scientific communication, therefore allowing seamless identification,
classification of a bacteria and its nomenclature. Therefore, accurate identification is a basic
necessity in any field of science (food industry, biotechnology, clinical studies). The

following points summarize its importance in brief:
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e To understand evolution, ecology, genomics and more, taxonomy helps us
understand the basic unit of biology constituting the tree of life and assists in
picturizing the evolutionary history and its congruent relationship with the
closest organisms

e [t has created standard tools to identify and classify taxa, providing a universal
platform for studying and disseminating authentic and reproducible
information about thousands of species across nations; in the long run, avoiding
redundancies

A species is ascribed to a genus following the binary system (italicized), e.g.,
Escherichia coli (genus species). Species are named after a person, either a famous person
in the field or a discoverer; the place they are isolated from or after the specific property or
the functional role of a bacterium. Bacterial taxonomy helps differentiate even at the strain
level by considering factors like heterogenous metabolism. For example, Escherichia coli,
a well-studied organism, is poorly classified as some strains of this taxon are identical only
by 20 % of their genomes. Similarly, “Shigella” strains are an effective subspecies of E.
coli, although, for some medical reason, kept under a separate genus (Lan and Reeves
2002). Being highly diverse, these taxa should have been given a different taxonomic rank;
however, to avoid disconcertment in the medical milieu, it remains unchanged (Abram et
al. 2021). Therefore, the identity of any organism in-depth (up to the strain level) is
fundamental before it is taken up for industry/research purposes. There are similar other
instances wherein species have been identified and have caused errors in classification
(Flores-Félix et al. 2019; Lalucat et al. 2021). Therefore, circumspective identification of
an organism is pertinent before it is for any kind of study to avoid any kind of taxonomic

CIror.
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1.3.3. Components of bacterial taxonomy

Bacterial taxonomy generally started to resolve the physical affiliation of a bacteria
to its phylogeny, thus corroborating its genomic imprints. The polyphasic based approaches
are still relevant and effectively-being applied to the taxonomic studies (Tindal et al. 2010).
As per the report by the ad hoc committee of the International Committee for Systematic
Bacteriology issued in 1897 (Wayne et al. 1987), the following criterion could be applied
for valid taxa description: (a) genotypic (b) phenotypic and (¢c) chemotaxonomic properties.
1.3.3.1. Genotypic analysis

With the advancement of molecular techniques and reduction in the price of
sequencing technologies, the genetic typing of microorganisms has become a very useful
tool in modern taxonomic studies. The paradigm growth in the application of gene markers
to genome sequencing in taxogenomic studies has led to the establishment of standard
protocols for genesis of novel taxa.
1.3.3.1.1. Marker gene-based
1.3.3.1.1.1. 16S rRNA

The 16S rRNA gene is an element of the prokaryotic ribosome (30S), highly
conserved in the bacterial system. The length of the 16S rRNA gene is around 1500 bp,
divided into nine variable regions dispersed between highly conserved regions (Jay et al.
2015). Therefore, strains are delineated by the 16S rRNA gene sequence; the strains
exhibiting more than 98.2 to 99 % sequence identity were considered different species.
However, with the excellent quality sequences, this value has been re-evaluated up to 98.7—
99 % (Sackebrandt and Ebers 2006; Janda and Abbott 2007). DNA-DNA hybridization
(DDH) is equally necessary when strains share more than 98.7 % 16S rRNA gene sequence
identity. The threshold value of 16S rRNA gene identity at the genus, family and phylum

level is 94.5 %, 86.5 % and 75 %, respectively (Yarza et al. 2014). The locus of ribosomes,
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such as the internal transcribed spacer region positioned between its 16S and 23S rRNA
genes, has also been scrutinized for phylogenetic applications. Although this technique can
circumscribe at the species/strain level, it remains inconsistent at the lower level (Garcia-
Martinez et al.1999).

1.3.3.1.1.2. Multilocus sequence analysis (MLSA)

Multilocus sequence analysis is often applied in epidemiology and pathological
purposes; however, still found useful in bacterial taxonomy. It has an advantage over the
conventional process for resolving genomic relatedness at intra/inter-species levels by
profiling important housekeeping gene sequences (Maiden et al. 1998). The superiority of
this method lies not only for the cultivable species but also for those which are cumbersome
to isolate (Martens et al. 2008). In this study, 611 housekeeping genes of the species are
studied (~470 bp long and stable), concatenated and applied to the phylogenetic trees.
Various members of genera Afifella (Buddhi et al. 2019), Thioclava (Liu et al. 2017),
Salinivibrio (Lopez-Hermoso et al. 2017), Bacillus (Liu et al. 2015), Brucella (Ashford et
al. 2020), Phaeochromatium (Shivali et al. 2012) and several taxa, researchers have applied
these MLSA markers for species delineation. The cut-off values (% identity) for MLSA
among the given species members were between 95.6-100 %. Shivali et al. (2012) have
applied an innovative method of MLSA barcoding for the genus Marichromatium and
reclassified M. fluminis into Phaeochromatium fluminis.
1.3.3.1.2. Genome-based

The polyphasic taxonomy augmented with molecular fingerprinting techniques like
RFLP, AFLP and others have assisted in delineating of the taxa for several years. As a
result of the arbitrary the topology of single gene-based analysis, significant gaps were
generated in the definition of taxa. Therefore, genome-based taxonomy has been that

missing link. Therefore, to overcome this shortcoming of single marker-based study,
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researchers have established the field of “Phylogenomics”. The word phylogenomics was
first coined by Jonathan Eisen to predict gene functions (Eisen 1998). As per the current
standard, phylogenomics can be described as the genome-based inference of a taxonomic
standing of an organism (Szarvas et al. 2020). Its application in the bacterial systematics
world started in the late 2000s. As thousands of genome sequences of bacteria are
accessible only a few hundred belong to that of the type strains. Therefore, significantly
limiting the usage of genomic data for the comparative study in bacterial taxonomy (Chun
and Rainey 2014). Many studies have identified core genes ranging from 64 to 104 for
constructing phylogenomic through various programs like UBCG (Na et al. 2018),
CVTree3 (Zuo and Hao 2015), and bcgTree (Ankerbrand and Keller 2016). In recent
practices, overall genomic relatedness indices (OGRIs) like ANI, AAl, in silico GGDH
have been applied for taxa delineation.

1.3.3.1.2.1. Melting temperature difference (A7Tm)

Melting temperature (7m) is a fundamental thermodynamic property of DNA (Matsuda
2017). It is outlined as the temperature at which half of the DNA is in a state of a single-
strand (ssDNA) depending on the DNA length and nucleotide sequence (Breslauer et al.
1986). For species definition, approximately 70 % or greater value of DDH corroborated
with <5 °C (ATw) was considered (Wayne et al. 1987).
1.3.3.1.2.2. in-silico/Digital DNA-DNA hybridization

DDH is essential when a novel taxon shows more than 98.7 % 16S rRNA gene
sequence identity (Tindall et al. 2010). This technique accounts for the ability of DNA
between two genomes (related members) to denature and renature. Therefore, Schildkraut
et al. (1961) demonstrated the DNA-DNA relatedness between two organisms using this
fundamental approach (Janda and Abbott 2007). DDH values of >70 % have been

recommended for delineating species (Wayne et al. 1987). The significant disadvantages
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of wet-lab DDH were cumbersome and non-replicable. With the increase in genome
sequencing, researchers have replaced wet lab DDH with computational based digital/in-
silico DDH. However, DDH has its disadvantages as it is not relevant to all the genera of
prokaryotes, e.g. Rickettsia (Drancourt and Raoult 1994; Sentausa and Fournier 2013).
1.3.3.1.2.3. G+C content (mol %)

Genomic DNA base composition (G+C content) influences the genome stability,
functioning and evolution of the bacterial process (Du et al. 2018; Smarda et al. 2014). GC
content is the calculated percentage of GC in the genome, varying from one organism to
another. It is often used in the taxonomic delineation of genera and species (Meier-Kolthoff
et al. 2014) and was first proposed by Sueoka (1962). Between the prokaryotic members,
G+C content may vary in the range of 17 % to 80 % (Almpanis et al. 2018). Two
approaches have been adapted to calculate G+C content in bacteria, traditional (thermal
denaturation, HPLC, RT-PCR) and in silico (genome-based) analyses. Meier-Kolthoff et
al. (2014) demonstrated that G+C content, if calculated from genome sequences, differed
by 1 % within species and not by 3-5 %.
1.3.3.1.2.4. Average nucleotide identity (ANI)

Average nucleotide identity (ANI) is a computational program introduced by Goris
et al. (2007) and is being used to define species of archaea and bacteria. It was devised as
a substitute for replacing DDH. It checks the percentage identity between a pair of genomes
at nucleotide level. The identity is calculated by splitting the query sequences (in silico) of
1020 bp against the homologous regions of the subject genome and aligning at least 70 %
in length (Yoon et al. 2017). The average identity value between these regions is the final
ANI value (Yoon et al. 2017). Various alignment programs for ANI identity like BLASTN
(ANIb) (OrthoANIb), MUMMer (ANIm), and USEARCH (OrthoANIu) are used (Altschul

et al. 1990; Lee et al. 2016). The studies revealed that 70 % DDH value corroborated 95 %
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of ANI value (Goris et al. 2007; Yoon et al. 2017). ANIm and OrthoANIu process was
faster than BLASTN (ANIb, OrthANIb) program-based calculator. However, OrthoANIu
and ANIb are recommended for comparative studies (Yoon et al. 2007). Also, the ANI
value between the range of 93 to 96 % should be cautiously studied, and phenotypic traits
should be applied for differentiation of taxa (Rossello-Mora and Amann 2015).
1.3.3.1.2.5. Average amino acid identity (AAI)

Average amino acid identity (AAI) was introduced by Konstantinidis and Tiedje
(2005) as a chief benchmark for resolving taxa at a higher level. AAI can be defined as the
average amino acid sequence percent identity between two genomes of species under study.
It is calculated in the same way as mentioned for AAI, except that the amino acid sequence
is applied. It is observed that it has higher resolution power for delineating the closely
related species and good evolutionary relatedness (Rossello-Mora 2005). Further, genome
size and horizontal gene transfer are likely to have less influence on AAI than other gene-
based indexes. The reason behind this is that here a more significant number of genes (at
the minimum 50 genes or >500 genes) is considered for the calculation (Rossell6-Mora
2005). AAI values can be considered when the gene content is varying (<80 %) and
divergent and used chiefly in supporting genus delineation.
1.3.3.1.2.6. Percentage of conserved proteins (POCP)

Percentage of conserved proteins (POCP) is a genome-related index applied for the
demarcation of the genus boundary in the prokaryotic groups. According to Qin et al.
(2014), for members of the same genus, the pairwise POCP values should be more than 50
%. This value could vary between 0 % to 100 %. However, many studies later showed that
the given cut-off of 50 % POCP value is not suitable for demarcating many genera as it is
highly conservative for genus level delineation (Liu et al. 2020; Orata et al. 2018; Wirth

and Whitman 2018).
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Therefore, based on the OGRI values, species and genus boundaries are given as
follows. A bacterial species could be described as a group of strains exhibiting >70 % in
silico DDH value, >95 % gene identity on multiple concatenated genes, >95 % of ANI and
AAI values (Wayne et al. 1987; Konstantinidis and Tiedje 2005; Rossell6-Mora and
Amann 2015) (Fig. 3). The rank of subspecies can be given to close and genetically related
strains with divergent phenetic characters (Wayne et al. 1987). The threshold values of 60-
80 % of AAI and 40-69 % of POCP are currently considered as the genus boundaries (Aliyu
et al. 2016). The laying of standards and thresholds for demarcating taxonomic rank will
always be discretional, even with genome-based novel methods’ incorporation.
Nevertheless, consistency in the whole genome derived studies will be achieved in the near
future with continuous effort.
1.3.3.1.2.7. Pan genome analysis

Pan genome was first used as a designated term for an assembly of orthologous and
distinctive genes in a set of organisms (Costa et al. 2020). The term was first coined by
Tettelin et al. (2005) for the gene makeup of several Streptococcus agalactiae strains. Core
genes are the indispensable part that codes for major metabolic pathways and genetic
processes, in contrast, accessory genes are the ones that have been acquired in response to
environmental conditions. Pan genome are applied in various studies like in vaccine
development for Leptospira interrogans (Zeng et al. 2017), defense systems of antiphage
(Doron et al. 2018) and evolutionary studies (Lebreton et al. 2017). Pan genome analysis
also forms a major part of the phylogenomic analysis and speciation studies (Livingstone
et al 2018; Gonzales-Siles et al. 2020). Pan genomes can be either closed (the size is fixed
even after the addition of genomes) (Fig. 2A) or open (no. of the genome is directly
proportional to the size of the pan genome) (Fig. 2B). Various online software like PGAP-

X (http://pgaweb.vlcc.cn/pgapx/) (Zhao et al. 2018), PGAweb (http://pgaweb.vlcc.cn)
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(Chen et al. 2018), and BPGA (https://sourceforge.net/projects/bpgatool/) (Chaudhari et al.

2016) are available for the pan genome analysis.
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Fig. 2. Venn diagram representing closed pan-genome
(A) Open pan-genome
(B) Closed pan-genomes have more genes as compared to the open pan-
genome whereas open pan-genomes have more accessory genes
(Source information adapted from Costa et al. 2020)

1.3.3.1.2.8. Conserved signature indels

Protein signatures are unique and reliable molecular markers that are applied for
aiding the prokaryotic classification and aid as a biochemical/molecular marker. The
approaches that necessitate identification of these signatures are conserved signature indels
(CSlIs) applied in many re-classifications of prokaryotes (Naushad et al. 2014). The aligned
regions of proteins where a specific insertion or deletion has occurred in members of taxa
but not in the other taxa can be defined as conserved signature indels (CSIs) (Gupta 1998).
Further, these regions should be flanked by conserved regions to rule out the possibility of
an artefact. They are distinctive genetic occurrences at stages of evolution, therefore, can

be implemented for the classification of taxa (Dobritsa et al. 2019; Hu et al. 2018).
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1.3.3.1.2.9. Genome annotation

Genome annotation is described as determining functional segments within the
nucleotide sequence of a genome (Emmanuel et al. 2021). In the initial stage often, it is
focused on the annotation of genes, location of coding genes and their regulatory regions,
function predictions. The two main components of genome annotation are structural
annotation and functional annotation (Ejigu and Jung 2020). Structural annotation includes
predicting features of DNA like introns, exons, promoters, non-coding RNA genes (tRNA,
rRNA, miRNA), pseudogenes, CRISPR/cas, etc. (Zhang et al. 2016). The first measure in
the structural annotation is repeated masking followed by gene (protein-coding/regulatory)
identification. The gene identification is made by ab initio, homology-based or combined
methods (Ejigu and Jung 2020; Stein 2001). 4b initio procedure predicts genes based on
nucleotide sequences and statistical/mathematical models (hidden Markov model, HMM)
to identify different features (Scalzitti et al. 2020).

On the contrary, homology-based prediction does so by aligning sequences to the
expressed sequence tags (EST), existing proteins, or identities of genes through databases
(Ejigu and Jung 2020). The combined methods use both ab initio and homology-based gene
prediction (Math¢ et al. 2002). The European Nucleotide Archive (ENA) (Brooksbank et
al. 2014), GenBank (Sayers et al. 2019), and DNA Databank of Japan (DDBJ) (Kodama et
al. 2018) are some of the nucleotide and protein sequence databases for structural
annotation. Functional annotation is defined as the meaningful association of biological
data to the gene or protein sequences that have been predicted by the structural annotation
(Ejigu and Jung 2020). It is achieved by using the BLASTP program for the high-score local
alignment (above some threshold value) against the protein databases, after which the
function is assigned. Various databases like Gene Ontology (GO) (Ashburner et al. 2000),

Kyoto Encyclopedia of Gene and Genomes (KEGG) (Kanehisa and Goto 2000) are
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currently applied for functional annotation. Rapid Annotations using Subsystems
Technology (RAST) is an online algorithm for the genome annotation of prokaryotes (Aziz
et al. 2008). It recognizes genes using a combined homology method and subsystems for
gene calling (Overbeek et al. 2005). Glimmer (although other options like
Prodigal/GeneMark are also present) are mainly applied (Aziz et al. 2008). Furthermore,
genome annotation services in PathoSystems Resource Integration Center (PATRIC) use
the RAST toolkit to interpret genomic features (Davis et al. 2020). Finally, the general steps

in phylogenomic studies are presented in Fig. 3.
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Fig. 3. Genome based delineation of taxa at genus and species level (Source information
adapted from Chun et al. 2018)
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1.3.3.2. Phenotypic analysis

Phenotypic characteristics are the discernible traits observed in an organism under
study. Its distinguishing characteristics should vehemently substantiate the variations in the
genome sequences. The phenotypic studies form the foundation for the formal
circumscription of taxa, from subspecies and species up to the family level (Garrity 2016).
The precedence of phenotypic characterization at the outset is that it is observed
effortlessly, tracked, measured and economical. However, the same characteristics may
vary according to different conditions under which the genes are expressed, limiting their
application (Richter and Rossell6-Mora 2009). Therefore, phenotypic information should
be studied under identical growth conditions along with the type strain of closely related
organisms (Logan et al. 2009; Tindal et al. 2010). Such phenotypic characters are described
below in detail.
1.3.3.2.1. Morphological characterization

The morphological characteristics are those traits that can be analyzed in the
laboratory under specified or controlled environments. The morphological traits observed
and applied for taxonomic studies are colony morphology (shape, size, colour), Gram-
staining properties, flagellation, sporulation, etc.
1.3.3.2.2. Metabolic characterization

Metabolic characterization involves both physiological and biochemical studies.
The conventional phenotypic tests applied in classical microbiological laboratories are the
growth of organisms on different substrates (carbon, nitrogen, vitamin) with different
growth ranges in various conditions such as pH, temperature, salinity, oxygen conditions
(aerobic/anaerobic). Other metabolic characteristics like enzyme activity, fermentation
studies and susceptibility to different antibiotic stress were tested as described (Tindall et

al. 2010).
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1.3.3.3. Chemotaxonomic analysis

Chemotaxonomy concerns the application of various analytical techniques based
on various chemical constituents of the bacterial cells for classification (Tindal et al. 2010).
Over the years, standard and reliable chemotaxonomic markers have been established to
accurately identify and classify bacteria. The most widely used chemotaxonomic markers
comprise cell wall components such as peptidoglycan, polar lipid composition, comparable
ratios of fatty acids, sugars, etc. Other important chemotaxonomic markers are polyamines,
isoprenoid quinones, carotenoids, chlorophyll composition, indole derivatives and
fermentation products.
1.3.3.3.1. Polar lipid

Polar lipids are amphiphilic with a hydrophobic tail and a hydrophilic head
associated with membrane integrity (Zheng et al. 2019). The primary function of polar
lipids is to maintain cell homeostasis, signaling and other developmental processes (Bale
et al. 2019). The membrane lipid composition varies widely between groups of bacteria
(Nguyen and Kim 2017). Therefore, polar lipids are considered important chemotaxonomic
markers for taxa distinguishing in prokaryotes (Tindall et al. 2010). Phosphatidylcholine,
phosphatidylserine, phosphatidylinositol, phosphatidylglycerol and
phosphatidylethanolamine are some glycerophospholipids (FA glycerol backbone) (Dugail
et al. 2017). Glycolipids and amino lipids are non-phosphorus/neutral lipids (Dugail et al.
2017). The merging of the three species of Krokinobacter into the genus Dokdonia (Yoon
et al. 2011) and reappraising some members of the genus Rhodobium into a new genus
marker (Urdiain et al. 2008) serves as a classical instance of resolving taxonomic status by

applying polar lipids as chemotaxonomic.

23



Introduction

1.3.3.3.2. Cellular fatty acid

Cellular fatty acids are carboxylic acids with saturated/unsaturated aliphatic chains
obtained after hydrolysis of fats. As mentioned above, the membranes of bacteria consist
of lipid bilayers. Its principal function is to maintain membrane stability and functionality
of the cell (Singer 1972) and was first shown by Michel Eugéne Chevreul as graisse acide/
acidic fat (Chevreul 1823). FA are conserved because of their role in maintaining the
fluidity of the cell. Under stressful and specific conditions, significant changes in bacterial
carotenoid composition, hopanoids, proteins and lipid composition occur (de Carvalho and
Caramujo 2018). This may occur as a prime generation of metabolic energy occurs in the
membrane; therefore, membrane stability is important (Bajerski et al. 2017). For microbial
identification, FAs of varying lengths of 9 to 20 carbon atoms, saturated/unsaturated,
branched FA (iso, aneiso, methylated), hydroxy FA, cyclo-FA are surveyed for the
classification by the process of fatty acid methyl ester (FAME) analysis (Kunitsky et al
2006). FAME analysis was first developed by Myron Sasser and was done using a
technique called Sherlock® microbial identification system (MIDI Inc) (Kunitsky et al.
2016). It can be described as the phenotypic profiling of the total saponifiable lipids in
bacteria and identifying by gas chromatography (Sharmili and Ramasamy 2016). This
involves quantification and specific analysis of FA by hydrolysis of the lipids followed by
methylation, the retention time of and the products (methylated esters) assists in identifying
the FA (Kunitsky et al. 2006). Therefore, justifying the taxonomic application of cellular
FA as a powerful tool for bacterial taxonomy.
1.3.3.3.3. Isoprenoid quinones

Isoprenoid quinones consist of a benzene core with 2 hydrogen atoms substituted
by oxygen atoms, resulting in the formation of 2 carbonyl bonds (EI-Najjar et al. 2011).

The respiratory isoprenoid quinones are present in the cytoplasmic membrane of the
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bacteria and are an essential part of the electron transport systems, along with having
antioxidant properties (Nowicka and Kruk 2010). In nature, quinones are majorly divided
into naphthoquinones and benzoquinones (evolutionary younger). Menaquinone and
phylloquinone come under naphthoquinones whereas, ubiquinone and plastoquinone come
under benzoquinones. They serve as a diagnostic tool in bacterial taxonomy because the
quinone molecules differ in saturation, side-chain length and hydrogenation in different
taxa (Nowicka and Kruk 2010). Initially, the studies of Bishop et al. (1962) and Crane
(1965) also showed that inherent structural differences could be applied to distinguishing
bacterial taxa. Subsequently, Hirashi et al. (1984) studied the distribution of quinones in
the members of the family of Rhodospirillaceae and divided them into five categories. It is
one of the major chemotaxonomic markers used (Collins and Jones 1981).
1.3.3.3.4. Cell wall amino acid

Peptidoglycan (PG) is an essential component of the bacterial cell wall, with its
primary function being to maintain cell integrity (Vollmer et al. 2008). PGs are linear stands
of glycan (alternating N-acetylglucosamine and N-acetylmuramic acid linked by B-1-4
bonds) cross-linked by short peptides (Rogers et al. 1980). Variations in cross-linkages and
PG structures were found in various bacteria. Schleifer and Kandler (1972) included a tri-
digital system for PGs classification and subsequently showed the correlation between
peptidoglycan types and taxonomic groups. Therefore, serve as an excellent marker for
chemotaxonomic analysis.
1.3.3.3.5. Polyamines

The distribution of polyamines in bacteria varies significantly in
quantitative/qualitative ways, due to which it has been applied as a chemotaxonomic
marker. Polyamines are small polycationic compounds with numerous cellular functions

related to DNA, protein, RNA complexes and modulation of ionic channels (Carriche et al.
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2021; Igarashi and Kashiwagi 2010). Polyamine patterns are visualized for differentiating
and defining taxonomic groups (Busse and Auling 1988; Hamana and Matsuzaki 1992). 24
linear and 4 branched types are known, of which molecules like putrescine, spermidine, 2-
OH putrescine, syn-homospermin and spermin are highly studied and applied in
chemotaxonomy. Polyamine patterns wherein the absence/presence of norspermidine,
homospermidine or spermidine; 2-OH putrescine or diaminopropane are investigated for
distinguishing the members belonging to the classes (alpha, beta, gamma and delta) of
Proteobacteria (Hamana and Matsuzaki 1992). Also, the presence of syn-norspermidine in
the members of the genus Vibrio distinguished it from the other genera (Yamamoto et al.
1986).
1.3.3.3.6. Hopanoids

Hopanoids are pentacyclic triterpenoid sterol-like compounds found in the
membrane lipids of diverse bacteria (Belin et al. 2018). Hopanoids are considered
molecular fossils and first discovered by petroleum geologists. Therfore, they hold source-
specific information, and can be associated with distinct taxonomic groups. Hopanoids are
chemotaxonomic markers and used in some current chemotaxonomic analysis (Cvejic et
al. 2000; Lodha et al. 2015).
1.3.3.3.7. Carotenoids

Carotenoids are tetra-terpene pigments/molecules (8 isoprene units) distributed and
are abundantly present in bacteria, archaea, fungi and plants (de novo synthesis). Around
850 naturally formed carotenoids are reported (Maoka 2020). Carotenoids are categorized
into carotenes (hydrogen, carbon) and xanthophylls (hydrogen, carbon, oxygen). Bacterial
carotenoids are markedly diverse and used as a distinguishing characteristic in
chemotaxonomy. Initially, Imhoff and Caumette (2004) recommended incorporating

carotenoid analysis for the description of phototrophic species. In addition, many
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taxonomic descriptions have included carotenoid pigments to differentiate at the species
level (Anil et al. 2009; Kim et al. 2020).
1.3.3.3.8. Indole derivatives

Indole is a bicyclic heterocyclic molecule with the formula of CsH7N, consisting of
a benzene ring fused with a pyrrole ring. The indole derivatives (ID) are derived from
tryptophan or an indole molecule. Naturally, IDs are widely distributed and are produced
abundantly by bacteria. Mostly functioning as signaling compounds, resistance to drugs,
plant growth promotion, virulence, etc. (Kumari and Singh 2019; Lee and Lee 2010).
Certain bacterial taxa produce economically important ID molecules like auxin (indole-3-
acetic acid), melanin (neurohormone), bacillamide (algicidal), Xiamycin (antiviral) (Netz
and Opatz 2015). Under varying conditions, species produce unique indole profiles, which
can be used to differentiate taxa. Indole derived molecules have been used as a
chemotaxonomic marker in various studies for delineating species (Huang et al. 2021;
Zhang et al. 2021).
1.4. Definition of the problem

India is one of the 17 mega biodiverse countries in the world and houses
approximately 47000 plants and 96000 animal species (Singh and Das 2018; Dar et al.
2020). This diversity may be attributed to the unique geographical location and majorly
divided into hotspot regions of the Himalayas, Western Ghats, Indo-Burma and Sundaland
(Tiwari et al. 2022). Despite the vast richness, the microbial world is understudied and less
explored. Therefore, discovering microbial wealth from these hotspots areas may lead us
to discover novel microorganisms with potential application in biotechnology and industry.
Therefore, isolation sources for bacterial diversity studies are critical for the successful
acquisition of application-oriented bacterial isolates. One such interesting area of study

from these hotspots are orchid plants, solar saltpans, sand beaches, hot springs and acid
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mine, having unique modes of interaction with the microbiome (Chap.1.1.1). Therefore,
scrutinizing these bacteria will play a crucial role in understanding their physiological
processes and interactions. Indexing the communities by deliberated taxonomic knowledge
can be significant in species conservation and flower cultivation (in the case of orchid
plants). Therefore, our main aim would be to catalogue their bacterial diversity and infer
their potential pathogenic and economic capabilities. As for the statistics, between 2020-
2021, fifty-six species were described from India, which forms 2.5 % of the global species

description (2371) of valid names (https://Ipsn.dsmz.de); which is negligible as compared

to the substantial microbial diversity which our country holds. Therefore, notable efforts
are to be made to study the bacterial diversity for unearthing specialized microbial
communities. Based on this understanding, the present study was undertaken with the

following objectives.

1.5. Objectives
1. To study the root-associated bacterial diversity of a few epiphytic orchids
2. To discover the cultivable bacterial diversity of epiphytic orchids together from other

habitats and describe new species, if any
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2. MATERIALS AND METHODS
2.1. Labware and chemicals
2.1.1. Laboratory wares

Laboratory glassware and plastic wares manufactured by different companies
(Borosil, SCHOTT Duran®, Tarson, Riviera, Labsystems, Eppendorf, Thermo Fisher, and
Anumbra) like Erlenmeyer flasks, round bottom flasks, test tubes, petri-plates, cylinders
for measuring, beakers, slides, screw cap test tubes, storage bottles, pipettes, spreaders,
PCR tubes were used.
2.1.2. Chemicals, solvents, and laboratory Kits

The analytical chemicals and solvents from different firms (Sigma-Aldrich,
HiMedia, Qualigens, SR LIFESCIENCES, Amresco, Merck, Thermo Fisher) were
purchased and used. Ready-to-use kits for DNA extraction (Nucleopore Fungus Bacteria
Kit, Genetix brand) and gel purification (SureExtract PCR kit, Genetix brand) were used.
2.1.3. Distilled, double-distilled, and milli-Q water

For routine media preparation, buffer and DNA/RNA work distilled, double-
distilled, and milli-Q water was used and procured from the millipore facility at the School
of Life Sciences, University of Hyderabad.
2.2. Buffers, standard solution, and pH determination

Double distilled water and Milli-Q were used to prepare of buffer solutions and
standard solutions. Phosphate buffer (KH,PO4/K;HPO4), bicarbonate buffer
(NaHCOs3/NaOH), phosphate buffer saline (PBS) (NaxHPO4/KH,PO4) at different pH
were prepared and sterilized by autoclaving. Tris-EDTA (TE) buffer [1 ml of 1M Tris-HCl
(pH 8), 0.2 ml of 0.5M EDTA (pH 8) with volume made up to 100 ml] and 50X Tris-
Acetate-EDTA (TAE) buffer [24.2 g Tris base, 5.71 ml glacial acetic acid, 10 ml 0.5 mM

EDTA (pH 8), final volume 100 ml) was prepared. 20X Sodium saline citrate (SSC) buffer
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was prepared as 1.75 g of NaCl, 0.77 g of sodium citrate, and a final volume of 100 ml (pH
7, adjusted with HCI). pH was determined using Digisun Electronics (DI-707) and adjusted
accordingly.
2.3. Culture media
In the study, the following media was used and composition are given thereof:
1) Nutrient broth (NB) (gL!): beef extract (1), yeast extract (YE) (1.5), peptone
(5), NaCl (5); pH adjusted to 7 and autoclaved
i) Beibl and Pfenning media (BP) (gL!): Sodium pyruvate (3), YE (0.12), Ferric
citrate [5 ml (0.1 % w/v stock)], Vitamin B2 [1 ml (0.2 mg/10 ml stock)], SL7
(1ml), KH,PO4 (0.5), MgSO,4.7H,0 (0.2), NaCl (0.4), NH,Cl1 (1.2), CaCl,.2H,0
(0.05); SL7 consists of the following (mg/L); CoCl,.6H>0 (200); MnCl,.4H>O
(100); NaMoOg4 (40); ZnClz (70); H3BOs (60); CuCl2.2H20 (20); NiCl2.6H>0
(20); HCI 1ml (25 % v/v); Vitamin Bi2 to be sterilized by filtration and pH
adjusted to 7
i) Zobell Marine Media (ZM) (gL!): peptone (5), YE (1), Ferric citrate (0.1), NaCl
(19.5), MgCl2.6H20 (8.8), Na2S04.10H20 (3.2), CaCl2.2H20 (1.8), KC1 (0.55),
NaHCO; (0.16), KBr (0.08), SrClz (0.034), H3BOs (0.22), NaxSiOs3 (0.004),
NH4NO3 (0.0016), NaaHPO4 (0.008), NaF (0.0024); finally pH adjusted to 7
iv) R2A media (gL!): Casein hydrolysate (0.5), YE (0.5), peptone (0.5), dextrose
(0.5), starch (0.5), sodium pyruvate (0.3), K;HPO4(0.3), MgS0O4 (0.024); final
pH adjusted to 7
V) ATCC Medium (2039) (gL!): Solution A [MgSO4.7H20 (2), KoHPO4 (0.4),
(NH4)2S04 (0.8)], *Wolfe’s mineral solution (5 ml) and dist. water (800 ml)].
Solution A pH adjusted to 2.3 with H2SO4 and sterilized by filtration. Solution

B [FeSO4.7H>0 (20), dist. water (200 ml)], stir for dissolving and filter sterilize.
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Add solution A and B. *Wolfe’s mineral solution [MnSO4.H,O (0.5),
MgS0,.7H,0 (3), FeS04.7H20 (0.1), NaCl (1), CaCl,.2H,0 (0.1), CoCl>.6H,0
(0.1), ZnS0O4.7H20 (0.1), CuSO4.5H20 (0.01), H3BO3 (0.01), Na2Mo00O4.2H>0
(0.01), dist. water (1000 ml)]
vi) Oligotrophic mineral media (OMM) (gL!"): MgCl>.6H>O (0.030), KCI (0.03),
NaHCO3(0.05), KH2PO4(0.18), NH4Cl1 (0.115), Na2SO4(0.15), YE (0.2), Trace
elements (mg) [MnCl».4H>0 (180), Na2B4O7.10H,0 (450), ZnSO4.7H20 (22),
CuCl22H>0 (5), NazM004.2H>0 (3), dist. water (1000 ml)]
2.4. Cleaning and sterilization
The essential glassware was first rinsed and cleaned with detergent (Teepol
solution), after which the rinsed wares were soaked in the chromic acid solution overnight.
Finally, the wares were rinsed thoroughly, dried, autoclaved, and used. The sterilization
process was carried out by autoclaving (SA52, Ketan) of the heat-stable materials/solutions
at 121° C, 15 psi for 15 min. The heat-labile solutions were filtered by 0.22 um membrane
filters manufactured by the Millipore company.
2.5. Sample collection
Roots of epiphytic and terrestrial orchids from various geographical regions of
Sikkim, West Bengal, Orissa, and Karnataka (Fig. 4); sediment/sand from coastal regions
of India were collected. The roots were collected and put in sterile centrifuge tubes (50 ml).
Characteristically, the sampled orchids had a healthy appearance. For other samples like
sediments and sands, the pH, salinity (AD310 conductivity meter, Adwa, Romania), and
GPS locations of the site were recorded during the sampling. The samples were transported

at the earliest to the lab for analysis, and for further use, refrigerated at 4 °C.
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4 N :j. R 8 i ~
Bulbophyllum sp. Agrostophyllum sp. Cymbidium sp.
Chitrey, Sikkim Chitrey, Sikkim Lachung, Sikkim
27. 10N 88.46E 27.11N 88.47E 27.95N 73.99E

Dendrobium sp. Dendrobium sp.
Darjeeling, West Bengal Darjeeling, West Bengal
27..07N 88.38E 27.07N 88.39'E

Bulbopﬁyllum sp. Thunia sp. Rhynchostylis sp.
Darjeeling, West Bengal Darjeeling, West Bengal Devarakund, Orissa
27.07N 88.39E 27.07N 88.41E 21.70N 86.44E

———— %
Aeridis sp. Vanda sp.
Amboli, Karnataka Amboli, Karnataka
15.95N 73.99E 15.85N 73.99E

Fig. 4. Description of orchids (name, place, location) collected for metagenome at the
sampling site from various regions
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2.6. Amplicon based metagenomic studies
2.6.1. DNA extraction from orchid samples

For the metagenome, 1 g of the roots of the ten orchids were pooled from each
sample and crushed in 0.1 % (w/v) saline water. DNA was extracted from ten samples with
the help of MO BIO’s PowerSoil DNA Isolation kit (QIAGEN) as per the manufacturer’s
instruction. DNA concentration of each sample was checked by measuring with a
NanoDrop spectrophotometer (A260/A2g0 ratio) to see that similar concentrations was
considered for amplification. Simultaneously, the DNA samples were visualised in 1 %
(w/v) agarose gel under a UV transilluminator (Universal Hood II, BIO-RAD). DNA
samples were preserved at -20 °C until further analysis.
2.6.2. Library preparation and Illumina MiSeq sequencing of the 16S rRNA gene

The extracted DNA was then outsourced to Eurofins Bangalore, India, for
sequencing. The amplicon-based library (2x300 MiSeq) from the above samples were
constructed using the Nextera XT Index kit (Illumina inc.) as per the 16S metagenomic
sequencing library preparation code. The amplicons were amplified by 15 and 17 primers,
adding multiplexed index sequences and standard adapters for cluster generation (PS5 and
P7) according to the standard Illumina protocol. The library was finally purified by 1X
AMPureXP beads. V1-V3 specific primers were designed to amplify the regions of DNA,
and the primers used were F-V1-V3 (F-AGAGTTTGATCMTGGCTCAG) and R-V1-V3
(R-ATTACCGCCGGCTGTGG). The amplicon library was added in MiSeq at a
concentration (10-20 pM) for cluster generation and sequencing. Paired-end sequencing
allows the template fragments to be sequenced on both forward/reverse sides. In the paired-
end flow cell, the kit reagents help in binding the sample complementary adapter oligos.
The adapter carefully cleaves the forward strands after the re-synthesis of the reverse strand

while the opposite end of the copied reverse strand is used for sequencing.
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2.6.3. Downstream analysis and taxonomic assessment

The adapter sequences, ambiguous reads (nucleotides “N” >5 %), sequences (reads
with > 10% quality threshold, < 20 phred score), sliding window of 20 bp, and a minimum
length of 100 bp were trimmed using Trimmomatic v 0.35 (Bolger et al. 2014). All the
reads generated were submitted to the SRA database through the FTP server at NCBI in
the database (www.ncbi.nlm.nih.gov). The bio-project was created at the NCBI portal to
submit the raw reads. After the bio-project’s approval, a bio-sample was created by filling
in relative information of the samples. All the sequence data were given NCBI accession
numbers. The fastq reads obtained from sequencing were further processed using an open-
source bioinformatics pipeline, mothur (Schloss et al. 2009). The sequences were first
stitched into single-end reads/contigs (command: make.contigs) and screened. Sequence
length below 350 bp with homopolymers over 8 bp containing ambiguous base calls and
incorrect primers were removed (command: screen.seqs). Common sequences were binned
to create a set of unique sequences to allow for the counting in each sample (command:
unique.seqs, count.seqs). Next, unique sequences were aligned (V1-V3 regions)
(command; align.seqs) against the SILVA database (Quast et al. 2013).

After filtering of alignment (command: filter.seqs), reads were de-noised using a
pre-clustered routine to remove sequences that were likely due to sequencing errors
(command: pre.cluster). Putative chimeric sequences were detected and removed via the
chimera VSEARCH algorithm (command: chimera.vsearch, remove.seqs) (Rognes et al.
2016). After the successful quality checking and filtering, sequences from each sample
were clustered using RDP Bayesian classify with a minimum confidence of 0.8 (command:
classify.seqs), with each cluster representing a species (Wang et al. 2007). The resulting
sequences were clustered into OTUs using dist.seqs and cluster. Finally, a taxonomy for

each OTU (classify.otu) was generated. Rarefaction curves were represented using MG-
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RAST (Meyer et al. 2008). The bacterial diversity analysis and comparison of taxa were
carried out using Microsoft Excel and software (PAST V3.26, Morpheus, Graphpad Prism).
The unclassified sequences from each dataset were extracted and aligned by CLUSTAL W
(with representative/type species of 53 phyla). The trees were visualized in the iTOL
software (www .itol.embl.de), and novel phylotypes were deduced accordingly.
2.7. Characterization of bacterial strains
2.7.1. Enrichment, isolation, and purification

The samples (0.1g) from industrial acid drainage and hot-springs were enriched in
15 ml of ATCC medium and OMM broth in test tubes (15x150 mm), respectively. For hot-
springs and acid drain samples it was incubated at 45+2 °C for 15 days and 32+2 °C for 3
to 4 days, respectively. On turbidity in the test tubes for industrial acid drainage and hot-
springs, serially diluted aliquots (10*) were plated in ATCC medium and OMM agar,
respectively. For the orchid studies, 1g of the root macerate was taken under sterile
condition, after which it was suspended in saline [0.8 % (w/v) NaCl]. It was serially diluted,
followed by plating on the Biebl and Pfenning (BP) media, which contained pyruvate (3
gl!) as the source of carbon and root extract (1 % v/v). The water sample collected from
the saltpan was pasteurized at 80 °C for 15 min to eliminate of vegetative cells and diluted
(10%) (Garabito et al. 1998). 100 pl of the dilution was spread on ZM agar added with 2 %
(w/v) NaCl, followed by incubation at 30 °C for 3 days. For all the samples, the distinct
colonies appearing were picked and subsequently purified by repeated streaking on the
media mentioned above.

As for the sand from the beach sample, with NaOCl (4 % v/v), H,O, (3 % v/v) and
HgCl, (0.5 % w/v) (1:1:1), 1g of layer 2 sand was surface sterilized. The sample was
incubated overnight to remove the epilithic microorganisms. The sand was washed

thoroughly with sterile distilled water. The sample extraction buffer was added (Horath and

35



Materials and Methods

Bachofen 2009) and crushed thoroughly using sterile mortar-pestle and sonicated under
sterile conditions for 30 min to liberate all the microorganisms. 100 pl of this extraction
buffer (sonicated) was used for enrichment in an (1/10 strength) oligotrophic Biebl and
Pfennig (BP) media with pyruvate [0.001 % w/v] and NH,CI [0.001 % w/v] as carbon and
nitrogen sources, respectively (Biebl and Pfennig 1981). Following 10 days of incubation,
100 pl of the turbid enrichment was spread and plated on ZM agar at 30 °C. The pink
colonies were purified by subsequent streaking on the NA plate.
2.7.2. Culture preservation

The purified cultures were maintained either in glycerol stocks or as agar stabs. For
glycerol stocks, 1ml of axenic culture (at exponential growth phase) grown in nutrient broth
(NB) were added to 1ml of 100 % autoclaved glycerol. The stocks were finally stored at 4
°C for 12 hours and then transferred to -20 °C for longer preservation. Agar stabs were
prepared in plastic tubes (5ml), wherein 3 ml of NB with 2 % agar was added and finally
allowed to solidify in a slant. The cultures were streaked on the surface and incubated at
room temperature for 3-4 days. It was then kept at 4 °C for preservation for a longer period.
The cultures were periodically checked (once every 3 months) for purity and viability.
2.7.3. Phenotypic studies
2.7.3.1. Morphological analysis
2.7.3.1.1. Colony morphology

The morphological properties of colonies like colour, shape, size, elevation,
surface, margin, and opacity of all bacterial strains were observed in NA media grown at
optimum conditions. For comparative studies of strains with their closely related type

strains, those strains were ordered/exchanged from other culture collections as mentioned.
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2.7.3.1.2. Cell morphology
2.7.3.1.2.1. Microscopic observation

The morphology of the cell (size, shape, reproduction/division) was studied by
microscopic techniques like a light microscope (Alphaphot-2 YS2, Nikon), phage contrast
microscope (Olympus-B201), confocal microscope (Zeiss LSM 880), and field scanning
electron microscope (FESEM) (Philips XL30O). For the bacterial cells to be visualised
under FESEM, 1 ml of the exponential phase culture was centrifuged at 8000 g for 10 min
at room temperature. The cell pellet was further washed with phosphate buffer (0.05 mM,
pH 7.2) and centrifuged (identical condition as mentioned). The washed pellet was finally
added to a 0.25 % (v/v) glutaraldehyde mixture and incubated overnight at 4 °C. The cells
were pelleted again and dehydrated by re-washing sequentially with increased ethanol
concentration (10-100 % at an intervals of 10 %). Samples (dissolved in 100 % ethanol)
were applied on mini round-shaped coverslips and further kept on SEM stabs. SEM stabs
were given for gold sputtering and finally visualised under FESEM.
2.7.3.1.2.2. Staining methods

Staining methods like Gram Stain and Schaeffer-Fulton staining method were used
to study the cell wall properties and check endospore. HiMedia Gram stain kit (KOO1-1KT)
was used for staining. For the Schaeffer-Fulton staining process, malachite green (primary)
was added to the smear of bacterial cells and heated, leaving for 15 min. The smear was
decolourised with distilled water and counterstained by safranin (0.5 %) for 1 min. It was
finally rinsed with distilled water and observed under the light microscope (100x).
2.7.3.2. Physiological characterization
2.7.3.2.1. Determination of growth mode

Photoorganoheterotrophic mode of growth was determined by inoculating culture

into completely filled screw cap tubes (10100 mm) with BP media. Pyruvate (0.3 % w/v)
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was used as a carbon substrate and was anaerobically incubated under light (2400 lux) at
30+2 °C. Chemoorganoheterotrophic mode of growth was checked in an Erlenmeyer flask
(250 ml) with 100 ml BP media supplemented with pyruvate as carbon source (0.35 % w/v)
and incubated aerobically at 30+2 °C (dark). For checking the fermentative mode of
growth, BP media supplemented with pyruvate (0.3 % (w/v) as a carbon source in screw
cap tubes (fully filled, 10100 mm) was used, followed by incubation anaerobically in the
dark at 30+2 °C. At 540 nm, growth was checked turbidometrically using a colorimeter
(Systronics) against the blank (media without culture). The optical density, if increased,
was considered as an increase in growth.
2.7.3.2.2. Growth in various conditions
1) Temperature: Culture was grown under the temperature range of 10, 15, 20, 25, 30,
35,and 40 °C in NB and incubated for 3-4 days.
i1) pH: Similarly, growth at pH range 5-11 was checked in R2A/NB media using a
buffer system: pH 5-8, KH>PO4/K,HPOs (phosphate buffer); pH 9-11,
NaHCO3/NaOH (bicarbonate buffer). It was then incubated at 30+2 °C.
2.7.3.2.3. Growth at different NaCl %
Bacterial cultures to be tested were inoculated in NB added with 0-15 % NaCl (w/v)
(at an interval of 1 %) and incubated at 30+2 °C for 3-4 days. Growth turbidity was
measured as mentioned above (Section 2.4.3.2.1).
2.7.3.2.4. Vitamin requirement
For the bacterial culture under study, vitamins [thiamine-HCI (300 pgl'), biotin (50
pglt), calcium pantothenate (10 pgl'), pyridoxine-HCI (15 pgL'), nicotinic acid (300
pgl!), p-aminobenzoic acid (200 pgl.!') and vitamin Biz (15 pgL!)] were tested in BP

media by replacing yeast extract with filter sterilized solution of vitamins. The cultures
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were sub-cultured without the vitamins repeatedly for three times to check its absolute
requirement.
2.7.3.2.5. Carbon utilization

As mentioned above, the various carbon sources (D-glucose, pyruvate, D-mannitol,
rhamnose, D-galactose, ribose, D-mannose, maltose, sucrose, sorbitol, inositol, L-alanine,
histidine, gluconate, L-proline, D-xylose, trehalose, citrate, methanol, lactose, acetate,
propionate, fructose, glycerol, ethanol, malate, arabinose) were added to BP media by
replacing pyruvate in BP media at 0.3 % (w/v).
2.7.3.2.6. Nitrogen utilization

The nitrogen sources requirement for growth was tested by replacing NH4ClI with
various nitrogen sources (peptone, sodium nitrate, ammonium sulphate, sodium glutamate,
casamino acid) at 7 mM. Growth was checked turbidometrically, as mentioned above.
2.7.3.3. Biochemical characterization
2.7.3.3.1. Oxidase and catalase test

Oxidase discs from HiMedia (DDO018) were used in accordance with the
manufacturer’s instructions. The catalase test, was assessed by observing bubble generation
upon the addition of H2O2 (3 % v/v).
2.7.3.3.2. Nitrate reduction and H,S production

Nitrate reduction was tested based on HiMedia (DD041) discs as per the
manufacturer’s instruction. The production of H,S was determined on sulphide indole
motility agar medium. The blackening of the media along the stab line of inoculation
suggests a positive result.
2.7.3.3.3. Hydrolysis of compounds

Hydrolysis of gelatin (3 % w/v), starch (0.2 % w/v), urea (2 % w/v) were carried

out in gelatin agar (HiMedia M920), starch agar (HiMedia M1075) and urea broth
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(HiMedia M112), respectively. For other compounds like Tween 20, Tween 40, Tween 80,
casein, chitin, and cellulose, the hydrolytic capability was checked at 0.1 % (w/v)
substituted as substrates in BP media.
2.7.4. Chemotaxonomic studies
Cells were cultured in nutrient broth aerobically (3-4 days at 30 °C). Cells were

pelleted (10000 g at 4 °C for 10 min) when the culture growth was attained at around 70 %
of the maximum optical density at the logarithmic phase. The pellet was utilized for the
following analysis.
2.74.1. Polar lipid profiling

For all the strains, 1g of the lyophilised cells were used to extract the polar lipids as
described by Kates (1986). To this 1g, 2 ml of NaCl (0.3 % w/v) was added and kept for
15 min at room temperature. 10 ml of methanol was further added to the mixture and
vortexed well. The mixture was then steam heated till it was evaporated entirely and was
allowed to cool. For this dried cell part, 10 ml of chloroform and 6 ml of 0.3 % NaCl was
added and vortexed well. After the centrifugation, a well-separated aqueous phase was
observed. The lower layer (chloroform layer) was taken to the round bottom flask and
concentrated using a rotary flash evaporator (LABOROTA 4001, Heildolph). 0.3 ml of
chloroform and methanol (2:1) was finally used for dissolving the dried part consisting of
polar lipid. Finally, the polar lipids were distinguished by using silica gel TLC plates
(Kieselgel 60 F254, Merck) by a 2-dimensional TLC system. In the 1t and 2" dimensions,
a solvent mixture of chloroform/ methanol/water (65:25:4) and chloroform/methanol/acetic
acid/water (80:12:15:4) was used, respectively. The lipids were visualized as spots by
applying ethanolic molybdophosphoric acid (5 % w/v) on the TLC plate and heat drying.

The polar lipids were further distinguished into specific groups as follows:
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Dragendorff’s reagent: It was prepared as follows; solution A, 1.7 g of bismuth
nitrate (basic), was added to 100 ml of acetic acid, and H,O (1:4); solution B,40 g
of potassium iodide to be dissolved in H,O. Finally, the mixture of solution A (5
ml), solution B (5 ml), acetic acid (20 ml) and H,O (70 ml) was used for spraying
on plates. It was used to differentiate the choline-containing lipid molecules
(developed as orange spots).

Ninhydrin reagent: 0.1% (w/v) of ethanolic ninhydrin was used as a reagent for
spraying, followed by heating. The development of pink spots on the plates

suggested the presence of amino-containing lipids.

iii) a-Naphthol reagent: 3.2 % (w/v) of the a-naphthol compound in a solvent mixture

of methanol, H,O, and H,SO, (25:1.5: 3 v/v/v) was used for spraying. If pink to

purple spots were formed on heat drying, it showed glycolipids’ presence.

iv) Molybdenum blue reagent: It was prepared as follows: solution A, 40.1 g of

molybdenum trioxide was added to 1 L of 25 N H,SO,; solution B, 1.78 g of
powdered molybdenum was added to 0.5 L of 25 N H,SO and slowly boiled for 20
min. The solutions were stored in reagent bottles after cooling. Finally, the reagent
mixture of solution A (20 ml), solution B (20 ml), and distilled water (40 ml) was
prepared and used for spraying. Blue spots, if developed, suggested the presence of

phosphate-containing lipids.

2.7.4.2. Cellular fatty acid profiling

Cellular fatty was methylated, segregated, and identified by gas chromatography as

per the specifications of the Microbial Identification System (Microbial ID; midi version
6.0 version; method, rtsba6; www.midi-inc.com). It was outsourced to Royal Life sciences

Pvt. Ltd, Secunderabad, India.
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2.7.4.3. Quinone analysis
Cultures grown in NB for 72 hours aerobically were centrifuged. To 1g of fresh

pellet, 10 ml of acetone, and 2 ml of distilled autoclaved H,O. The mixture was sonicated
(50% power) for one hour, followed by the addition of 180 ml acetone. The mixture was
further incubated overnight at 4 °C (maximum extraction). The solution was centrifuged at
1000 g for 20 minutes maintained at 4 °C. Using the Whatman filter paper, the mixture was
filtered and evaporated with a rotary flash evaporator. To the dried filtrate, 180 ml of n-
hexane and 90 ml of autoclaved distilled water were added and vortexed well (20 min at
1000 g at room temperature). After which, the solution was allowed to phase out into 2
layers for 20-30 min. n-Hexane layer was gently poured, and Na,SO, was added to
eliminate the remanent water. Finally, the n-hexane layer was dried, and 0.5 ml of ethanol
was added to dissolve the quinone and analysed. It was then analysed as per the procedure
given by Xie and Yokota (2003).
2.7.44. Cell wall amino acid analysis

As described, cell wall amino acids were analysed (McKerrow et al. 2000; Schleifer
1985). The fresh pellet was washed with 50 mM phosphate (pH 7.2), suspended in
phosphate buffer, and sonicated at 50 % power for 20 minutes at 4 °C. For 5 times, the
severed cell pellets were washed with phosphate buffer and each time centrifuged (8000 g
at 4 °C for 10 min) at room temperature. It was then followed by washing pellets with
autoclaved milli-Q water 3 times. The total lysate was centrifuged for 60 min at 10000 g
for collecting the disrupted cell wall. Further, the cell supernatant was gathered and
centrifuged (60 min at 100 g). The cell wall remanent was solvated in 2-3 ml of 12 N HCI,
hydrolysed (12 hours autoclaved), and transferred into a beaker to evaporate HCI (hot-
plate). Finally, the remainder was dissolved in 1 ml of sterile milli-Q water and neutralized

(NaOH). The cell wall hydrolysed amino acid, and standard amino acids were derivatized
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concurrently by the o-phthaldialdehyde (OPA) reagent. OPA reagent was prepared as
follows:

1) 9 mg sodium tetraborate (HiMedia) dissolved in 4.5 ml H,O with gentle heating

i) 66 mg of N-acetyl-L-cysteine and 27 mg of o-phthaldehyde (27mg) (Sigma

Aldrich), both dissolved in 0.5 ml methanol, then added in (i)

Finally, amino acids were derivatized with an OPA reagent (1:1 ratio), followed by
filtration (0.2 pl filter, Icon pall supor@200). In HPLC, the derivatized samples were
analysed with C,5 column, phosphate buffer (50mM pH 7.2): acetonitrile (ratio 85:15) as
the mobile phase, with a flow rate of 0.4 ml/min (UV array of detector 334nm).

2.74.5. Polyamine analysis

According to Dion and Herbst (1970), polyamines from cultures were extracted.
Cultures at the exponential phase were harvested by centrifugation (10000 g at 4 °C for 10
min), and the pellet was washed (3x) with 50 mM phosphate buffer (pH 7.5). The fresh
pellet was added in 400-600 pl of 0.2 M perchloric acid and sonicated (50% power for 15
min). The disrupted cells were neutralised with 1 M of NaHCO; and centrifuged at 4 °C for
10 min. Polyamines in the supernatant were derivatized with dansyl chloride (3 mgml'),
whereas free dansyl chloride was removed by adding proline (50 mM). Then, it was
extracted with toluene (3 times) and dried (rotary flash evaporator). It was finally dissolved
in methanol (HPLC grade). Polyamines were determined by HPLC equipped with a
photodiode array detector (PDA), C;s Luna column (5 um, 250%4.6 mm). A linear gradient
system was applied to separate polyamines. Solvent A (acetic acid in water 1 % v/v) and
solvent B [acetonitrile (ACN): methanol at ratio 4:1] was used as a mobile phase. The flow
rate of 0.8 ml/min was used. The presence of polyamines was demonstrated by the peak
absorption of standards and retention time, simultaneous with the spiking using internal

standards.
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2.7.4.6. Hopanoid analysis

For hopanoid extraction, cultures were grown aerobically at 30+2 °C for 4-5 days
(1L) and harvested by centrifugation (10000 g for 15 min at 4 °C). The cells were washed
with phosphate buffer (0.05 mM, pH 7.2), kept overnight at -80 °C, and lyophilised. The
cell pellets were suspended in 10 ml of methanol/dichloromethane (DCM)/water (10:5:4)
and sonicated (50 % power) for 15 min at room temperature; repeated twice. For this pooled
supernatant, 10 ml of DCM and water were added, mixed, and centrifuged (identical
condition as mentioned); the DCM phase was taken at this step (twice). The total hopanoid
extract was dried under the rotary evaporator (Heidolph) and dissolved in 0.5 ml of DCM
(HPLC grade). Finally, hopanoids were determined by 2-dimension TLC wherein DCM
(30 ml) was used as a mobile phase in both directions. Rr values of known hopanoid
molecules were considered for identification.
2.7.4.7. Identification of indoles

The culture was aerobically cultured in the presence/absence of tryptophan at 1mM
concentration. Cultures were harvested after reaching the stationary phase by centrifugation
(10000 g at 4 °C for 10 min), followed by acidification (pH 2) with 5 N HCI. Supernatants
collected were extracted (3 times) with ethyl acetate and pooled. The pooled extracts were
evaporated using a rotary flash evaporator (LABOROTA 4001, Heidolph) under a vacuum.
Finally, the dehydrated extract was dissolved in 0.5 ml methanol (HPLC-grade), filtered
with a 0.22 um membrane, and tested for indoles using a para-diaminobenzaldehyde
reagent. For HPLC analysis Gradient technique was applied to separate metabolites for 30
min with mobile phase as acetic acid (1 % v/v) and acetonitrile (ACN). 0-55 % of ACN for
25 min with step increase to 100 % ACN kept for 3 min and finally returned to 1 % wash
by acetic acid. HPLC (Shimadzu, LC-20AT), Ciscolumn (5 um, 250%4.6 mm), with a flow

rate of 1.5 ml/min, 20 pl as injection volume and detected at 230, 280, and 350 nm.
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2.7.4.8. Pigment profiling
2.7.4.8.1. Whole cell absorption spectrum

The whole cell absorption of the bacterial cells was carried out as given by Truper
and Pfennig in 1981. 5 ml of culture grown aerobically (30+£2 °C for 3-4 days) was
centrifuged at 10000 g at 4 °C. The pellet was dissolved in 3.5 ml of 5 % (w/v) sucrose
solution (HiMedia) and mixed well. Finally, the absorption spectrum was measured from
300-1100 nm on a spectrophotometer (Spectronic Genesys 2), sucrose solution without
inoculation was used as a blank.

2.7.4.8.2. Carotenoid identification
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Fig. 5. Extraction procedure of the carotenoid pigments from a bacterial
strain
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Culturing and harvesting: For primary inoculum, a loop of bacterial cells inoculated
into 100 ml of the BP media at pH 7.5, followed by incubation with shaking at 30
°C and 140 rpm for 72 hrs. 10 % inoculum from primary culture were added to 1L
of NB, ZM, and BP media to check the increased biomass production. Each media
was supplemented with 1% (w/v) NaCl. The pH of the media was maintained in the
range of 7-8, and the temperature was maintained at 30+2 °C. The culture was
incubated aerobically for 72 hrs at 30 °C. After the incubation period, the cells were
pelleted by centrifugation (10000 g for 10 min) and washed with saline (PBS buffer,
50 mM) (Fig. 5A, B).

Extraction: The lyophilized bacterial biomass (10 g) (Fig. 5C) was used for
extraction of the pigments with a solvent mixture of acetone and methanol (7:2,
v/v), incubated with 0.1 M NaOH overnight and followed by sonication and
centrifugation (10000 g for 10 min) for extraction (thrice) of secondary metabolites
and pigments (Fig. SD). The supernatant was used as a source of pigments and was
dried. It was finally dissolved in 500 ml of methanol (HPLC grade) (Fig. SE).
Analysis: This previous step yielded crude secondary metabolites (carotenoid
compounds). Carotenoids were determined by HPLC (LC-20AT Shimadzu, Japan)
with a PDA detector using the C;scolumn (Luna, 5 pum, 250%4.6 mm). Pigments
were separated using an isocratic solvent system of ACN, methanol, and
tetrahydrofuran (58:35:7 v/v/v) as a mobile phase at a flow rate of 1 ml min-!'. The
compounds were determined at 450 nm and in between the range of wavelengths of
300-800 nm. Further, the crude fraction was analysed by LC-MS (outsourced to
CSIR-IICT, Hyderabad). LC-MS was used for analysis and was performed on
EXACTIVE Orbitrap high-resolution mass spectrometry system (Thermo)

equipped with Accela 600 UPLC system. The carotenoid pigments obtained were
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further purified by the thin layer chromatography using a solvent system of
chloroform and methanol (8:2) (Fig. 5F). The methanolic extracts of each fraction
were centrifuged, filtered, and used for mass spectrometry analysis (Dr. Reddy’s
Institute of Life Sciences).

2.7.5. Genotypic studies

2.7.5.1. Marker based phylogenetic studies

2.7.5.1.1. 16S rRNA gene amplification and identification

1) Primers used: The following primers were utilized for 16S rRNA gene

amplification.
Name Primer Orientation Sequence 5’ to 3’
F8 Forward AGAGTTTGATCCTGGCTCAG
F27 Forward GTTTGATCCTGGCTCAG
R1492 Reverse GGTTACCTTGTTACGACT
R1525 Reverse AGAAAGGAGGTGATCCAGCC

ii) 16S rRNA gene amplification and identification protocol: A single isolated colony
was added to 20 pl of milli-Q water (200 pul PCR tube) and denatured at 95 °C for
20 min in a PCR machine (BIO-RAD MJ Mini). A combination of one of the
following primer sets of F8/R1492, F8/R1525, F27/R1492, F27/1525 was used to
amplify the 16S rRNA gene (Lane et al. 1985; Liesack et al. 1991). A master mix
from TAKARA (Emerald Amp® GT PCR) was used for the amplification. The

reaction mixture was formulated as follows:

Component Volume (pl)
Master Mix 25
Forward Primer 2
Reverse Primer 2
Milli-Q 16
Template DNA* 5

*from denatured colony/ genomic DNA isolated
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The following conditions were pursued for 16S rRNA gene amplification:

Step Time (min) Temp ( °C)
Initial denaturation 10 94
Denaturation 1 94
Annealing 1 50-58
Elongation 1.5 72
No. of cycles: 35
Final elongation 10 72

The 16S rRNA gene amplified product was checked on 1 % agarose gel (made in TAE
buffer) and DNA marker (1Kb, Thermo Scientific) at 50 volts for 30 min. The bands were
visualised by ethidium bromide staining and observed under a UV transilluminator
(Universal Hood II, BIO-RAD). The selected amplified band was further extracted and
purified by the SureExtract PCR kit (Genetix). The purified PCR product was then sourced
to Agrigenome Labs Pvt. Ltd. (Kerela) for sequencing. The 16S rRNA gene was sequenced
using ABI 3730 XLL DNA Analyser automated sequencer. The raw sequences (.abl format)
derived were assembled by implementing DNA Lasergee SeqMan Pro software. The contig
assembled (1300-1500 bp) sequence identity was searched by BLAST algorithm in the
EzBioCloud database (Yoon et al. 2017). The multiple sequences were aligned using
MUSCLE in MEGA X (Edgar 2004), whereas the pairwise nucleotide sequence alignment
tool for taxonomy (www.ezbiocloud.net/tools/pairAlign) was used for the determination of
pairwise gene identity.
2.7.5.1.2. Phylogenetic studies

The phylogeny of the taxa under study was determined with MEGA7/MEGA X
software (Kumar et al. 2016, 2018). The 16S rRNA gene sequences of all strains under
consideration were derived from NCBI and EzBioCloud databases. The sequences were
submitted for multiple sequence alignments using MUSCLE algorithms integrated into
MEGA7 or MEGA X. Appropriate nucleotide/amino acid substitution models were

determined using MEGA7 software under the lowest Akaike information criterion (AIC).
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Kimura two-parameter was used for computing the distances in a pairwise deletion manner
(Kimura, 1980). For the construction of the phylogenetic tree, neighbor-joining (NJ) was
applied along with maximum parsimony (MP) and maximum likelihood (ML) in the
MEGA 7/X software. As given by Felsenstein (1985), the percentage support values were
derived by implementing the bootstrap procedure.
2.7.5.2. Genome based phylogenetic studies
2.7.5.2.1. Genomic DNA isolation

Both conventional and kit methods were used for isolating DNA from axenic
cultures. For the conventional method, 200 ml cultures were centrifuged (10000 g at 4 °C
for 10 min), and the pellet was washed thrice with milli-Q water. 500 pl of lysis buffer was
added, and incubated at 60 °C for 1 hour. Lysis buffer consists as follows: 60 ul SDS (10
%), 10 ul protease K (20 mg ml!), 10 ul lysozyme (0.5 mg ml ') in 420 ul of TE buffer (pH
8). An equal volume of tris buffer saturated with phenol, chloroform, and isoamy] alcohol
(25:24:1) was added and incubated at 37 °C for 30 min. The mixture was centrifuged at
8000 g for 15 min at room temperature. An aqueous layer was transferred to the fresh tube,
0.1 ml sodium acetate (pH 4.8), and 1 ml of chilled ethanol (100 %) was added, followed
by incubation for 30 min at room temperature. After incubation, it was centrifuged for 10
min at 8000 g at 4 °C, and the pellet was washed with ethanol (70 % v/v). The pellet was
air-dried and finally dissolved in the TE buffer and stored at -20 °C. As by the kit method,
genomic DNA was extracted using Nucleopore gDNA Fungal/Bacterial mini kit (Genetix)
as per the manufacturer’s protocol.
2.7.5.2.2. Genome sequencing and assembly

The genomic DNA isolated from different strains was sent to M/s. Agrigenome
Labs Pvt. Ltd (Kochi) and BGI (GCM 10 K type strain sequencing project) in China (Wu

and Ma 2019) for sequencing. DNA samples in M/s. Agrigenome labs were sequenced
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employing Illumina HiSeq 2500 platform, resulting in paired-end sequencing of the
fragment library (1002 bp), resulting in about 8.4x106 quality filter reads. The genomes
were assembled using the velvet software quast 4.0. Whereas in BGI, genomes were
sequenced using the Illumina XTen platform. The assembly of the reads was done using
the SOAPdenovo v1.05 software (Luo et al. 2012).
2.7.5.2.3. Multilocus sequence analysis

For the MLSA analysis, the complete length sequences of nucleotide and amino
acids of 8 protein-coding housekeeping genes (atpD, dnak, gryB, recA, rpoA, rpoB, rpoD,
tryB) were retrieved from the genomes present (NCBI database) of the members of the taxa
under study, concatenated and aligned by MUSCLE program. For the 16S rRNA gene,
phylogenetic trees (ML) were constructed for the MLSA. The concatenated gene sequence
identity values between strains were also calculated.
2.7.5.2.4. AT, determination

DNA-DNA relatedness (A7m) between the bacterial species was studied by
determining the thermal denaturation temperatures of hybrid and homologous genomic
DNA as given by Gonzalez and Saiz-Jimenez (2005). DNA before experimentation was
adjusted to the same concentration (0.5 pg each), and thermal denaturation was carried out
in the 0.1 sodium saline citrate (SSC) buffer. The quantification of thermal denaturation
was done (Eppendorf Thermal cycler). The thermal condition for denaturation was at 95
°C for 60 min, with a progressive drop by 10 °C until it reached 15 °C. The hybrid and
homologous DNA were stored at 4 °C. Prior to thermal denaturation, SYBR Green solution
(1:100000 final conc.) was added to the PCR plate as duplicates. The program was as
follows, 25 °C for 10 min, followed by an increase from 25-99 °C at 0.2 °C/s. During this
ramp, fluorescence was measured at each step, and melting curves were calculated as

temperature corresponding to a 50 % decrease in fluorescence.
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2.7.5.2.5. in-silico/digital DNA-DNA hybridization

Traditional DNA-DNA hybridisation has been replaced by in-silico/digital DNA-
DNA hybridisation based on genome sequences of the species. The following procedures
are pursued firstly using the tool of BLAST. The pair of genomes of X and Y are aligned,
resulting in the yield of inter-genomic high-scoring segment pairs (HSPs). After which, the
HSPs data are converted to a single genome to genome distance, followed by the
conversion of obtained distance into percentage-wise identity s(d). It is carried out by
utilizing the following distance formula: s(d): =m*d +c; where d=obtained distance values;
value for slope (m) and intercept (c) obtained by robust line fitting procedure (Auch et al.
2010). In our study, DDH values were calculated from Genome-to-Genome Distance
Calculator (GGDC) 3.0 (http://ggdc.dsmz.de/ggde.php) (Meier-Kolthoff et al. 2022).
2.7.5.2.6. Average nucleotide identity

The ANI calculator (http://enve-omics.ce.gatech.edu/ani/) from Kostas Lab was
used to calculate ANI values between two organisms (Rodriguez and Konstantinidis 2014).
Similarly, ANI values for larger datasets were calculated by the OrthoANI algorithm,
which employs USEARCH (instead of BLAST) for improved iteration (Yoon et al. 2017).
2.7.5.2.7. Average amino acid identity

The AAI calculator from Kostas lab was used to estimate average amino acid
identity values between the given two species (http://enve-omics.ce.gatech.edu/aai/)
(Rodriguez and Konstantinidis 2014).
2.7.5.2.8. Percentage of conserved proteins

The first step of analysis in POCP would be to calculate sequence identity and
identification of conserved regions (by BLASTP) (Qin et al. 2014). The query genome
proteins were viewed as conserved if the BLAST result showed an E value <le-5 (sequence

match of >40 %) and more than 50 % alignment part. Finally, the POCP value was
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calculated by the formula of [(C1+C2)/(T1+T2)] *100%, C1 and C2 stand for the conserved
number of proteins, and T1 and T2 represent the total of proteins in a pair of genomes under
study.
2.7.5.2.9. UBCG based phylogenomic tree

Up-to-date bacterial core gene (UBCGQG) tool is programmed by Chun’s lab for the
phylogenomic tree using genome sequences of organisms (Na et al. 2018). It involves three
primary steps, 1) identification of the core genes, ii) multiple alignments of the sequences,
and iii) visualization of the phylogenetic tree. The prodigal program predicts coding DNA
sequences (CDS) from the whole genome sequence. Based on the CDS identified, hidden
Markov models (HMM) searches identify the marker genes/conserved genes in the dataset.
As in the second step, each gene sequence is aligned by the MAFFT program, after which
the alignments are concatenated, and gaps are filtered containing positions. The final step
involves the inference of a phylogenetic tree for each gene and concatenated (92 core
genes) sequences and is called as UBCG tree (Fast-Tree/RAxXxML). MEGA X was used for
tree construction with the FASTA-generated alignment files.
2.7.5.2.10. Pan-genome analysis

Pan-genome studies were carried out by implementing the Bacterial Pan Genome
Analysis tool (BPGA), a mega-fast pan-genome analysis tool (Chaudhari et al. 2016). Here,
first step involves pre-processing raw files into a single input file for clustering (second
step). Clustering of genes is based on sequence identity into orthologous clusters by
USEARCH, followed by pan-matrix generation. The binary matrix is generated based on
the absence/presence of clusters. The fourth step consists of pan-genome profiling, which
computes genes shared after the stepwise addition of each genome. It is plotted as core/pan-
genome profile curves. It presents users with statistical data on pan-genome (genome

wisecore, unique, accessory, and exclusively absent gene numbers and phylogeny
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construction (based on concatenated core genes, pan-matrix data), pathway, and function
analysis.
2.7.5.2.11. Conserved signature indels
The conserved signature indels (CSIs) in protein sequences discreet to each of the
proposed clades were carried out as described (Gupta 1998; Naushad et al. 2014). The
proteins were BLASTP searched against the NCBI database, and the proteins with a high
scores (E values, <le -20) were retrieved in all the members from the given clade and other
bacterial taxa. The alignment of these protein sequences was employed by Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/) and was examined for the presence of
signature indels (insertion/deletion).
2.4.5.2.12. Genome annotation and comparison
Genomes were annotated using various platforms like RAST Server, NCBI, KBase,
and PATRIC bioinformatics tools. The annotation data for each species under the study
were downloaded from the respective servers as excel files and studied for the following:
1) Orthologous-based gene content comparison: This is the simplest form of
comparison for a set of genomes as to which genomes have what genes in families
(Setubal et al. 2018). It has been represented as absence/presence gene matrix or
venn diagram with the help of OrthoVenn2 online software (Xu et al. 2019).
i1) Whole genome alignments: A method to compare genomes is by alignment,
wherein a query genome is used as a reference and is aligned against the given set
of genomes. Mauve (genome alignment) built into the PATRIC database was used
to align the genomes to identify multiple maximal matches and local collinear
blocks (LCBs).
ii1) Function-based gene content comparison: Further, gene comparison between

genomes based on functions can be achieved if protein description systems like
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subsystems (Overbeek et al. 2015) and COG (Galperin et al. 2015) are used during
gene annotation. The structural families of related carbohydrate-binding and
catalytic modules were annotated by the dbCAN  meta-server
(http://beb.unl.edu/dbCAN?2).
iv) Secondary metabolite biosynthetic gene analysis: For the elucidation of secondary
metabolites biosynthetic gene clusters (BCGs), antiSMASH 5.0 bacterial version
was used (https://antismash.secondarymetabolites.org) (Blin et al. 2019). The BCG
families were annotated by the HMM, and the strictness level was set to “relaxed.”
v) Virulence factors and pathogen-associated genes: To study the pathogenicity,
genomes were submitted in the .gbk format to the IslandViewer 4 website (Bertelli
et al. 2017), with Salmonella enterica Serovar Typhimurium LT2 as the reference
genome. Genome sequences (.fas format) were further tested for virulence factors
against four Listeria taxa using the VirulenceFinder 2.07 by the Center for
Genomic Epidemiology (CGE) against 4 genera of Escherichia, Listeria,
Staphylococcus, and Enterococcus. The ID % between the input and the database
matching gene was set at 90 %, with a minimum length of 60 %.
2.7.5.3. Genome sequences used

The strains of different taxa (genus Paracoccus, Mesobacillus, Microbacterium,
Roseomonas, Alcanivorax, metagenome assisted genomes) were downloaded from various
databases like NCBI, and IMG to be used for the study. The names of the microorganisms,

accession numbers, and sources of isolation have been presented in Table 2.
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Table 2. Microorganisms’ name, strain number, source of isolation, and accession number

Species Isolation Source Genome accession
no.
Strain JC5017 Orchid roots SELD00000000
Paracoccus marinus NBRC 1006377 Coastal seawater VIYZ00000000
P. contaminans LMG 297387 Airborne contaminant CP020612
P. chinensis KS-11T Sediment FNGE00000000
P. solventivorans DSM 66377 Soil FRCK00000000
P. alkenifer DSM 115937 Biofilter waste treatment FNXG00000000
P.sediminis DSM 261707 Marine sediment FZNMO00000000
Rhodobacter capsulatus DSM 17107 Sewage plant QKZ0O00000000
Strain JC1013T Salt pan JAAVUMO000000000
Mesobacillus selenatarsenatis JCM 143807 Contaminated sediment BASE00000000
M. subterraneus ATCC 1367 Thermal aquifer JXI1Q00000000
M. jeotgali KCCM 410407 Fermented seafood CP025025
M. boroniphilus DSM 17376T Soil BAUWO00000000
Mesobacillus persicus B48T Hypersaline lake FOBW01000039
Mesobacillus foraminis CV53T Non-saline alkaline CP033044
groundwater
Mesobacillus campisalis SA2-6T Solar saltern LAYY01000001
Mesobacillus mediterraneensis Marseille-P2366 Human gut microbiota FOJL01000001
Mesobacillus zeae J1-247T Maize rhizosphere QWVTO01000008
Bacillus mycoides ATCC 64627 Type material CP009692
Niallia circulans NBRC 13626" Type material BCVE00000000
Bacillus tropicus LM1212-W3T Marine sediments CP041071
Robertmurraya siralis 171 5447 Silage SWLZ01000001
Bacillus halotolerans ATCC 250967 Type material LPVF01000001
Bacillus badius NBRC 157137 Type material BCVF01000001
Bacillus cereus ATCC 145797 Type material CP004722
Neobacillus drentensis NBRC 1024277 Grassland BCUX01000001)
Neobacillus cucumis V32-6 Environment PGVEO01000001
Cytobacillus oceanisediminis 2691 Sediment of ocean CP015506
Neobacillus drentensis NBRC 1024277 Grassland BCUX01000001
Neobacillus vireti DSM 156027 Grassland (LDNB01000001)
Geobacillus galactosidasius DSM 187517 Compost (NDYL01000001)
Roseomonas sp. KCTC 321907 Beach sand JABBKX00000000
Roseomonas oryzicola KCTC 22478 T Rhizosphere of rice JAAVUP00000000
Roseomonas lacus CGMCC 1.3617T Freshwater lake sediment BMKWO00000000
Roseomonas alkaliterrae DSM 25895 T Geothermal soil JACIJE00000000
Roseomonas stagni DSM 199817 Sediment of pond water FOSQ00000000
Roseomonas frigidaquae JCM 15073 Water cooling system JAAVTX00000000
Roseomonas frigidaquae JICM Water cooling system JAATIR000000000
Roseomonas selenitidurans BU-1T Urban soil JAAVNEO00000000
Roseomonas algicola PeD5 T Green alga JAAIKB000000000
Roseomonas bella CQN317T Lake sediment QGNA000000000
Roseomonas gilardii subsp. rosea ATCC BAA- Blood JADY 00000000
6917
Roseomonas gilardii subsp. rosea NCTC13290 T Blood UGVO001000005
Roseomonas gilardii U14-5 Water CP015583
Roseomonas aerilata DSM 19363 T Air sample JONP00000000
Roseomonas deserti M3 T Oil contaminated desert MLCO00000000
soil
Roseomonas rosea DSM 14916 T Indoor building material FQZF00000000
Roseomonas mucosa NCTC 132917 Blood UGVN00000000
Roseomonas vastitatis CPCC 101021 T Badain desert QXGS00000000
Roseomonas oryzae KCTC 42542 T Rhizosphere soil VUKA00000000
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Species

Isolation Source

Genome accession
no.

Roseomonas cervicalis ATCC 49957 T
Roseomonas rhizosphaerae YW11T
Roseomonas aestuarii JR1/69-1-13
Roseomonas aerophila NBRC 108923 T
Roseomonas ludipueritiae DSM 149157
Roseomonas coralli M0104 T
Roseomonas pecuniae N757T
Roseomonas wenyumeiae 7237
Alcanivorax pacificus W11-5T
Alcanivorax indicus SW1277
Alcanivorax hongdengensis A-11-3T
Alcanivorax profundi MTEO177
Alcanivorax nanhaiticus 19-m-6"
Alcanivorax sediminis PA15-N-34T
Alcanivorax jadensis T9T

Alcanivorax borkumensis SK27
Alcanivorax xenomutans JC109T
Alcanivorax dieselolei B5T

A. dieselolei CGMCC1.3690T

Alcanivorax gelatiniphagus MEBiC08158T

Alcanivorax profundamaris ST75Fa0-1T
Alcanivorax venustensis 1SO4T
Ketobacter alkanivorans G157
Acetobacter aceti NBRC 148187
Acetobacter ascendens LMG 1590 T
Acetobacter cerevisiae LMG 16257
Acetobacter cibinongensis 4H-1T
Acetobacter ghanensis LMG 23848T T
Acetobacter indonesiensis SH-1T
Acetobacter malorum LMG 17467
Acetobacter nitrogenifigens DSM 239217
Acetobacter okinawensis JCM 251467
Acetobacter orientalis 21F-2T
Acetobacter orleanensis JCM 76397
Acetobacter oryzifermentans dm
Acetobacter pasteurianus Ab3
Acetobacter peroxydans NBRC 13755
Acetobacter persici JCM 253307
Acetobacter senegalensis LMG 23690 T
Acetobacter syzygii 9H-2T

Acetobacter tropicalis LMG 198257
Acetobacter fabarum KR

Acetobacter sp. 46_36

Acetobacter sp. DmW_043
Acetobacter sp. DsW_063

Acetobacter sp. UBAS5411

Asaia astilbis JCM 15831

Asaia bogorensis NBRC 165947

Asaia platycodi JCM 254147

Asaia prunellae JCM 253547
Ameyamaea chiangmaiensis LMG 27010
Strain AT-5844

Strain DB1506

Blood

Soil

Marine water sample
Air

Indoor building material
Gorgonian Coral
Surface of coin

Feces of Tibetan antelope
CP004387
QGMP00000000
AMRJ000000000
QYYA00000000
ARXV00000000
WIRE00000000
ARXU00000000
AM286690
OBMO00000000
CP003466
BMKY00000000
VCQT00000000

JABJWHO00000000
ARXR00000000
CP022684
Vinegar

Wine

Beer

Fruit and curd
Fermented cocoa
Fermented products
apple

Tea

Sugarcane
Fermented food
Vinegar
Fermented rice
Vinegar

Ditch water
Peach

Mango

fruit

coconut

Cocoa beans
Human gut
Kitchen fruit fly
Garden fruit fly
mud

flowers

Flower of orchid
Balloon flower
Prunella sp. flowers
Red ginger

Skin

Mixed culture

ADVL00000000
PDNU00000000
PDOA00000000
JACTVA00000000
JACTUZ00000000
SNVJ00000000
JACIID00000000
RFLX00000000
Deep Sea

Sea water

Surface seawater
Deep seawater
Deep sea sediment
Deep sea sediment
Intertidal sediment
Sea water/sediment
Shrimp pond
Seawater/sediment
Seawater/sediment
Tidal flat
sediments

Deep sea water
Deep sea sediment
Sea water
BAMUO01000001
CP015164
LHZA01000001
BAMV01000001
LN609302
BAMWO01000001
LHZC01000001
AUBI01000001
BAJU01000127
BAMX01000001
BAMY01000001
CP022374
CPO12111
BIMV01000001
BAJWO01000236
LHZU01000001
BAMZ01000000
LHZQ01000001
NCXKO01000001
MNTTO00000000
JOMNO01000006
JOPL01000001
DHNRO01000022
BAJT01000049
AP014690
BAKWO01000035
BAJV00000000
JABXXR00000000
AGEZ00000000
QLIX00000000
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Species Isolation Source Genome accession no.
Strain UBA6159 Waste water DIUL00000000
Strain KEBCLARHB70R Cladonia arbuscula VCDI00000000
Strain PAMC 26569 Cladonia borealis CP053708
Strain SCN 69-10 Thiocyanate bioreactor MEFR00000000
Strain bog 908 Permafrost soil PKZM00000000
Acidicaldus organivorans DX-1 Geothermal site JPYW00000000
Acidiphilium angustum ATCC 359037 Acid mine JNJHO01000001
Acidiphilium cryptum JF-57 Coal mine sediment 009484
Acidiphilium multivorum AIU301 T Mine drainage 015186
Acidiphilium rubrum ATCC 359057 Mine drainage FTNEO01000074
Acidisphaera rubrifaciens HS-AP37T Acidic environment BANBO01001239
Acidocella aminolytica DSM 112377 mines FQVJ01000109
Acidocella facilis ATCC 35904 T mines JHYG01000001
Acidocella aminolytica DSM 112377 Acidic coal mine FQVJ00000000
drainage
Acidisphaera rubrifaciens HS-AP3 T Acidic hot springs and BANB00000000
mine
Acidomonas methanolica NBRC 104435 sludge BANDO01000546
Ameyamaea chiangmaiensis LMG 27010 Flowers of red ginger JABXXR010000001
Belnapia moabensis DSM 16746 Soil crust JQKB00000000
Belnapia rosea CPCC 100156 Soil FMZX00000000
Bombella apis SME1 Bee hive WHNS01000001
Bombella intestini R-52487" Bumblebee crop JATMO01000005
Commensalibacter intestini A9117 Drosophila gut AGFR01000026
Caenispirillum bisanense USBA 140 unspecified OCNJ01000040
Crenalkalicoccus roseus YIM 78023 T Alkaline hot spring SJDM00000000
Dankookia rubra JCM30602 Sediment of stream SMSJ00000000
Endobacter medicaginis LMG 26838T Nodules in an acidic soil ~ JABXXQ00000000
Eliorae thermophila YIM 722977 Hot springs QMDI01000001
Gluconacetobacter aggeris LMG 27801 soil JABEQDO010000001
Granulibacter bethesdensis CGDNIH4T Lymph node cultures CP003182
Gluconacetobacter azotocaptans LMG 21311 plant JABEQF010000001
Gluconacetobacter diazotrophicus PA1 57 Sugarcane roots 011365
Gluconacetobacter entanii AV429 vinegar JABJWD010000072
Gluconacetobacter johannae LMG 21312 plant JABEQHO010000001
Gluconacetobacter liquefaciens DSM 5603 Dried fruit QQAW01000001
Gluconacetobacter sacchari LMG 19747 plant JABEQJ010000001
Gluconacetobacter asukensis LMG 27724 stone JABEQEO010000001
Gluconobacter albidus TMW?2 water CP014689
Gluconobacter cerinus NBRC 32677 cherry BEWMO01000001
Gluconobacter frateurii NBRC 32647 strawberry BEWNO01000001
Gluconobacter japonicus NBRC 32717 Fruit of Myrica sp. BEWO01000001
Gluconobacter kanchanaburiensis NBRC Spoiled fruit BJVA01000001
1035877
Acetobacter fabarum KR Cocoa beans NCXK01000001
Acetobacter sp. 46_36 Human gut MNTTO00000000
Gluconobacter morbifer G707T Gut of Drosophila AGQV01000019
Gluconobacter oxydans H24 Industry 019396
Gluconobacter roseus NBRC 39907 Persimmon fruit BJLY01000001
Gluconobacter sphaericus NBRC 124677 Fresh grape BIMKO01000001
Gluconobacter thailandicus HD924 Wheat CP043043
Granulibacter bethesdensis CGDNIH4T Lymph node CP003182
Humitalea rosea DSM 245257 Soil QKYU00000000
Komagataeibacter cocois WETT Contaminated coconut QEXL01000001
milk
Komagataeibacter diospyri MSKU15 Sapodilla fruit BDLWO01000001
Komagataeibacter europaeus SRCM101446 food CP021467
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Species

Isolation Source

Genome accession no.

Komagataeibacter hansenii ATCC 23769
Komagataeibacter intermedius AF2
Komagataeibacter kakiaceti JCM 251567
Komagataeibacter maltaceti LMG 15297
Komagataeibacter melomenusus AV436T
Komagataeibacter nataicola RZS01
Komagataeibacter oboediens BPZTRO1
Komagataeibacter pomaceti AV446

Komagataeibacter rhaeticus ENS
Komagataeibacter saccharivorans JH1
Komagataeibacter sucrofermentans LMG
18788T

Komagataeibacter swingsii LMG 221257
Komagataeibacter xylinus E25

Kozakia baliensis DSM 144007

Neoasaia chiangmaiensis NBRC 101099
Neokomagataea tanensis AH137T
Neokomagataea thailandica NBRC 1065557
Nguyenibacter vanlangensis LMG 314317
Paracraurococcus ruber JCM9931
Parasaccharibacter apium G7_7 3c
Strain S9

Strain sp. Z24

Strain AR75

Strain HF4

Strain 18066

Strain B5

Strain FDAARGOS 362

Strain TAS13

Rhodovarius lipocyclicus CCUG 44693 T

Rubritepida flocculans DSM 14296 T
Rhodospirillales bacterium 20-60-12
Rhodospirillales bacterium 69-11

Rhodospirillales bacterium Ga0074136
Rhodopila globiformis DSM 161
Rhodovastum atsumiense DSM 21279
Rhodospirillales bacterium 70-18

Stella vacuolata ATCC 439317

Stella humosa ATCC 43930 T
Siccirubricoccus deserti SYSU D8009
Swaminathania salitolerans NBRC 104436
Saccharibacter floricola DSM 156697
Swingsia samuiensis AH83T
Tanticharoenia sakaeratensis NBRC 1031937
Zavarzinia compransoris DSM 12317
Strain S71-1-4

Strain CSSed165cm_249

Uncultured DS1.3.55

Strain JB21

UnculturedSRR6193124.bin. 10 MetaBAT
Strain DP30

Strain P2S70

Strain MD8A

Vinegar

Kombucha tea
Fruit vinegar
Vinegar

Apple cider vinegar
unspecified
Homemade vinegar
Vinegar fermentation
sludge

Kombucha tea
fruitfly

vinegar

Italian apple fruit
unspecified

Palm brown sugar and
ragi

Flower of red ginger
Candle bush

Lantana plant

Rice

Soil

Hindgut of bee

Oil contaminated soil
Feces of Tibetan antelope
Sediment

Sediment

Roots of beech

Soil

Blood

Activated sludge
Industrial hygiene
control

Hot spring

Mine water
Ammonium sulfate
bioreactor

Water treatment plant
Sulphur spring

Paddy field
Ammonium sulfate
bioreactor

Horse manure

Soil

Desert sample

Plant

pollen

Plant

Soil

environment
Superficial marine water
Sea water

Hyper saline soda lake
Drinking water system*
Soda alkali saline lake
Sea sand

Beach sand*

Marine sediment

CMO000920
JUFX02000232
BAIO01000947
POTC01000001
JABJWC010000001
CP019875
CP043481
PRCWO01000102

CP050139
CP036404
NKUA01000082

NKUB01000099
CP004360
CP014674

CP014691
CP032485
BCZB01000001
JABXXP010000001
SMOA00000000
CP020554
RCZP00000000
RAQU00000000
STGB00000000
STGD00000000
CACSJM010000001
ALOX01000001
CP024588
BDLP01000001
JAAABL00000000

AUDH00000000
NCAP00000000
MKTV00000000

LNEW01000000
NHRY00000000
VWPK00000000
MKWE00000000

AP019702
AP019700
JACOMF00000000
BJVC01000001
KB&899333
CP038141
BALE01000094
QGLF00000000
AQOR0000000000
SLJS00000000
PNLU00000000
JAIOUB00000000
CAJXLA00000000
WTUY00000000
AXBZ000000000
AQOQ000000000
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Species

Isolation Source

Genome accession no.

Uncultured oal
Uncultured oa2
Uncultured HI0O013
Uncultured AG-333-G18
Uncultured Bin_5
Uncultured ESRF-bin&2
Uncultured C13
Uncultured C17
Uncultured CPC95
Strain DSM 26293
Uncultured HT1
Uncultured HI0003
Uncultured HIO007
Uncultured HI0011
Uncultured HI0033
Uncultured HIO035
Uncultured th2
Uncultured NORP347
Uncultured NP94
Strain NBRC 102024
Uncultured NP13
Uncultured

SRR3933375 bin.7 MetaBAT v2.12.1 MAG

Uncultured SP60
Uncultured SP122
Uncultured UBA1900
Uncultured UBA2692
Uncultured UBA3183
Unculture UBA9185
Strain ABS183
Uncultured C15 100 9
Uncultured C15 98 8
Strain DG881

Strain E4

Uncultured ESRF-binl
Uncultured ESRF-bin2
Uncultured ESRF-bin8
Uncultured ESRF-bin36
Uncultured HIO083
Uncultured HI0044
Uncultured NORP25
Strain NBRC 101098
Strain NBRC 102028
Uncultured NP90
Uncultured SRRR3933283 bin.5 MetaB
Uncultured SZUA-1036
Strain VBW004

Strain 97C0O-6

Strain 97CO-5

Strain 24

Strain 6-D-6

Strain KX64203

Strain KS-293
Uncultured MCMED-G36
Uncultured NORP70

Protist cell culture*
Protist cell culture*
Sea water*

Marine layer*
Sediment core*
Seawater*

Deep sea water*
Deep sea water*
Marine pelagic biome*
Deep water plume
Marine sediment*
Sea water*

Sea water*

Sea water*

Sea water*

Sea water*

Protist cell culture*
Marine benthic biome*
Marine water*
seawater

Marine water*
Marine water*

Marine water*
Marine pelagic biome*
Saline marine water*
Saline marine water*
Saline marine water*
Saline marine water*
Hypersaline sediment
Marine seawater*
Marine seawater*
Dinoflagellate
Settlings

Seawater*

Seawater*

Seawater*

Seawater*

Sea water*

Sea water*

marine aquifer™®

Sea water

Sea water

Marine seawater*
Marine water*
Hydrothermal plume*
hydrothermal vent
Yellow sea sediment
Yellow sea sediment
Plastic Marine debris
Superficial sea water
Deep sea sediment
Sea water

Marine seawater*
Marine biome*

CP051240
CP051253
LWEMO00000000
CABYMG00000000
JABURH00000000
NTLH00000000
QAZC00000000
QAZB00000000
NYSM00000000
FNUMO00000000
CP080267
LWEI00000000
LWEJ00000000
LWELO0000000
LWET00000000
LWEU00000000
CP051252
JAESUS00000000
PBRWO00000000
BDAS00000000
PCAQ00000000
CAJXURO00000000

PAZZ700000000
PAQZ00000000
DDGO00000000
DELQ00000000
DEXNO00000000
DNMT00000000
LKAP00000000
JADFAH00000000
JADFAG00000000
ABRWO00000000
CP032351
NTLV00000000
NTLS00000000
NTLD00000000
NTLN00000000
LWEX00000000
LWEZ00000000
NVWY0000000
AP014613
BDAT00000000
PBSH00000000
CAJXVB00000000
DQLP00000000
WNHC00000000
PIXQ00000000
AZYR00000000
SNUA00000000
AQPF00000000
LVIC00000000
CZHF00000000
JACETG00000000
NVVF00000000
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Species Isolation Source Genome accession no.
Strain P40 Deep seawater CP012331

Strain PN-3 Beach sand* AXBX00000000
Strain 43B_GOM-46 Seawater JADMO00000000
Strain Alg238-V104 Coastal water body UNRDO00000000
Strain N3-2A Coastal sediment CP022307

Strain NMRL4 Oil polluted seawater JADDOL00000000
Uncultured UBA1913 Saline marine water* DDGB00000000
Uncultured UBA3989 Saline marine water* DGCB00000000
Uncultured EAC41 Marine pelagic biome NZRG00000000
Uncultured Marine water* CAJWDJ00000000
ERR599032 bin.125 MetaBAT v2.12.1 MAG

Strain FXH-223 Coastal seawater JAJGNA00000000
Strain 10 7 Seawater CP053420
Uncultured NP12 Marine pelagic biome*  PCBJ00000000
Strain SY10-13 Marine sediment JAEKJB00000000
Uncultured SAT63 Marine pelagic biome* ~ PAKR00000000
Uncultured Sp32 Marine pelagic biome* ~ PBEO00000000
Uncultured UBA1092 Marine pelagic biome* ~ DCCB00000000
Uncultured UBA4150 Marine pelagic biome* ~ DFVW00000000
Uncultured UBA8877 Marine pelagic biome* ~ DPCU00000000
Strain ZXX171 Seawater WXVX00000000
Strain 521-1 Marine sediment ARXX00000000
Uncultured Bin_18 Sediment core* JABUREO00000000
Uncultured CPC11 Marine pelagic biome*  NYXH00000000
Uncultured DT 1 Marine metagenome* JABSOF00000000
Strain DSM 26295 Deep water plume FXTF00000000
Uncultured ERR599044 bin.85 meta Marine water* CAJWYX00000000
Uncultured ih1 Protist cell culture* CP051239
Uncultured IN928 Marine pelagic biome* ~ NZKK00000000
Uncultured MES4 Brine pool sample* VENH00000000
Uncultured M30B6 Saline lake water* CP073758
Uncultured MCMED-G37 Marine seawater* JACETHO00000000
Uncultured NORP288 Subseafloor aquifer™ JASESS0O00000000
Uncultured NORP281 Subseafloor aquifer™ JAESSI00000000
Uncultured NAT75 Marine water sample* NZUWO00000000
Uncultured NP156 Marine water sample* PBZB00000000
Uncultured Nap 24 Marine water sample* LSMO00000000
Uncultured SP64 Marine pelagic biome* ~ PAZW00000000
Uncultured SZUA-1011 Hydrothermal plume* DQKV00000000
Uncultured SAT1356 Marine water sample* PAWL00000000
Uncultured Marine water* CAJXVB000000000
SRR3933184 bin.8 MetaBAT v2.12.1 MAG

Uncultured UBA679 Saline marine water* DBNF00000000
Uncultured UBA1475 Saline marine water* DCSD00000000
Uncultured UBA1504 Saline marine water* DCRA00000000
Uncultured UBA1608 Saline marine water* DCNA000000000
Uncultured UBA1614 Saline marine water* DCMU00000000
Uncultured UBA1911 Saline marine water* DDGD00000000
Uncultured UBA1972 Saline marine water* DDDU00000000
Uncultured UBA2114 Saline marine water* DCYI100000000
Uncultured UBA2509 Saline marine water* DDNX00000000
Uncultured UBA2512 Saline marine water* DDNU00000000
Uncultured UBA2685 Saline marine water* DELX00000000
Uncultured UBA2694 Saline marine water* DELO00000000
Uncultured UBA3194 Saline marine water* DEXC00000000
Uncultured UBA3353 Saline marine water* DEQZ00000000
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Species Isolation Source Genome accession no.
Uncultured UBA3585 Saline marine water* DFMU00000000
Uncultured UBA 4152 Saline marine water* DFVU00000000
Uncultured UBA4485 Saline marine water* DGNT00000000
Uncultured UBA4488 Saline marine water* DGNQO00000000
Uncultured UBA4521 Saline marine water* DGMJ00000000
Uncultured UBA4527 Saline marine water* DGMDO00000000
Uncultured UBA4543 Saline marine water* DGLN00000000
Uncultured UBA9369 Saline marine water* DMUV00000000
Uncultured UBA9453 Saline marine water* DMEC000000000
Uncultured UBA9462 Saline marine water* DLVX000000000
Uncultured UBA9466 Saline marine water* DLVTO00000000
Uncultured UBA9685 Saline marine water* DOIN00000000
Uncultured UBA9692 Saline marine water* DOAE00000000
Uncultured UBA9874 Saline marine water* DQAU00000000
Uncultured UBA10233 Saline marine water* DPIQ00000000
Uncultured UBA10370 Saline marine water* DOGO00000000
Uncultured UBA10373 Saline marine water* DOGP00000000
Uncultured UBA10377 Saline marine water* DOGMO00000000
Uncultured UBA10381 Saline marine water* DNZX00000000
Uncultured UBA10698 Saline marine water* DQDMO00000000
Uncultured UBA10724 Saline marine water* DMGJ00000000
Uncultured UBA10813 Saline marine water* DORU00000000
Uncultured UBA10824 Saline marine water* DPSU00000000
Uncultured UBA11597 Saline marine water* DPZ700000000
Uncultured UBA11623 Saline marine water* DONLO00000000
Uncultured UBA12379 Saline marine water* DPAJ00000000
Uncultured Binl2 Marine water* PDUMO00000000
Ketobacter alkanivorans GIST Sea water CP022684

*Metagenome assembled genomes
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3. RESULTS

3.1. Analysis of root associated bacteria of orchids

3.1.1. Sampling of orchids

Roots of orchids (10 species spanning 8 genera) were sampled from four different
regions of India [Sikkim, Darjeeling (Himalayan), Orissa (Eastern Ghats), Karnataka
(Western Ghats] (Fig. 5). With limited availability, 1-4 roots per specimen were collected.
The GPS locations of the sites are given in Fig. 5. The orchids were identified to the genus
level with the help of Dr. Jeewan Singh Jalal (Botanical Survey of India) and orchid
databases (https://orchidbliss.com/how-to-identify-orchids/). The roots collected were
separately processed for metagenome and culture studies.
3.1.2. Metagenome sequencing output and quality control

DNA from 10 different root samples of orchids were successfully isolated with
concentrations ranging from 50.3 to 176.9 ng ml'. The V1-V3 region of 16S rRNA genes
was targeted and amplified from these samples. The mean of the library fragment size
distribution ranged from 599 bp to 661 bp. The metagenomic sequences obtained were then
submitted to NCBI-SRA (Sequence Read Archive), and the accession numbers for each of
the samples are given in Table 3. [llumina Miseq500 sequencing generated 2,548,301 raw

reads whereas, after quality and length filtering, 200,583 reads remained.

Table 3. Bio-samples, accession numbers and reads generated from each sample used in
orchid metagenomic studies

Sample no. Name of the orchid Bio-sample no. Accession no. Reads/sample
191 Bulbophyllum sp. 1 SAMN09829936 SRX4557107 235102
209 Agrostophyllum sp. SAMNO09748320 SRX4497023 218422
210 Cymbidium sp. SAMNO09829870 SRX4556892 342323
211 Dendrobium sp. 1 SAMNO0982971 SRX4556891 151468
213 Dendrobium sp. 2 SAMN09829935 SRX4557108 401915
215 Bulbophyllum sp. 2 SAMN09748319 SRX4497018 255353
218 Thunia sp. SAMN10180266 SRX4802390 200689
265 Rhynchostylis sp. SAMNO09812579 SRX4556878 262877
W2 Aeridis sp. SAMNI10181218 SRX4802389 207171
w3 Vanda sp. SAMN10250717 SRX4897570 272981
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3.1.3. Bacterial composition and diversity analysis

For identifying root associated bacteria of orchids, 97 % sequence identity value
was used for obtaining OTUs in which 200,583 reads were grouped into 6389 OTUs
spanning 17 phyla. The rare-fraction curves of 10 samples were generated, and the plots
levelled off into a plateau (Fig. 6). This suggested that good sampling depth and saturation
indicated a good representation of the bacterial community in the study. Their distribution

studies were considered at the taxonomic levels of phylum and genus.
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Fig. 6. Rare-fraction curve of the ten orchid samples for V1-V3 region of 16S
rRNA gene, clustered at 97 % sequence identity across various samples

The three most abundant phyla were Proteobacteria (29 to 42 %), Actinobacteria
(8 to 33 %), and Bacteroidetes (2 to 20 %) (Fig. 7). The abundance in this study denotes
the percentage of reads in the total OTUs present. Phylum Acidobacteria, Firmicutes, and
Planctomycetes comprised of 7 % of the total OTUs observed. Compared to the other phyla,
Armatimonadetes (1 %) and Chloroflexi (0.7 %) were represented less but distributed in all
the samples. Phylum Proteobacteria were most abundant in Dendrobium sp.2 (42 %),

Bulbophyllum sp. (41 %), and Agrostophyllum sp. (40 %). Similarly, Actinobacteria were
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dominant in Dendrobium sp. and Rhynchostylis sp. constituting 33 % each whereas,
Bacteroidetes were abundant in Aeridis sp. (20 %) and Rhynchostylis sp. (19 %). Four
different “Candidatus” phyla, BRC1,OD1, SR1, WS3, and TM7 were also detected in the
OTUs. In contrast, phylum Verrucomicrobia was less common except in Dendrobium sp.2
(0.5 %), Aeridis sp. (1.4 %), and Vanda sp. (2 %). As for the sequences represented as
OTUs below 97 % were not classified by the RDP classifier, hence were labelled as
unclassified. In our study, unclassified OTUs at the phylum level consisted of 10 to 20 %
of the total OTUs observed. These sequences were of greater interest and therefore

extracted for in-depth analysis.
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Fig. 7. Relative abundance of bacterial taxa distribution in the orchid root
microbiome with pre-dominant bacterial phyla (>1 %) as obtained by 16S
rRNA gene amplicon based metagenome analysis
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At the taxonomic level of the genus, the distribution in each of the samples is
illustrated in Fig. 8. The abundance and distribution of genera based OTUs (>0.1 %) were
used for creating heatmaps by a single hierarchical clustering (Fig. 8A). Genera like
Mucilaginibacter and Burkholderia were distributed in all the samples, with abundant in
Bulbophyllum sp. at 6.6 % and 6.7 %, respectively. Additionally, 13 classified taxa of the
genus Streptomyces (2.4 %), Rhizobium (1.8 %), Methylobacterium (0.74 %),
Sphingomonas (0.5 %), Solirubrobacter (0.46 %), Gemmata (0.43 %), Conexibacter (0.2
%), Spirosoma (0.41 %), Mycobacterium (0.42 %), Pseudonocardia (0.4 %),
Brevundimonas (0.4 %) Caulobacter (0.31 %) and Actinoplanes (0.2 %) were present
commonly amongst all the samples (Fig. 8A). Unclassified OTUs at the genus level
consisted of 50 to 89 % of the total OTUs observed (Fig. 8B). Further, the distribution of
common and unique taxa at the genus level for orchid species are presented in the Venn

diagram (Fig. 9) and Table 4.
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Fig. 8A. Relative abundance of bacterial taxa of orchid root samples showing the
pre-dominant bacterial genera (>0.1 %) as obtained by 16S rRNA gene
amplicon-based metagenome analysis of OTUs at the genus level

65



Results

M Actinobacteria_unclassified

 Actinomycetal es_unclassified

 Microbacteriaceae_unclassified

= Micromonosporaceae_unclassified

m Streptomy cetaceae_unclassified

m Nocardioidaceae_unclassified

W Promicromonosporaceae_unclassified

® Pseudonocardiaceae_unclassified

m Solirubrobacterales_unclassified

® Armatimonas_Armatimonadetes_gpl

W Bacteroidetes_undassified

m Sphingobacteriales_unclassified

m Chitinophagaceae_unclassified

1 Sphingobacteriaceae_unclassified

I Flavobacteriaceae_unclassified

= Chloroflexi_unclassified

m Propionibacteriaceae_unclassified

= Ktedonobacterales_unclassified

B Planctomycetaceae_unclassified

m Beijerinckiaceae_unclassified

m Bradyrhizobiaceae_undassified

m Rhizobiales_unclassified

u Phyllobacteriaceae_unclassified

® Rhizobiaceae_unclassified

= Rhodobacteraceae_undassified

I Acetobacteraceae_unclassified

= Sphingomonadaceae_unclassified
Sphingomonadales_unclassified

= Comamonadaceae_unclassified

I Cystobacteraceae_unclassified

W Ruminococcaceae_unclassified

® Clostridial es_unclassified

= Oxalobacteraceae_unclassified

m Burkholderiales_unclassified

® Myxococcales_unclassified

® Proteobacteria_undassified

i Alphaproteobacteria_unclassified

= Gammaproteobacteria_unclassified

= Pseudomonadaceae_unclassified
Xanthomonadaceae_unclassified

1 Bacteria_unclassified

1 Acidobacteria Gp1

m Acidobacteria Gp2

 Acidobacteria Gp3

m Acidobacteria Gp4

m Acidobacteria Gp6

® Acidobacteria Gp16

HBRC1

W SR1

oDl

~ WS3

Fig. 8B. Relative abundance of bacterial unclassified taxa at the level of genus of
orchid root microbiome (>0.1 %) as obtained by 16S rRNA gene amplicon

based metagenome analysis (inner to outer, 191-W3)

no. are given in Table 3)
(A) between 191, 209, 210, 211, 213
(B) between 215, 218, 265, W2, W3

Fig. 9. Distribution of bacterial genera amongst samples (designation of the sample
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Table 4. The distribution of common and unique bacterial genera in different orchids

Sample No. Total Taxa
genera

191 209 210 211 213 23 Pseudonocardia, Methylobacterium, Sphingomonas, Burkholderia,

215218 265 W2 W3 Rhizobiales unclassified, Mycobacterium, Acidobacteria_Gpl,
Acidobacteria_Gp3, Mucilaginibacter, Microbacteriaceae_unclassified,
Solirubrobacterales unclassified, Beijerinckiaceae_unclassified,
Micromonosporaceae_unclassified, Actinomycetales unclassified,
Proteobacteria_unclassified, Armatimonas_Armatimonadetes _gpl1,
Alphaproteobacteria_unclassified, Gammaproteobacteria_unclassified,
Acetobacteraceae_unclassified, Bradyrhizobiaceae unclassified,
Chitinophagaceae unclassified

191209 210 213 15 Sphingomonadales _unclassified, Rhizobiaceae unclassified,
Pseudomonadaceae_unclassified, Oxalobacteraceae unclassified,
Xanthomonadaceae unclassified, Sphingobacteriaceae unclassified,
Bacteroidetes unclassified, Roseomonas, Gemmata, Pseudomonas,
Solirubrobacter, Rhizobium, Caulobacter, Spirosoma, Bosea

209210211213 5 Chitinophaga, Marmoricola, TM7_genus_incertae_sedis, Stenotrophomonas,
Actinomycetospora

191 209 213 1 Ktedonobacterales unclassified

209210211 1 Massilia

209210213 17 Flavobacterium, Chryseobacterium, Brevundimonas, Segetibacter, Gp4,
Aurantimonas, Friedmanniella, Actinoplanes, Gemmatimonas,
Sphingobacterium, Opitutus, Pedobacter, Microbacterium, Nocardiodes,
Cellulosimicrobium, Devosia, Dyadobacter

210211213 3 Pseudonocardiaceae_unclassified, Myxococcales unclassified,
Promicromonospora

191 209 1 Luteibacter

209210 3 Hymenobacter, Kribbella, Amycolatopsis

210213 16 Rhodobacteraceae unclassified, Cystobacteraceae_unclassified,
Phyllobacteriaceae unclassified, Ruminococaceae unclassified,
Flavobacteriaceae unclassified, Propionibacteriaceae unclassified,
Clostridiales_unclassidied, Comamonadaceae unclassified,
Nocardioidaceae_unclassified, Olivibacter, Chelativorans, Comamonas,
Adhaeribacter, Brachybacterium, Gp16

215218 265 W2 3 Actinoplanes, Hymenobacter, Brevundimonas

215218 265 W3 3 Streptomyces, Segetibacter, Pseudonocardiaceae_unclassified

215218 W2 W3 1 Gp6

215265 W2 W3 4 Roseomonas, Gpl6, Sphingomonadaceae unclassified,
Sphingomonadales unclassified

218265 W2 W3 7 Opitutus, Dyadobacter, Flavobacterium, Chitinophaga,
Rhizobiaceae unclassified, Comamonadaceae_unclassified,
Flavobacteraceae unclassified

215218 265 2 Friedmanniella, Amycolatopsis

215265 W2 1 Aurantimonas

215265 W3 1 Conexibacter

218265 W2 1 Chryseobacterium

218 265 W3 2 Filimonas, Stenotrophomonas

265 W2 W3 5 Pseudomonas, Chelativorans, Devosia, Azospirillum,
Pseudomonadaceae unclassified

215218 3 Blastomonas, Gp2, Ktedonobacterales unclassified

215265 2 Kribbella, Propionibacteriaceae_unclassified

215 W3 1 Chloroflexi_unclassified

218 265 3 Sphingobacterium, Blastococcus, Streptomycetaceae_unclassified

265 W3 1 Bosea

W2 W3 2 Rhodobacteraceae unclassified, Clostridiales unclassified

265 5 Promicromonospora, Xylanimicrobium, Luteibacter, Lentzea,
Promicromonosporaceae unclassified,

W2 1 Ruminococcaceae_unclassified

w3 1 Comamonas

210 1 Blastococcus
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The alpha diversity of the RABs in each orchid sample was calculated by
considering Shannon (H), Equitability (E), Simpson (D) and Inversion Simpson (I)
diversity indices (Table 5). Cymbidium sp. microbiota showed the highest Shannon,
Equitability, and Inverse Simpson index (H=7.9 £ 0.02, E=7.2 £ 0.08, [ = 25.0 + 0.0).
The results showed that Cymbidium sp. has the most bacterial diversity showed by Shannon
diversity and Equitability (considering the even distribution of OTUs). Further, to
understand the community level relationship between all the samples, beta diversity was
studied. Here, non-metric multidimensional scaling (NMDS) analysis using Bray-Curtis
distance method was carried out (Fig. 10). The NMDS plot showed the formation of 4
distinct groups based on the overlap of microbiota (Fig. 10). The first distinct group
consisted of 5 orchid species of Bulbophylum sp. 1, Bulbophylum sp. 2, Dendrobium sp. 1,
Agrostophyllum sp., and Thunia sp.; the second group consisted of Aeridis sp. (W2) and
Vanda sp. (W3); the third group consisted of Cymbidium sp. and Dendrobium sp. 2 (213);

the fourth group consisting of a single species is Rhynchostylis sp.

Table 5. Comparison of alpha-diversity values of orchid root samples [i. Shannon
index (H), equitability index (E), >0, higher the value more the diversity;
ii. Inverse Simpson index (I) is reciprocal of Simpson index (D), higher
the value higher the diversity]

Orchid Shannon Equitability Inv. Simpson ()
(H) ()

Bulbophyllum sp. 1 5.2+0.03 6.6+0.03 2.6+£0.03
Agrostophyllum sp. 6.9+0.04 6.9+0.05 11.1+£0.01
Cymbidium sp. 7.9+£0.02 7.2+0.08 25.0+0.0
Dendrobium sp. 1 5.5+£0.06 6.7£0.1 10.0+0.0
Dendrobium sp. 2 6.9+0.07 7.0+£0.09 20.0+0.0
Bulbophyllum sp. 2 6.9+0.06 6.8+0.04 20.0+0.0
Thunia sp. 7.1+0.01 6.7+0.07 14.2+0.1
Rhynchostylis sp. 5.1+0.06 6.0+0.04 12.5+0.0
Aeridis sp. 7.0+0.01 6.6+0.07 14.2+0.09
Vanda sp. 7.5+0.07 7.0£0.09 20.1+0.0
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Fig. 10. Beta diversity analysis with non-metric multidimensional scaling
(NMDS) plot measured by Bray-Curtis distance between the orchid
samples; the distance between the samples here demonstrates the
differences in bacterial diversity

3.1.4. Unclassified and unique bacterial phylotypes

At the phylum level, unclassified OTUs in the orchids consisted in between the
range of 10 to 20 % of the total OTUs observed. These unclassified sequences indicate that
a certain percentage of unknown bacterial diversity of RABs prevail, which may have a
significant role in the holistic development of the orchid plants. Therefore, the phylogenetic
analysis of these unclassified sequences was carried out against the reference sequences of
16S rRNA genes of validly published/Candidatus (Ca.) members (IRPCM 2004).
Bulbophyllum sp. had the lowest number of unique phylotypes (“Ca. UH24”) whereas
Vanda sp. (W3) had the highest number of 10 (“Ca. UH26”, “Ca. UH31”, “Ca. UH40”,

“Ca. UH50”, “Ca. UH52”, “Ca. UH55-UHS59”). The shared distribution of these unique
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phylotypes is given in Table 6. The information on the total number of phylotypes and
unique phylotypes detected for each sample is given in Fig. 11A-J. The unclassified
sequences were grouped into 108 phylotypes with, 37 (34 %) being unique. An overview
illustrating the root bacterial tree of life of all orchid plants is presented in Fig. 12. Further,
the comparison of unique phylotypes between the orchids showed that no unique
phylotypes represented the core root microbiome or were shared commonly between the

orchids.

Table 6. Common and unique phylotypes shared between orchids root microbiome

Sample identity Total  Unique phylotypes

209 210 265 W2 W3 1 UH26

W2 W3 210 1 UH31

191 210 211 1 UH24

215 W2 1 UH44

215 W3 1 UH40

218 265 1 UH45

265 W3 1 UHS52

209 4 UH25, UH28, UH29, UH27

210 1 UH30

211 1 UH32

213 7 UH39, UH33, UH38, UH34, UH37, UH36,
UH35

215 3 UH43, UH41, UH42

218 3 UH48, UH46, UH47

265 3 UHS51, UH49, UHS3

w2 1 UHS54
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Fig. 11A. For Bulbophyllum sp. 1, distribution of 7 total and 1 unique phylotypes
(“Ca. UH24”) at the phylum level
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Fig. 11B. For Agrostophyllum sp., distribution of 6 total and 5 unique phylotypes
(“Ca. UH25-UH29”) at the phylum level
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Fig. 11C. For Cymbidium sp., root associated bacterial tree of life with 6 total and 4 unique
phylotypes (“Ca. UH24”, “Ca. UH26”, “Ca. UH30-UH31”) at the phylum level
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Fig. 11D. For Dendrobium sp. 1, root associated bacterial tree of life with 5 total and 2
unique phylotypes (“Ca. UH24”, “Ca. UH32”) at the phylum level
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Fig. 11E. For Dendrobium sp. 2, root associated bacterial tree of life with 13 total and 7

unique phylotypes (“Ca. UH33-39”) at the phylum level
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Fig. 11F. For Bulbophyllum sp., root associated bacterial tree of life with 9 total and 5

unique phylotypes (“Ca. UH40-UH44”) at the phylum level
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Fig. 11G. For Thunia sp., root associated bacterial tree of life with 12 total and 4 unique
phylotypes (“Ca. UH45-UH48”) at the phylum level
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Fig. 11H. For Rhychostylis sp., root associated bacterial tree of life with 15 total and 7
(“Ca. UH26” “Ca. UH45” “Ca. UH49-UHS53 ") unique phylotypes at the

phylum level
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Fig. 111. For Aerides sp., root associated bacterial tree of life with 13 total and 5 unique
phylotypes (“Ca. UH26”, “Ca. UH31”, “Ca. UH44”, “Ca. UH50”, “Ca. UH54”)
at the phylum level
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Fig. 11J. For Vanda sp., root associated bacterial tree of life with 17 total and 10 unique
phylotypes (“Ca. UH26”, “Ca. UH40”, “Ca. UH50”, “Ca. UH52”, “Ca. UH55-
UH59”) at the phylum level
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Fig. 12. An overview representing the root associated bacterial tree of life of orchid
microbiome
(A) Percentage of unclassified sequences at the phylum level
(B) Unrooted tree representing the novel phylotypes (yellow triangles)
(C) At the phylum level, around 108 phyloclades were identified with 37
unique phylotypes identified at the level of phylum
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3.2. Phylogenomics and polyphasic studies of bacteria from various
sources

The samples of orchid roots, water/sediments/sand (hot springs, saltpans), and
industrial effluents were collected, enriched, cultivated, and subjected to isolation.
Turbidity was observed from the enrichment of water/sediment (saltpan/hot-springs) and
effluents (acid drainage) samples. 98 colonies were selected from the above enriched and
orchid root samples, which were further purified after repeated streaking. The initial
screening was based on colony/cell morphology and pigmentation for identification. A total
of 22 isolates was sent for 16S rRNA gene sequencing, followed by the sequence identity
analysis by BLAST in EzBioCloud. Out of the total strains isolated, eighteen strains were
isolated from different orchid roots and majorly belonged to the phylum of Actinobacteria,
Proteobacteria, and Firmicutes. Four strains (JC497,JC498,JC500,JC505) had the highest
sequence identity (>99 %) with members of genus Streptomyces, similarly, four strains
(JC502,JC536,1C537,1C539) with members of the genus Methylobacterium. Strain JC162
(beach sand), JC560 (hot spring) were members of the genus Roseomonas, whereas strain
JC496 (industrial acid mine) and JC1013 (salt pan) belonged to the genus of
Acidithiobacillus and Mesobacillus, respectively. All the strains were preserved as 50 %
glycerol stock at -20 °C. The phylogenetic affiliation along with other information are given

in Table 7.
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Table 7. The phylogenetic affiliation of the isolated strains along with its source, location and accession numbers

Strain Identity (%) Closely related species Accession no.  Isolation Source Place GPS

No.

JC497 99.9 Streptomyces olivaceus NRRL B-3009T LT799397 Cymbidium sp.* Darjeeling, West Bengak 27.03N 88.40N
JC498 99.9 Streptomyces badius NRRL B-2567T LT799398 Cymbidium sp.* Peshok, West Bengal 27.07N 88.26E
JC501 98.5 Paracoccus marinus KKL-5T LT799401 Aeridis sp.* Amboli, Karnataka 15.85N 73.99E
JC504 99.8 Streptomyces badius NRRL B-25677 LT799404 Cymbidium sp.* Pakyong, Sikkim 27.22N 88.58E
JC505 100 Streptomyces cirratus NRRL B-3250T LT799405 Cymbidium sp.* Pakyong, Sikkim 27.22N 88.58E
JC500 99.2 Streptomyces swartbergensis HMC137T LT799400 Cymbidium sp.* Darjeeling, West Bengal 27.03N 88.40N
JC502 99.5 Methylobacterium radiotolerans JCM 28317 LT799402 Vanda sp.* Amboli, Karnataka 15.85N 73.99E
JC536 99.8 Methylobacterium oryzae CBMB20T LT907971 Vanda sp.* Amboli, Karnataka 15.85N 73.99E
JC537 99.6 Methylobacterium phyllostachycos BL4TT LT907972 Dendrobium sp.* Peshok, West Bengal 27.07N 88.26E
JC539 99.7 Methylobacterium oryzae CBMB20T LT907974 Vanda sp.* Amboli, Karnataka 15.85N 73.99E
JC500 99.2 Microlunatus orkiwanensis DSM 217447 LT799399 Dendrobium sp.* Peshok, West Bengal 27..07N 88.38E
JC538 99.7 Agrobacterium purense LMG 256237 LT907970 Cymbidium sp.* Lachung, Bengal 27.95 N 73.99E
JC540 99.6 Bacillus muralis DSM 16288T LT907971 Rhyncostylis sp.* Devkund, Orissa 21.70N 86.44E
JC559 100 Priestia aryabhattai BSW22T LR535809 Rhyncostylis sp.* Devkund, Orissa 21.70N 86.44E
JC633 97.8 Corynebacterium suicordis CECT 57247 LR535807 Dendrobium sp.* Peshok, West Bengal 27.07N 88.26E
JC701 98.8 Microbacterium testaceum NBRC 126757 LR656263 Orchid root* Peshok, West Bengal 27.17N 88.26E
JC703 97.4 Microbacterium proteolyticum RZ36" LR746173 Orchid root* Lachung, Sikkim 27.95 N 73.99E
JC708 98.3 Janibacter melonis CM21047 LR746172 Orchid root* Peshok, West Bengal 27.17N 88.26E
JC560 99.3 Roseomonas cervicalis ATCC 499577 LT996832 Hot spring Atri, Orissa 20.21N 85.50E
JC162 99.7 Roseomonas oryzicola YC6724T HE984358 Beach Sand Rameshwaram, Tamil Nadu 9.16N 79.13E
JC1013  98.8 Mesobacillus selenartesenatis SF-1T LS998022 Salt pan Vedaranyam, Tamil Nadu 10.21N 79.50E
JC496 99.4 Acidithiobacillus albertensis DSM 143667 LT799396 Industrial Acidmine Jantia Hills, Meghalaya 25.39N 93.01E

*root part of the orchid
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3.2.1. Characterization of strain JC501T

3.2.1.1. Home habitat, colony, and cell morphology

Strain JC501T was isolated from the root sample of a flowering Aeridis maculosa,
an epiphytic orchid. It was collected on June 2017 from Amboli (Western Ghat) Karnataka
(GPS: 15° 95" 69" N, 73° 99" 47" E), India (Fig. 13A). Strain JC501T colonies were 1—
2mm (diameter), circular, smooth, translucent, raised with irregular margins, pale orange,
and spread across the petri-plate when grown on nutrient agar (half-strength) (HiMedia
MO0O01) (Fig. 13B). Cells of strain JC501" were coccoid in shape (0.9—-1 pwm in width) and

divided by binary fission (Fig. 13C). Cells were non-motile and Gram-stain-negative.

Fig. 13. (A) An epiphytic orchid (4erides maculosa) which was flowering during the
month of June 2017 was collected from Amboli, Western Ghats, Karnataka
(15°95'69"N and 73°99'47"E), India. Colony morphology of

(B) Colony morphology of strain JC5017;
(C) Confocal microscopic image of the strain JC501T
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3.2.1.2. Phylogeny based on 16S rRNA, MLSA, and whole genome

The analysis of the 1456 bp length of the 16S rRNA gene by BLAST (EzBioCloud)
showed that strain JC501T is phylogenetically affiliated to the members of the genus
Paracoccus with its nearest type strain P. marinus KKL-AST (98.9 %) and other members
of the genus Paracoccus (<97.3 %). The maximum likelihood (ML) (model tested under
the lowest Akaike information criterion) tree was generated using 32 type strains and 9
non-type strains, showing the highest 16S rRNA gene sequence identity. Kimura's two-
parameter + gamma distribution + invariable site (K2+G+I) model with uniform rates, and
the heuristic search algorithm nearest-neighbour-interchange (NNI) with complete
deletion. The ML tree confirmed the relatedness of strain JC501T with members of the
genus Paracoccus and distinctly segregated from the closest phylogenetic neighbour P.
marinus KKL-AST along with related cultivated strains and clones (Fig. 14). In the ML
tree, strain formed a distinct clade; henceforth, this clade shall be designated as P. marinus
clade.

Additionally, the full nucleotide and amino acyl sequences of 8 protein-coding
housekeeping genes (recA, gryB, rpoA, rpoB, rpoD, tryB, dnaK, atpD) were taken from the
genomes of the members of the Paracoccus clade, concatenated and aligned. For the 16S
rRNA gene, the ML tree was constructed for the MLSA (Fig. 15A, B). The gene sequence
identity (concatenated) between strain JC501T and P. marinus NBRC 100637" was 84.6 %
(with other members of the genus <72.9 %). The RAXML-based phylogenomic tree
(UBCG tool) also proved that the strain was distinctly affiliated with the genus Paracoccus
(Fig. 16). The Type (Strain) Genome server (http://tygs.dsmz.de) also confirmed strain
JC5017 as a ‘potential new species.” Therefore, all dendrograms (16S rRNA gene, MLSA,

whole genome based) showed that strain JC501T clustered distinctly with P. marinus clade.
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Paracoccus acridae SCU-M53T(KT634253)
Paracoccus aerius 0114107 (KX664462)
Paracoccus haematiqui M1-83T (MH665405)
Paracoccus angustae E6T (KR052005)
Paracoccus sediminis CMB177 (JX126474)
ﬁ'iParacoccus koreensis Ch05T (AB187584)
Paracoccus kocurii JCM 76847 (D32241)
499|——Pamcoccus solventivorans DSM 66377(AY014175)
Paracoccus alkenifer DSM 115937 (Y13827)
Paracoccus niistensis N11-09 18T (FJ842690)
100 Paracoccus chinesis KS-11T(EU660389)
Paracoccus endophyticus SYSUP0003T (MH504123)
Paracoccus contaminans RK1 16-01929T (CP020612)
— Paracoccus aeridis JC5017 sp. nov. (LT799401)

68Uncultured bacterium clone 16slp118-1g09.w2k (GQ157668)
ncultured bacterium clone 16slp92-01a09.w2k (GQ159468)

ncultured bacterium clone 16slp117-1d11.w2k (GQ157872)
ncultured bacterium clone 16slp96-1b08.p 1k (GQ158684)
98| Paracoccus marinus KKL-AST(AB185957)
ncultured bacterium partial clone FC03G08 (FM873219)
r aracoccus sp. KKL-F12 (AB185961)
Paracoccus sp. KKL-D2 (AB185960)
Paracoccus sp. KKL-A6 (AB185958)
ncultured Paracoccus sp. clone T13M-B24 (JN860411)
LO| Paracoccus lutimaris HDM-25T (KJ451483)
Paracoccus isoporae DSM 222207 (FJ593906)
9 Paracoccus haeundaesis BC741717(AY189743)
Paracoccus marcusii DSM 115747 (Y12703)
_ﬁl{ Paracoccus carotinifaciens E-396T (AB006899)
Paracoccus seriniphilus DSM 148277 (AJ428275)
92 I Paracoccus tibetensis Tibet-S9a3T (DQ108402)
Paracoccus hibisci THG-T2.8T (KX456189)
Paracoccus aestuarii BT (EF660757)
| Paracoccus fistulariae KCTC 228037 (GQ260189)

Paracoccus saliphilus YIM 907387 (DQ923133)
L‘_':Paracoccus homiensis DD-R117T(DQ342239)
81 Paracoccus zeaxanthinifaciens ATCC21588T (AF461158)
Paracoccus caeniMJI177(GQ250442)
\_i Paracoccus alcaliphilus ATCC51199T(AYO014177)
Paracoccus cavernae 051 1ARDSEST (LN650666)
Paracoccus pacificus F14T (KF924610)
Rhodobacter capsulatus DSM 17107 (D16428)

100;

0.01

P. marinus clade of the
genus Paracoccus

Fig. 14. Phylogenetic tree based on the16S rRNA gene sequence comparisons, using
the maximum-likelihood (ML) (model tested under AIC under Kimura 2
parameter). MEGAT7 software was used for computing. Rhodobacter
capsulatus DSM 17107 (D16428) was used as an outgroup. Numbers at the

nodes represent the bootstrap values. Bar, 0.01 accumulated changes per
nucleotide.
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A) 100 I: Paracoccus solventivorans DSM 66377 (FRCK00000000)
100 o1 Paracoceus alkenifer DSM 115937 (ENXG00000000)

—— Paracoccus chinensis CGMCC.17655T (FNGE00000000)
Paracoccus contaminans LMG 29738 (CP020612)

[ Paracoccus aeridis JC5017 sp. nov. (SELD00000000)

[ 100|_Paracoccus marinus NBRC 10006377 (VIYZ00000000)

| Paracoccus sediminis DSM 26170T (FZNM00000000 )

Rhodobacter capsulatus DSM 17107 (QKZ0O00000000)

100

0.02

(B)

] Paracoccus contaminans LMG 29738 (CP020612)
L . .
99 Paracoccus chinensis CGMCC.17655T (FNGE00000000)

{aracoccus solventivorans DSM 66377 (FRCK00000000)
100 Paracoccus alkenifer DSM 115937 (FNXG00000000)

Paracoccus aeridis JC501" sp.nov. (SELD00000000)

100

100 Paracoccus marinus NBRC 10006377 (VIYZ00000000)
Paracoccus sediminis DSM 26170T (FZNM00000000 )

Rhodobacter capsulatus DSM 1710T (QKZ0O00000000)

0.02

Fig. 15. ML based phylogenetic tree (recA, gyrB, rpoA, rpoB, , rpoD, trpB, dnak,
atpD) (Model tested under AIC under LG+G+I+F and GTR+G+I
parameter respectively) MEGA7 software was used for computing.
Rhodobacter capsulatus DSM 17107 (QKZO00000000) was used as
outgroup. Numbers at the nodes represent the bootstrap values. On the
nodes bar, 0.02 accumulated changes per nucleotide and amino acid
respectively.

(A) MLSA concatenated amino acid gene sequences
(B) MLSA concatenated nucleotide gene sequences
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100 — Paracoccus sp. JC5017 sp. nov. (LT799401)

81

Paracoccus marinus KKL-A5T (AB185957)
Paracoccus contaminans WPAn02T (KX427102)
— Paracoccus niistensis NI11-0918T (FJ842690)

100 ' Paracoccus chinesis KS-11T (EU66038)

Paracoccus endophyticus SYSUP0003T (MH504123)
— Paracoccus solventivorans DSM 66377 (AY014175)

92

Paracoccus alkenifer DSM 115937 (Y13827)

69

63

Paracoccus angustae E6T (KR052005)

80

Paracoccus sediminis CMB17T (JX126474)
Paracoccus haematequi M1-83T (MH665405)
Paracoccus acridae SCU-M53T (KT634253)

Paracoccus aerius 0114107 (KX 664462)
Paracoccus koreensis Ch057 (AB187584)

54

Paracoccus kocurii JCM 76847 (D32241)

—
0.0050

Rhodobacter capsulatus DSM 17107 (D16428)

OGRI
16S rRNA ANI (%) | *dDDH
similarity(%) (%)
100 100 100
98.9 85.9 29.8
97.3 77.6 21.9
97.0 - -
96.9 78.8 225
96.9 78.5 22.0
96.2 78.1 21.9
95.7 772 212
95.2 - -
95.0 75.6 20.7
972 80.0 21.0
96.8 - -
95.8 - -
95.5 - -
94.7 - -

Results

Fig. 16. UBCG software based phylogenomic tree based on 92 concatenated genes with Rhodobacter capsulatus DSM 17107 as the

outgroup; along with the overall genomic related index (OGRI). Bar, 0.01 accumulated changes per nucleotide
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3.2.1.3. Genomic characterization

The genome size of strain JC501T was 3.3 Mbp, whereas DNA G+C content was
69.4 mol %. Similarly, for P. marinus NBRC 1006377, it was 3.2 Mbp and 69.3 mol %,
respectively. ANI and dDDH values between strain JC5017 and P. marinus NBRC 100637"
were 85.9 % and 29.8 %, respectively. The dDDH and ANI values with the other species
of the P. marinus clade are provided in Fig. 16. Additionally, genome sequences of P.
contaminans LMG 297387, P. chinensis CGMCC.176557, P. solventivorans DSM 66377,
P. alkenifer DSM 11593", and P. sediminis DSM 26170 were downloaded from NCBI and
used for the analysis.The genomic characteristics are given in Table 8 and clearly
distinguish strain JC501T from other neighbouring members of the genus Paracoccus.
Against genomes of other six members, strain JC501T was used as a reference genome.
There was a difference in the alignment of the LCBs of Paracoccus species (Fig. 17A).
The comparison of proteomes showed that protein sequence identity of 10-30 % was shared
with those of other P. marinus NBRC 1006377 clade members (Fig. 17B). The anti-
SMASH results showed that strain JC501Thad five biosynthetic gene clusters for secondary
metabolites [hser-lactone (homoserine lactone), TIPKS/NRPKS like (type I polyketide
synthases/non-ribosomal peptide synthases), beta-lactone (formicamycin), terpene

(carotenoid) and T3PKS (type III polyketide synthases)].

Table 8. Genome characteristics of the strain JC501T, P. marinus NBRC 1006377 and the
members of the P. marinus clade of the genus Paracoccus

Species Strain Genome Size Scaffold G+C DDBJ/EMBL/

(Mbp) content GenBank

(mol %)

Strain JC5017T NBRC 1136447 3.3 40 69.4 SELD00000000
P. marinus NBRC 1006377 3.1 38 69.4 VJYZ00000000
P. contaminans LMG 29738 T 29 2 68.7 CP020612
P. chinensis KS-117 3.6 84 68.1 FNGE00000000*
P. solventivorans DSM 66377 3.4 27 68.7 FRCK00000000*
P. alkenifer DSM 115937 32 19 67.3 FNXG00000000*
P. sediminis DSM 261707 3.7 40 66.0 FZNMO00000000*

All organisms are free living; *, DOE-Joint Genome Institute, USA
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Fig. 17. (A) Genome organization of Paracoccus spp., The alignment of the local collinear

blocks (LCBs) of the Paracoccus species differ from each other variably
(B) Protein map based on protein sequence identity between strain JC501T and other

closely related species of Paracoccus.
Genome of strain JC501T was used as a reference. (1) strain JC501T (2) P.
marinus NBRC 100637 (3) P. contaminans LMG 29738" (4) P. chinesis
CGMCC 1.7655"(5) P. solventivorans DSM 66371 (6) P. alkenifer DSM 115937
(7) P. sediminis DSM 21607
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3.2.1.4. Metabolic characterization

The gene constitution of strain JC5017 varied as compared to the other closely
related members of P. marinus clade (Table 9). Strain JC5017 (P. marinus clade) contains
genes putatively responsible for the metabolism of tryptophan into indole-3-acetic acid
(IAA) via the indole-3-acetamide pathway/route (IAM), while P. marinus NBRC 1006377,
does not encode those genes. P. contaminans LMG 29738T can produce indole-derived
molecules, but its pathway remains obscure as the genes are absent. P. marinus clade
members have a 2-C-methyl-d-erythritol 4-phosphate/1-deoxy-d-xylulose 5-phosphate
(MEP) pathway. Further, the differences in the gene composition for tryptophan
metabolism, carotenoid biosynthesis, urea decomposition, iron metabolism, siderophore,
and keto-adipate pathway are presented in Table 9.

Strain JC5017 differed from other members of the P. marinus clade in having purine
and benzoate-degrading genes. Strain JC5017 differed from P. marinus NBRC 100637T in
containing genes belonging to galactose, glutathione, glycerophospholipid, amino acid
(thiamine, serine) metabolism, and styrene degradation pathways (Fig. 18A). Likewise,
strain JC501T varied from P. contaminans LMG 297387 in constituting genes that were part
of amino acid (alanine, glutamate, aspartate, cysteine), glycerolipid, ascorbate, and
carotenoid biosynthetic metabolism (Fig. 18B). Metabolic pathway genes of amino acid
(phenylalanine, alanine), and pyrimidine were observed in strain JC501T but absent in P.
chinesis CGMCC 1.7655" (Fig. 18C). Carotenoids, folate biosynthesis pathways, and
amino acids (tyrosine, methionine), glycerolipid, arachidonic acid metabolism were present
in JC501T but absent in P. solventivorans DSM 6637T (Fig. 18D). Similarly, strain JC5017
varied from P. alkenifer DSM 11593Tand P. sediminis DSM 2160" in genes belonging to
carotenoid biosynthesis, amino acid (alanine, phenylalanine) metabolism (Fig. 18E) and

glutathione, carotenoid and folate biosynthesis pathways, respectively (Fig. 18F).
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Table 9. Comparison of the selected genes of the strain JC501T and its other closely related
members of the subclade of the genus Paracoccus 1. Strain JC5017, 2. P. marinus
NBRC 10006377, 3. P. contaminans LMG 297387, 4. P. chinensis KS-11T
5. P. solventivorans DSM 6637", 6. P. alkenifer DSM 11593T and 7. P. sediminis

DSM 261707
Putative Genes 12 3 4 5 6 7
Typtophan metabolism
Anthranilate synthase, aminase component (EC 4.1.3.27) + + + + + + +
Anthranilate synthase, amidotransferase component + + + + + + +
Anthranilate phosphoribosyltransferase + + + + + + +
Phosphoribosylanthranilate isomerase + + + + + + +
Indole-3-glycerol phosphate synthase + - - + - - -
Tryptophan synthase alpha chain + + + + + + +
Tryptophan synthase beta chain + + 4+ + + + +
Aldehyde dehydrogenase + 4+ + + + + +
Acetamidase (EC 3.5.1.4) + - - + - - -
Tryptophan 2,3-dioxygenase (EC 1.13.11.11) + + - - - -
Kynureninase -+ o+ o+ o+ o+ 4+
Carotenoid Biosynthesis
Phytoene synthase + + - + - -+
Phytoene desaturase -+ - - - -+
Phytoene dehydrogenase + + - + - - -
Lycopene cyclase + + - + - - 4
Beta-carotene hydroxylase + + - - - -+
Beta-carotene ketolase + + - - - - -
Zeaxanthin glucosyl transferase - - - - - -+
Urea decomposition
Urea ABC transporter, ATPase protein UrtE - - - + - - 4+
Urea ABC transporter, ATPase protein UrtD - - - + - - 4+
Urea ABC transporter, permease protein UrtC - - - + - -+
Urea ABC transporter, permease protein UrtB - - - + - - 4+
Urea ABC transporter, urea binding protein - - - + - -+
Urease accessory protein UreG - - - + - -+
Urease accessory protein UreF - - - + - - 4+
Urease accessory protein UreE - - - + - - 4+
Urease alpha subunit (EC 3.5.1.5) - - - + - -+
Urease beta subunit (EC 3.5.1.5) - - - + - -+
Urease gamma subunit (EC 3.5.1.5) - - - + - -+
Urease accessory protein UreD - - - + - - 4+
Urea channel Urel - - - - -+ -
Iron metabolism
Ferric iron ABC transporter, iron-binding protein + - - + + + +
Ferric iron ABC transporter, permease protein + - - + + 4+ +
Ferric iron ABC transporter, ATP-binding protein - - - + + + +
Siderophore_Aerobactin
Iron-chelator utilization protein + + + + - - 4+
Ferric hydroxamate ABC transporter (TC 3.A.1.14.3), permease component FhuB - - + + - -+
Ferric hydroxamate ABC transporter (TC 3.A.1.14.3), ATP-binding protein FhuC  + + + + - - +
Ferric hydroxamate ABC transporter (TC 3.A.1.14.3), periplasmic substrate + + + + - - 4+
binding protein FhuD
Ferrichrome-iron receptor + 4+ + - - -+
Catechol_branch_of beta-ketoadipate_pathway
Catechol 1,2-dioxygenase 1 (EC 1.13.11.1 - - - + - - 4+
Succinyl-CoA:3-ketoacid-coenzyme A transferase subunit A (EC 2.8.3.5) + 4+ + 4+ + 4+ o+
Succinyl-CoA:3-ketoacid-coenzyme A transferase subunit B (EC 2.8.3.5) + 4+ + 4+ + 4+ o+
Beta-ketoadipate enol-lactone hydrolase (EC 3.1.1.24) ++ + + + + +
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Fig. 18. Common and unique biochemical pathways between strain JC501T and
(A) P. marinus NBRC 100637T
(B) P. contaminans LMG 29738T
(C) P. chinesis CGMCC 1.7655T
(D) P. solventivorans DSM 66371
(E) P. alkenifer DSM 115937
(F) P. sediminis DSM 2160T
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3.2.1.5. Physiological and biochemical analysis

Both strains (strain JC501"and P. marinus NBRC 1006377) could grow well in half-
strength nutrient broth, R2A, BP media, and tryptic soy agar (HiMedia MO11) at 30 °C for
3 days. Therefore, nutrient broth (1/2 strength) was used for other unless otherwise
mentioned. Strain JC5017 could grow well between 25-35 °C and pH 6.0-7.5 (optimum 30
°C and pH 7.0), while P. marinus NBRC 1006377 grew at 10-35 °C with pH 6-9 (optimum
of 35 °C and pH 7.5). Strain JC5017 did not require NaCl for its growth while tolerated up
to 1.0 % (w/v), whereas P. marinus NBRC 1006377 tolerated up to 5.0 %. Strain JC5017
could grow well in several of carbon substrates like D-glucose, D-mannose, thamnose,
pyruvate, D-mannitol, D-galactose, maltose, sorbitol, ribose, sucrose, inositol, histidine, and
alanine. Weak growth was observed in proline, citrate, trehalose, methanol, acetate, lactose,
gluconate, and D-xylose, while no growth was seen in fructose and propionate. Strain
JC501T can utilize only peptone and not ammonium sulphate, sodium nitrate, casamino
acids, and sodium glutamate. The carbon substrate utilization of strain JC501T differed
from other members of P. marinus clade significantly and is given in Table 10. Both strains
did not require additional supplements of vitamins for growth; however, growth yields were
enhanced with the addition of yeast extract (0.01 %). The two strains did not hydrolyse
gelatin, starch, chitin, urea, cellulose, casein, or Tweens (20/40/80), whereas they negative
for H,S, nitrate reduction, and acid production. Both strains were positive for the activities

of catalase and oxidase.
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Table 10. Differential characteristics showing the differences between 1.Strain JC5017T 2.
P. marinus NBRC 1006377 3. P. contaminans LMG 29738" 4. P. haematiqui
M1-83T(Kampfer et al. 2019) 5. P. niistensis NII-0918T(Dastager et al. 2011)

Characteristics 1* 2% 3* 4 5
Source Roots of Coastal sea-water ~ Contaminated Horse blood  Forest Soil
Aerides sp. axenic water
Colony colour Shiny and Dull orange Beige Orange Vivid-
bright orange coloured orange
Cell diameter (pum) 0.9-1 0.5-0.8 1-1 1-1 0.5-0.7
Temperature (°C) 25-35(30-35) 10-35(25-35 10-45 (28-30) 10-45 (28- 10-40 (28-
Range (Optimum) 30) 30)
pH range 6-7(7) 6-9 (7-8) 5-7.5 (6-7.5) 5-7.5(6-7.5)  6-12(7-8)
(Optimum)
Growth range for NaCl 0-1 >5 0-1 0-1 0-7
(%)
Indole production + - + nd -
Urea Hydrolysis - - - - +
Carbon substrate
Maltose + - + + nd
Sucrose + - - - -
Inositol + - - + -
Mannitol + - - + -
D-Sorbitol + - + - -
Lactose w+ - + nd -
Acetate w+ - + + -
Mannose + - + + -
Alanine + + + - -
Cellular Fatty acid
Cisn7c¢/ Cig:1006¢ 3" 3" 3" 3" 3"
C10:03-OH () 1" () ) )
Cizo ) ) ) ) I
Cieo 2" 2" ) 1" )
Ci7o 2" tr ) 1" Tr
C18:O 1+ 2+ 2+ 2+ 2+
Co0 1" 1" ) ) Tr
anteiso-Ci3:o 2" 2" () ) 1

*;data obtained are performed in the authors laboratory,
*; genomic G+C; Phoshpatidylcholine, diphosphatidylglycerol, phosphatidylglycerol and
unidentified aminolipids are the major polar lipids in all the strains. Organic substrate
utilization was tested for chemoorganoheterotrophic growth. Glucose, galactose and
pyruvate were utilized by all the strains. Propionate was not utilized by any of the strains.
Sodium nitrate, ammonium sulphate, sodium glutamate and casamino acids were not
utilised as nitrogen sources by the strains except for the peptone. All strains were negative
for the hydrolysis of starch, gelatin, Tween 20, 40, 80, chitin and casein; negative for H>S
production and NOj reduction; +, good growth; -, no growth; w+, weak growth; 17,1-5;
2+%,5-15;3%, >15; (-), absent; tr; trace, nd; no data available
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3.2.1.6. Cellular fatty acid, polar lipid, and quinones

The major fatty acids, which are >20 % of the total fatty acids observed in strain

JC501T were Ci4, Ci7.0, summed feature 8 (Cis.; w7c¢ and/or Cg.; w6¢), and anteiso-C ..

The fatty acid profile differed variably between strain JC501" and other members is

presented in Table 10. Major polar lipids were phosphatidylcholine, phosphatidylglycerol,

glycolipid, diphosphosphotidylglycerol, four unidentified phospholipids (PL1, 2, 3,4), two

unidentified amino lipids (AL1, 2), and two unidentified lipids (L1, 2) (Fig. 19A). Strain

JC501T and P. marinus NBRC 100637" differed with the presence of unidentified amino

lipid (AL2) and two unidentified lipids (L1, 2) in strain JC501T (Fig. 19A, B). Both strains

had ubiquinone 10 as the major isoprenoid quinone.
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Fig. 19. Two dimensional chromatograms showing polar lipids of

(A) strain JC5017

(B) P. marinus NBRC 100637T

For polar lipids, chloroform-methanol-water (75:32:4 [v/v]) was used as the
solvent in the first direction, and chloroform-acetic acid-methanol-water (86:
16: 15:4 [v/v]) was used in the second direction. PG, phosphatidylglycerol;
DPG, diphosphotidylglycerol; PC, phosphatidylcholine; AL1,2, unidentified
aminolipids; PLI1-4, unidentified phospholipids; GL1, unidentified
glycolipid, L1-2, unidentified lipid.
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3.2.1.7. Carotenoid, hopanoids, and indole metabolism

For carotenoid analysis, seven HPLC chromatogram peaks were observed for strain
JC5017 of which peak 1 was adonixanthin diglucoside and peak 5 to 3-carotene (Fig. 20).
Adonixanthin diglucoside was also observed in P. marinus NBRC 1006377, whereas [3-
carotene and unidentified peaks 5-7 were absent. P. marinus NBRC 1006377, tested
negative whereas strain JC5017 tested positive for indole production from L-tryptophan
(Fig. 21A). The variation in HPLC chromatogram of strain JC501T between the control (L-
tryptophan absence) and test (L-tryptophan present) is shown in Fig. 21B. In the test, 4
indole-derived molecules were identified based on UV absorption spectra; of these peak 4
corresponded as indole 3-acetic acid, whereas others remained unidentified (Fig. 21B).
Further, the LC-MS analysis of the indolic extract could identify molecules such as 3-
methyleneoxindole, 3-indolepropionic acid, indole 3-methylacetate, and 3-methyoxindole
(based on retention time, m/z, mass spectral data) (Fig. 21C) (Table 11). These results were

further supported by the genome studies given above.

Relative absorbance (450 nm)

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Time (min)

Fig. 20. HPLC chromatogram showing carotenoid peaks of strain JC5017 (red line)
and P. marinus NBRC 1006377 (black line). 1, adonixanthin diglucoside, 2-
4,6,7 as unidentified carotenoids; 5, - carotene
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Relative absorbance (280 nm)
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Fig. 21. Strain JC5017 tested positive for indole test whereas P. marinus NBRC

10006371
tested negative

(A) TLC plate developed using Van Urk-Salkowski reagent after the

sample (Strain JC501T control vs treated)

(B) HPLC chromatogram showing L-tryptophan catabolites produced by
strain JC5017 (black line); control (L-tryptophan un-fed; blue line). 1-
7, absorption maxima (nm) taken from the absorption spectra of the
peak. Peaks which have not shown absorption spectra are not labelled.

1-3, 5-7, unidentified metabolites; 4, indole-3 acetic acid

(C) LC-MS was done by the ESI-Q-ToF. 16 peaks were observed with

Table 11. LC-MS data of some indole derivatives found in strain JC5017T

Peak Retention time m/z Compound Compound name Mass

No. formula Spectral

1 9.923-10.230 145 CoH7NO 3-Methyleneoxindole  146.0600,
118.0650

2 12.458-12.958 189 CiiHiINO» 3-Indolepropionic acid  190.0857,
130.0645

6 16.914-17.124 189 CiiHiINO» Indole 3-methylacetate  190.0860,
130.0650

9 22.645-23.033 147 CoHoNO 3-Methyloxindole 149.0261,
105.0372
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3.2.2. Characterization of strain JC701"
3.2.2.1. Home habitat, colony, and cell morphology
Strain JC701" was isolated from a root sample of a flowering epiphytic orchid. It
was collected in March 2020 from Darjeeling, West Bengal (GPS: 27° 07" 69" N, 88° 26’
47" E), India (Fig. 22A). When grown ion nutrient agar, strain JC701T colonies were 0.5—
I mm in diameter, translucent, circular, raised, smooth and pale yellow (HiMedia M0O1).
Cells of strain JC501T were rod-shaped (0.8—1 um) and divided by binary fission (Fig. 22B,

C). Cells were Gram-stain-positive, non-motile, and non-endospore forming.

Fig. 22. (A) An epiphytic orchid (post-flowering) which was collected from
Darjeeling, West Bengal
(B) SEM image of the cells of the culture grown in NA media for 4 days
at 30°C (C) Rod shaped cells of strain JC7017 (size, 0.8-1 pm)
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3.2.2.2. Phylogeny based on 16S rRNA and whole genome

The analysis of the 1552 bp length of the 16S rRNA gene by BLAST analysis
(EzBioCloud) showed that strain JC701T is phylogenetically affiliated to the genus
Microbacterium, with its nearest type strain being M. testaceum NBRC 126757 (99.3 %)
and other members of the genus Microbacterium (<98.7 %). The 16S rRNA gene-based
phylogenetic tree suggested that strain JC7017 formed a distinct clade with members like
M. testaceum, M. hydrothermale, M. resistens and M. kyungheense (Fig. 23). Likewise, a
comparable clustering order was observed when the phylogenetic tree was constructed (92
concatenated sequences) by the UBCG tool (Fig. 24).
3.2.2.3. Genomic characterization

The genome size of strain JC701T and M. testaceun NBRC 12675™ was 3.5 Mbp
and 3.6 Mbp, respectively. The genomic characteristics are further shared in Table 12 and
clearly distinguish strain JC701" from M. testaceum NBRC 12675". Similarly, DNA G+C
content was 70.5 mol % for strain JC7017,whereas for M. testaceum NBRC 126757 was
69.7 mol %. The dDDH, ANI, and AAI values between the two strains (strain JC701T and
M. testaceum NBRC 126757) were 29.4 %, 85.2 %, and 86.6 %, respectively. Further, the
OrthoVenn2 results showed that 2573 clusters were shared between both strains, with 22
unique clusters belonging to strain JC701T and 26 clusters belonging to M. testaceum
NBRC 126757. 22 unique clusters of strain JC701T were grouped into biological processes
of cellular, nitrogen compound, aromatic compound, and RNA metabolism. For M.
testaceun NBRC 12675", 26 unique clusters were grouped into carbohydrate, cellular,
drug, developmental, macromolecule, and heterocyclic compound metabolism. The anti-
SMASH software predicted four biosynthetic gene clusters for secondary metabolites,
which were beta-lactone (microansamycin), terpene (carotenoid), T3PKS (herboxidiene),

and NAPAA (non-alpha poly-amino acids) like ginichelins.
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99/97/ \;Microbacter[um enclense N10-10027 (JF421612)
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Fig. 23. Phylogenetic tree based on 16S rRNA gene sequences showing affiliation of
Microbacterium sp. JC701T with the other members of the genus
Microbacterium using NJ algorithm and additional algorithms (ML and MP)

Plantibacter flavis DSM 140127 (AJ310417) is an outgroup.

Plantibacter flavus DSM 140127 (RKHL01000000)
Microbacterium resistens NBRC103078T (BCRA01000000)
Microbacterium azadirachtae DSM 238487 (JYIT01000000)
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Fig. 24. Phylogenomic tree based on 92 concatenated genes (UBCG tool) showing
affiliation of Microbacterium sp. JC701T with the other members of the genus
Microbacterium. Plantibacter flavis DSM 140127 (RKHL00000000) is an

outgroup.
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3.2.2.4. Physiological and biochemical analysis

Both strain JC701T and M. testaceum NBRC 12675 could grow well in nutrient
broth and BP media at 30 °C within 3 days. Strain JC7017 could grow well in the range of
14 to 37 °C (optimum 30 °C), whereas M. testaceurmm NBRC 12675" could grow in a range
of 20 to 37 °C (optimum 30 °C). As for pH, strain JC7017, and M. testaceum NBRC 126757
required an optimum pH 7 (pH range 5.0 to 8.0) and 7.5 (range of 8 to 10), respectively.
Strain JC7017T did not require NaCl for its growth while tolerated up to 6.0 % (w/v), whereas
M. testaceum NBRC 12675" tolerated up to 7.0 %. Strain JC7017 showed positive growth
in a number of carbon sources like D-glucose, ribose, sorbitol, sucrose, inositol, pyruvate,
arabinose, lactose, fructose, galactose, maltose, and rhamnose (Table 12), whereas no
growth was observed with carbon sources like mannose. Strain JC701T could utilize both
peptone and ammonium sulphate as nitrogen sources. The carbon substrate utilization by
strain JC7017" differed greatly from M. testaceurn NBRC 12675 and are presented in Table
12. Both strains did not require additional supplements of vitamins for growth; however,
growth yields were enhanced with an addition of yeast extract (0.01 %). The two strains
under the study could not hydrolyse starch and gelatin; they were similarly negative for
H,S production. Both strains were positive for oxidase activity. The differential

characteristics for both are presented in Table 12.

97



Results

Table 12. Differential characteristics between 1. Strain JC701T 2. M. testaceum

NBRC 1006377

Characteristics 1 2

Colony morphology Yellow, shiny Orange
Isolation Source Orchid roots Rice grain
Motility Non-motile Motile
Catalase - +

Cell shape Rod Coccus
Cell size (um) 1 0.9-1
Optimum Temperature (°C) (range) 30 (14-37) 32 (20-37)
Optimum pH (range) 7 (5-8) 7.5 (8-10)
NaCl concentration 0-6 % 0-7 %
Carbon substrates

D-Glucose + -
D-Ribose + -
D-Sorbital + -

Sucrose + -

Inositol + -
Mannose - +
Arabinose + -
D-Lactose + -
Rhamnose + -

NOs reduction/Indole -/+ +/-
Cellular Fatty Acid

anteiso-Cis:o 34.6 43.3
anteiso-Ci7:0 29.1 27.2
iSO-C16;o 22.5 23.1
150-Ci4:0 0.9 0.8
150-Ci17.0 5.6 2.1
i80-Ci5:0 4.5 2.5

Cie:0 2.1 0.5
anteiso-Ci7.1 A 0.8 -
Genome characteristics

Genome Size (Mbp) 3.5 3.6
Scaffolds 9 28

G+C content (mol %) 70.5 69.7
DDBJ/EMBL/GenBank JAJNCV00000000 BIJML00000000

Both strains are oxidase positive. Organic substrate utilization was tested for
chemoorganoheterotrophic, for both strains positive growth in fructose, galactose, maltose
(as carbon substrate; positive growth in ammonium sulphate and peptone (nitrogen source).
Both the strains are H»>S production negative, gelatin and starch hydrolysis negative

98




Results

3.2.2.5. Cellular fatty acid, polar lipid, quinone, and indole analysis

The major fatty acids, which is >20 % of the total fatty acids in strain JC701" were
anteiso-C;s,, anteiso-C,7, and iso Cig0. The differences in the fatty acid profile between
strain JC701" and M. testaceun NBRC 12675" are in Table 12. The major polar lipids of
strain JC701T was phosphatidylglycerol, diphosphosphotidylglycerol, an unidentified
phospholipid, and three unidentified glycolipids (GL1, 2, 3) (Fig. 25A). Strain JC701T"
differed from M. testaceum NBRC 126757 in having an unidentified phospholipid and
unidentified glycolipid. The major isoprenoid quinone in both were menaquinone-10 and
menaquinone-11. The major polyamine is spermidine. Strain JC7017 tested positive for
indole production from L-tryptophan, whereas M. testaceum NBRC 126757 tested negative
(Fig. 25B). The differences in HPLC chromatogram of strain JC701T between the control
(L-tryptophan absence) and test (L-tryptophan present) are shown in Fig. 25B. In the test
sample, 4 indole-derived molecules were identified on UV absorption spectra. Peak 3 was
identified as indole 3-acetic acid, whereas others (peak 1,2, 4) are unidentified (Fig. 25B).

Test
Control

0.0 5.0 100 150 200 25.0 30.0
Time (min)

phosphatidylglycerol,

metabolites; 3, indole-3 acetic acid

Fig. 25. (A) 2 dimensional chromatograms showing polar lipids of strain JC701T: PG,

(B) HPLC chromatogram showing L-tryptophan catabolites produced by strain
JC7017 (red line), control (L-tryptophan un-fed; black line) at 280 nm. Peaks
which have not shown absorption spectra are not labelled. 1-2, 4, unidentified
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3.3.3. Characterization of strain JC1013"

3.3.3.1. Home habitat, colony, and cell morphology

In May 2018, an orange-colored pond found in a saltern area on the coast of Tamil
Nadu, India (Fig. 26A) was chosen as the sampling source (home habitat) for bacterial
isolation (GPS positioning: 10°21'11"”"N and 79°50'41"E). At the time of sample collection,
the pond's pH and salt concentrations were 7.5 and 80 g.I"!, respectively. After a few days,
orangish pink colonies developed, which were purified by streaking on nutrient agar (NA)
containing 2 % (w/v) of NaCl. Glycerol stocks were made from pure culture, kept at -80
°C. Strain JC1013T was cultivated in NB (2% NaCl) unless otherwise mentioned. JC1013T
colonies were 2 mm in diameter, orange in hue, dispersed irregularly, and flat (Fig. 26B).
Gram-positive, endospore-forming cells are strain JC1013T (Fig. 26C). The cells of strain
JC1013™ were rod-shaped and non-motile, measuring 2-3 m in length and 0.1-0.2 m in
breadth (Fig. 26D, E). In nutrient agar (HiMedia M0O1), tryptic soy agar (HiMedia MO11),
and BF media, strain JC1013T grew well.
3.3.3.2. Phylogeny based on 16S rRNA gene and whole genome

EZBioCloud BLAST study of the 16S rRNA gene sequence (1445 bp) indicated
that strain JC1013" had the highest identity (%) with the members of the genus
Mesobacillus; M. selenatarsenatis SF-17 (98.7 %) and M. subterraneus DSM 139667 (97.8
%) being the nearest members. According to the 16S rRNA gene-based phylogenetic
neighbour joining tree, strain JC1013" formed a separate cluster with its closely related
species of the genus Mesobacillus, which was further combined with ME and ML (Fig.
27). JC1013". This clustering order was comparable to the RAxML-based UBCG
phylogenomic tree (Fig. 28). Strain JC1013T was also confirmed as a "possible new

species" by the Type (Strain) Genome server (TYGS) (http://tygs.dsmz.de).
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Fig. 26. (A) Sampling site
(B) Colony morphology of strain JC1013Tin NA
(C) Confocal microscopic image of strain JC1013T
(E) Cell image of strain JC1013T under FESEM
(F) Rod-shaoed morphology of strain JC1013"
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97/97/89- Mesobacillus jeotgali YKJ-10T (AF221061)
0.01 53/54/69 |L Mesobacillus boroniphilus JCM 217387 (AB198719)

80/82/51 |~ Mesobacillus subterraneus DSM 13966" (FR733689)

71/70/70 Mesobacillus aurantius sp. nov.JC1013" (LS998022)

9¢

7198 | Mesobacillus selenatarsenatis SF-17 (AB262082)
98/97/90

Mesobacillus thioparans BMP-1T(DQ371431)

Mesobacillus stamsii BoGIc83T (AY 189804)
Mesobacillus foraminis CV53T (AJ717382)

Mesobacillus zeae JJ-247"7 (KY114944)
80/80/78
Mesobacillus campisalis SA2-6" (AB859673)
L . . T
58/58/58 —— Mesobacillus persicus B48" (HQ433471)

97/97/99 Mesobacillus maritimus KS16-9 (KP317497)
Mesobacillus rigiliprofundi IMBB1T(KJ630837)

Paenibacillus polymyxa ATCC 8427 (X57308)

Fig. 27. Phylogenetic tree based on 16S rRNA gene sequence comparisons, using the
Neighbor-joining algorithm (NJ) and the additional algorithms like ME and
ML. MEGA7 software was used for computing. Paenibacillus polymyxa
ATCC 842T (AFOX01000032) was used as an outgroup. Numbers at the
nodes represent the bootstrap values. On the nodes Bar, 0.01 accumulated
changes per nucleotide.

HepS HepT SqhC YipB

97  Mesobacillus jeotgali YKJ-10T (AF221061)
0.0100

L Bacillus boroniphilus JCM 21738T (AB198719)

76 t Mesobacillus subterraneus DSM 13966 (FR733689)

67 Mesobacillus aurantius JC1013" sp. nov. (LS998022)

98 Mesobacillus selenatarsenatis SF-1T7 (AB262082)

98
evabaullm thioparans BMP-1T(DQ371431)

Mesobaczllus stamsii BoG1c83T (AY 189804)

Mesobacillus foraminis CV53T (AJ717382)

r Mesobacillus zeae JJ-2477 (KY 114944)

ﬁ

62

Mesobacillus campisalis SA2-6" (AB859673)

Mesobacillus persicus B48T (HQ433471)
97 “7Mesobaczllus maritimus KS16-9 (KP317497)

Mesobacillus rigiliprofundi 1MBB1 (KJ630837)

Paenibacillus polymyxa ATCC 8427 (X57308)

Fig. 28. The phylogenomic tree of genus Mesobacillus based on 92 concatenated genes
representing the distribution of sporulene synthesis genes. HepS- Heptaprenyl
diphosphate synthase component I; HepT- Heptaprenyl diphosphate synthase
component II; Sghc- Sporulenol synthase (Squalene hopene cyclase); YipB-
Tetraprenyl beta curcumene synthase; Squares with color refers to identity of
genes involved in sporulene synthesis compared to B. subtilis genes. >50 %
(red color); <50 % (yellow color); Not present (white).
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3.3.3.3. Genomic characterization

Strain JC1013T had a genome size of 4.6 Mbp, 43 scaffolds, and an Ns, value of
2,17,424 bp. Strain JC1013T and M. selenatarsenatis SF-1T have 42.7 % and 42.1% G + C
content in their genomes, respectively. Table 13 lists the genomic features of strain and
other closely related relatives. Between strain JC1013" and M. selenatarsenatis SF-17, the
ANI and AAI scores were 84.6 %, and 88.5 %, respectively. For these two strains, the
dDDH levels were 29 %. With other members, the ANI, AAI, and dDDH values were
below 28.9 %, 88.3 % and 84.5 %, respectively. When compared to the other genomes, the
genomic arrangement of strain JC1013T looked to be reordered and inverted (perhaps
because of rearrangements, recombination, and horizontal transfer) (Fig. 29A). The LCBs
of the Mesobacillus genus varied greatly from one another (Fig. 29A). The PATRIC
server's proteome comparison service was also used to compare the proteome map based
on protein sequence identity. The results revealed that the bulk of the proteins in the strain
JC1013T are 10-90 % compared to those in other Mesobacillus species (Fig. 29B). This

indicated that strain JC1013T was distinct from other Mesobacillus strains.

Table 13. Genome characteristics of the strain JC101317T, 2, M. selenatarsenatis SF-17;3, M.
subterraneus DSM13966"; 4, M. jeotgali DSM18226%; 5, M. boroniphilus JCM
21738T

Species Strain Genome G+C DDBJ/EMBL/

Size content GenBank
(Mbp) (mol %)
Strain JC1013T =NBRC 114146 4.6 42.7 JAAVUMO00000000
=KACC 214517

M. selenatarsenatis =JCM 143807 4.8 42.8 BASE00000000*

=DSM18680T

M. subterraneus =ATCC 136" 4.2 43.9 JXIQ00000000*

=DSM13966"

M. jeotgali =KCCM 410407 4.7 41 CP025025*

=JCM 10885T
M. boroniphilus =DSM 173767 4.4 42 BAUWO0000000*
=ATCC BAA 12047
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Fig. 29. (A) Genome organization of Mesobacillus spp. Genome of strain JC1013T was
used as a reference
(B) Genome map based on protein sequence identity between strain JC10137
and other closely related species of Mesobacillus. 1. Strain JC1013T; 2.
M. selenatarsenatis SF-1T; 3, M. subterraneus DSM 13966"; 4, M.
Jjeotgali DSM 18226"; 5, M. boroniphilus JCM 21738
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Further, strain JC10137, M. selenatarsenatis SF-17, M. subterraneus DSM 139667,
M. jeogtali DSM 182267, and M. boroniphilus JCM 21738" were examined for pan-genome
analysis (Fig. 30). A total of 6023 genes were evaluated for this study, with 2154 designated
as core genes. M. selenatarsenatis SF-1T and strain JC1013T possess 482 and 118 accessory
genes. The number of accessory genes in M. subterraneus DSM 13966, M. jeogtali DSM
18226", and M. boroniphilus JCM 21738" are given in Fig. 30A. The pan and core of strain

JC1013T under investigation differed significantly from its related members (Fig. 30B, C).

569 ¢

M. jeotgali DSM 18226"

ln{l II‘H | ]

I I|ﬁ

“ M. jeotgali DSM 182267

M. boroniphilus JCM 217387

I | M. selenatarsenatis SF-17

Strain JC1013T

M. subterraneus DSM 13966"

M. jeotgali DSM 18226T

M. boroniphilus JCM 217387

M. selenatarsenatis SF-1T
StrainJC10137

M. subterraneus DSM 13966"

Mo 172 M

Fig. 30. Pan genome analysis of strain JC1013" and its closely related members
(A) Diagrammatic representation of the core genome and accessory genome (outer
circle),
(B) Bar plot showing the pan-genome of strain JC1013T and closely related members

(C) Bar plot representing the core genomes of strain JC1013T and closely related
members
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3.3.3.4. Metabolic characterization

Only strain JC1013T has all of the genes encoding the sporulene production
pathway, according to the in-depth genomic investigation of Mesobacillus members (Fig.
28). The important enzyme sporulenol synthase (EC 4.2.1.137) was missing among the
other 4 members (M. selenatarsenatis, M. jeogtali, M. subterraneus, and M. boroniphilus).
Sporulenes are a type of triterpenoid found in Bacillus subtilis spores. Their function is
unknown; however, strain JC1013T could be a possible generator of sporulenes.
Furthermore, strain JC1013T was distinguished from other Mesobacillus species by the
presence of genes coding for styrene degradation, carotenoid biosynthesis, benzoate
degradation, and xylene degradation. The gene encoding catechol 2, 3-dioxygenase (EC
1.13.11.2) in strain JC1013T alone indicates that it can grow on aromatic hydrocarbons. The
presence of carotenoid biosynthetic genes in strain JC1013™ can be ascribed to the existence
of coloured pigments, whereas absent in M. selenatarsenatis SF-1T7.
3.3.3.5. Conserved signature indels and carbohydrate-active enzyme annotation

CSIs of two amino acid insertion in PhoH family protein (Fig. 31A), one amino
acid deletion in YpjP family protein and one amino acid insertion in TrkA family potassium
uptake protein (Fig. 31B) were also found in strain JC1013". (Fig. 31C). The annotated data
of carbohydrate-active enzymes was also utilised to create Venn diagrams (Fig. 32). Six
glycosyltransferases (GT) families, four carbohydrate esterase (CE) families, twenty-three
glycosyl hydrolase (GH) families, five carbohydrate-binding modules (CBM) families, and
two auxiliary activity (AA) families were discovered after annotating all of the genomes
(Fig. 32A). Two families, AA2 of the auxiliary activity family (Fig. 32B) and CE1 of the
carbohydrate esterase family, were unique to strain JC1013T (Fig. 32C). Glycosyl-o-
hydrolase (Fig. 32D), carbohydrate-binding modules (Fig. 32E), and glycosyltransferases

are among the other type of enzyme families represented (Fig. 32F).
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Fig. 31. (A) Partial sequence alignments of PhoH (phosphate starvation-induced) family

protein showing a two amino acid insert

(B) TrkA family (potassium uptake protein) containing a one amino acid insertion

(C) YpjP (uncharacterized) family protein showing a 1 amino acid deletion
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A. All families B. Auxiliary activity C. Carbohydrate esterase

1 — Strain JC1013T

2 — M. selenatarsenatis SF-1T

3 — M. subterraneus DSM 139667
4 — M. boroniphilus JCM 21738"

E. Carbohydrate binding module
F. Glycosyl transferase

D. Glycosyl hydrolase

Fig. 32. Venn diagram showing the comparative carbohydrate-active enzyme annotation of strain JC1013T with its closely

related members
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3.3.3.6. Physiological and biochemical analysis

Strain JC1013T grew at temperatures ranging from 25 to 40 °C (optimum at 30 °C)
and a pH range of 6.0-8.5. (optimally at 7.0). In the presence of 0—7 % w/v NaCl, strain
JC1013T grew. When lactose, inositol, pyruvate, sorbitol, and mannose were used as the
only carbon sources, the strain JC1013T thrived well; however, fructose had no effect. With
carbon sources like galactose, glucose, and arabinose, strain JC1013T grew slowly. M.
selenatarsenatis MTCC 9470T grew well anaerobically; however, strain JC1013T did not.
Both cultures could utilise ammonium chloride and tryptophan as nitrogen sources. Both
strains (JC1013™ and M. selenatarsenatis MTCC 94707) did not require any additional
vitamins to grow; however, yeast extract improved the growth. Table 14 shows how strain
JC1013" used substrate differently than M. selenatarsenatis MTCC 9470". The gelatin
hydrolysis test was negative for strain JC1013T, but the indole test was positive.
Galactosidase, esterase, alkaline phosphatase, esterase lipase, and naphthol-AS-BI-
phosphohydrolase were all found positive in strain JC1013". Leucine arylamidase, lipase,
cysteine arylamidase, valine arylamidase, trypsin, acid phosphatase, a-chymotrypsin, a-
galactosidase, a-glucosidase, 3-glucuronidase, and 3-glucosidase were all negative in both
strains. M. selenartsenatis MTCC 9470T was responsive to all antibiotics except penicillin,

while strain JC1013T was sensitive to everything except chloramphenicol and tetracycline.
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Table 14. Characteristics that differentiate JC1013T from its closely related species.
Strains: 1, JC1013T; 2, M. selenatarsenatis SF-17; 3, M. subterraneus DSM
13966" (Kanso et al. 2002);4, M. jeotgali DSM 18226" (Yoon et al. 2017)

Characteristics 1* 2% 3 4
Source Pond, salt Sediment, Bore-well Fermented
lantern effluent drain  water sea food
Colony colour Orangish white white Cream
pink yellow
Oxygen requirement aerobic facultative facultative facultative
anaerobic anaerobic aerobe
Cell diameter (um) 0.9-1 0.5-0.8 0.5-0.8 0.8-1.1
Temperature (°C) 28-37 (30) 25-40 (40) Room 30-35
range for growth temperature
(Optimum) to 45
pH range for growth 6-8.5(7) 7.5-9 (8) 7-9 7-8
(Optimum)
Growth range for NaCl 0-7 0-5 0-9 0-14
(%)
Carbon substrate:
Galactose w+ + - -
Arabinose w+ - - -
Glucose w+ - + +
Sucrose - + + +
Mannitol - + - -
Indole + - - -
Gelatin hydrolysis + + +
Nitrate reduction + + + +
Cellular FA
iso-Cis:0 38.1 46.5 46 49.3
iso-Cie:0 3.8 1.5 5.4 2.3
iso-Cia0 4.0 2.5 4.3 1.9
anteiso-Ci2.0 0.6 - - -
anteiso-Cis.o 7.3 3.1 6.4 8.8
Ci6:03-OH 7.8 - - -
Ci6:0 ®5c alcohol 7.0 - 8.5 4.5
iso- Ci17:0010c 7.4 16.8 5.7 7.5
4 (iso-Ci7.11/ anteiso B) 5.8 5.1 4.1 6.6
Genomic G+C mol % 42.7 42.8 43+1 41

*data presented were performed in the author’s laboratory;

Both strains were positive for the hydrolysis of starch, CMC; nitrate reduction; H2S
production whereas negative for hydrolysis of casein, urea, chitin and absence of lipase,
leucine arylamidase, valine arylamidase, cysteine arylamidase, trypsin, a-chymotrypsin,
acid phosphatase, a-galactosidase, B-glucoronidase, a-glucosidase, B-glucosidase. Major
polar lipids in both the strains were diphosphatidylglycerol, phosphatidylglycerol,
phosphatidylethanolamine. Pyruvate, lactose, inositol, mannose, and sorbitol were utilised
as carbon substrates by both the strains whereas fructose was not utilized
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3.3.3.7. Cellular fatty acid, polar lipid, and quinone analysis

Is0-C;s,, anteiso-Cis., Ci6.0 3-OH, is0-C,7,0w10c and summed feature 4 (iso-C;7,; I/
anteisoB) were the primary fatty acids found in strain JC1013" (> 20 % of the total fatty
acids). Table 15 shows the differences in fatty acid profiles between strain JC1013" and M.
selenatarsenatis ~ MTCC  9470T.  Diphosphatidylglycerol,  phosphatidylglycerol,
phosphatidylethanolamine, two unidentified aminolipids (AL1, 2), and four unidentified
phospholipids (PL1, 2, 3, 4) are all found in strain JCI013T. (Fig. 33A).
Diphosphatidylglycerol, phosphatidylglycerol, phosphatidylethanolamine, and nine
unidentified phospholipids (PL1-9) were found as polar lipids in M. selenatarsenatis

MTCC 94707 (Fig. 33B). The quinone system in both strains was menaquinone-7.

It
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Fig. 33. Two dimensional chromatograms showing polar lipids of
(A) Strain JC1013T
(B) M. selenatarsenatis MTCC 94707
PG, phosphatidylglycerol; DPG, diphosphotidylglycerol; PE,
phosphatidylethanolamine; AL1,2, unidentified aminolipids; PL1-9,
unidentified phospholipids
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3.3.3.8. Cell wall amino acid and indole metabolism

m-diaminopimelic acid was the diagnostic cell wall amino acid of strain JC1013T
(Fig. 34). Indole production from L-tryptophan was negative in M. selenatarsenatis MTCC
94707, Based on UV absorption spectra, five indole derivatives were discovered from strain
JC1013" (Fig. 35), with peak 2 corresponding to indole 3-acetic acid and peak 5
corresponding to indole, and the other three unidentified indoles. The genomic

characterisation, as mentioned above, helped in corroborating the HPLC result of indoles.

Strain JC1013"
e Mesobacillus selenatarsenatis MTCC 94707
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Fig. 34. HPLC chromatogram showing cell wall amino acid peaks of strain
JC1013T and M. selenatarsenatis MTCC 9470" (Strain 1013 had D-
Alanine and L-Lysine)
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Fig. 35. HPLC chromatogram showing L-tryptophan catabolites produced by
strain JC1013T (black line); control red line). Peaks which have not
shown absorption spectra are not labelled. 1, 2, 3, 5, unidentified
metabolites; 2, indole-3 acetic acid; 5. indole
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3.3.3.9. Carotenoid production and pathway analysis

The carotenoid production was checked in three media of nutrient broth (NB),
marine broth (ZM), and Biebl and Pfennig broth (BP) (Fig. 36A). Strain JC1013T had a
short generation/ doubling time of 3.6 hrs in NB compared to when grown in the other two
media. Along with the generation time, an increase in fresh weight (12 gL!) and dry weight
(2.5 gL') was observed in NB (Fig. 36B). Therefore, strain JC1013T was grown in nutrient

broth for further experiments.
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Fig. 36. (A) Growth curve of strain JC1013" (Generation/doubling time= 3.6 hrs in NB)
(B) Biomass (Fresh and dry) of culture of strain JC1013" grown aerobically
under different media at 32°C, rpm 121 for 72 hrs
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3.3.3.9.1 Analysis of the crude carotenoid extract

For the crude pigments (secondary metabolites) extracted as mentioned (Section
2.4.4.8.2), the absorption spectrum was measured (300-1100 nm) and showed that the
absorption maxima in methanol were observed in 254, 266, 426, 488, 508, and 522 nm
(Fig. 37A). Further, the HPLC chromatogram for carotenoids of strain JC1013T showed
seven peaks. Peaks 5 and 6 matched zeaxanthin and lycopene (based on absorption
spectrum), respectively, with the remaining five carotenoids remaining undetermined (Fig.
37B). The mass spectrometry analysis of crude extract showed three major peaks, and seven
minor peaks of pigments (Fig. 38A). Peaks 1, 2, 3 and 4 could be putatively identified (Fig.
38B, C, D, E). The pigment profile is putatively identified as follows (B) 4-
Hydroxyzeaxnthin, (C) 7,8-Didehydroastaxanthin, (D) 7,8- Dihydrozeaxanthin, (E) OH-

Neurosporene (Table 15).

50 Zeaxanthin

6-522nm

N1 5-508 nm
N~ 4-488nm
3-426 nm
2-266 nm

1-254 nm

5

Lycopene

6

Abs.

Absorbance (450nm)

i 18 20 22 24 26 28 30

Time(min)

3.2

Fig. 37. (A) Absorption spectra of extracted pigments of strain JC1013" (250-600nm)
(B) HPLC chromatogram showing carotenoid peaks of strain JC1013";1-4,7
unidentified carotenoids; 5, Zeaxanthin; 6, Lycopene
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Fig. 38. (A) LC-MS chromatogram of crude carotenoid extract of strain JC1013T
(B) Mass spectral data of compound corresponding to peak 1 (7,8-Dihydroastaxanthin)
(C) Mass spectral data of compound corresponding to peak 2 (7, 8-Dihydrozeaxanthin)
(D) Mass spectral data of compound corresponding to peak 3 (4-Hydroxyzeaxanthin)
(E) Mass spectral data of compound corresponding to peak 4 (Hydroxyneurosporene)
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3.3.3.9.2. Analysis of purified carotenoid fractions

The crude pigments (carotenoid) extracted were purified into 3 fractions by thin
layer chromatography (Fig. 39). In fraction 1 (Fig. 39A), three compounds like phytoene,
antheraxanthin, phytofluene were identified; in fraction 2 (Fig. 39B), four compounds like
2, 2-Dihydroxyastaxanthin, OH-neurosporene, and compound II were identified. In
fraction 3 (Fig. 39C), eschsholtzanthin and compound I was identified. Other information

related to putatively identified compounds is depicted in Table 17.

(A) Total ionization chromatogram of the 1% Fraction
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Fig. 39. Total Ionization chromatogram (TIC) of purified three fractions of the
carotenoid extract of strain JC1013T
(A) Fraction 1 (B) Fraction 2 (C) Fraction 3

Table 16. Table showing the retention time, mass (g mol™'), formula, name and mass
spectra of each peak in the respective fractions

Frac. No. Peak Mass Compound Compound name Mass Spectral
No. g/mol formula

1 2 544 CyoHega Phytoene 459.6, 333.1,297.4
1 4 584 C46H5605 Antheraxanthin 459.2,386.4, 297.5
1 21 5429 CyHe Phytofluene 379.2,311.1,227.2
2 2 564 C40Hs,0, Compound II 453.0,312.7,248.7
2 628.9  C4H5,06 2,2’-Dihydroxyastaxanthin 521.3,249.0, 161.0
2 557.8  C4HgO OH-neurosporene 450.9, 2974, 249.4
2 12 570.8  C4Hs30, 7,8- Dihydrozeaxanthin 476.1,311.1, 249.3
3 1 590.5 C4Hs50, Eschscholtzanthin 496.3, 390.5, 291.3
3 21 566.6 C4Hs40, Compound I 465.3,420.3,324.4
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3.3.3.9.3. Prediction of carotenoid pathway

The result given by the anti-SMASH 5.0 server showed that strain JC1013T had 33
% of gene identity to the carotenoid biosynthesis gene clusters (total of 10 clusters) with
the pre-existing organism’s in the database. The identification of carotenoid gene clusters,
similarity identity, accession number and the organisms name is given in Table 18.
Therefore, combinatorial studies based on analysis of genomic and metabolomic (HPLC,
LC-MS) data have resulted in predicting the carotenoid biosynthetic pathway in strain

JC10137, as illustrated in Fig. 40.

Table 17. Gene identity (%) of strain JC10137 carotenoid biosynthesis pathway predicted
by anti-SMASHS.0

Cluster Gene % ldentity = Organism Accession no.

No. (BlastP)

1 Squalene/phytoene 93.4 Bacillus sp. KAA0549531
synthase family protein

2 Squalene-hopane cyclase 88.7 Bacillus WP 115452006

piezotolerans

3 SDR family 89.9 Mesobacillus. WP 079508828
oxidoreductase Jjeotgali

4 Phytoene desaturase 93.2 Bacillus salsus SDP04815

5 Phytoene desaturase 92.9 Bacillus luteolus WP_193539229

6 Alpha/beta hydrolase fold 91.9 Bacillus sp. HD4P25 ~ WP 193468623
domain containing protein

7 Phytoene desaturase 94.4 Bacillus sp. HD4P25 ~ WP 193468621

8 Aldehyde dehydrogenase 90.1 Bacillus sp. HD4P25 ~ WP 193468619
family protein

9 Phytoene desaturase 94.9 Bacillus sp. HD4P25 ~ WP 193468617

10 Glycosyltransferase 93.2 Bacillus luteolus WP_193539214
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Fig. 40. Predicted pathway of carotenoid biosynthesis of strain JC1013T derived from
genomic and metabolomic data; written in red colour, found in genome
sequence; black, not found in genome; compound within blue rectangles, mass
(m/z) found in metabolomic data
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3.3.4. Characterization of strain JC162T (= KCTC 32190")

3.3.4.1. Home habitat, colony, and cell morphology

Strain JC162T was isolated from a beach sand sample collected near Pamban bridge,
Rameshwaram, Tamil Nadu, India (GPS positioning of the sample collection site is
9°16°31.61” N, 79°13°34.37” E) on 14 November 2007. The vertical section of the beach
sand showed stratified colored layers (Fig. 41A). These were broadly categorized into three
layers as; purple color-layer 1, orange to brown color-layer 2, and pale cream color-layer
3. From layer 1, Marichromatioum litoris (Shivali et al. 2011) was isolated; the color of
the sand might be attributed to the purple color of okenone carotenoid pigments produced
by this bacterium. The pink pigmented colonies were purified by subsequent streaking on
nutrient agar (NA) (HiMedia, M001). Strain JC162T deposited with KCTC with accession
number KCTC 32190T was procured and characterised along with the type strains of
Roseomonas oryzicola KCTC 22478", which was also further used for comparative
taxonomic studies. Both strains were tested for growth in nutrient agar (HiMedia M001),
tryptic soy agar (HiMedia MO11), and Biebl and Pfennig (BP) media (Lakshmi et al. 2011).
Both could grow well on nutrient agar (HiMedia M001), tryptic soy agar (HiMedia M0O11),
and BP media. Strain KCTC 321907 colonies were 1.0-1.5 mm in diameter, pink in colour,
and convex with irregular margins. Cells of strain KCTC 32190" were 0.6-1 um in diameter
and 1.5-2.0 um in length with elongated oval to spherical shapes (Fig. 41B, C). Gram-stain-

negative and non-motile.
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Fig. 41. (A) A beach sand sample collected from Pamban bridge, Rameshwaram,
Tamil Nadu, India. (GPS Positioning 9°16’31.61” N, 79°13°34.37” E)
Layer 1, purple sand; Layer 2, orange to brown sand; Layer 3, pale
cream sand;
(B) Phase contrast microscopic image strain of KCTC 32190T
(C) FESEM image of strain of KCTC 32190
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3.3.4.2. Phylogeny based on 16S rRNA and genome sequence

EZBioCloud BLAST results indicated sequence identity (%) of strain KC TC
32190" with the type strain of R. oryzicola YC6724" (99.78 %), R. sediminicola FW-31
(98.45 %), R. soli 5N26" (98.23 %) and other members of the genus Roseomonas (<97.9
%). The phylogenetic analysis of the 16S rRNA gene sequence also revealed that strain
KCTC 321907 cladded with R. oryzicola YC6724T (Fig. 42). However, the 16S rRNA gene
based phylogenetic tree indicated that the genus Roseomonas was highly heterogenous and
was segregating into 7 major clades; Group I sensu-stricto (n=4), Group II (n=8), Group
I1I (n=9), Group IV (n=2), Group V (n=2), Group VI (n=7; including strain KCTC 32190T)
and Group VII (n=16) (Fig. 42). Strain KCTC 32190T was affiliated with Group VI. The
members of a phylogenetic tree-defined group shared at least 93.5-99.2 % of the 16S rRNA
gene identity (Table 18). The phylogenomic tree constructed based on 92 core gene of 197
genomes by the UBCG tool confirmed the heterogeneousness of the genus Roseomonas, as
same cladding pattern between members was observed (Group I-VII) (Fig. 43). Genome
sequences of Group IV members (R. aquatica, R. fluminis) were not available (not
considered here). Roseomonas aeriglobus and genomospecies of Roseomonas, clustered
away from the members of the family Acefobacteraceae, therefore not considered for
further analysis (Fig. 43). Based on the 16S rRNA and 92 core genes based phylogenetic

tree, the standing of the members of the genus Roseomonas was analysed in detail.

Table 18. 16S rRNA gene identity (%) between the members of genus Roseomonas

Group I Group I  Group III Group IV GroupV  Group VI Group
Vil

I 96.3-98.9

I 93.5-95.7 94.9-97.8

I 92.3-94.6 92.3-945  93.4-979

IV 94.3-94.7 94-96.4 92.9-94.9 95.6

\Y% 92.6-94.4 92.9-939  92.7-93.9 94.4-95.1 97.1

VI 92.1-943 91.9-93.9 91.3-943 92.5-94.6 94.6-98.4  94.4-98.6

VII  92.4-95.1 91.5-94.7  91.3-04.6 93.4-95.6 92.9-94 92.1-94.3 94.7-99.6
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99/99/99 Roseomonas aquatica TR53T(AM231587) and cultured/uncultured clones (GQ800013, KC853119, KY 190753 |
————— KY386403, JIN020185,FJ979850, FM874375,1X949344,1X949343) } Group 1V
99/99/99 g fluminis D3T(KY 649439) and cultured/uncultured clones (IN229896, KC110928, AY922054) (drinking water, soil, sediments, gut microbiome,
99/99/99 ’7Rusemmnmx hellenica R-73080T (MN647549) Group V amphibians, diesel spills, biofilm, dust, glaciers)
Roseomonas arctica M6-79T (KJ647399) = (rhizosphere, soil)

93/95/87 -Roseomonas lacus TH-G33T (AJ786000)
Roseomonas terrae DS-48" (EF363716)
Roseomonas eburnea BUT-5T (KF254767)
[ Roseomonas alkaliterrae YIM 78007T (KF771274) — Group VI
[ Roseomonas sediminicola FW-3T (JQ349047) . . 3 i
Roseomonas marina KCTC 32190717 sp. nov. (HE984358 (sediments, diesel spills, soil,
Roseomonas oryzicola KC 822478‘ (EU707562) — rhizosphere, freshwater)
Roseomonas coralli M0104T (MN336179)
95/96/50 —————Roseomonas wenyumeia 7237 (MH974806)
Roseomonas ludipueritiae 170-967 (AJ488504)
99/100/100 ————Roseomonas aerophila 7515T-07T (JX275860)
oseomonas musae PN1T (AB594201)
oseomonas globiformis CPCC 1008477 (MGS89944)
Roseomonas vastitas CPCC 1010217 (MK421542)

99/99/99

94/93/80

Roseomonas oryzae JC288T (LN810637) r Group VII
Roseomonas deserti M3T (LT837512) . . . .
ml Ruseumonas aerofrigidensis HC1T (K'Y 126356) (sedlments,_ rl-{izospherc-_), cervix, air, conal,
aestuarii NBRC 1056547 (AB682256) faeces, building material, phyllosphere)

Roxeomouus rhizosphaerae YW 117 (KTC904962)
‘Roseomonas hibiscisoli THG-N2.22T (KX456186)

s Roseomonas cervicalis ATCC 499577 (AF533353)
—Roseomonas suffusca SIT (LT009499)
9319077 ‘Roseomonas rubra S57 gLT009499) -
99/99/99¢ Candidatus Roseomonas massiliae” 1461A (AF531769) 7

Roseomonas mucosa MDAS5527T (AF533352)

Roseomonas gilardii subs . Josea MDAS5605T (EU290160) Group I
R 5B 0m) ) (human blood, olive phyllospherc)

oseomonas harenae CPCC 1010817 (MN883396)

] —————————————Roseomonas rosea 173-967 (AJ488505)

Roseomonas radwduran.s 17Sr1-17 (KY887689)

S1/- Roseomonas aceris” R-1 (AB743853)
76/85/62 ‘Roseomonas pecuniae N757 (GU168019) — Group I
727182 “Roseomonas chloroacetimidivorans” BUT-13 (KT279552) (air, sand, soil, sludge, surface of coin, building material,

oseomonas vinacea CPCC 100056 (rMT7(10]43) . I
R s nepalensis G-3-5T (KX129819) air-conditioning system)
oseomonas aeriglobus KER25-127 (K'Y 864922)

Roseomonas aerilata 5420S-30" (EF661 57 ) MC 36247 (KP274055)
i

57/74 arcticiso,
1 96/84/- Roseomonas bella CQN3I1T (MG601506)
\_,—Roseamonas wooponensis WW 53T (KF619243)
Roseomonas terricola EM3027 (FJ654263)
oseomonas tokyonensis K-20T (AB297501 = Group III
Roseomonas frigidaquae CW 677 (EU29()16()) (water, soil, sediment, pondwater, wetland,

Roseomonas selenitidurans BU-1T (MT107132) iofil - i
Roseomonas riguiloci 03SU10-PT (HQ436503) algae, biofilm, water-cooling system)

Roseomonas algicola PeD5T (MK342491)
52/-/- Roseomonas stagni HS-697 (ABS()‘)ZSXI)
— 84/85/9% 997T007T00~Rhodovarius lipocyclicus CCUG 44693T(AJ633(744) and clonal sequences (MK402055, MH444946)

Rhod. 7 G2-117 (AB381935)
Humitalea rosea W37T (HQ882802)
| — 99799799 Rubritepida flocculans H-8T (AF465382) and clonal sequences (AF402775, KP676740)
Y\Stram BES3-115 (KY319055)
10 ncultured bacterium clone SINO702 (HM129856)

99/99/100 99/99/99 ——Roseococcus suduntuyensis SHETT (EU012448)
64/-/64y 90799195 7 [napia soli PB-K8T(IN171655), Belnapia rosea CPCC 150156 (HQ641379) and uncultured clones (AB22140, MT076232)
91794776 —==Dankookia rubra WS-10T(KF307399) and uncultured clones (AB636953, HM366464)

e 55150100 i cirubricoccus deserti SYSU D8009T (MH547448) and uncultured clone (MN177673)
==Paracraurococcus ruber JCM 933T(LC055640) and other uncultured clone (KU258278, MH547446)
Roseicella frigidaeris DB 15067 (MH547445) and other uncultured clone (LC349272,JX079386, FM873623, HQ742888, KP326327)
Crenalkalicoccus roseus YIM 780237 (KJ361470)
Elioraea tepidiphila DSM 179727 (EF519867)

81/79/61

99/99/9

99/99/99

Fig. 42. NJ phylogenetic tree based on 16S rRNA gene sequences showing the phylogenetic relationship between the members of genus Roseomonas
and other closely related members of family Acetobacteraceae. Elioraea tepidiphila DSM 17972T (EF519867) was used as an outgroup.
Numbers at nodes represent bootstrap values Bar, 0.01 accumulated changes per nucleotide substitutions. (Red color indicates the availability
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Stella humosa DSM 5900 (RJKX01000011)

I~ Azospirillum brasilense SP7 (VISK01000013)
Rnseogr;onas genomospecies GRKQOKWOIOOOIOO) bus KER25-127 JAF 010000001)
92 —— Rhodavarius lipocyclicus CCUG 44693 (JAABL00000000), Rhodovarius sp. CCP-6 (SACL00000000)
Rubritepida flocculans DSM 14296" (AUDH01000001)
—LTCRO:eocuccu: suduntuyensis DSM 19979 (JACIDJ0O0000000), Roseococcus thiosulfatophilus RB-3 (JAFFQY00000000)
2 Roseomonas alkaliterrae LMG 312307 (JAAEDJ010000001)
92'Roseomonas alkaliterrae DSM 25895" (JACIJE010000001)
op —Strain OP-27 (JACADR010000001)
train HF4 (STGD01000001)
Strain PWRI (JAGIYZ010000001)
2 rain MO17(JACADQ010000001)
92 Roseomonas soli LMG 31231" (JAAEDM 010000001) Group VI
Roseomonas eburnea LMG 31228 (JAAEDL010000001)
9 Roseomonas terrae LMG 31159" (JAAEDI010000001)
R

Roseomonas lacus CGMCC 1.3617" (BMKW01000001)

oseomonas marina KCTC 32190T ? nov. (JABBKX010000001)
92 ' Roseomonas oryzicola KCTC 22478" (JAAVUP010000001)
Roseomonas arctica LMG 282517 (JAAEDH010000001)
93 LI Roseomonas hellenica LMG 315237 (JAAGBB10000001) Gl‘Ollp \%

92 - Roseomonas hellenica LMG 31524 (AAGBC010000001)
Crenalkalicoccus roseus YIM 78023 (SIDM01000001)
Caldovatus sediminis CGMCC 1.16330T (BMKS01000001)
Dankookia rubra JCM30602" (SMSJ01000100)
Paraaurococcus ruber DSM 153827 (NRSG00000000), JCM9931 (SMOA00000000)
Roseicella frigidaeris DB1506" (QLIX01000001)
Siccirubricoccus deserti CGMCC 1.159367, Siccirubricoccus phaeus 1-3 (SRX00000000)
Belnapia rosea CGMCC 1.10758"and other related strains (FMXZ00000000, KN676113, JAETWB00000000, JAEUXJ00000000)
9 Roseomonas selenitidurans BU-1" (JAAVNE010000103)
| Roseomonas frigidaguae JCM 150737 (JAAVTX010000010)

[ 92 Strain JCM (JAATJR010000010)

Roseomonas stagni DSM 199817 (FOSQ01000044)

Roseomonas algalicola PeD5" (JAAIKB010000010) Group III
92 LStrain SYSU M41301 (JAERQN010000010)
Strain AR75 (STGB01000001)

92 Roseomonas bella CQN31T (QGNA01000001)

—————Humitalea rosea DSM 24525" (QKYU01000001)
Strain Z24 (RAQU01000105)
Roseomonas wenyumeia 723" (RFLX01000001)
Roseomonas ludipueritiae DSM 149157 (JACTUZ010000001)
Strain 1318 (CP061091)
92 Strain 1311 (JACTNF010000103)
‘Roseomonas aerophila NBRC 108923 (JACTVA010000001)
Strain 546 (CP061177)

92 Strain 573 (JACTNG010000010) Group VII #(JABEQF000000000,

86 |

Roseomonas coralli M0104™ (SNVJ01000001)
—Strain KE0001 (RCVQ01000001)

92 Roseomonas oryzae KCTC 425427 (VUKA01000001)
92

Results

JABEQG000000000, JABEQE00000000,
NKUF00000000, JABEQH00000000,

Roseomonas rhizosphaerac YW11" (PDNU01000001)
Roseomonas cervicalis ATCC 499577 (GG771274)
Strain 18066 (CACSIM010000001)

Roseomonas vinacea DSM 19362 (BOI3DRAFT) BDLU00000000,

Roseomonas aerilata DSM 19363" (JONP01000001)
train KE2513 (CVR01000001)

I Roseomonas rosea DSM 14916" (FQZF01000081)
train SSH11 (JAGIZB010000001)

Roseomonas pecuniae DSM 256227 (JACLID010000001)

92| gpfStrain U14-5 (CP015583) LRI
92, Strain DE0006 (VEIX01000010)

Roseomonas gilardii subsp. rosea ATCC BAA-691T (JADY01000001)

Roseomonas gilardii subsp. rosea NCTC13290" (UGV001000005)

92l Roseom onas mucosa NCTC13291" (UG VN01000004)
Roseomonas mucosa ATCC BAA-692T (JHWD01000001)
train B5 (ALOX01000001)
train FDAARGOS_362 (CP024588)
92 Strain TAS13 (BDLP01000001)
92 Acidocella aminolytica DSM 112377 (BANC00000000), 4. facilis ATCC 35904 (JHYG00000000)

BMCH00000000)

95 22— Rhodovastum atsumiense DSM 212797 (VW PK01000100)
Rhodopila globiformis DSM 1617 (NHRY01000001)
Acidisphaera rubrifaciens HS-AP3" (BANBO1001239)

Acidibre ile G45-3T (CP029176)
Acidicaldus organivorans DX-1T (JIPYW01000001)
66 Granulibacter bethesdensis CGDNIHAT (CP003182)
Endobacter medicaginis CECT 8088" (JACHXV010000001)
92 Lichenicoccus roseus KEBCLARHBTORT (VCDIO1000001)

Liche émla doniae PAMC 26569". (CPO: 3708r) .
enus Komagataeibacter species and other strains*

—=ll Genus Glucanoacetobacter speciesand other strains’
"Ameyamaea chiangmaiensis LMG 27010T (JABXXR010000001)
Tanticharoenia sakaeratensis NBRC 103193" (BALE01000094)
Acidomonas methanolica DSM 54327 (SLZN01000001)
Swaminathania salitolerans NBRC 104436" (BJIVC01000001)
\_—== Genus Asaia species and other strains®
> Kozakia baliensis NBRC 166647 (BIVW01000001)
Neoa. chiangmaiensis NBRC 101099" (BJXS01000001)

f_‘ Neokomagataeia !am’nsm AHI3T (CP032485), N. thailandica NBRC 106555T (BCZB00000000)
—

53

Swingsia samuiensis AH83" (CP038141)

Gluconobacter wancherniae NBRC 1035817 g JUZ01000001)
0.10 QOecophyllibactersaccharovorans Ha5T (CP038143)
92 L\#—— Bombella intestini R-52487" (JATM00000000) and other related strains (JADAQV00000000, LMYH00000000)
L — Saccharibacter floricola DSM 15669" (KB899333)
Genus Acetobacter species and other strains (WOTH00000000, WOSY00000000, JAAABN00000000, BAMU00000000,
WOTB00000000, WOSX00000000, BJYG00000000, BJYF00000000, JAFVMF00000000, BJVR00000000,
LHZU00000000, BAMW 00000000, BAMV00000000, BAMX00000000, CP060244, AGFR00000000, W OSV00000000,

LHZC00000000, LHZA00000000, BAJTW 00000000, WOTF00000000, CP012111, CP042808, CP023657, CPO11120, CP015164,
BAIN00000000, JAFVMG00000000, WOTE00000000, BJVT00000000, WOTD00000000, NCXK00000000, JACHIE00000000,

BAJU00000000)

92— R itatis CPCC 1010217 (QXGS01000001) JABEQ JABEQ
oseomonas vastitatis CPCC 3
Strain JR1/69-1-13 (PDOA01000099) SEBECKCO000000RABEORL0000000)

¥
U 7292 “Roscomonas deserti M3' (MLCO01000001) (QKYU00000000, QEXL.00000000,

BANI00000000,JUFX00000000,
JACIJA00000000, POTC00000000,
train S9-3B (RCZP01000001) 016027, QUWV00000000,

Strain SG15 (JAGIZA010000001) Group 11 JABIWC00000000, CPO19875,
NKTX00000000, NOXG00000000,
NKTZ00000000, NKTY000000000,

= NKUA00000000, JABXXS00000000,
Roseomonas harenae CPCC 1010817 (WWDL01000001)

A ! &BAJT00000000, CBLX00000000,
7] [Strain AU37 (LLWF02000001) BAKWO00000000, BAJV00000000.
train FDAARGOS_658 (CP044114) Group I 3 :

R—-,401111;7}111”4”1 angustum ATCC 359037, A rubrum ATCC 35905T(FTNE00000000) and other related strains (009484, BANA00000000, BANB00000000)

Gluconobacter related strains (JABXXP00000000, JABEQG00000000, JABEQJ00000000, JABEQK00000000, JABEQI00000000)
Gluconobacter related strains (BEWM00000000, DF238839, LHZK00000000, LHZM00000000, 019396, AGQV00000000, LHZP00000000)

Fig. 43. Phylogenomic tree of the members of genus Roseomonas constructed using 92

core genes based on Up-to-date Bacterial Core Gene (UBCG) (Na et al
NI. Stella humosa DSM 5900" (RJKX00000000) as an outgroup

.2018) by
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Results

3.3.4.3. Genomic features of Roseomonas spp.

Paired-end sequencing of (150x2 bp) fragment library of KCTC 32190" and R.
oryzicola KCTC 22478" resulted in about 5.18 % and 6.5 % quality filtered reads,
respectively. The genome size of strain KCTC 32190T was 5.2 Mbp with 56 scaffolds and
an Nso value of 626749 bp, whereas the genome size of R. oryzicola KCTC 22478 was 5.3
Mbp with 57 scaffolds and with Nso value of 685653 bp. Genomic G+C content of DNA
of strains KCTC 321907 and R. oryzicola KCTC 22478" was calculated as 71.1 % and 71.4
mol %, respectively. The NCBI accession numbers of genome sequences of strain KCTC
32190" and R. oryzicola KCTC 224787 were JABBKX000000000 and
JAAVUP000000000, respectively. Table 2 lists the genomic information for the type
strains employed in this study. The genome sizes of Groups I (n=11), II (n=9), III (n=8), V
(n=3), VI (n = 12), and VII (n = 17) are 4.1-5.4 Mbp, 4.9-6.5 Mbp, 5.8-6.7 Mbp, 4.4-7.2
Mbp, 4.2-6.4 Mbp, and 4.5-6.3 Mbp, respectively (Fig. 44A). Groups [ (n=11), Il (n=9),
I (n=38), V(n=3), VI (n=12), and VII (n = 17) had 70.1-70.9 %, 68.7-71.9 %, 70.3-
71.7%, 69.5-69.7 %, 68.7-72.7 %, and 68.6-71.9 % as genomic G+C content (%),
respectively (Fig. 44B). Further, the no. of genes and proteins for members are given in
Fig. 44C. Group I had the smallest genome size of 4.8 Mbp, whereas Group V had the
largest genome size of 6.3 Mbp. Similarly, Group V taxa had the lowest average genomic
G+C content (69.6 mol %), while Group VI taxa had the greatest (71.2 mol %). When the
genome sizes of the members of the genus Roseomonas were compared to those of other
genera in the Acetobacteraceae family, Dankookia (n = 1) had the largest genome size of
7.8 Mbp. The genus Rubritepida (n = 1), on the other hand, had the smallest genome size

of 3.8 Mbp and the highest genomic G+C content (73.4 mol %) (Table 19).
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27
34 28
33 29 33 30 29
2 31 30 e===No. of Genes  ===No. of Proteins

1.R. gilardii subsp. rosea ATCC BAA-691", 2. R. gilardii subsp. rosea NCTC 13290, 3. Strain DE0006, 4. Strain U14-5, 5. R. mucosa ATCC BAA-692", 6. R. mucosa NCTC 132917, 7. Strain AU37,
8. Strain B5, 9. Strain TAS13, 10. Strain FDAARGOS 658, 11. Strain FDAARGOS 362, 12. R. rosea DSM 149167, 13. Strain SSH11, 14. R. pecuniae N75T, 15. R. aerilata DSM 193637, 16. Strain
KE2513, 17. Strain SG15, 18. Strain S9.3B, 19. R. vinacea DSM 193627, 20. R. harenae CPCC 1010817, 21. R. stagni DSM 199817, 22. R. bella CQN31", 23. Strain AR75, 24. R. algicola PeD5", 25.
Strain SYSU M41301, 26. R. frigidaquae JCM 150737, 27. Strain JCM, 28. R. selenitidurans BU-17, 29. R. arctica LMG 282517, 30. R. hellenica LMG 315237, 31. Strain LMG 31524, 32. R. lacus
CGMCC 1.3617", 33. R. oryzicola KCTC 224787, 34. Strain KCTC 32190" =JC1627, 35. R. alkaliterrae DSM 25895", 36. R. alkaliterrae LMG 31230", 37. Strain OP-27, 38. Strain PWR1, 39. Strain
HF4, 40. Strain MO17, 41. R. eburnea LMG 31228", 42. R. terrae LMG 311597, 43. R. soli LMG 31523", 44. R. cervicalis ATCC 499577, 45. Strain JR1/69-1-13, 46. R. deserti M3", 47. Strain 18066,
48. R. oryzae KCTC 425427, 49. Strain KE0001, 50. R. vastitatis CPCC 1010217, 51. R. rhizosphaerae YW 11", 52. R. aerophila NBRC 108923, 53. Strain 546, 54. Strain 573, 55. R. ludipueritiae DSM

149157, 56. Strain 1311, 57. Strain 1318, 58. R. coralli M0104", 59. R. wenyumeiae Z23", 60. Strain Z24

Fig. 44. Radar plot showing (A) genome size (B). G+C% (C). Number of genes and protein of 60 species of genus Roseomonas
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Table 19. Genome characteristics of the members of the genus Roseomonas and closely

related strains in the family Acetobacteraceae

Organism Strains Size N50 (bp) L50 DDBJ/EMBL/Gen
(Mbp) Bank

Group I (n=11)

R. gilardii subsp. rosea ATCC BAA-691T 4.6 257798 6 JADY 00000000
NCTC 132907 4.1 2982497 1 UGVvV0O00000000
Strain DE0006 5.1 366571 6 VEIX00000000
Strain U14-5 54 4328147 1 CP015583

R. mucosa ATCC BAA-692T 4.8 238615 8 JHWDO00000000
NCTC 132917 5.0 4237410 1 UGVN00000000
Strain AU37 4.7 48204 30 LLWF00000000
Strain B5 4.7 51105 24 ALOX00000000
Strain TAS13 5.0 11441 130 BDLP00000000
Strain FDAARGOS_ 658 4.9 4244047 1 CP044114
Strain FDAARGOS 362 5.1 4180106 1 CP024588

Group II (n=9)

R. rosea DSM 149167 53 136395 14 FQZF00000000
Strain SSH11 5.2 181234 10 JAGIZB00000000

R. pecuniae N75T 4.9 200862 9 JACIJD000000000

R. aerilata DSM 193637 6.4 202657 11 JONP00000000
Strain KE2513 6.5 149208 14 RCVR00000000
Strain SG15 5.7 233037 7 JAGIZA00000000
Strain S9.3B 6.5 123179 14 RCZP00000000

R. vinacea DSM 193627 6.3 192520 9 Go0013226*

R. harenae CPCC 1010817 53 110178 15 WWDL00000000

Group III (n=8)

R. stagni DSM 199817 6.2 263857 7 FOSQ00000000

R. bella CON31T 5.9 906722 3 QGNA00000000
Strain AR75 6.3 1093183 3 STGB00000000

R. algicola PeD5T 6.6 452050 5 JAAIKB00000000
Strain SYSU M41301 6.7 561150 4 JAERQNO00000000

R. frigidaquae JCM 150737 6.1 749226 4 JAAVTX00000000
Strain JCM 6.0 749226 4 JAATJR00000000

R. selenitidurans BU-1T 5.8 96152 19 JAAVNEO00000000

Group V (n=3)

R. arctica LMG 282517 4.4 157805 10 JAAEDH00000000

‘R. hellenica’ LMG 315237 7.2 127414 20 JAAGBB00000000
Strain LMG 31524 7.2 79618 24 AAGBC00000000

Group VI (n=12)

R. lacus CGMCC 1.3617F 6.4 379484 7 BMKWO00000000

R. oryzicola KCTC 22478T 53 595371 3 JAAVUP00000000
KCTC 32190T =JC1627T 5.2 685653 57 JABBKX00000000

R. alkaliterrae DSM 258957 4.2 301642 5 JACIJE00000000
LMG 312307 43 16191 69 JAAEDJ000000000
Strain OP-27 5.2 15335 94 JACADRO00000000
Strain PWR1 4.9 172464 9 JAGIYZ00000000
Strain HF4 53 274811 7 STGD00000000
Strain MO17 5.0 11683 107 JACADQO00000000

R. eburnea LMG 312287 5.8 161991 12 JAAEDL00000000

R. terrae LMG 311597 5.8 180609 13 JAAEDI00000000

R. soli LMG 315237 5.2 48334 30 JAAGBB00000000
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Organism Strains Size N50 (bp) L50 DDBJ/EMBL/Gen
(Mbp) Bank

Group VII (n=17)

R. cervicalis ATCC 499577 5.1 8459 145 ADVL00000000
Strain JR1/69-1-13 5.1 246298 6 PDOA00000000

R. deserti M3T 6.3 22965 79 MLCO00000000
Strain 18066 6.3 33264 62 CACSIJM00000000

R. oryzae KCTC 425427 4.7 285650 4 VUKA00000000
Strain KE00O1 4.5 417498 4 RCVQ00000000

R. vastitatis CPCC 1010217 5.1 164366 7 QXGS00000000

R. rhizosphaerae YW11T 4.7 124656 12 PDNU00000000

R. aerophila NBRC 1089237 5.7 86979 21 JACTVA00000000
Strain 546 4.9 3777457 1 CP061177
Strain 573 4.9 287631 5 JACTNG00000000

R. ludipueritiae DSM 149157 53 26901 49 JACTUZ0000000
Strain 1311 4.7 184795 9 JACTNF00000000
Strain 1318 4.8 3565232 1 CP061091

R. coralli MO0104T 5.0 226823 8 SNVJ000000000

R. wenyumeiae 7237 6.1 179822 10 RFLX00000000
Strain Z24 5.8 21377 74 RAQU00000000

Other taxa

Rhodovarius CCUG 44693T 4.6 83545 12 JAAABL00000000

lipocyclicus

Rubritepida flocculans  DSM 142967 3.8 134898 8 AUDH00000000

*Gold IDs in IMG Database
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3.3.4.4. Genomic metrics- dDDH, ANI, AAI and POCP

ANI score between strain KCTC 32190" and R. oryzicola KCTC 22478 Tis 92.4 %,
whereas dDDH values between the two strains are 48.8 %. Based on the hybridization and
ANI score, strain KCTC 321907 is distinctly related to R. oryzicola KCTC 224787, as the
values are within the recommended standards to delineate a bacterial species (Rossello-
Mora and Amann, 2015; Richter and Rossello-Mora, 2009). At the intragroup level,
members of a phylotaxogenomics defined group (type strains) shared dDDH and ANI
values of at least 21-100 % and 78.0-99.9 %, respectively (Table 20). Members of various
groups had dDDH and ANI values above 20.8 % and 76.8 %, respectively, at the inter-
group level. Similarly, POCP and AAI values were estimated amongst group members
(intra-group) as well as across groups (inter-group) (Table 21) because they are important
and accurate for genus determination. Group I (n = 11), Group II (n =9), Group III (n = 8),
Group V (n = 3), Group VI (n = 12), and Group VII (n = 17) taxa had POCP values of 80—
98.5 %, 65.2-71.7 %, 66.9-98.7 %, 65.8-99.3 %, 66.4-99.2 %, and 65.2-99.4 %,
respectively. The AAI values for the taxa of the respective groups were 91.9-99.0 %, 76.7—
84.8 %, 71.8-99.9 %, 73.8-99.9 %, 77.0-99.9 %, and 70.2-99.9 %, respectively. The
heatmaps of POCP (Fig. 45A) and AAI (Fig. 45B) support the six-group categorization.
The AAI scores of Roseomonas fauriae (later heterotypic synonym of Azospirillum
brasilense) and Group I members range from 51.2 to 51.5 %, indicating that they are
separate species belonging to different genera. The values (ANI, AAI, POCP) between the

members of groups are presented in Fig. 46.
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Table 20. dDDH and ANI values between the members of the genus Roseomonas

ANI/dDDH 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34

1 b 100 453 453 20.2 20.3 20.6 20.1 20.1 19.1 194 20 19.3 194 194 20 19.8 19.9 20.3 20.5 20.7 19.5 20.2 20.2 19.8 20.5 19.9 20.3 20.2 20.6 19.9 20.8 19.8 20
2 99.9 b 45.4 455 20.2 20.4 20.7 20.2 20.3 19.3 19.6 20.2 19.5 19.2 19.5 19.9 19.7 19.7 20.1 20.7 20.5 19.7 20.1 20.1 19.9 20.7 20.1 20.5 20.4 20.8 20.1 209 19.9 20.2
3 91.9 922 b 100 20.2 20.6 20.3 20.1 20.2 19 19.7 19.8 19.7 19.6 19.1 19.8 19.6 20.1 20 20.2 20.3 19.6 19.8 20 19.9 20.2 20 20.5 20.4 20.7 20.2 18.5 19.9 20.3
4 91.9 92.1 99.9 b 20.1 20.4 20.2 19.9 20 19.2 19.6 194 19.6 194 19.2 19.8 19.6 20 20.1 20.1 20.3 19.5 19.6 20.1 19.9 20.1 20.1 20.4 20.3 20.6 20.1 18.4 19.8 20.2
5 75.4 75.3 75.4 75.3 & 243 23.8 273 234 19 189 19.1 189 19.1 18.6 19.6 19.6 19.4 19.3 19.4 19.6 19 19 19.2 19.5 19.8 19.4 19.9 19 19 19.8 19.6 17.3 17.5
6 759 76.1 76.1 76 81.6 & 26.8 242 243 189 19.2 19.3 19.3 19.3 19 19.8 19.5 19.4 19.2 19.7 19.6 19.4 19.3 19.4 19.5 20 19.9 20.7 20.2 20.1 20.1 20.1 19.8 20.1
7 759 75.6 75.7 75.6 80.9 83.7 & 24 24.7 189 19.1 194 18.8 19.2 189 19.8 19.9 19.2 19.1 194 194 19.5 19.3 19.2 19.3 19.8 19.9 20.8 209 20.2 19.9 23.6 20.7 20.2
8 75.5 754 754 753 83.7 81.2 81.3 & 255 18.8 18.1 19 18.6 18.7 18.7 194 19.3 19.2 19.3 19.3 19.4 19.2 19.1 19 19.3 20 19.8 20.7 20.2 20 20.1 20.8 19.8 19.9
9 75.2 75.2 75.3 75.4 80.4 81.5 82.1 80.5 & 18.8 18.9 19.4 18.9 19 18.7 19.3 19.3 19.2 19.3 19.3 19.6 19.6 19.4 19 19.5 15.6 19.7 20.4 19.9 20 19.4 19.9 19.5 20
10 73.8 73.7 73.9 73.8 73.7 73.7 73.8 73.6 73.4 & 33.8 21 219 223 19.2 19.8 19.7 19.7 19.8 19.9 19.8 19.5 20.1 20 20.4 19.6 19.5 20.3 20.1 19.8 20.1 19.9 19.8 19.9
11 74.6 74.5 74.1 74.2 73.7 74.1 73.8 73.6 73.5 87.9 & 21.3 22 222 19.4 20 20 19.8 19.9 19.7 20.1 19.6 20.2 20.1 20.4 19.3 19.2 19.1 19.5 19.5 19.4 19.7 19.2 19.1
12 74.6 74.5 74.4 74.3 73.8 74.3 74.2 73.6 73.7 782 78.6 & 21.6 212 20.1 20.3 20.4 20.4 20.5 20.1 20.4 20.2 20.2 20.4 20.1 19.7 19.5 20.2 19.9 19.9 19.7 20.2 19.5 19.5
13 74.2 74.2 74.1 74 73.3 73.7 73.5 732 73.3 79.2 79.3 78 = 272 19.9 19.9 19.9 19.7 19.5 19.4 19.3 19.5 20.3 20.1 19.9 19.6 19.2 20.3 19.7 19.6 19.5 19.7 19.4 19.3
14 74.5 74.4 74.2 74.1 73.7 74.1 73.7 73.7 73.5 798 79.6 78.1 83.9 b 19.5 19.9 20.1 19.9 20 19.9 19.8 20 19.3 19.8 20.2 19.7 19.5 20.2 19.9 19.9 19.7 20.2 19.5 19.5
15 73.1 73.1 73.5 73.5 73.6 73.4 73.1 73.1 72.8 73.8 74.1 74.3 74 74.3 & 21.6 21.7 19.6 19.7 19.6 20 19.7 19.9 19.8 19.8 19.6 194 209 20 19.5 19.5 20.5 194 18.8
16 744 74.2 74.5 74.3 74 74.3 74.4 73.9 74.3 74.9 75.1 75.5 74.9 752 78.1 = 79.3 209 209 20.7 209 20.3 20.1 20.2 20.5 20.1 19.7 20.7 20 19.8 19.7 20.1 19.5 19.5
17 74.6 74.6 74.5 74.5 74.2 74.3 74.4 73.9 74.3 749 75 754 749 752 78.5 97.6 i 20.8 20.8 20.3 20.7 20.3 20.1 20.6 20.6 20.2 19.6 20.8 20.1 194 19.8 20 19.4 19.3
18 744 74.3 74.3 74.2 73.9 74.3 73.9 73.9 734 752 71 76.3 74.8 75.1 75.1 76.7 76.5 & 48.8 25.6 26.3 24.7 27 248 272 19.6 19.3 19.8 19.6 194 19.5 19.7 19.1 19.2
19 74.4 74.5 74.3 74.2 73.9 74.3 73.9 734 732 752 72.1 76.4 74.3 75.1 752 76.4 76.5 924 & 26.4 26.5 24.3 271 25 273 19.7 19.5 20.5 19.8 19.7 19.9 20.1 19.3 19.5
20 73.9 73.8 73.9 73.8 73.7 74.5 73.3 73.8 73.5 74.6 749 752 74 75 753 76.7 76.5 81.7 83.2 & 99.3 238 26.4 24 26.4 19.3 19.5 20.5 19.7 19.6 19.6 19.8 19.5 19.5
21 75.5 754 75.1 754 73.7 74.7 73.3 73.9 73.9 74.5 74 752 74.8 75.1 76.6 76.6 76.5 81.2 82.1 99.9 & 24.3 27 24.5 27 19.9 19.5 20.1 19.6 19.7 19.8 20.5 19.6 19.3
22 759 758 74.7 74.6 74.2 74.8 734 732 734 752 753 76.8 752 71.6 76.4 76.4 76.5 82.6 81.9 81.1 81.4 & 253 257 25 19.7 19.5 19.7 19.7 19.6 19.8 19.9 19.5 194
23 74.8 74.7 74.7 74.5 73.8 74.3 74.1 73.9 734 754 75.5 75.6 75.5 75.7 76 75.7 76.7 85.1 83.6 83.2 83.4 83.2 & 253 309 19.8 19.2 20.2 194 19.6 19.5 20 19.5 19.3
24 74.3 74.5 73.8 74 732 73.7 734 73.3 73.3 74.5 74.8 753 74.3 74.7 76.1 76.7 76.5 829 81.8 82.6 81.4 829 829 & 249 19.8 19.6 20.6 19.7 19.3 19.6 20.1 19.2 194
25 74.7 74.3 74.4 74.5 73.9 74.6 74 74.1 73.5 75.6 759 76.6 75.1 75.6 76.6 76.4 76.5 85.1 84.3 84.7 83.4 82.8 86.8 82.6 i 19.8 19.7 20.7 20 19.6 19.8 20.5 19.4 19.5
26 75.8 75.7 76.3 76.2 76.1 74.8 74.9 74.6 74.4 74.1 74.4 74.5 74.2 74.6 73.6 74.2 74.2 74.4 74.4 74.1 74.1 74.8 74.6 73.9 74.6 & 22 259 23 22.1 224 24.1 222 21
27 75.3 75.2 75.1 75.2 75.6 74.7 74.6 74.5 74.3 74.1 74.3 73.8 74.1 73.4 732 74.3 74.3 74 74 73.8 73.8 74.3 74.4 73.6 74.3 78.1 & 232 24.6 24.7 225 23.1 21.6 25
28 76.8 76.7 76.9 76.8 75.7 76.3 76.3 75.7 75.5 754 72 76.2 75.7 76.3 749 76.1 76.1 759 759 75.6 75.6 76.5 76.3 753 76.1 852 78 & 249 249 25 274 36.8 279
29 76 76.1 759 75.8 75.2 75.5 754 752 749 74.5 74.8 75.1 74.7 749 74.1 753 753 749 749 74.3 74.3 754 754 74.4 75 78 81.2 81.6 & 222 23.1 23.1 24.4 253
30 76 759 76.1 76 74.8 75.5 75.3 75.3 75 74.3 74.3 74.3 73.9 74.5 732 74.4 74.4 74.1 74.1 73.9 73.9 74.3 74.5 73.6 74.6 78.1 81.2 79.6 789 & 222 23.1 21.6 23.7
31 759 75.8 75.5 75.4 74.2 74.6 74.9 74.5 74.8 74.2 74.2 74.3 74.2 74.6 734 74.7 74.7 74.3 74.3 73.9 73.9 744 74.4 73.7 74.4 78.7 78 80.8 80.1 789 & 25 279 228
32 76.5 76.4 76.7 76.6 75.2 76 76.9 75.5 749 74.8 75.1 754 75 75.6 74.4 753 753 752 752 74.8 74.8 759 76.5 74.8 75.7 80.9 79.1 83.6 81.5 79.5 80.5 & 23.1 23.6
33 75.2 75.3 75.3 75.2 74.2 74.9 74.7 74.7 74.3 73.7 73.8 74.1 74.1 74.5 73 74.4 74.4 74.2 74.2 73.6 73.6 74.4 74.2 73.5 744 789 78 80.4 79.7 782 84.7 80.1 & 23.1
34 75.8 759 75.8 75.7 74.8 75.4 75.2 75.3 74.9 74.7 743 743 74.1 749 733 74.5 74.5 739 739 73.5 73.5 739 74.6 73.6 74.5 78 814 79.6 78.7 913 789 79.2 78.1 o

1.R. gilardi subsp. rosea ATCC BAA-6917, 2. R. gilardi subsp. rosea NCTC 132907, 3. R. mucosa NCTC 132917, 4. R. mucosa ATCC BAA-692", 5. R. aerilata DSM 193637,
6. R. pecuniae N757,7. R. rosea DSM 14916, 8. R. vinacea DSM 193627, 9. R. harenae CP1010817, 10. R. stagni DSM 199817, 11. R. algicola PeD5T, 12. R. bella CQN317,
13. R. frigidaquae JCM 150737, 14. R. selenitidurans BU-17, 15. R.arctica LMG 282517, 16. R. hellenica LMG 315237, 17. R. hellenica LMG 31524, 18. R. oryzicola KCTC
224787, 19. Strain KCTC 321907, 20. R. alkaliterrae DSM 258957, 21. R. alkaliterrae LMG 312307, 22. R. lacus CGMCC 1.36177, 23. R. eburnea LMG 312287, 24. R. terrae
LMG 311597, 25. R. soli LMG 312317, 26. R. deserti M37, 27. R. aerophila NBRC 1089237, 28. R. cervicalis ATCC 499577, 29. R. coralli M01047, 30. R. ludipueritiae DSM
149157, 31. R. oryzae KCTC 425427, 32. R. rhizosphaerae YW117, 33. R. vastitatis CPCC 1010217, 34. R. wenyumeiae Z23T
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Table 21. POCP and AAI values between the members of genus Roseomonas

POCP/ANI 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34

1 i 99.9 Uss) 929 65.7 66.5 66.3 65.2 65.3 61.9 62.7 61.4 62.7 62.2 61.5 62.6 62.6 63.9 61.8 62.8 62.2 62.2 63.1 61.8 62.7 65.1 64.7 66.5 65.7 65.8 65.3 66.2 64.8 65.3
2 94.1 e 93.2 93.1 65.5 66.4 66.3 65.4 65.7 62.0 62.8 61.5 62.6 62.4 61.7 62.9 62.9 64.0 64.3 62.2 62.7 62.7 63.3 62.3 63.0 65.1 64.8 66.6 65.6 65.9 65.3 66.1 64.9 65.5
3 84.6 81.0 b 99.9 652 66.4 659 64.8 65.4 61.4 61.6 61.0 62.0 61.5 61.4 62.7 62.7 62.7 63.0 62.1 61.4 62.1 62.5 61.3 61.8 65.1 64.5 66.2 65.2 65.8 64.9 66.0 64.9 65.4
4 82.6 81.7 98.5 b 65.2 66.3 65.7 64.8 65.5 61.2 61.6 61.2 61.8 61.4 61.3 62.7 62.7 62.8 63.0 61.3 62.1 62.6 62.5 61.3 62.0 65.1 64.5 66.2 65.1 65.8 65.0 66.0 64.8 65.2
5 559 52.5 56.2 53.1 2 78.8 78.8 83.5 78.0 62.7 62.5 62.1 62.8 62.3 62.6 63.6 63.6 63.6 63.4 61.5 61.6 62.8 61.9 61.7 62.6 63.7 63.7 65.6 64.7 64.9 64.5 64.8 65.2 65.2
6 62.1 59.4 62.7 59.8 66.4 & 82.8 78.6 784 63.5 63.4 63.0 63.5 63.3 63.6 64.0 64.0 64.4 64.7 63.7 62.9 64.0 63.5 62.8 63.8 65.1 64.6 66.5 65.7 66.1 65.5 66.1 66.1 65.7
7 59.5 577 60.2 579 66.6 70.7 & 78.6 81.1 63.2 63.2 63.0 63.4 63.0 62.9 65.0 65.0 64.5 64.5 63.5 62.3 63.6 63.3 62.3 63.6 64.7 64.3 66.7 65.4 66.1 65.7 67.2 65.5 65.5
8 54.1 52.8 54.0 539 73.7 67.1 65.8 & 789 62.9 63.4 62.7 63.5 62.7 62.9 63.5 63.5 63.7 63.7 61.8 62.8 63.0 62.2 64.4 63.2 63.9 63.6 65.6 64.5 65.4 64.6 65.0 65.9 65.5
9 56.8 56.1 56.3 56.2 65.7 67.9 70.9 65.8 i 63.0 63.3 63.2 63.3 63.0 63.1 65.4 65.4 63.7 63.9 62.8 62.7 62.9 63.3 62.7 63.7 64.9 64.5 65.9 65.6 65.6 64.5 65.8 65.4 65.2
10 52.0 50.9 49.7 49.9 55.5 56.3 58.0 56.0 56.8 2 732 752 75.6 90.2 64.6 65.3 65.3 67.2 674 65.6 65.5 66.8 66.2 65.2 66.5 62.5 62.3 65.5 63.3 62.9 62.5 64.0 62.7 62.3
11 534 524 48.8 49.1 52.1 53.7 557 52.8 539 67.9 2 72.0 72.7 5 64.3 64.5 64.5 68.8 69.0 66.8 66.0 67.1 67.2 65.6 67.6 62.1 61.8 65.3 63.6 62.7 62.7 64.4 62.4 62.2
12 532 51.8 50.8 511 554 559 60.4 56.5 582 72.8 66.9 & 83.1 753 64.5 65.1 65.1 67.0 67.0 66.0 66.1 66.3 66.1 64.9 65.9 62.5 62.6 65.0 63.5 62.7 62.5 64.1 62.5 62.5
13 539 524 49.2 49.6 54.4 549 577 557 56.7 73.6 67.8 78.5 & 759 64.8 65.8 65.8 679 679 659 659 66.7 66.6 65.4 66.5 62.8 62.9 66.0 64.0 63.2 63.0 64.8 63.0 62.7
14 52.8 519 49.2 49.5 539 550 56.9 549 56.3 86.7 68.1 71.0 75.7 b 64.6 65.4 65.4 67.3 67.5 65.4 65.5 66.6 66.3 65.1 66.4 62.6 62.3 65.4 63.3 62.8 62.7 64.3 62.4 62.3
15 529 53.6 50.3 50.7 526 554 56.8 53.6 574 53.1 574 60.5 60.3 60.2 © 73.8 73.8 67.5 67.7 66.4 66.8 66.9 66.9 66.0 66.9 62.2 62.0 64.1 63.1 61.9 62.8 63.4 62.6 61.6
16 50.1 49.1 49.5 49.8 53.1 53.5 579 532 584 574 53.6 58.8 56.9 57.0 65.8 © 99.9 68.9 68.8 67.3 67.8 67.5 68.0 66.6 68.2 63.4 63.2 65.2 64.7 63.6 63.8 65.1 63.5 62.2
17 50.1 49.1 49.5 49.8 53.1 53.5 579 532 584 574 53.6 58.8 56.9 57.0 65.8 99.3 © 68.9 68.8 67.3 67.8 68.1 68.0 67.2 68.2 63.4 63.2 65.2 64.7 63.6 63.8 65.1 63.5 62.8
18 515 53.7 47.1 48.6 49.5 532 549 50.4 54.5 60.0 64.4 61.4 63.2 62.7 63.5 554 554 & 94.5 80.8 79.3 81.3 81.9 79.1 81.0 63.8 63.2 66.6 64.5 63.4 63.9 66.0 63.7 63.4
19 529 522 482 475 485 519 53.7 49.4 53.1 58.7 63.9 60.0 61.6 61.3 61.6 54.3 54.3 94.0 & 79.5 81.3 81.2 81.8 79.1 81.1 63.7 63.2 66.2 64.6 63.5 64.1 66.3 63.7 63.6
20 51.8 50.0 475 48.6 514 52.1 54.2 50.9 54.0 60.4 63.0 61.0 61.1 60.5 60.7 59.8 59.8 69.0 68.3 & 79.7 79.7 79.8 81.5 80.8 63.2 62.7 65.5 64.4 63.1 63.3 65.1 61.9 61.9
21 52.0 522 49.9 50.2 524 54.8 56.4 532 570 63.3 63.7 63.0 62.3 63.2 63.3 61.1 61.1 74.9 73.0 754 & 79.9 82.1 79.0 81.0 62.4 61.8 64.5 63.6 62.3 63.4 64.0 62.1 64.4
22 517 520 49.8 50.0 52.1 54.4 56.2 53.0 56.7 62.9 63.5 62.6 61.9 63.5 63.1 60.9 60.9 74.6 73.1 75.1 99.2 & 822 79.2 824 63.2 62.7 65.6 64.5 63.0 63.4 65.0 63.2 62.8
23 512 51.3 493 49.7 49.1 512 54.4 493 53.3 59.1 61.6 60.6 60.3 60.9 60.3 589 589 73.9 72.6 71.8 74.9 74.7 & 79.3 86.1 63.2 62.4 65.6 64.3 63.0 63.3 66.7 63.0 62.8
24 50.5 50.6 475 47.9 50.1 517 54.8 50.1 54.6 583 583 59.2 589 58.5 60.4 59.3 59.3 68.9 67.9 72.3 70.6 70.4 69.0 & 79.0 62.5 61.5 64.0 63.5 62.2 62.7 64.2 62.4 61.9
25 511 51.3 47.6 48.0 49.5 522 54.3 49.8 54.3 59.4 62.8 59.8 60.3 60.3 61.5 577 577 73.9 72.7 72.9 76.8 76.9 76.3 70.2 i 63.1 62.4 65.8 64.4 63.5 63.8 65.5 63.2 63.2
26 57.8 57.1 56.7 57.0 53.8 56.9 589 54.1 579 54.0 511 577 54.5 54.0 534 56.1 56.1 510 49.8 53.0 552 549 533 54.1 52.7 i 70.8 78.5 73.7 70.9 73.0 76.1 72.7 70.1
27 59.6 59.0 572 574 534 56.0 58.7 53.6 572 539 519 56.7 54.2 534 53.1 54.2 54.2 519 51.0 52.7 549 54.6 52.1 53.0 519 67.9 & 72.6 71.1 71.7 712 71.8 71.0 713
28 56.7 572 542 54.5 50.0 534 559 50.4 539 553 519 54.5 54.4 53.1 514 49.5 49.5 539 53.1 50.3 574 574 526 50.5 522 65.1 66.8 & 76.8 724 75.6 88.9 752 72.1
29 61.1 61.3 59.3 59.7 55.0 60.7 59.7 552 59.8 54.5 54.6 572 56.0 54.0 557 549 549 54.5 529 54.0 58.8 58.8 54.1 550 54.8 652 66.3 68.6 & 73.4 75.0 79.7 74.9 72.8
30 59.8 59.0 589 59.1 549 584 60.4 55.5 58.0 526 52.1 559 534 522 52.0 53.5 53.5 512 50.3 50.7 54.3 54.3 514 523 515 65.7 69.6 66.8 66.3 & 753 76.7 759 72.0
31 60.0 60.0 584 58.7 542 59.7 59.4 54.3 60.1 524 53.0 54.5 529 52.5 550 53.8 53.8 53.7 522 514 574 574 524 54.1 539 75.0 65.3 66.8 70.3 66.4 & 73.0 72.1 92.3
32 59.1 60.1 59.0 589 526 59.4 60.8 533 578 54.1 553 570 558 55.1 56.8 52.8 52.8 572 558 532 558 56.1 575 54.1 56.5 66.4 66.0 66.0 68.9 65.7 69.3 & 84.7 2
33 59.2 58.8 585 585 56.0 60.7 58.1 55.1 58.8 524 50.9 53.8 52.1 50.9 522 53.0 53.0 50.1 48.8 50.0 519 515 49.6 50.7 50.1 65.4 65.8 67.6 69.1 65.7 75.0 66.4 & 72.4
34 579 56.8 57.5 57.3 57.7 59.0 59.2 57.5 59.4 537 513 555 528 52.1 520 53.6 53.6 50.3 493 514 533 53.0 504 513 512 65.1 68.4 68.8 652 794 659 66.9 66.4 o

1.R. gilardi subsp. rosea ATCC BAA-6917T, 2. R. gilardi subsp. rosea NCTC 132907, 3. R. mucosa NCTC 132917, 4. R. mucosa ATCC BAA-692", 5. R. aerilata DSM 193637,
6. R. pecuniae N757,7. R. rosea DSM 149167, 8. R. vinacea DSM 193627, 9. R. harenae CP1010817, 10. R. stagni DSM 199817, 11. R. algicola PeD5T, 12. R. bella CQN317,
13. R. frigidaquae JCM 150737, 14. R. selenitidurans BU-17, 15. R.arctica LMG 282517, 16. R. hellenica LMG 315237, 17. R. hellenica LMG 31524, 18. R. oryzicola KCTC
224787, 19. Strain KCTC 321907, 20. R. alkaliterrae DSM 258957, 21. R. alkaliterrae LMG 312307, 22. R. lacus CGMCC 1.36177, 23. R. eburnea LMG 312287, 24. R. terrae
LMG 311597, 25. R. soli LMG 312317, 26. R. deserti M37, 27. R. aerophila NBRC 1089237, 28. R. cervicalis ATCC 499577, 29. R. coralli M01047, 30. R. ludipueritiae DSM

149157, 31. R. oryzae KCTC 425427, 32. R. rhizosphaerae YW117, 33. R. vastitatis CPCC 1010217, 34. R. wenyumeiae Z23T

130



Results

/M

L ieez ovluniuem seuowoesoy
. lci6v1 WSQ enendipn seuowoesoy
- usums

1626801 OHAN Eldose Seuowoosoy.

1120101 0OdO SIEIISEA SEUOI0SSOY

1252y OLON oezkio Seuowossoy

10003 Uens

L el-1-69/Lr EiSIe SeUOLI0aSOY

115667 QO1Y. 0 SeUOWO3SOY

L 1c0LOW R0 seuowossoy

99081 U

LI iosap

118010Ld0 SBUBIEY

- Lssumis
 Iolbbi INS( ¥a50I SeUOw0asOE.
 ls/Neeunod seuouioesoy

18Kz DION epoozhio seuowossoy

116216 DIV 10S SEUOLI08SOY

L 18zzie O EaUINGS SeUOLIOSSOY
119116 O\ Ef00izhi0 Seow0eSOY

L6 L€ DIV] 9BUS) SEUOWOaSOY

1198t OOWDO SNde| SEUOW0BSOY

106218 DIV Beu
196852 WSQ de

L 1ra52c O] eoooy Seowossoy

162526 DI B9
115282 DN

L lELWWNSASURIS
LiNG SUBIPAUYRS SPUOW0asOE.
118661 WS WbEIs Seuowooson
—150°d Biodlde seuowoasoy

WO Uress

1601 WOr oenbepiBy Seuowoasoy

S/HY Ul

L 1eNOO®EIRq Seuowoosoy

L %9esopdvvaiuEis

sg ul

L 1269-Vv@ OOLY ES0ONW SBUOI0RSOY
116261 OION SOONW SELOW0RSOY

899-50DHVYQ] UEAS

- ooo3quess

Sy wels
6 Seuowoesoy

1169-¥V8 DOV ©as01 dsqns 1IpJellB Seuowoasoy

Tow max

Group II1

Group V

Group VI

Group VII

Group VII

Group 111

______169¥va00lv!

062€10LON 20s0s dsqns:

_ oooo3al

_ cinupreyb seuoui

 Leny esoonw seuowos

 269°v QLY PS09NW SEOWOR

162EL01ON ESO9NW SEUOWI0DSOY
8597S0DHYY(d ESOIN SeuowI0aS!

Gg ‘ds SeuOWOoas:

296"S09HYVQ4 ds Seuowo:

€15y d

15282 O EI.

£251€ DIV BOWAYOY

2518 DT BOAf0Y

11981 ODWDO SNOB| SeUOWI03SY

8221€ DIV BOUINGD

16216 DIV I

65116 DIV 2eL0)

872 D10y BIooizfio seuowios

C 19Lic D1 BiooizAio Seuowos

L 062LE O SeuBIBE SEUOS
L vaMdss
L iedodss
_ llOowdss

L0ELPIV NSAS ds Seuowoasoy
18661 WSQ 1ubeis
SLHY
1ENDD
1566V OOL IO}
€IN 11855 SEUOLIO:

99081 ‘ds SeuowWO

VOLOW 1[B100 SEUOLIO:

V[ 1BNISa. SBUOWI:
1LMA Se1oBYdS0ZIY) SEUOW03S0Y
10003/ s Seuowo:

2Sey OLOM dezkio
120101 00dD
£26801 OHEN

BLS
sl dsseuowoasoy
BIEL

S16v1 WSQ eenuendipn
T ez dsseous
vz dseous
s sisuapdou seuouos

T eise3y dsseuowoesoy
298l WSQ Eoveu seuowasOY
T 2962 s eeunood seuowioesoy
18010+ DD BBUIBY SBUOLIOSSOY

91671 NSQ e8s(

LLHSS

S19S

Fig. 45. Heatmap representing (A) POCP (B) AAI values of the members of genus Roseomonas clustered with the Euclidean distance method

131



Results

73.9-76.3 %
51.1-58.9%
52.3-61.6% 73.3-74.3 %
51.0-60.4%
54.7-58.6%
© 9
4.276.2 % > Y
48.7-60.7% "
54.2-64.5%
Incomplete genome
information
e
75.2-76.9 %
73.5_74.6 ()/0 52-7_63-5(%)
47.9-56.4% 58.8-63.6% 73.0-76.1 %
52.758.6% 53.1-60.5 %
, 61.5-65.0%
73.7-76.5 °A o
48.5-58.8%
~ o
52.9-60.1% ANI
POCP
AAI
75.1-76.7 %
55.4-63.9%
52.9-60.1%

Fig. 46. Diagrammatic representation of the ANI, AAI, and POCP values in
between the members of each group of the genus Roseomonas

3.3.4.5. Analysis of core and pan-genome

Table 22 comprises the distribution of genes for the genus Roseomonas as given by
BPGA. Members of the genus Roseomonas share 958 core genes (19.1 %), 219,753
accessory genes (72.8 %), and 24,320 strain-specific genes (8.1 %) (Fig. 47A). Only the
type strains were selected for the diagrammatic depiction of the pan-genome for the genus
Roseomonas. The core-pan plot (Fig. 47B) revealed an open pan-genome for the genus
Roseomonas since it did not plateau and expanded as the number of genomes increased. As
the plot levelled out, the core genome was conserved at the genus level. The core genes of

members of Groups I, I, III, V, VI, and VII ranged from 1,573 to 3,152. (Table 22).
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(1. R. gilardi subsp. rosea ATCC BAA-691T; 2. R. gilardi subsp. rosea NCTC 13290T; 3. R. mucosa ATCC BAA-6927; 4. R. mucosa NCTC 13291T; 5. R. rosea DSM 14916 T; 6. R. aerilata DSM 193637, 7. R. pecuniae N75T; 8.
R. sp. vinacea DSM 193627; 9. R. harenae CPCC 1010817; 10. R. stagni DSM 199817; 11. R. algicolaPeD5 T; 12. R. bella CQN31T; 13. R. frigidaquae JCM 150737; 14. R. selenitidurans BU-1T; 15. R. arctica LMG 28251T; 16. R
hellenica’ LMG 31523T; 17. R. oryzicola KCTC 22478T; 18. strain KCTC 312907; 19. R. alkaliterrae DSM 25895 T; 20. R. alkaliterrae LMG 31230T; 21. R. lacus CGMCC 1.3617T; 22. R. eburnea LMG 31228T; 23. R. terrae LMG
31159T; 24. R. soli LMG 31523T; 25. R. deserti M3T; 26. R. aerophila NBRC 108923T; 27. R. cervicalis ATCC 49957 T; 28. R. coralli M0104T; 29. R. ludipueritiae DSM 14915T; 30. R. oryzae KCTC 42542 T; 31. R. rhizosphaerae
YWI11T, 32. R. vastitatis CPCC 1010217 ; 33. R. wenyumeiae Z237)

Fig. 47. Analysis of pan and core genomes using the BPGA pipeline of the 32 type strains and strain KCTC 321907 of genus Roseomonas
(A) Flower-pot diagram representing core, accessory and unique genes of the genomes of all strains. It consists of 958 core genes,
summing up to 19.1 % of the total pan-genome
(B) Core-pan-plot for all the genomes and shows that the is pan genome is open
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Table 22. BPGA-based pan and core genome analysis of the genus Roseomonas and its
closely related members of the family Acetobacteraceae

Microorganisms No. of No. of No. of No. of
core accessory unique exclusively
genes genes genes absent genes

(n=60)

R. gilardii subsp. rosea ATCC BAA-691T 958 3169 94 0
R. gilardii subsp. rosea NCTC 132907 958 2766 22 3
R. mucosa ATCC BAA-692T 958 3447 20 0
R. mucosa NCTC 132917 958 3452 13 1
Strain DE0006 958 3352 315 0
Strain U14-5 958 3504 408 0
Strain AU37 958 3269 143 0
Strain B5 958 3357 17 0
Strain TAS13 958 3578 308 3
Strain FDAARGOS 658 958 3443 62 0
Strain FDAARGOS 362 958 3382 142 0
R. rosea DSM 14916 958 3539 419 1
R. aerilata DSM 193637 958 4181 770 0
R. pecuniae N757 958 3027 577 1
R. vinacea DSM 193627 958 4059 938 0
R. harenae CPCC 1010817 958 3340 736 1
Strain SSH11 958 3275 574 0
Strain KE2513 958 4239 690 1
Strain S9.3B 958 4012 1220 1
Strain SG15 958 3568 831 4
R. stagni DSM 199817 958 4380 345 2
R. algicola PeD5T 958 4607 393 0
R. bella CQN31T 958 3869 523 2
R. frigidaquae JCM 150737 958 4628 1 0
R. selenitidurans BU-1T 958 3707 698 1
Strain AR75 958 4068 741 0
Strain SYSU M4 1301 958 4632 443 0
Strain JCM 958 4629 0 0
R. arctica LMG 282517 958 2497 742 15
‘R. hellenica’ LMG 315237 958 5742 0 0
Strain LMG 31524 958 5743 0 0
R. oryzicola KCTC 22478T 958 3987 13 0
Strain KCTC 321907 958 4022 53 0
R. alkaliterrae DSM 258957 958 2970 44 0
R. alkaliterrae LMG 312307 958 3064 153 3
R. lacus CGMCC 1.3617T 958 4105 878 0
R. eburnea LMG 312287 958 3723 695 0
R. terrae LMG 311597 958 3489 959 2
R. s0li LMG 315237 958 3462 606 1
Strain OP-27 958 3608 620 0
Strain PWR1 958 3431 314 0
Strain HF4 958 3537 505 1
Strain MO17 958 3557 438 1
R. deserti M3T 958 4157 639 2
R. aerophila NBRC 108923T 958 3319 735 2
R. cervicalis ATCC 499577 958 2817 750 20
R. coralli M0104T 958 2990 677 2
R. ludipueritiae DSM 149157 958 3606 545 2
R. oryzae KCTC 425427 958 2922 465 1
R. rhizosphaerae YW117T 958 2941 370 4
R. vastitatis CPCC 1010217 958 3175 770 0
R. wenyumeia 723" 958 4375 82 0
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Microorganism No. of No. of No. of No. of
core accessory unique exclusively
genes genes genes absent genes

Strain JR1/69-1-13 958 3353 435 0
Strain 18066 958 4117 581 2
Strain KE00O1 958 2648 460 3
Strain 546 958 3453 24 0
Strain 573 958 3457 26 0
Strain 1311 958 3344 70 0
Strain 1318 958 3304 112 0
Strain Z24 958 4359 116 0
Group I clade (n=11)

R. gilardii subsp. rosea ATCC BAA-691T 3152 883 153 3
R. gilardii subsp. rosea NCTC 132907 3152 558 20 147
R. mucosa NCTC 132917 3152 1236 9 1
R. mucosa ATCC BAA-692T 3152 1230 21 0
Strain DE0006 3152 986 465 45
Strain U14-5 3152 1128 564 11
Strain AU37 3152 1025 164 5
Strain B5 3152 1211 388 24
Strain TAS13 3152 1201 83 3
Strain FDAARGOS_ 658 3152 1120 174 8
Strain FDAARGOS 362 3152 883 153 3
Group II clade (n=9)

R. rosea DSM 149167 2194 2042 652 25
R. aerilata DSM 193637 2194 2774 879 4
R. pecuniae N75T 2194 1585 742 130
R. vinacea DSM 193627 2194 2662 1062 11
R. harenae CPCC 1010817 2194 1750 1044 88
Strain SSH11 2194 1869 712 37
Strain KE2513 2194 2818 816 19
Strain S9.3B 2194 2557 1380 19
Strain SG15 2194 2019 1116 76
Group III clade (n=8)

R. stagni DSM 199817 1573 3643 450 8
R. algicola PeD5T 1573 3861 495 0
R. bella CQN31T 1573 2242 1512 56
R. frigidaquae JCM 150737 1573 3979 1 0
R. selenitidurans BU-1T 1573 2865 898 22
Strain AR75 1573 584 2199 1099
Strain SYSU M4 1301 1573 3873 565 2
Strain JCM 1573 3979 0 0
Group V clade (n=3)

R. arctica LMG 282517 2927 1 1242 3700
R. hellenica LMG 315237 2927 3701 0 0
Strain LMG 31524 2927 3700 0 1
Group VI clade (n=12)

R. lacus CGMCC 1.3617T 2448 2247 1199 15
R. oryzicola KCTC 22478T 2448 2464 15 1
Strain KCTC 321907=JC1627 2448 2478 53 2
R. alkaliterrae DSM 258957 2448 1454 53 2
R. alkaliterrae LMG 31230 2448 1497 148 4
R. eburnea LMG 312287 2448 1967 922 14
R. terrae LMG 311597 2448 1655 1262 116
R. soli LMG 31523T 2448 1836 702 23
StrainOP-27 2448 1953 682 31
Strain PWR1 2448 1853 385 9
Strain HF4 2448 1902 616 29
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Microorganism No. of No. of No. of No. of
core accessory unique exclusively
genes genes genes absent genes

Group VII clade (n=17)

R. cervicalis ATCC 499577 1591 1982 870 78
R. deserti M3T 1591 3420 691 5
R. aerophila NBRC 108923T 1591 2471 928 15
R. coralli M0104T 1591 2159 858 25
R. ludipueritiae DSM 149157 1591 2833 647 6
R. oryzae KCTC 425427 1591 2190 548 17
R. rhizosphaerae YW 11T 1591 2139 525 26
R. vastitatis CPCC 1010217 1591 2400 890 4
R. wenyumeia 7237 1591 3699 94 0
Strain JR1/69-1-13 1591 2610 516 3
Strain 18066 1591 3353 672 4
Strain KE00O1 1591 1892 572 27
Strain 546 1591 2804 24 0
Strain 573 1591 2808 25 0
Strain 1311 1591 2686 74 0
Strain 1318 1591 2650 116 0
Strain Z24 1591 3668 118 2

3.3.4.6. Functional and metabolic annotations

The alignment of LCB of the two species differed differently. The majority of the
proteins of strain KCTC 32190" share 80-90 % identity with those of R. oryzicola KCTC
22478T, while few other proteins shared 10-30 % similarity. Thus, suggesting a clear-cut
dissimilarity of strain KCTC 32190" from R. oryzicola KCTC 22478". With other members
of the genus Roseomonas, the protein sequence identity match was below 80 %. The
annotation of orthologous gene clusters between the members of the genus Roseomonas
showed that strain KCTC 32190T has 4651 gene clusters, whereas other members have
between 3628 to 4902 clusters. For the metabolic characterization (genome based), only
members of Group VI have been considered. All the members contain the 2-C-methyl-D-
erythritol 4-phosphate/1-deoxy-D-xylulose 5-phosphate (MEP) pathway. All the genes for
neurosporene (carotenoid) biosynthesis (and thus the entire pathway) were observed in
members of strain KCTC 32190T and R. oryzicola KCTC 22478T. In contrast other
members lacked the complete set of genes for the pathway (Fig. 48A). Similarly, in-silico

analysis of metabolic pathways like sulphur metabolism, tryptophan metabolism, and
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nitrogen metabolism showed that strain KCTC 321907 differed significantly from other
members in gene composition (Fig. 48B, C, D). The presence of a putative gene coding for
squalene synthase (EC 2.5.1.21) in strain KCTC 321907 indicates its probable capability to
biosynthesize hopanoids or sterols.

Based on the anti-SMASH 5.0 web server's BGC prediction, the average
Roseomonas genome had 7 BCGs (420 BCGs were found in 60 genomes). Members of
Group I (n = 11) had 65 BCGs (divided into 11 types of BGC families); Group II (n = 9)
had 72 (19 BCG families); Group III (n = 8) had 59 (13 BGC families); Group V (n = 3)
with 35 (9 BCG families); Group VI (n = 12) with 68 (14 BGC families); and Group VII
(n = 17) with 124 BGC families (24 BGC families) (Table 23). Terpenes were the most
common (2 per genome on average), but each genome also had one type 1 polyketide
synthase (TPKS). Non-ribosomal peptide synthetases (NRPS), thioamitides, and beta-
lactone (fengymycin) were found solely in Group I members (asukamycin). Both Group I
and II had BGC as phosphonate/terpene (phosphinothricin tripeptide). Group II members
had the redox cofactor BGC, and Groups II and III members had type 3 polyketide
synthases in common (T3PKS). Group V members possessed NRPS/T1PKS, and
arylpolene BGCs. In Group VI, NRPS were found in eight of the 17 genomes, while
arylpolene (xanthomonadin) BGCs were found in five genomes. In Group VII, four
genomes had just RiPPs BGC, which were ribosomally generated and post-translationally
modified peptides (RiPPs). The annotation of genomes revealed that Groups I, II, and III
each have 226, 58, and 82 gene clusters, respectively. Members of Group V, VI, VII had
distinct 67, 74, and 16 gene clusters, respectively. The genomes of members of the genus
Roseomonas did not contain any genes relevant to virulence and pathogenicity, as predicted

by the IslandViewer 4 service and VirulenceFinder 2.0.

137



A HEBEEEEE \iriotriacetate monooxygenase component B (EC 1.14.13.-)

I Diapolycopene oxygenase (EC 1.14.99.44)

HEBEEEEE Dehydrosqualene desaturase (EC 1.3.8.2) @ 4,4-diapolycopene oxidase

BB EBEEEE Phytoene desaturase (neurosporene-forming) (EC 1.3.99.28)

HEEEEEE Hydroxyneurosporene methyltransferase (EC 2.1.1.210)

BB 2.4.1.-Hexoyltransferases

[l Phytoene synthase (EC 2.5.1.32)

HEEEEEE Acyclic carotenoid 1,2-hydratase (EC 4.2.1.131)

1234567

Il 3-hydroxyacyl-CoA dehydrogenase (EC 1.1.1.35)

[l Catalase KatE (EC 1.11.1.6)

| ||

I Catalase-peroxidase KatG (EC 1.11.1.21)
||

||

Il 1.14.12.-with NADH or monooxygenase component

Aldehyde dehydrogenase (EC 1.2.1.3)

2-oxoglutarate dehydrogenase E1 component (EC 1.2.4.2)

|
|
[l Giutaryl-CoA dehydrogenase (EC 1.3.8.6)
[l 2.1.1.-methyltransferases

Il Acetyl-CoA acetyltransferase (EC 2.3.1.9)

[l 2.6.1.-Transaminase (aminotransferases)

[l 3.5.1.4-Amidase

HEEBEEENE 41.1.- Carboxy-lyases

BB 2-amino-3-carboxymuconate-6-semialdehyde decarboxylase (EC 4.1.1.45)

[ [ |
B BEEEEE Enoyl-CoA hydratase (EC 4.2.1.17)

BB BEEBEE Cobalt-containing nitrile hydratase subunit alpha (EC 4.2.1.84)
1234567

Results

1.8.1.2 - Sulfite reductase (NADPH)
1.8.3.1 - Sulfite oxidase
1.8.4.8 - Phosphoadenylyl-sulfate reductase (thioredoxin)

|| |
HEN
HEN
I 2.3.1.30 - Serine O-acetyltransferase

Il 2.3.1.31 - Homoserine O-acetyltransferase
I 2.5.1.47 - Cysteine synthase

I 2.5.1.48 - Cystathionine gamma-synthase
]

[

[

HEE

456

B 2.7.1.25 - Adenylyl-sulfate kinase
Il 2.7.7.4 - Sulfate adenylyltransferase

Il 3.1.3.7 - 3'(2"),5"-bisphosphate nucleotidase
Il 4.4.1.8 - Cystathionine beta-lyase
7

[
SHNEEEE BN
ENEEEE EEEE

D ....... Ubiquinol-cytochrome C reductase, cytochrome B subunit (EC 1.10.2.2)
I Formate dehydrogenase -O, gamma subunit (EC 1.2.1.2)
Glutamate synthase [NADPH] large chain (EC 1.4.1.13)
1.4.1.2 Glutamate dehydrogenase
1.4.1.4 Glutamate dehydrogenase
Ferredoxin-dependent glutamate synthase (EC 1.4.7.1)
NADH-ubiquinone oxidoreductase chain N (EC 1.6.5.3)
Nitrite reductase [NAD(P)H] large subunit (EC 1.7.1.4)
Ferredoxin--nitrite reductase (EC 1.7.7.1)
[ Respiratory nitrate reductase (EC 1.7.99.4)
Il Cytochrome c oxidase polypeptide | (EC 1.9.3.1)
Il Aminomethyltransferase (glycine cleavage system T protein) (EC 2.1.2.10)
I 3.5.1.1-Asparaginase
[ 3.5.1.2-Glutaminase
4.2.1.1-Carbonate dehydratase
[l Cyanate hydratase (EC 4.2.1.104)
Il Glutamine synthetase type | (EC 6.3.1.2)
7

|
0 1 >2

Fig. 48. Heatmap representing no. of genes involved in metabolic processes for strain KCTC 32190T and Group VI members of genus

Roseomonas.

(A). Carotenoid biosynthesis; (B). Sulphur metabolism; (C). Tryptophan metabolism; (D). Nitrogen metabolism.
1. Strain KCTC 321907; 2, R. oryzicola KCTC 22478"; 3. R. lacus CGMCC 1.3617%; 4. R. alkaliterrae DSM 256957,
5. R. terrae LMG 311597; 6. R. soli LMG 312317; 7. R. eburnea LMG 312257
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Table 23. Biosynthetic gene cluster detected by anti-SMASH of the genus Roseomonas members (Species list same as given in Table 20)
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3.3.4.7. Physiological and chemotaxonomic characteristics

Optimum growth occurs at 35-37 °C, with a growth range of 15-40 °C. NaCl was
not essential for growth but could tolerate up to 1 % (w/v). Strain KCTC 32190" grows at
a pH range of 5.5-8.0 with an optimum at 7.0. Strain KCTC 32190T grew with D-glucose,
D-fructose, D-galactose, L-rhamnose, L-asparagine, L-fucose, sucrose, yeast extract,
peptone, pyruvate, D-mannitol, casamino acids, and L-serine. No growth was observed with
fumarate, starch, ethanol, glycerol, succinate, benzoate, acetate, D-glutamic acid, L-
ascorbic acid, glycine, L-tyrosine, tween 80, maleic acid, L-phenylalanine. The growth of
both strains was independent of yeast extract or added vitamins. Strain KCTC 321907 could
utilize only ammonium chloride, whereas R. oryzicola KCTC 22478 could use ammonium
chloride and tryptophan as the nitrogen source. Both strains showed negative reactions for
nitrate reduction, cellulose, starch, and gelatine hydrolysis. The differences are put up in
Table 24. Strain KCTC 321907 showed indole test negative (L-tryptophan), whereas indole
was produced from L-tryptophan by R. oryzicola KCTC 22478, Strain KCTC 32190T was
sensitive to kanamycin and rifampicin but resistant to streptomycin, nalidixic acid,

vancomyecin, penicillin, and chloramphenicol.

Whole-cell fatty acid analysis of strain KCTC 32190 revealed that
Cig:107¢/Cis.106¢, cyclo-Cio.0m8c, Cis:02-OH, and Ci6.0 were the predominant cellular fatty
acids and significant proportions of Cis:03-OH, Cis107¢/Cis106¢, Cis02-OH, and
Cie105¢ were also detected (Table 25). The differences in the fatty acid profile of strain
KCTC 321907 in comparison to R. oryzicola KCTC 22478" are put up in Table 24. Polar
lipids of the strain KCTC 32190T include phosphatidylglycerol, diphosphotidylglycerol,
phosphatidylethanolamine, phosphatidylcholine, an unidentified amino lipid (AL), and
three unidentified lipids (L1-3; Fig 49A) whereas for R. oryzicola KCTC 22478" are shown

in Fig. 49B. Both the strains had ubiquinone-10 as primary quinone system.
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Table 24. Differentiating characteristics of 1. Strain KCTC 32190%; 2. R. oryzicola KCTC
22878T; 3. R. sediminicola FW-3T (He et al 2014). ; 4. R. soli 5N26" (Kim et al.

2014)
Characteristics 1 2 3 4
Isolation source Sand Rhizosphere of Fresh Cabbage
rice water rhizosphere
Colony color Pale red White
Cell Size [W x L; um] 0.6-1 x 1.5-2.0 0.7-08x1.2-1.6  0.3-05x  0.7-1.0x 1.9-
1.5-2.2 2.4
Cell shape Coccoid to oval Coccobacilli Rod Rod
shaped
Temperature optima (range) °C 35(15-40) 30 (10-40) (10-37) 30 (15-40)
pH optimum (range) 7 (5.5-8) 7-8 (5-10) 7 (5.5-10)  6.5(5.0-8.5)
NaCl tolerance (%) 1 0 1 0
Oxidase/Catalase +/- +/- ++ -/-
Hydrolysis of
Casein + - - -
Urea + + + -
Indole from L-tryptophan - + - Na
Utilization of carbon substrate
Arabinose + - - -
Glucose + - - -
D-Galactose + - Na Na
Fructose + - Na Na
D-Mannitol + - - -
Rhamnose + - - -
Ribose + - +
Sorbitol + - - -
Sucrose + w - -
Cellular FA
Ci6:0 12.7 12.5 8.9 7.5
Ci6:020H 1.0 0.5 - -
Cic1m5¢ 0.5 0.5 0.9 2.4
Ci6107¢/Cis:106¢ 1.4 1.3 - 4.1
Cis:107¢/Cis1006¢ 50.6 66.7 554 63.2
Ciso - 1.1 - -
Ci18:120H 13.0 3.7 29.8 13.4
C15:030H 1.5 0.7 - -
Ci9:0 cyclo o8¢ 15.3 35.5 - 4.4

*All the tests were performed at author’s laboratory under identical conditions.

For both strains common: All the strains are Gram-stain-negative, non-motile and non-
spore forming; negative for gelatin, starch hydrolysis;; +, positive or present; -, negative or
absent, w: weakly positive; Na, not available
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Fig. 49. Two-dimensional TLC of polar lipids. For polar lipids, chloroform-
methanol-water (75:32:4 [v/v]) was used as the solvent in the first
direction, and chloroform-acetic acid-methanol-water (86: 16: 15:4 [v/v])
was used in the second direction.

(A) strain KCTC 321907

(B) R. oryzicola KCTC 224787
DPG, diphosphatidylglycerol; PE, phosphatidylethanolamine; PC,
phosphatidylcholine; PG, phosphatidylglycerol; unidentified lipids
(L1-5), unidentified aminolipid (AL1)
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For taxonomic demarcation, there should be a correlation between genetic and
phenotypic features. The non-motile character of Groups II and VI members distinguish
themselves from Group V members. Variable catalase activity distinguished those of
Groups II and III from members of Groups I, IV, V, VI, and VII. Groups I and II members
have varying oxidase activity, while those in the other groups are either oxidase negative
(Groups 1V, V) or positive (Groups 111, VI, VII). Members of Groups VI and VII have a
higher NaCl tolerance than the other groups. Groups II and III members were variable for
starch hydrolysis, while Groups IV, V, VI, and VII members were negative. Group VI
members tested positive for casein hydrolysis in varying degrees, while the remainder of
the groups tested negative. Urease positive for Groups I, IV, and VI members, but Groups
IL, 111, and VII had varying reactions. Likewise, Groups II, III, V, and VII members had a
negative reaction to nitrate reduction, whereas the others had a varied reaction. Similarly,
Groups II and III differ from the other groups by exhibiting varied gelatin hydrolysis
activity. The favourable utilisation of D-glucose distinguishes Group VII from Groups II,
III, and IV. Members of Groups V, VI, and VII were able to use L-arabinose for growth,
whereas members of Groups I, III, and IV were unable to do so. Sucrose could be used by
members of Groups III, VI, and VII, but not by members of Groups IV and V. Group VI
members had Q-9 as their unique respiratory quinone, as opposed to individuals in the other
groups who had Q-10. Groups III and VII members are distinguished from Groups L, 11, IV,
V, and VI by the presence of a glycolipid. Groups V and VII are also characterised by the
presence of an unidentified lipid as one of the polar lipids. Polar lipid analysis is a useful
chemotaxonomic tool frequently employed as a diagnostic tool for reclassification. The
phenotypic traits that distinguish the genus Roseomonas from other closely related genera

in the Acetobacteraceae family are listed in Table 2
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Table 25. Characteristics differentiating the Roseomonas groups from other closely related genera in the family Acetobacteraceae

Characteristics 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Motility v - v v + - v - ND + - - - -
Oxidase/catalase  v/+ v/v +/v -/+ -/+ +/+ +/+ +/+ +/+ +/+ +/+ +/+ +/+ +/+
Optimum temp. 35(12-42) 25-30 30-37 28-35 4-45 (15- 40-50 28-35 30 25 50 28 30-32 30 40-50
°C(range) (5-45) (4-45) (15-40) 30) (5-55) (4-45) (1-30) (4-37) (25-50) (20-40) (20-42 (20-37) (20-60)
)
Optimum pH 6-7 6.59 7-8 7(5-9)  4-11(6-8)  7-10 7-15 7 7 75 7 ND 7 8
(range) (5-8) (6-10) (5-10) (5.5-11) (5-8.5) (8-9) (5-8) (75-8)  (6-8) (6.6 (5.5-85)  (6-10)
6.8)
NaCl (%) 0-3 0-1.02 0-2 0-2 0-2 0-6.5 0-6 0 0-3 1-2 0-2 0-4 0-0.5 0-2.5
toleration
Hydrolysis of:
Starch ND v v - - - - ND - - - + - -
Casein ND - - - - v - ND - - - - - +
Gelatin - v v - - - - - - + - - + +
Urease + v v + + + v + v + - + - +
Tween 80 ND v - - v - - + ND - + - - -
Nitrate v/iv -V -V v/- -/- v/ND -/- -/- +/- ND ND +/+ +/ND +/-
reduction/ H2S
production
Utilization of:
D-Glucose v - - - v v + + - + - + + +
D-Fructose v - v - ND v + ND - - - + ND -
D-Galactose v - - - ND v v ND - - - + ND +
D-Lactose v - - - ND - v - + ND - + ND +
Sucrose v v + - - + + - - + ND - ND +
D-Mannitol v - - - - v v ND - ND - - - -
L-Arabinose v - - v + + + + - ND + + - -
Isoprenoid Q10 Q10 Q10 Q10 Q9 Q10 Q10 ND Q9 Q9 Q10 Q10 Q10 Q10
quinones
Polar lipid DPG, PE, DPG, DPG, PE, DPG,PC, DPG, PE, DPG, PE, DPG, PC, DPG, DPG, PC, PE, PE, PL, ND PE, PL, DPG,
PC, AL, PL PE, PC, PC, AL, PE PC, AL, L Al, L,PL PE, GL, PE, PC, PC DPG, AL AL PE, PC
AL, PL GL,PL PL, AL,L AL AL
Major FA Ciso, Summed  Summed Summed  Summed Summed Summed Summed  C,q, Cieo Ces20H Cigy Cii20H  Cigy,
Cig1 20H, feature 3 feature 3 feature 3 feature 3 feature 3, feature 3 feature 3 Crai2- summed
Ie JowTe 181 2- Cie:1 @5¢ Ciso C18:117c  Cieo Ciso OH feature 4
1Heyeeo OH, Cieo Cpgq@Tc  C16:0 Cisi20H, Ci20H
Ciga 3- >
OH Cis 2-
OH
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All genera are Gram-stain-negative; contains PG as Polar lipid; contains Cis.107¢/Cie:106¢ as major fatty acid; *summed features represent two
or three fatty acids that cannot be separated by gas chromatography with the MIDI system. Summed feature 3, C;4 . ;@7c and/or iso-C,; . , 2-OH;
summed feature 4, anteiso-C,;.; B and/or iso-C7., L.

DPG, diphosphatidylglycerol; PG, phosphatidylglycerol, PE, phosphatidylethanolamine; PC, phosphatidylcholine; GL, unidentified glycolipid,
PL, unidentified phospholipid; AL, unidentified amino lipids, L, unidentified Lipid; FA; Fatty acid; *, data obtained from author’s laboratory; ND,
Not determined; v, variable; +, positive, -, negative; v/ND, variable or not determined; -/v, absent/variable; +/+, positive for both tests; v/+,
variable/positive; v/v, both tests show variable results; +/+, both testes positive.

1. Group I (Roseomonas genus sensu-stricto) (data based on R. gilardii 54247, R. gilardii subsp. gilardii ATCC49956", R. gilardii subsp. rosea
MDAS56057, R. mucosa MDAS5527") (Rihs et al. 1993; Han et al. 2003); 2.Group II (data based on R. pecuniae N75%, R. aerilata 5420S-307, R.
nepalensis G-3-57, R. rosea DSM 149167) (Sanchez-Porro et al. 2009; Yoo et al. 2008; Chaudhary and Kim 2017; Lopes et al. 2011); 3. Group III
(R. stagni HS-697, R. frigidaquae CW67', R. bella CQN317", R. algicola PeD5”, R. selenitidurans BU-1T) (Furuhata et al. 2008; Kim et al. 2009;
Zhang et al. 2020; Hou et al. 2020; Kim et al. 2020); 4. Group IV (data based on R. aquatica TR5", R. fluminis D3") (Gallego et al. 2006); 5.
Group V (based on R. arctica M6-79", R. hellenica R-73070") (Qiu et al. 2016; Rat et al. 2021); 6. Group VI (based on R. oryzicola KCTC 321907,
Strain KC32190"; R. lacus JCM 13283", R. alkaliterrae YIM 780077) (Jiang et al. 2006; Dong et al. 2014); 7. Group VII (data based on R. deserti
M3T, R. cervicalis KACC 11686", R. oryzae JC288T, R. rhizosphaerae KACC 17225", R. aestuarii JC17") (Subhash and Lee 2018; Rihs et al.
1993, Ramaprasad et al. 2015, Chen et al. 2014, Venkat et al. 2010); 8. Humitalea (data based on H. rosea W37") (Margesin and Zhang 2013); 9.
Belnapia (based on B. moabensis CP2CT, B. rosea CGMCC1.10758", B. soli PB-K8")(Jin et al. 2013; Jin et al. 2012; Reddy et al. 2006);10.
Rubritepida (based on R. flocculans DSM 14296") (Alarico et al. 2002); 11. Dankookia (based on D. rubra WS-10T) (Kim et al. 2016b); 12.
Paracraurococcus (data based on P. ruber NS89T) (Saitoh et al. 1998; Alarico et al. 2002); 13. Roseicella (based on R. frigidaeris DB1506" )
(Khan et al. 2019); 14. Crenalkalicoccus (based on C. roseus YIM 78023T) (Ming et al. 2016)
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3.3.5. Phylogenomic study of Alcanivorax xenomutans JC109"
3.3.5.1. Phylogeny based on 16S rRNA and genome sequence

Alcanivorax xenomutans JC109T is an important species isolated from a shrimp
cultivation pond described from our lab. Most abundantly found in marine habitats. Based
on the 16S rRNA gene phylogenetic tree of Alcanivorax xenomutans JC109T along with
the other members of the genus Alcanivorax, the results revealed that the members were
highly polyphyletic (Fig. 50). It was divided into three different clades with high bootstrap
values (Fig. 50). Clade I (n=6) consisted of A. borkumensis SK2", A. hongdengensis A-11-
3T, A. sediminis PA15-N-34", A. profundi MTEO17", A. nanhaiticus 19-m-6" and A.
Jjadensis T9'. In contrast, clade II (n=2) members were A. pacificus W11-5T and A. indicus
SW127T. The other species of the genus Alcanivorax like A. venustensis 1SO4T, A.
gelatiniphagus MEBiICO08158", A. profundimaris ST75FaO-1", A. mobilis MT131317, A.
balearicus MACLO04T, A. xenomutans JC109T, A. dieselolei CGMCC 1.3690T and A4.
marinus R-8-127 fell under clade IIT (n=8). As A. borkumensis SK2" is the type species of
the genus Alcanivorax, therefore clade 1 shall be marked as Alcanivorax genus sensu-
stricto. The 16S rRNA gene pairwise nucleotide identity among the members showed that
some species between different clades had 16S rRNA gene identity values of less than 94
% (Table 26). Additionally, the taxonomic standing of the genus Alcanivorax was further
supported by the genome phylogeny (Fig. 51). The UBCG-based phylogenomic tree also
suggested the same cladding pattern (three clades) as the 16S rRNA gene dendrogram with
high gene support index (GSI). Thus, concurring with the proposal of reclassifying the

genus Alcanivorax.
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Halomonas spp. (155 strains)

90/63/100

99/53/95

Marinospirillim spp.(6 strains)
Pelagibaculum spongiae Hp12T (MG877746)
L 99Wnivomx indicus SW127T (MH279472)
Alcanivorax pacificus W11-5T (DQ659451) Clade I1
Alcanivorax jadensis T9T (AJ001150)
Alcanivorax nanhaiticus 19-m-6T (KM453740)
Alcanivorax profundi MTEO17T (KY352038)
Alcanivorax sediminis PA15-N-34T (MK418919) Clade I
Alcanivorax hongdengensis A-11-3T (EU438901)
Alcanivorax borkumensis SK2T (Y12579)
ﬂcanivumx dieselolei CGMCC 1.3690T (MT759958)
Alcanivorax xenomutans JC109T (HE601937)
Alcanivorax balearicus MACL04T (AY686709)
Alcanivorax mobilis MT13131T (MF187461)
ﬁ Alcanivorax profundimaris ST75Fa0O-1T MT452298 Clade I11
3 Alcanivorax venustensis 1SO4T (AF328762)
Alcanivorax gelatiniphagus MEBIC08158T (JQ937289
99/-1100 - Alcanivorax marinus R-8-127 (KC4151 69)

93/91/95
99/60/100

99/99/100
87/51/50
99/86/71

99/89/100 Marinobacter spp. (92 strains)

{Hahella chejuensis KCTC 23967 (AF195410)
99/68/100 Hahella ganghwensis FR1050T (AY676463)

T, Oceanospirillum spp. (15 strains)
Oceanospirillum vagum ATCC 27119T (X67025)
00069/80 " Neptuniibacter spp. (4 strains)

‘ Halomonas phosphatis ASM6T (JN242765)
Ketobacter alkanivorans GI5T (KY303768)

Ketohacter nezhaii GYS M3HT (MN299327)
Kangiella spp. (12 strains)

99/99/100
oo Gl Cc/ivibrio spp. (12 strains)

88/69/51

0.0100

Fig. 50. NJ phylogenetic tree based on the 16S rRNA gene sequences showing the
phylogenetic relationship between the members of the genus Alcanivorax
and other closely related members. Members of genus Cellvibrio were used
as an outgroup. Numbers at nodes represent bootstrap values (given as
percentages of 1,000 replications) of >50 % shown at branch points
(NJ/ME/ML). The GenBank accession numbers for the 16S rRNA gene
sequences are shown in parentheses. Bar, 0.01 accumulated changes per
nucleotide substitutions.
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Table 26. 16S rRNA gene identity values between the members of the genus Alcanivorax

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
1 100
2 973 100
3 977 979 100
4 96 96.6 96.4 100
5 97 975 96.9 979 100
6 97 972 962 96.8 969 100
7 939 935 938 929 927 93.1 100
8 934 944 943 928 928 929 96.8 100
9 946 954 944 942 945 947 939 93.6 100
10 949 950 942 934 942 943 93.6 933 99.6 100
11 939 942 934 935 937 944 943 929 96.2 96 100
12 941 934 94.1 933 937 94 93.6 935 954 95 97.7 100
13 936 934 929 946 947 944 938 929 954 95 98.1 969 100
14 939 942 944 932 929 932 945 94.6 957 957 964 96.7 96.1 100
15 945 949 939 937 941 942 934 932 995 99.1 95.7 945 947 952 100
16 942 939 94.0 93.6 93.8 94.1 938 935 949 948 979 992 972 969 945 100
17 91.6 91.6 91.2 90.7 90.6 914 90.2 90.5 914 90.7 90.2 909 89.6 90.8 909 91.6 100
18 91 9l1.1 912 90.0 912 91 89.8 89.8 90.8 90.2 90.1 905 903 902 903 91.1 97.7 100
19 89.6 889 88.6 90.2 892 894 89.1 883 90.1 89.7 904 893 89.8 89.5 89.7 89.6 86.8 86.7 100

1. A. borkumensis SK27, 2. A. hongdengensis A-11-3", 3. A. jadensis T9", 4. A. nanhaiticus 19-m-6", 5. A. sediminis PA15-N-34", 6. A. profundi
MTEOI17Y, 7. A. pacificus W11-5T, 8. A. indicus SW1277), 9..A. venustensis 1ISO4", 10. A. dieselolei B-5", 11. A. xenomutans JC109", 12. A.
balearicus MACLO04", 13. A. mobilis MT131317, 14. A. profundamaris ST75Fa0-17, 15. A. gelatiniphagus MEBiC08158", 16. A. marinus R8-
127), 17. Ketobacter nezhaii GYS_M3HT, 18. K. alkanivorans G15T, 19. Pelagibaculum spongiae Hp12T
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’7Ketobacter alkanivorans GI5T (CP022684)

Metagenome Assisted Genome of (Alcanivorax bin12 PDUMO00000000)
Metagenome Assisted Genome of (Alcanivorax CP2C LXTS00000000)
Alcanivorax pacificus W11-5T (CP004387), Strain
S71-1-4 (AQOR00000000) Clade IT
~= Alcanivorax indicus SW127" (QGMP00000000)*
92—- Strain CSSed165cm 249 (SLJIS00000000), Strain JB21 (JAIOUB00000000)

92 Alcanivorax hongdengensis A-11-3T(AMRJ00000000)
2 (Alcanivorax profundi MTEo17" (QYYA00000000),
5| | Strain MDSA (AQ0OQ00000000)
Strain P2S70 (AXBZ00000000)

Strain DB30 (WTUY00000000)

92
[~ Alcanivorax nanhaiticus 19-m-67(ARXU00000000) (Cledtel

6 2LAlcaniv1)mx sediminis PA15-N-34T(WIRE00000000)

92

92

B | Alcanivorax jadensis T9T (ARXU00000000)"

92
3 Alcanivorax borkumensis SK2' (AM286690)*

92 rSHain 24 (SNUA00000000), Strain 6-D-6 (AQPF00000000)
«Alcanivorax xenomutans JC109T (OBMO ) & other seq @
\ Alcanivorax diesolie BST, CGMCC 1.3690T(CP003466, BMKY 00000000)

Strain Alg238-V104 (UNRD00000000)
2 Alcanivorax mobilis MT13131T (NMQZ00000000)

train N3-2A (JADDOL00000000)
W Alcanivorax gelatiniphagus MEBIC08158T (VCQT00000000)*
83 wAlcanivarax profundimaris ST75Fa0-1T (JABJWH00000000) and other sequences'

Clade I1I

83
Alcanivorax venusentisis 1SO4T (ARXR00000000) and other sequences®

0.020

*Uncultured clone DS1.3.55 (PNLU00000000), Uncultured SRR6193124.bin. 10 MetaBAT v2.12.1_MAG (CAJXLA00000000)

A Strain DSM 26293 (FNUMO00000000) , Strain NBRC 102024 (BDAS00000000), Uncultured NP13 (PCAQ00000000) , Uncultured cal (CPO51240) , Uncultured 0a2
(CP051253) , Uncultured ih2 (CP051252), Uncultured HI0003 (LWEI00000000), Uncultured HI0007 (LW EJ00000000),

Uncultured HIO011 (LWEL0000000), Uncultured HIO013 (LWEMO00000000), Uncultured HI0035 (LWEU00000000), Uncultured AG-333-G18 (CABYMGO00000000),
Uncultured Bin_5 (JABURH00000000), Uncultured ESRF-bin82 (NTLH00000000), Uncultured C13 (QAZC00000000),

Uncultured C17 (QAZB00000000), Uncultured CPC95 (NYSM00000000), Uncultured HT1 (CP080267), Uncultured NORP347 (JAESUS00000000), Uncultured NP4
(PBRW00000000), Uncultured SRR3933375_bin7_MetaBAT v2.12.1_MAG (CAJXUR00000000), Uncultured SP60

(PAZZ00000000), Uncultured SP122 (PAQZ00000000), Uncultured UBA1900 (DDGO00000000), Uncultured UBA2692 (DELQ00000000), Uncultured UBA31 83
(DEXN00000000), Uncultured UBA9185 (DNMT00000000)

+ Strain ABS183 (LKAP0O0000000), Strain DG881 (ABRW00000000), Strain E4 (CP032351), Strain NBRC 101098 (AP014613), Strain NBRC 102028 (BDAT00000000),
Strain VBW004 (WNHC00000000), Strain 97CO-6 (PIXQ00000000), Strain 97C0-5 (AZYR00000000),

Strain 6-D-6 (AQPF00000000), Uncultured C15_100_9 (JADFAH00000000), Uncultured C15_98 8 (JADFAG00000000), Uncultured ESRF-binl (NTLV00000000),
Uncultured ESRF-bin2 (NTLS00000000), Uncuitured ESRF-bin8 (NTLD00000000), Uncultured ESRF-bin36 (NTLN00000000),

Uncultured HI0083 (LWFX00000000), Uncultured HI0044 (LWEZ00000000), Uncultured NORP25 (NVWY0000000), Uncultured NP90 (PBSH00000000), Uncultured
SRRR3933283 bin.5_ MetaB (CAJXVB00000000), Uncultured SZUA-1036 (DQLP0O0000000)

@ Strain KX64203 (LVIC00000000), Strain KS-293 (CZHF00000000), Strain P40 (CP012331), Strain PN-3 (AXBX00000000), Strain 43B_GOM-46 (JADM00000000),
Uncultured MCMED-G36 (JACETG00000000), Uncultured NORP70 (NVVF00000000)

#Strain NMRL4 (JADDOL00000000), Uncultured UBA1913 (DDGB00000000), Uncultured UBA3989 (DGCBO0000000) ! Strain FXH-223 (JAJIGNA00000000), Strain
10_7 (CP053420), Strain SY10-13 (JAEKJB00000000), Strain ZXX171 (WXVX00000000),

Strain 521-1 (ARXX00000000), Uncultured EAC41 (NZRGO0000000), Uncultured ERR599032_bin. 125 MetaBAT 12.12.1_MAG CAIWDJ00000000), Uncultured
NPI12 (PCBJ00000000), Uncultured SAT63 (PAKR00000000), Uncultured Sp32 (PBE000000000),

Uncultured UBA1092 (DCCB00000000), Uncultured UBA4150 (DEVW00000000), Uncultured UBA8877 (DPCU00000000)

$StrainDSM 26295 (FXTF00000000), Uncultured Bin_18 (JABURE00000000), Uncultured CPCI 1 (NYXH00000000), Uncultured DT_1 (JABSOF00000000), Uncultuxd
ERR599044 bin.85_meta (CAJWYX00000000), Uncultured ih1 (CP051239), Uncultured IN928 (NZKK00000000), Uncultured MES4 (VENH00000000), Uncultured
M30B6 (CP073758), Uncultured MCMED-G37 (JACETH00000000), Uncultured NORP288 (JASESSO00000000), Uncultured NORP28 1 (JAESSI00000000), Uncultured
NAT75 (NZUW00000000), Uncultured NP1 56 (PBZB00000000), Uncultured Nap 24 (LSMO00000000), Uncultured SP64 (PAZW00000000), Uncultured SZUA-1011
(DQKV00000000), Uncultured SATI356 (PAWL00000000), Uncultured SRR3933184_bin.8 MetaBAT v2.12.1 MAG (CAJXVB000000000), Uncultured UBA679
(DBNF00000000), Uncultured UBA1475 (DCSD00000000), Uncultured UBA1504 (DCRA00000000), Uncultured UBA1608 (DCNA000000000), Uncultured UBA16 14
(DCMU00000000), Uncultured UBA191 1 (DDGD00000000), Uncultured UBA1972 (DDDU00000000), Uncultured UBA2 114 (DCYI00000000), Uncultured UBA2509
(DDNX00000000), Uncultured UBA2512 (DDNU00000000), Uncultured UBA2685 (DELX00000000), Uncultured UBA2694 (DELO00000000), Uncultured UBA3 194
(DEXC00000000), Uncultured UBA3353 (DEQZ00000000), Uncultured UBA3585 (DFMU00000000), Uncultured UBA 4152 (DFVU00000000), Uncultured UBA4485
(DGNT00000000), Uncultured UBA4488 (DGNQ00000000), Uncultured UBA4521 (DGMJ00000000), Uncultured UBA4527 (DGMD00000000), Uncultured UBA4543
(DGLN00000000), Uncultured UBAS084 (DIAG00000000), Uncultured UBAS099 (DHZR00000000), Uncultured UBAS163 (DFIXF000000000), Uncultured UBA5595
(DILJ00000000), Uncultured UBA6607 (DJHZ00000000), Uncultured UBAS234 (DQGY00000000), Uncultured UBAS404 (DMHGO00000000), Uncultured UBA 8420
(DMXE00000000), Uncultured UBA8421 (DLZI00000000), Uncultured UBA8428 (DLZR00000000), Uncultured UBA8431 (DMHS00000000), Uncultured UBA9024
(DOLL000000000), Uncultured UBA9157 (DMNJ00000000), Uncultured UBA9 174 (DNDI00000000), Uncultured UBA9369 (DMUV00000000), Uncultured UBA9453
(DMEC000000000), Uncultured UBA%462 (DLVX000000000), Uncultured UBA9466 (DLVT00000000), Uncultured UBA9685 (DOINO0000000), Uncultured UBA9692
(DOAE00000000), Uncultured UBA9874 (DQAU00000000), Uncultured UBA10233 (DPIQ00000000), Uncultured UBA10370 (DOGO00000000), Uncultured
UBA10373 (DOGP00000000), Uncultured UBA10377 (DOGM00000000), Uncultured UBA 10381 (DNZX00000000), Uncultured UBA10698 (DQDMO00000000),
Uncultured UBA10724 (DMGJ00000000), Uncultured UBA10813 (DORU00000000), Uncultured UBA 10824 (DPSU00000000), Uncultured UBA11597
(DPZZ00000000), Uncultured UBA11623 (DONLO0000000), Uncultured UBA12379 (DPAJ00000000)

alkanivorans GI5T (CP022684) as an outgroup.

Fig. 51. Phylogenomic tree of members of the genus Alcanivorax constructed using 92 core genes tool based on the Up-to-date
Bacterial Core Gene (UBCGQG) (Na et al. 2018). The tree was generated using the MEGAX software (NJ) with Ketobacter
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3.3.5.2. Genomic features of Alcanivorax spp.

The general details of the genomes of the type strains applied in the study are
presented in Table 27. The genome size of clade I (n=6) is 3.1-4.1 Mbp, clade II (n=2) is
3.4-4.1 Mbp, and clade III (n=6) is 3.5-5.1 Mbp. The genomic G+C content (mol %) of
clade I (n=6), clade II (n=2) and clade III (n=6) were 54.7-60.7 %, 62.6-62.8 %, and 61.3-
66.7 %, respectively. On average, clade IIl members had the highest genome size and G+C
content (mol %) of 4.2 Mbp, and 63.8 %, respectively. The clade II and clade III members
have CRISPR/Cas, whereas it was present only in the three members of clade I (4.
hongendensis, A. sediminis, A. jadensis). Additionally, the information related to RNA,

pseudogenes, and coding sequences is given in Table 27.

3.3.5.3. Genome based metrics for taxa delineation

Standard genome indices like dDDH and ANI were calculated for species
delineation, whereas AAI and POCP were calculated for genus delineation. dDDH, ANI,
AAI, and POCP were calculated at the inter and intra clade level. Within the clade
members, as defined by phylogenomics, members had dDDH and ANI values of at least
20.1-51.9 % and 75.2-93.2 %, respectively (Table 28). At the inter clade level, the AAI
values between clade I and clade II were 61.8-63.2 %; clade I and III were 66.1-69 % and
clade II and clade IIT were 61.8-63.1 % (Table 29). Similarly, POCP values between clade
I and II ranged from 60.9-65.5 %; clade I and III ranged between 58.1-68.3 %; whereas
clade II and clade III were 53.8-65.8 % (Table 29). The heatmaps of AAI and POCP also
suggest the cladding of the genus Alcanivorax into three major groups (Fig. 52A, B). For
members of other genera from the family Alcanivoraceae, the diDDH, ANI, AAI, and POCP

values are provided in Table 28 and Table 29.
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Table 27. Genome characteristics of the members of the genus Alcanivorax and closely related strains in the family Alcanivoraceae

Organisms Strain Size  G+C Coding N50 (bp) L50 RNA Pseudogenes CRISPR/Cas DDBJ/EMBL
(Mb)  (mol%) sequence (bp) rRNA /GenBank

Clade I (n=6)

A. borkumensis SK2T 3.1 54.7 2755 3120143 1 42 6 0 0 AM286690

A. hongendensis A-11-3T 3.66  60.7 3416 107364 11 40 4 22 3 AMRJ00000000

A. profundi MTEO17 T 374 575 3459 998536 2 43 3 0 0 QYYA00000000

A. nanhaiticus 19-m-6T 4.13 56.4 3778 276801 6 42 4 30 0 ARXV00000000

A. sediminis PA15-N-34T 3.8 57.2 3390 3189188 1 41 2 18 1 WIRE00000000

A. jadensis T9T 3.63 58.4 3266 244829 5 42 3 33 2 ARXU000000000

Clade II (n=2)

A. pacificus WI11-5T 4.17 62.6 3759 4168427 1 42 3 72 CP004387

A. indicus SW1277 3.45 62.8 3095 2638783 1 43 3 0 QGMP00000000

Clade III (n=6)

A xenomutans JC109T 4.35 61.7 3918 180371 10 40 6 143 8 OBMO00000000

A. dieselolei B5T 5.15 61.3 4417 290175 6 42 6 34 1 UNRDO00000000

A. mobilis MT131317T 4.1 63.4 3690 109947 12 41 2 0 1 NMQZ00000000

A. gelatiniphagus  MEBIC08158  4.22 65.2 3918 195464 8 43 3 0 7 VCQT00000000

T

A. profundimaris ~ ST75FaO-1T 4.04 663 3708 280257 6 42 2 51 3 JABJWHO00000000

A. venustensis 1SO4T 354 647 3308 94767 11 39 4 0 1 ARXR00000000

Others

Ketobacter GIsT 4.9 51.2 4199 4914503 1 44 6 35 1 CP022684

alcanivorans

K. nezhaii MCCT1A138 5.3 50 4555 433309 4 41 4 69 2 VRKWO00000000

08T
Pelagibaculum Hp12T 4.9 43 4306 426703 4 85 12 64 7 QDDL00000000
spongiae
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Table 28. JDDH/ANI values between the members of the genus Alcanivorax

CLADE 1 CLADE 11 CLADE III
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
1 Alcanivorax. sediminis PA15-N-34T 100 81.8 78,5 757 717 766 71.5 71.6 734 732 739 73.9 73.6  73.1 68 66.7 66
2 Alcanivorax. nanhaiticus 19-m-67 252 100 79 755 774 767 713 71.6 73.2 734 738 73.9 739 732 68 67.5 65.7
3 Alcanivorax. profundi MTEO17" 232 238 100 759 778 76.5 712 716 732 733 743 74 739 734 679 67  66.1
4 Alcanivorax. borkurnensis SK2T 21.8 212 214 100 772 752 70.5 70.6 723 722 725 72.6 726 722 677 67.1 657
5 Alcanivorax. jadensis T9T 22.3 22 223 229 100 782 712 719 743 752 749 74.9 752 742 684 675 659
6  Alcanivorax. hongdengensis A-11-3T 222 226 218 21 232 100 724 727 747 747 76.1 76.5 759 749 68 673  65.7
7 Alcanivorax. indicus SW1277 188 193 192 186 195 19.1 100 758 723 721 73 73 729 725 68 66.9 653
8  Alcanivorax. pacificus W11-57 187 195 194 201 19.1 195 20.1 100 729 727 733 73.5 732 729 679 673 658
9 Alcanivorax. dieselolei B-5T 20.7 205 203 214 206 209 189 194 100 932 779 77.6 776 767 68.1 672 65.6
10 Alcanivorax. xenomutans JC109T 204 207 20.1 20 203 206 189 194 51.9 100 77.3 77.1 77 76.7 68.1 672 65.6
11 Alcanivorax. profundimaris ST75Fa0-1T 204 205 202 198 206 207 188 192 219 214 100 86.1 82.7 794 682 674 652
12 Alcanivorax. gelatiniphagus MEBiC08158T 204 208 20.6 20.7 21 21.1 19 192 221 212 30.3 100 82.1 794 682 672 652
13 Alcanivorax. venustensis ISO4T 20 204 199 19.7 209 209 18.6 194 22 213 256 25.6 100 795 683 672 634
14 Alcanivorax. mobilis MT131317T 20.2 205 203 207 21.1 206 189 195 219 20.6 232 26.1 23.3 100 68.1 67.1 653
15  Ketobacter alkanivorans GI5T 185 188 20.1 249 20 203 214 202 212 219 212 194 20.7 20.8 100 714 66.1
16  Ketobacter nezhaii GYS_M3HT 28 223 343 375 27 277 294 229 228 21.1 28.1 24.6 20.7 277 19.7 100 65.5
17  Pelagibaculum spongiae Hp12T 219 206 213 333 333 362 35 35 343 372 333 21.7 32.9 226 239 20.1 100
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Table 29. AAI and POCP values between the members of the genus Alcanivorax

Results

CLADE 1 CLADE 11 CLADE III
1 2 3 4 5 6 7 8 9 10 11 12 13 14 17 18 19

1 Alcanivorax. sediminis PA15-N-34T 100 835 813 772 80.7 769 636 609 581 61.6 639 621 671 61.8 43. 40 30

2 Alcanivorax. nanhaiticus 19-m-67 873 100 809 758 788 757 614 604 579 608 624 605 657 605 448 42 32.1

3 Alcanivorax. profundi MTEO17T 81.7 823 100 793 822 778 632 624 597 629 658 63.8 683 63.6 443 43 314

4 Alcanivorax. borkurnensis SK27 787 787 797 100 80.6 76.6 642 63.1 613 655 686 659 645 668 433 40 29.8

5 Alcanivorax. jadensis T9T 79.1 789 799 809 100 792 655 642 60.7 639 67 65.1 60.7 648 435 45 29.9

6  Alcanivorax. hongdengensis A-11-3T 752 749 76.1 76.7 769 100 625 63.6 604 533 672 653 605 655 421 42 29.7

7 Alcanivorax. indicus SW127" 620 619 619 625 626 625 100 702 538 575 594 581 63.1 573 441 44 31.1

8  Alcanivorax. pacificus W11-57 622 618 623 632 626 630 712 100 602 619 63 622 658 634 442 43 30.2

9 Alcanivorax. dieselolei B-5" 67.0 66.1 678 683 68 68.1 61.8 625 100 88 72.8 712 69.1 719 379 34 27.7
10 Alcanivorax. xenomutans JC109T 67.6 669 682 686 684 688 622 627 957 100 746 726 724 741 394 39 29
11 Alcanivorax. profundimaris ST75Fa0O-1T 67.8 67.6 688 689 69 694 623 629 734 732 100 845 80.5 759 412 40 29.9
12 Alcanivorax. gelatiniphagus MEBiC08158T 674 671 68.1 686 684 692 622 626 73.1 725 857 100 769 76 39.7 37 28.7
13 Alcanivorax. venustensis 1SO4T 683 681 689 693 695 697 627 62.7 73 732 797 79.1 100 774 425 322  30.1
14 Alcanivorax. mobilis MT131317 67.6 67.6 683 687 68.7 69 621 630 731 73.1 763 761 769 100 40.1 402 289
15  Ketobacter alkanivorans GIST 521 522 523 527 521 524 521 515 512 507 512 51 518 514 100 41.1 309
16  Ketobacter nezhaii GYS_M3HT 41.6 417 424 430 41.6 414 402 407 382 394 405 398 418 399 664 100 32.1
17 Pelagibaculum spongiae Hp12T 512 469 472 475 469 466 469 465 458 465 465 501 469 463 473 47 100
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1. A. indicus SWI127%, 2. A. pacificus W11-5T, 3. A. sediminis PA15-N-34T, 4. A. nanhaiticus 19-m-67, 5. A. profundi MTEO177, 6. A. jadensis T, 7. A. borkumensis SK27, 8. A.
hongdengensis A-11-37, 9. A. dieselolei B-5T, 10. A. xenomutans JC1097,11. A. profundamaris ST15Fa0-17, 12. A. gelatiniphagus MeBiC08158T, 13. A. venustensis ISO4T, 14. A. mobilis
MT131317

Fig. 52. Heatmap representing genomic indexes values for delineation values of the members of genus Alcanivorax clustered with the
complete h-clust method. (A), AAL (B), POCP
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3.3.54. Core and pan-genome analysis

The BPGA software was applied to analyse of the core and pan-genome of the
members of the genus Alcanivorax. For the members, the number of core genes, accessory
genes, and unique genes are presented in Table 30 and Fig. 53. Alcanivorax species have
1223 core genes (36.5 %), 24100 accessory genes (51.4 %) and 5679 unique genes (12 %)
(Fig. 53A). The core and pan-genome data have been illustrated in Fig. 53. The members
of the genus Alcanivorax showed an open pan-genome, as was evident from the core and
pan-genome plot (Fig. 53B). Alcanivorax members (n=14) had core genes ranging between
1994 to 2117 (Table 30). The analysis also showed that clade I (n=2) members did not
possess accessory genes, whereas they had the highest average number of unique genes
(1208) (Table 30). Similarly, for clade I and III members, core, unique and accessory genes

distribution is given in Table 30.
3.3.5.5. Proteome comparison and conserved signature indels

For the proteome comparison wherein 4. borkumensis SK2" (type species of the
genus Alcanivorax) was taken as a reference; clade I (n=6), clade II (n=2), clade III (n=6)
members showed 70-80 % (Fig. 54A), <70 % (Fig. 54B) and <65 % (Fig. 54C) protein
sequence identity, respectively. CSI was analyzed by researching the proteins of A.
borkumensis SK2T. The result showed that for clade I (n=6), there was one amino acid
insertion in Leucyl/phenylanyl-tRNA-protein transferase (EC 2.3.2.6) (Fig. 55A) and one
amino acid insertion in DEAD-box ATP-dependent RNA helicase (EC 3.6.4.13) of clade
IT members (Fig. 55B). Similarly, there was one amino acid deletion for clade III for beta-

N-acetylglucosaminidase (EC 3.2.1.53) (Fig. 55C).
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Table 30. Pan and core genomes of the members of the genus Alcanivorax

No. of core No. of No. of unique

. genes accessory genes
Organism name genes
A.borkumensis SK27T 1223 1304 193
A.jadensis T9T 1223 1660 312
A.hongdengensis A-11-37 1223 1665 489
A.profundi MTEO17 T 1223 1736 375
A.nanhaiticus 19-m-6" 1223 1943 513
A.sediminis PA15-N-34T 1223 1757 338
A.pacificus W11-5T 1223 1515 868
A.indicus SW1277 1223 1070 755
A.venustensis 1ISO4" 1223 1725 285
A.dieselolie B5T 1223 2621 416
A.xenomutans JC109T 1223 2434 165
A.profundimaris ST75FaO-1T7 1223 2182 162
A.gelatiniphagus
MEBiC08158T 1223 2195 304
A.mobilis MT13131T 1223 1892 504
Clade I
A.borkumensis SK2T 1994 502 223
A.jadensis T9T 1994 819 379
A.hongdengensis A-11-37 1994 695 684
A.profundi MTEO17 T 1994 929 408
A.nanhaiticus 19-m-6" 1994 1116 564
A.sediminis PA15-N-34T 1994 946 374
Clade II
A.indicus SW1277 2117 0 933
A.pacificus W11-5T 2117 0 1483
Clade 111
A.dieselolie B5T 2004 1733 513
A.gelatiniphagus
MEBIC08158T 2004 1288 427
A.mobilis MT131317 2004 1029 577
A.profundimaris ST75FaO-1T 2004 1296 266
A.venustensis 1ISO4T 2004 864 360
A.xenomutans JC1097 2004 1611 201
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1. A. borkumensis SK2", 2. A. jadensis T9T, 3. A. hongdengensis A-11-3T, 4. A. profundi MTEO17", 5. A. nanhaiticus 19-m-67, 6. A. sediminis PA15-N-34", 7. A. indicus SW127", 8. A.
pacificus W11-57,9. A. dieselolei B-57, 10. A. gelatiniphagus MeBiC08158T", 11. 4. mobilis MT131317, 12. A. profundamaris ST75Fa0-1T7, 13. A. venustensis 1ISO4T, 14. A. xenomutans JC1097

Fig. 53. Core and pan-genome plot of the members of genus Alcanivorax.
(A) Flower pot illustrating the core genes, unique genes of type strains of genus Alcanivorax
(B) Core-pan plot of the members of genus Alcanivorax
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Percent protein sequence identity
100799.0 998 99599 98 95 90 80 70 60 50 40 30 20 10
100 99.9 99899599 98 95 90 80 70 60 50 40 30 20 10

Fig. 54. Proteome comparison of the members of genus Alcanivorax with A. borkumensis Sk2" as the reference genome; (numbering
outside to inside)

(A) Clade I members with A. borkumensis SK2" as the reference genome

(B) Clade IT members with 4. borkumensis SK2T as the reference genome

(C) Clade III members with A. borkumensis SK2" as the reference genome
Numbering of the type strains are the same as that of Fig. 53
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1. A. borkumensis SK27, 2. A. jadensis T9T, 3. A. hongdengensis A-11-37, 4. A. profundi MTEOL7T, 5. A.
nanhaiticus 19-m-67, 6. A. sediminis PA15-N-347T, 7. A. pacificus W11-57, 8. A. indicus SW1277, 9. A.
venustensis 1ISO4T, 10. A. dieselolei B-5T, 11. A. xenomutans JC1097,12. A. profundamaris STT5FaO-1T,
13. A gelatiniphagus MeBiC08158T, 14. A. mobilis MT131317, 15. Ketobacter alkanivorans GI5T, 16. K.
nezhaii MCCC 1A138087, 17. Kangiella taivanensis KT17, 18. K. profundi FT1027,19. Oceanospirillum
multiglobuliferum ATCC 333367, 20. O. linum ATCC 113367, 21. O. maris DSM 62867, 22. O.
beijerinckii DSM 71667, 23. Marinomonas ushuaiensis DSM 158717, 24. M. profundi M1K-6T, 25. M
polaris DSM 165797, 26. M. mediterranea MMB-17, 27. Halomonas ilicicola DSM 199807, 28. H
subterranea CGMCC 1.6495T,29. H. korlensis CGMCC 1.69817, 30. H. elongataDSM 25817

Fig. 55. (A) Conserved signature indels (1 amino acid insertion) observed in

Leucyl/phenylanyl-tRNA-protein transferase (EC 2.3.2.6) of clade I
members

(B) Conserved signature indels (1 amino acid insertion) observed in DEAD-

box ATP-dependent RNA helicase of clade II members
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1.A. borkumensis SK2T, 2. A. jadensis T9, 3. A. hongdengensis A-11-3", 4. A. profundi
MTEO17Y, 5. A. nanhaiticus 19-m-6', 6. A. sediminis PA15-N-34", 7. A. pacificus W11-5T, 8.
A. indicus SW1277, 9. A. venustensis 1SO4"T | 10. A. dieselolei B-5, 11. A. xenomutans
JC109,12. A. profundamaris ST75FaO-1T, 13. A. gelatiniphagus MeBiC08158", 14. A.
mobilis MT131317, 15. Ketobacter alkanivorans GI57T, 16. K. nezhaii MCCC 1A13808T, 17.
Marinobacterium georgiense DSM 115267 18. M. lutimaris DSM 22012T 19. M. stanieri
DSM 7027" 20. Nitrincola lacisaponensis 4CAT 21. N. alkalilacustris ZV-197 22. N.
tibetensis xg18" 23. Marinospirillum minutulum DSM 62877 24. M. celere DSM 184387

Fig. 56. (C) Conserved signature indels (1 amino acid deletion) observed in
beta-N-acetylglucosaminidase (EC 3.2.1.53) of clade III members

3.3.5.6. Genome annotation - functional and metabolite pathways

The genomes of all the species of the genus Alcanivorax (n=14) were annotated

with the help of the RAST and PATRIC databases. The metabolic pathways like

phenylalanine, tyrosine, and tryptophan biosynthesis; metabolism of methane, propanoate,

xenobiotics by cytochrome P450, sulfur, nitrogen, and carotenoid; type II polyketide
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biosynthesis (Table 31) were analyzed. It was observed that most of the genes involved in
these pathways were found in most of the members. Some genes like enoyl-CoA C-
aceyltransferase (EC 4.2.1.17) (propanoate metabolism), glutathione transferase (EC
2.5.1.18) of phenylalanine, tyrosine, and tryptophan biosynthesis; cytochrome-c-oxidase
(EC 1.9.3.1) of nitrogen metabolism were present in high copy numbers in all members.
However, prephenate dehydrogenase (EC 1.3.1.12) and arogenate dehydrogenase (EC
1.4.1.43) genes were present solely in the members of clade I (n=6). As for the alkane
degradation pathway annotated by the RAST software, all the members had a set of genes
responsible for the alkane degradation (terminal oxidation) except for 4. indicus SW1277
and A. xenomutans JC109T. In these two organisms, alcohol dehydrogenase (alkJ) and

cytochrome P450 w-hydroxylase (cyp) genes were absent (Table 31).

Further, for all the members of the genus Alcanivorax, the secondary metabolite
biosynthetic gene clusters (BCGs) were evaluated. It predicted that on average, species of
the genus Alcanivorax (n=14) have three BCGs per genome. Clade I (n=6) members had
21 BCGs (grouped into 5 BCG families), clade II (n=2) had 5 BCGs (grouped into 3
families), whereas clade III (n=6) had 19 BCGs (clustered into 6 BCGs families) (Table
33). All the members had at least one gene cluster related to ribosomally synthesized and
post-translationally modified peptides (RiPPs) and ectoine. In contrast non-ribosomal
peptide (NRPS) was present only in a few (Table 32). Other secondary gene clusters like
redox-cofactor, aryl-polyene, and beta-lactone were present only in a few members of clade

IIT and lanthipeptide-class II in clade Il members.
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Table 31. Genome annotation of the members of the genus Alcanivorax (1. A. sediminis PA15-N-34T, 2. A. nanhaiticus 19-m-6", 3. A. profundi
MTEO17" 4. A. borkurnensis SK2", 5. A. jadensis T9', 6. A. hongdengensis A-11-3", 7. A. indicus SW127%, 8. A. pacificus W11-5T, 9.
A. dieselolei B-57, 10. A. xenomutans JC1097, 11. A. profundimaris ST75Fa0-17, 12. A. gelatiniphagus MEBiC08158T,
13. A. venustensis 1ISO4™ 14. A. mobilis MT131317

CLADE I CLADE 11 CLADE III
1 2 3 4 5 6 7 8 9 10 11 12 13 14
Phenylalanine, tyrosine and 1 1 1 1 1 1 1 1 1 1 1 1 1 1

tryptophan biosynthesis Shikimate dehydrogenase (1.1.1.25)
Quinate dehydrogenase (1.1.5.8)
Prephanate dehydrogenase (1.3.1.12)
Arogenate dehydrogenase (1.3.1.43)
Anthranilate phosphoribosyltransferase (2.4.2.18)
3-phosphoshikimate 1-carbovinyltransferase
3-deoxy-7-phosphoheptulonate synthase (2.5.1.54)
Aspartate transaminase (2.6.1.1)
Aromatic-amino-acid-transaminase (2.6.1.517)
Shikimate kinase (2.7.1.71)
Indole-3-glycerol-phosphate synthase (4.1.1.48)
Anthranilate synthase (4.1.3.27)
Tryptophan synthase (4.2.1.20)
Chorismate synthase (4.2.3.5)
Chorismate mutase (5.4.99.5)

Methane metabolism glutathione dehydrogenase (1.1.1.284)
glycerate dehydrogenase (1.1.1.29)
Malate dehydrogenase (1.1.1.37)
Phosphoglycerate dehydrogenase (1.1.1.95)
Catalase peroxidase (1.11.1.21)
Peroxidase (1.11.1.7)
catalase (1.11.1.7)
Glycerate 2-kinase (2.7.1.165)

Sulfur metabolism 1.8.1.2 - Sulfite reductase (NADPH)
1.8.4.8 - Phosphoadenylyl-sulfate reductase (thioredoxin)
1.8.99.2 - Adenylyl-sulfate reductase
2.3.1.30 - Serine O-acetyltransferase
2.5.1.47 - Cysteine synthase
2.5.1.48 - Cystathionine gamma-synthase
2.7.1.25 - Adenylyl-sulfate kinase
2.7.7.4 - Sulfate adenylyltransferase
3.1.3.7 - 3'(2"),5"-bisphosphate nucleotidase
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CLADE 1 CLADE 11 CLADE III
1 2 3 4 S 6 7 8 9 10 11 12 13 14
Nitrogen metabolism 1.10.2.2 - Ubiquinol--cytochrome-c reductase 2 4 2 2 2 2 2 2 2 2 2 2 2 2
1.13.12.16 - Nitronate monooxygenase 0 0 0 0 0 0 0 0 0 0 0 0 0 1
1.2.1.2 - Formate dehydrogenase 1 1 1 1 1 1 1 1 0 0 0 0 1 0
1.4.1.13 - Glutamate synthase (NADPH) 3 4 3 3 4 3 2 12 2 2 2 2 2 2
1.4.1.2 - Glutamate dehydrogenase 1 1 1 1 2 1 0 0 0 0 0 0 0 0
1.4.1.4 - Glutamate dehydrogenase (NADP(+)) 0 0 0o 2 1 0 3 1 1 1 2 2 3 2
1.4.7.1 - Glutamate synthase (ferredoxin) 1 2 1 1 0 1 2 1 1 1 2 2 2 2
1.6.5.3 - NADH:ubiquinone reductase (H(+)-translocating) 0 0 0 0 0 6 7 0 0 0 0 7 7 13
1.7.1.4 - Nitrite reductase (NAD(P)H) 4 4 4 5 3 3 3 2 3 3 2 0 3 3
1.7.2.1 - Nitrite reductase (NO-forming) 0 0 0 0 0 0 1 0 1 1 1 0 1 0
1.7.99.4 - Nitrate reductase 1 1 1 5 1 1 1 1 5 5 1 0 1 1
1.9.3.1 - Cytochrome-c oxidase 6 6 7 7 7 3 11 8 6 6 9 6 11 6
2.1.2.10 - Aminomethyltransferase 1 1 1 1 1 1 1 1 1 1 1 1 1 1
3.5.1.2 - Glutaminase 1 1 1 0 0 1 0 0 0 0 0 0 0 0
3.5.1.49 - Formamidase 1 1 1 1 0 1 1 1 2 2 2 2 1 1
4.2.1.1 - Carbonate dehydratase 1 2 1 2 2 2 1 2 1 1 1 1 1 1
4.2.1.104 - Cyanase 0 0o 0 0 O 0 0 0 2 1 0 0 0 1
6.3.1.2 - Glutamate--ammonia ligase 1 1 1 1 1 1 2 2 1 1 2 2 2 2
6.3.5.4 - Asparagine synthase (glutamine-hydrolyzing) 0 0 0 0 1 0 0 0 0 0 0 1 0 0
Carotenoid biosynthesis 1.14.13.- - With NADH or NADPH as one donor, and incorporation of one atom of oxygen. 1 1 2 2 2 3 0 1 2 2 3 1 2 1
2.3.1.- - Transferring groups other than amino-acyl groups. 1 1 2 1 0 1 2 1 0 0 0 1 1 0
2.4.1.- - Hexosyltransferases. 2 2 7 7 8 4 0 5 1 1 1 5 1 2
Glycerate 2-kinase (2.7.1.165) 0 0 0 0 0 0 0 0 1 1 1 1 0 1
Biosynthesis of type II
polyketide products 1.-.-.- - Oxidoreductases. 0 2 0o 2 2 2 2 2 0 0 0 1 1 0
1.1.1.- - With NAD(+) or NADP(+) as acceptor. 0 0 0 1 1 1 1 1 0 0 0 0 2 1
1.14.13.- - With NADH or NADPH as one donor, and incorporation of one atom of oxygen. 1 2 1 2 2 3 1 1 2 2 3 1 2 1
1.14.14.- - With reduced flavin or flavoprotein as one donor, 1 1 1 1 1 1 1 1 0 0 1 1 1 1
2.1.1.- - Methyltransferases. 2 3 2 3 4 3 1 1 2 2 2 1 2 1
2.4.1.- - Hexosyltransferases. 2 7 2 7 8 4 5 5 1 1 1 5 1 2
4.-.-.- - Lyases. 0 1 0 0 1 0 0 0 0 0 0 0 0 0
4.2.1.- - Hydro-lyases. 0 1 0 1 1 1 1 1 0 0 0 0 0 1
Alkane degradation Alkane-1 monooxygenase AlkB (EC 1.14.15.3) 4 4 2 2 4 4 4 4 3 3 3 2 3 2
Aldehyde dehydrogenase AlkH (EC 1.2.1.3) 3 2 4 1 3 3 4 4 1 4 7 3 3 2
Alcohol dehydrogenase AlkJ (EC 1.1.99.-) 1 1 1 2 1 1 0 1 1 0 1 1 1 1
Putative cytochrome P450 hydroxylase 1 1 1 1 2 1 0 1 1 0 1 1 1 1
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Table 32. Secondary metabolites of the members of the genus Alcanivorax

RiPP- Redox- Lanthipeptide-class- Aryl- Beta-
like Ectoine cofactor 11 Siderophore NRPS polene lactone
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1. A. sediminis PA15-N-34", 2. A. nanhaiticus 19-m-6", 3. A. profundi MTEO17" 4. A.
borkurnensis SK27, 5. A. jadensis T9', 6. A. hongdengensis A-11-3",7. A. indicus SW1277,
8. A. pacificus W11-5T, 9. A. dieselolei B-57, 10. A. xenomutans JC109T, 11. A.
profundimaris ST75Fa0-17, 12. A. gelatiniphagus MEBiC08158", 13. A. venustensis
ISO47,14. A. mobilis MT131317

3.3.5.7. Phenotypic and chemotaxonomic differences

The conventional components of polyphasic studies, phenotypic and
chemotaxonomic attributes of the members of the genus Alcanivorax were studied.
Significant differences were observed in characteristic features like motility, flagellar
arrangement, polar lipid, and fatty acid composition. Clade I members were non-motile,
whereas clade III members were motile with polar/sub-polar flagella. The polar lipid
profiling of three clade members varied differently (Table 33). The distinctive differences
were observed in fatty acid profiling as Ci4.0 was found only in members of clade I and
Cio:0 present only in the clade III species. The phenotypes distinguishing the members of
the genus Alcanivorax from the other genera of the Alcanivoraceae family are given in

Table 33.
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Table 33. Characteristics differentiating the clades of Alcanivorax genus from other closely related genera in the family Alcanivoraceae

Characteristics 1 2 3 4 5
Cell size (Ixb; um) 0.2-0.8 x 0.2-2.5 1.7-2.3x0.3 0.6-2x0.3-2 4-35x1-1.2 4-35x1-1.2
Motility - v + + -
Flagellar arrangement - Peritrichous Polar/sub-polar nd nd
Oxidase/catalase +/v +/+ +/+ wt/v +/-
Optimum temp. °C(range) 18-37 (4-45) 25-30 (8-42) 28-40 (10-42) 25-28 (15-40) 20-22 (4-28)
Optimum pH (range) 6-8 (4-12) 7.5 (5.5-9) 7-8 (5-10) 7-8 (6-9) 7-8(6.5-9.5)
NaCl (%) toleration 0-15 0.5-12 0.5-20 1-8 1-0.3
D-Glucose fermentation - nd - - -
B-glucosidase v + - - -
Nitrate reduction v + v - +
Hydrolysis of:
Starch - - - nd -
Casein - + - nd -
Gelatin \% \% \% v +
Urease \% v - - -
Tween 80 \% + + + nd
Utilization as carbon
sources
D-Glucose - + - nd -
N-acetylglucosamine - + - - -
Capric acid v - v - -
Adipic acid - w+t v - -
Malic acid - - v - -
Tri-sodium citrate - - \% - -
Phenylacetic acid - - v - -
L-Arabinose - + v - -
Polar lipid (present in clade PL(3) L(3) AL(2) PL (2)L (1) PL(4) L(3) AL(3) LQ2) AL(1) L(1) DPG(1)
members)
Fatty acid (%) Ci2:03-OH (<4.9), Cizo Ci2.03-OH (<14.4), Ci2o Ci2o (<10), Ci2:0 3-OH Cia0 (<4), Ci0:03-OH (1.9), Ciz.
(<4.9), Cis0(<1.1) (<9.2) (<10), C10:0(<5.9) 03-OH (3.6), Cy2. 3-
OH (2.2)
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All genera are Gram-stain-negative, rod-shaped; contains PG, PE as Polar lipid; contains Cy4.( (>10 %), summed feature 3 (>9.4 %),8 (>21 %) as
major fatty acid; *summed features represent two or three fatty acids that cannot be separated by gas chromatography with the MIDI system.
Summed feature 3, Ci¢. 1@7¢c/ C¢. 1 @6¢; summed feature 8, Cs. 1 @7c/wbec; summed feature 9, is0-Ci7.1 @9¢ /Ci49 10-methyl.

DPG, phosphatidylglycerol; PG, phosphatidylglycerol, PE, phosphatidylethanolamine; PL, unidentified phospholipid; AL, unidentified amino
lipids, L, unidentified Lipid; FA; Fatty acid; nd, Not determined; +", except for 4. profundamaris ST75Fa0-1T7; v, variable; +, positive, -, negative;
+/v, present/variable; +/+, positive for both tests; w+/v; weakly positive/variable; +/-; positive/absent.

1.Clade I (n=6) (Alcanivorax genus sensu stricto) (data based on A. borkumensis SK27, A. hongdengensis A-11-3T; A. jadensis T9'; A. nanhaiticus
19-m-6T, A. sediminis PA15-N-34", A. profundi MTEO17" (Yakimov et al. 1998; Wu et al. 2009; Bruns and Berthe-Corti 1999; Lai et al. 2016;
Liao et al. 2020; Liu et al. 2019); 2. Clade II (n=2) (data based on 4. pacificus W11-5T, A. indicus SW1277) (Song et al. 2018; Lai et al. 2011); 3.
Clade III (n=8) (data based on A. venustensis ISO4", A. dieselolei B-5T, A. xenomutans JC109%; A. balearicus MACLO04", A. mobilis MT131317,;
A. profundamaris ST75Fa0-17; A. gelatiniphagus MEBiC08158T, A. marinus R8-12") (Fernandez-Martinez et al. 2003; Liu and Shao 2005; Rahul
et al. 2014; Rivas et al. 2007; Yang et al. 2018; Dong et al. 2021; Kwon et al. 2015; Lai et al. 2013); 4. Genus Kefobacter (n=2) (data based on K.
nezhaii GYS_M3H?', K. alkanivorans GI5T (Li et al. 2020; Kim et al. 2018); 5. Genus Pelagibaculum (n=1) (data based on P. spongiae Hp12")
(Knobloch et al. 2019)

166






DISCUSSION




Discussion

4. DISCUSSION
4.1. Root associated bacteria (RAB) of orchids and their ecological relevance

The concept of plants and their associated microbiota forming a ‘holobiont’ has
become increasingly favored and considered (Vandenkoornhuyse et al. 2015). These
associated microbiomes (bacteria and fungi) are dynamically involved in significant
activities like nutrition, growth and resistance to biotic and abiotic stress (Herrera et al.
2021). Over the decade, progressive research on plant microbiota has shed light on the
importance of these associations and colonization, which are complex and numerous (Kurth
et al. 2013). At the outset, the interaction seems futile; however, the additional adaptive
functions endorsed by such microorganisms are recognized as an essential feature, adding
to the plant’s ability to survive environmental changes and conditions (Bulgarelli et al.
2013). Studies, especially on bacterial interactions, have shown that they confer plant
growth promoters (acclimatizing seedlings), pathogen resistance (by producing antibiotics,
lytic enzymes) and uptake of nutrients (Trivedi et al. 2020; Vandenkoornhuyse et al. 2015).

The concepts of holobionts and RABs in plant evolution and ecology are still
emerging and expanding; however, their bacterial community composition and functional
role are altogether overlooked in one of the largest and evolutionarily advanced
Orchidaceae plant families (Kaur and Sharma 2021). Orchid plants can be depicted as an
eminent evolutionary model because of their unique habitats, taxonomic diversity,
ecological adaptations (pollination, mycorrhizal interactions, nutrient acquisition) and
global distribution (Herrera et al. 2021). The distinctive interactions of orchids and
mycorrhiza are well studied; however, the distribution of RABs is invariably less
considered. To fill in this research gap and understand the unexplored taxonomic diversity,

the study was designed to examine RABs by culture-dependent and independent methods.
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4.1.1. Diversity of root associated bacteria of orchids
4.1.1.1. Culture-independent analysis of bacterial communities

Using an amplicon-based metagenome approach, the bacterial communities of the
root of orchids (RABs) were explored. It targeted the different taxonomic groups of bacteria
that populated roots. To the best of our knowledge, it is the first attempt to understand the
diversity by metagenome approach in orchids from various parts of India. 6389 OTUs
spanning 17 phyla in ten orchids were observed, amongst which 8 phyla existed common
among all the orchid roots. The findings revealed differences in bacterial community
profiles at the taxonomic level of phylum. Taxonomic assignment showed OTUs belonging
to the major phyla, like Proteobacteria, Acidobacteria and Actinobacteria, as the most
abundant phyla, irrespective of the orchid species but dissimilarity in the distribution
occurred in each plant (Fig. 7). Proteobacteria, Actinobacteria and Acidobacteria are
effective root colonizers in several plants such as rice, tomato and wheat (Mitter et al. 2017;
Xuetal. 2021). The data associated with the representation of these taxa of microorganisms
(Proteobacteria, Firmicutes, Actinobacteria, Bacteroidetes) are liable only to the
information from cultivated organisms and are often dominated by these phyla. The other
phyla like Planctomycetes, Verrucomicrobia, Armatimonadetes and Chloroflexi were also
present in lower abundances but distributed varyingly in the root microbiome of orchids
(Fig. 7).

The study revealed that the root microbiome of epiphytic orchids was similar to that
of the terrestrial orchids (Mediterranean) in terms of the abundant phyla like
Proteobacteria, Actinobacteria, Acidobacteria and Bacteroidetes (Alibrandi et al. 2020) as
in any of the other metagenome studies of soil, human gut and water (Bradley and Pollard
2017; Qin et al. 2016; Mhete et al. 2020). Epiphyte orchids from provinces of China

differed from epiphytes of India in having OTUs belonging to phyla like Lentisphaerae,
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Tenericutes and Spirochaetes (Li et al. 2017). However, unclassified OTUs (genus level)
of epiphytes from India were more (50 to 89 %) as compared to the epiphytes from
provinces of China (0.02 to 33.84 %) in the root microbiome (Li et al. 2017). It was
interesting to see OTUs belonging to the Acidobacteria subgroup GP1 present in India’s
microbiome of orchids roots. Acidobacteria subgroup GP1 is predominant in soil (Lin et
al. 2019), there are no reports of these members constituting the root microbiomes in
orchids. 23 genera were commonly distributed between all the samples, forming the core
root microbiota (Table 4). NDMS plot showed that the clustering of bacterial communities
was region-specific (Fig. 10). Interestingly, plant-associated genera (iterated by literature)
like Burkholderia, Bradyrhizobium, Rhizobium, Sphingomonas, Methylobacterium,
Mucilaginibacter, Microbacterium, Solirubrobacter, Beijerinckia, Acetobacter formed part
of the core root microbiome (Fan et al. 2021; Santos et al. 2020). Therefore, the bacterial
communities are assembled in distinctive phylogenetic order in different orchid roots.
Phytopathogen representatives of roots like Ralstonia sp., Pectobacterium sp. and
Dickeya sp. were absent in the orchid roots. OTUs of “Candidatus” phyla like “Ca.
Sumerlaeota” (BRC1), “Ca. Absconditabacteria” (SR1), “Ca. Saccharibacteria” (TM?7),
“Ca. Parcubacteria” (OD1) and “Ca. Latescibacteria” (WS3) were also detected in the
orchid root microbiome (Fig. 8B) (The Irpcm Phytoplasma/Spiroplasma working team).
These “Candidatus” members are part of the “Candidate Phyla Radiation” (CPR), which is
an expansion of the tree of life which has grown owing to the metagenomic and single-cell
genomic studies (Danczak et al. 2017). “Candidatus” phyla like “Ca. Saccharibacteria” is
commonly associated with the roots of citrus plants (Citrus reticulata Blanco) (Huang et
al. 2021); however, its occurrence reported in this study with the orchid roots is for the first

time. Unique phylotypes of bacterial communities of “Ca. UH24” to “Ca. UH59” (Fig. 12)
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were detected in the orchid’s roots and harbor taxonomically diverse bacteria, whose
ecological functions are yet to be understood.

In the current taxonomic scenario, approximately 75 bacterial and 18 archaeal phyla
are revealed by the 16S rRNA phylogeny (https://Ipsn.dsmz.de/domain); however, their
original count could be higher (Solden et al. 2016). The count of bacterial phyla could be
predicted to be around 1500, with “yet uncultivated” taxa accounting for ~85 % of the
phylogenetic diversity (Nayfach et al. 2021; Yarza et al. 2014). Therefore, there is a need
to update the Candidate Phyla (CP) database, which focuses primarily on metagenomic
based taxonomic studies, as it would help in expanding the tree of life. This study showed
that rhizo-microbiomes of epiphytic orchids are one of the significant reservoirs of a rich
diversity of bacteria, among which many are CPs. Further, insights into the rhizo-
microbiomes of epiphytic orchids will help understand their role in plant development and
provide a novel perspective on taxonomy, metabolism, microbial evolution and in orchids
biotechnology.
4.1.1.2. Culture dependent bacterial analysis of orchids

Along with the amplicon-based metagenome analysis, isolation and culturing of
bacteria from roots of orchids in the designed media were also carried out (Table 7). Out
of the total isolated strains, eighteen were isolated from different orchid roots and majorly
belonged to phyla of Actinobacteria, Proteobacteria and Firmicutes. The cultivated phyla
composition was comparable to the abundant phyla in the metagenome data (Fig. 7). The
cultured bacterial diversity at genera level were also on par with the observed metagenomic
data for species like Cymbidium sp., Aeridis sp., Dendrobium spp., Rhynchostylis sp.,
Vanda sp. (Fig. 8A, Table 7). However, the cultured diversity of Bulbophyllum spp.,
Agrostophyllum sp. and Thunia sp. are lacking, as successful culturing of bacteria was not

achieved for reasons unknown. However, the present studies illustrated that most of the
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cultivated organisms were from the well-studied taxa; this must have occurred because of
the media specificity allowing only the chemotrophs to grow. Amongst the isolated strains,
strain JC5017T and strain JC701T were deemed as novel species established on the basis of
16S rRNA gene identity (%) (Table 7) and overall genome related index (OGRI) like ANI
and dDDH (Fig. 16). In the subsequent study, these two strains were described as novel
species from the roots of orchid species. Both strains were potential candidates for PGPR
activities, as shown by the metabolic studies of indole activities (Fig. 21, 25B).
4.1.1.2.1. Description of novel species isolated from the roots of orchids

Strain JC501T and strain JC7017 were isolated from orchid roots of Aeridis sp. and
Dendrobium sp., respectively. Strain JC501T and JC701T were closely related to
Paracoccus marinus KKL-5" and Microbacterium testaceum DSM 201667, respectively,
based on the 16S rRNA gene, OGRI-like ANI and dDDH values. For both, 16S rRNA gene
identity, ANI and dDDH values were below < 98.8 %, < 86 % and < 30 %, respectively
(Table 7); they were described well at the species level (Rossello-Moéra and Amann 2015).
In contrast, Paracoccus marinus and Microbacterium testaceum were isolated from a
marine sample and rice grain, respectively (Khan et al. 2008; Komagata and lizuka 1964).
Both strains (JC501T and strain JC7017) ability to grow in an artificial medium demonstrate
its free-living nature. Strain JC5017 was unable to grow at salt concentrations beyond 1 %
(P. marinus NBRC 100637" was able to thrive at greater salt concentrations), indicating
that it is not a true member of the P. marinus marine niche. P. marinus clade members were
isolated from water (Kédmpfer et al. 2016), sediments (Li et al. 2009; Pan et al. 2014), blood
(Kampfer et al. 2019) and solvents (Lipski et al. 1998), indicating that they are widespread.
Similarly, members of the genus Microbacterium are cosmopolitan, with some members
being isolated from the rice grain (Komagata and lizuka 1964), hydrothermal vent (Zhang

et al. 2014), human ulcer (Funke et al. 1998) and soil (Kook et al. 2014).
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The major polar lipids and fatty acids of strain JC501T and JC701" were similar to
the earlier reported species of the genus Paracoccus and Microbacterium (Table 10, 12).
Both strains JC501" and JC701" have the 2-C-methyl-d-erythritol 4-phosphate/1-deoxy-d-
xylulose 5-phosphate (MEP) pathway for the synthesis of the 5-carbon isoprene unit and is
observed in bacteria, green algae and higher plants (Perecca et al. 2020). For both the strains
of JC501T and JC7017, PGPR activities like phosphate solubilization and siderophore
production were not observed except for the production of indolic compounds. Therefore,
indole metabolism was studied in detail and showed that both organisms could produce an
array of indole derived molecules (Fig. 21, 25B). Of these arrays of molecules, only indole
acetic acid was identified, while others are remaining as unidentified. Henceforth,
suggesting that both strains could be considered a unique repository for indole-derived
compounds and metabolism. Being isolated from the roots, strain JC501T and JC7017
acquisition of TAA synthesis capacities could enhance bacteria—plant interactions, giving it
an ecological advantage.

Further, secondary metabolic biosynthetic gene clusters like beta-lactone, terpenes,
and type 3 polyketide synthase (T3PKS) were predicted in both strain’s genomes. Beta
lactones and T3PKS are diverse molecules that are shown to have antibiotic and/or
anticancer properties (Awolope et al. 2021; Navarro-Mufioz and Collemare 2020). Studies
have suggested that the induction of terpene synthesis by bacteria leads to the protecting of
plant cells against reactive oxygen species (ROS) (Salomon et al. 2016). Likewise, both
strains could assist orchid species in protecting against ROS during stress. Therefore, a
general hypothesis can be formed that members of the genus Paracoccus and
Microbacterium have physiological and genomic traits owing to their varying

environmental conditions.
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4.1.1.2.2. Proposal of Paracoccus aeridis sp. nov.

The phylogenetic study based on the 16S rRNA gene sequence showed that strain
JC5017T was affiliated to the genus Paracoccus with the highest level of sequence identity
with P. marinus KKL-A5" (98.9 %) and other members of the genus Paracoccus (<97.3
%). Also, the values of MLSA genes (<84.6 %) are lower than the cut-off values
recommended for new species delineation, as shown in Salini vibrio, Thioclava (members
of class Alphaproteobacteria) and Bacillus cereus, which were between 95.6-97.5 %
(Lopez-Hermoso et al. 2017; Liu et al. 2017). The phenotypic traits of strain JC501T,
include colony morphology and cell morphology, temperature, salt tolerance, carbon
substrate utilization (Table 10), fatty acid composition (Table 10), as well as differences in
polar lipids (Fig. 19), carotenoid profile (Fig. 20), and indole production (Fig. 21), are well
reflected in the genomic delineation (MLSA, ANI, dDDH). As a result, we propose the
name Paracoccus aeridis sp. nov. for strain JC501T as a member of the genus Paracoccus.
After the year 2020 (publication year), eight new species of the genus Paracoccus (P.
alkanivorans 4-2", P. amoyensis 11-3T, P. aurantiacus TKO08', P. liaowanquigii 22517,
P. luteus CFH 105307, P. onubensis 101 IMAR3C25", P. simplex CCUG 71989T, P.
xiamenensis 12-37) has been validly described whose 16S rRNA identity (%) is in between
94.7-96.4 % (https://Ipsn.dsmz.de/genus/paracoccus). Hereby, these species were not

included in this study.
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4.1.1.2.2.1. Description of Paracoccus aeridis sp. nov.
Paracoccus aeridis (a.e'ri.dis. N.L. gen. n. aeridis of the orchid genus Aerides)

Gram-negative cells, obligately aerobic, chemotropic, and non-motile. The cells
have a coccoid form with 0.9—1 um. When grown on half-strength nutrient agar, colonies
are round, pale orange, and elevated, measuring 1-2 mm in diameter with uneven edges
and spreading across the plate. At 25-35°C, growth is noted, with optimum growth at 30°C.
The strain's optimal pH is 7.0; however, it can thrive in a pH range of 6.0—7.5. NaCl is not
obligate for growth but can tolerate up to 1.0 % NaCl (w/v). The activity of catalase and
oxidase are positive. Hydrolysis does not occur in casein, gelatin, starch, chitin, Tween 20,
Tween 40, Tween 80, urea or cellulose. D-mannitol, D-glucose, pyruvate, rhamnose, D-
galactose, ribose, maltose, sorbitol, D-mannose, sucrose, inositol, L-alanine, and histidine
all contribute to growth. Propionate and fructose are examples of non-growth substrates. L-
tryptophan produces indole 3-acetic acid and a few unidentified indole-derived molecules.
Vitamins aren't required for growth. The only isoprenoid quinone is Q10. Polar lipids
include phosphatidylcholine, phosphatidylethanolamine, phosphatidylglycerol, two
unknown amino lipids, four unknown phospholipids and two unknown lipids. Cie.0, Ci7.0,
summed feature 8 (Cis:17¢ and/or Cig.16¢), and anteiso-Ci1. are the major fatty acids. The
type strain has a genomic G+C content of 69.4 mol %.

The type strain JC501T (=LMG 30532T=NBRC 113644") was isolated from a root
of an epiphytic orchid species (derides maculosa) sample taken in Amboli, Western Ghats,
Karnataka, India. The 16S rRNA gene sequence has the entry number LT799401 in

GenBank, while the draft genome has the accession number VJYZ000000000 in GenBank.
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4.1.1.2.3. Proposal of Microbacterium indolicus sp. nov.

The phylogenetic analyses based on the 16S rRNA gene sequence showed that
strain JC701T was affiliated to the genus Microbacterium with the highest level of sequence
identity with M. testaceum NBRC 126757 (99.3 %) and other members of the genus
Microbacterium (<98.7 %). The phenotypic traits of strain JC7017T include colony and cell
morphology, temperature, salt tolerance, carbon substrate utilization (Table 12), fatty acid
composition (Table 12), polar lipids (Fig. 25A), and indole production (Fig. 25B), are well
reflected in the genomic delineation (ANI, dDDH) and gene composition of strain JC7017T
from its closest strain. As a result, the proposal of the name Microbacterium indolicus sp.
nov. for strain JC701T belonging to the genus Microbacterium.
4.1.1.2.3.1. Description of Microbacterium indolicus sp. nov.

Microbacterium indolicus (in.dol’i.cus. N.L. neut. n. indolum, indol; L. masc. adj. suff. -
icus, suffix used with the sense of pertaining to; N.L. masc. adj. indolicus, pertaining to
indole, referring to the ability of the organism to produce indole)

Gram-stain-positive, aerobic, non-motile, non-flagellated, non-endospore-forming,
rod-shaped bacterium (0.8—1 pm). Colonies are shiny, yellow, convex, opaque, with
smooth and entire margins (0.5—-1 mm in diameter). Growth occurs at 14 to 37 °C (optimum
37 °C) and at pH 5.0-8.0 (optimum pH 7.0). No requirement of NaCl for growth but
tolerated up to 6 % (w/v). Oxidase positive and catalase negative. Positive growth in the
presence of a number of carbon sources like D-glucose, ribose, sorbitol, sucrose, inositol,
pyruvate, arabinose, lactose, fructose, galactose, maltose and rhamnose. No growth was
observed with carbon substrates like mannose. No growth when peptone and ammonium
sulphate was given as nitrogen sources. No requirement of additional supplements of
vitamins for growth; however, growth yields are enhanced with the addition of yeast extract

(0.01 %). Negative for hydrolysis of gelatin and starch, H>S production and nitrate
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reduction. Positive for indole test. The major polyamine is spermidine. Major polar lipids
were phosphatidylglycerol, diphosphosphotidylglycerol, unidentified phospholipid, and
three unidentified glycolipids (GL1, 2, 3). The predominant fatty acids are anteiso-Cis.o,
anteiso-Ci7.0, 150-c16:0 and Ci¢:0. The predominant isoprenoid menaquinones are MK-11 and
MK-10. The genomic DNA G+C content of the type strain is 70.5 mol %.

The type strain, JC701T (=KCTC 49385T7=MCC 4427"™=NBRC 114338T"), was
isolated from the root of an orchid in India. The accession number of GenBank for the 16S
rRNA gene sequence and the draft genome is LR656263 and JAJNCV000000000,
respectively.

Therefore, the findings and discussions based on the existing knowledge on orchid
RABs show them as a potential source of biotic interactions for the general functioning of
the orchid/host plants. A general hypothesis is that the creating an open-access and indexed
bacterial culture collection that includes all microbiota members characterized by culture-
independent (16S rRNA ribotype sequences) accompanied by isolating techniques will be
a crucial tool in the future. This will allow the systematic testing of synthetic communities
in the lab for plant growth and health functions (defined nutrient conditions). The study of
plant microbiome entails tying microbial ecology to the general functioning of the host as
well as prospecting microbes as a store of novel genes for the functioning of the host (Kaur
and Sharma 2021). Further, it will assist in the developing communities that will resolve
ecosystem networking, allow identification of syntrophic interactions and ultimately define

principles driving niche composition and competition (Bulgarelli et al. 2013).
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4.2. Proposal and descriptions of novel taxa

In addition to the orchids, a diversity of bacteria from key ecological habitats like
saltpans, acid mines, coastal sand and hot springs were also investigated (Table 7). The
methodological constraints to isolate organisms from such habitats are no longer there. It
is now possible to fully sequence a bacterial genome from such unique habitats to analyze
their specific genes and genetic information (Romalde et al. 2019). In the current scenario,
bacterial genomics is assisting in reinforcing boundaries of genera and a higher hierarchy
of taxonomy with constant revising of the denotation of the term "species". Furthermore,
whole-genome sequencing has aided in the resolution of complicated taxonomic positions
in recent years (Hordt et al. 2020; Orata et al. 2018). Furthermore, a better understanding
of the phylogeny of such organisms from unique habitats allows scientists to predict
microbes' genetic capability for biotechnological uses and adaptation to environmental
changes. Therefore, given below are the description and reclassification of a few bacterial
taxa isolated from ecologically important habitats (Table 7). The strains are delineated per
the current genomic related indexes and the differentiating polyphasic attributes.
4.2.1. Mesobacillus sp. JC1013"
4.2.1.1. Ecology

strain JC1013™ and M. selenatarsenatis MTCC 9470" were isolated from an orange-
colored pond of a solar saltern and the sediment of an effluent drain in Japan (Yamamura
et al. 2007), respectively. Mesobacillus spp. that are closely related were isolated either
from freshwater (Kanso et al. 2002), soil (Ahmed et al. 2007) or fermented foods (Yoon et
al. 2017). In laboratory circumstances, strain JC1013T develops on artificial media,
confirming its free-living nature. As illustrated in Fig. 40, strain JC1013T is predicted to
have a unique pathway for the production of carotenoid pigments. Carotenoids are thought

to play a protective role, as in most cases (Sandmann 2019). Since zeaxanthin and lycopene
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are effective UV-protectants, this could be especially advantageous for strain JC1013T,
which was cultured from a solar saltern wherein temperatures can vary up to 45 °C, also
with a lot of UV light (Khaneja et al. 2010). Although strain JC1013™ was shown to grow
in a salt range of 1 to 7 %, it was not required mandatorily for its growth. This could be due
to its ability to tolerate high salinity on a facultative basis, making it resilient to saline and
non-saline environment. Members of the family Bacillaceae have a diverse range of
species, many of which are isolated from various habitats. Pigmentation, other
physiological and genetic traits may have contributed to strain JC1013T adaptation to saline
and hot environments.

4.2.1.2. Proposal of Mesobacillus aurantius sp. nov.

The phylogenomic based species delineation of strain JC1013T from M.
selenatarsenatis MTCC 9470" is well supported by the differences in phenotypic characters
such as colony and cell morphology, temperature, salt tolerance, organic carbon substrate
utilisation (Table 14), fatty acid composition (Table 14), as well as differences in polar
lipids (Fig. 33), indole production (Fig. 35) and carotenoid profile (Fig. 37). Strain JC1013T
is characterised as a type strain representing a distinct species of Mesobacillus and proposed
as Mesobacillus aurantius sp. nov.
4.2.1.3. Description of Mesobacillus aurantius sp. nov.

Mesobacillus aurantius (au.ran.ti.us. N.L. adj. aurantius orange, related to colony color;
N.L. adj. n. aurantius orange-colored colony)

Cells are obligatory aerobes that are non-motile. Slender rods (2-3 x 0.1-0.2 pum)
with terminal endospores. Colonies on nutrient agar are uneven, flat, dry, and orange-pink,
with a diameter of 1-3 mm. The ideal temperature for growth is 30 °C (range 2540 °C)
and, the ideal pH for growth is 7 (range 6.0-8.5). For growth NaCl is not essential; however,

can tolerate up to 7 % (w/v). Positive for catalase and negative for oxidase. Casein, gelatin,
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chitin, CMC, and tween 20/40/80 are not hydrolyzed. Lipase and urease activity are both
negative. Indole tested positive. Lactose, inositol, mannose, sorbitol, and pyruvate promote
good growth, while arabinose, galactose and glucose support weak growth. Fructose is not
utilized. The nitrogen sources, including ammonium chloride and, L-tryptophan were
utilized. Vitamins were not necessary; however, the addition of yeast extract promoted
growth. Menaquinone 7 is a component of the quinone system. The principal polar lipids
are diphosphatidylglycerol, phosphatidylglycerol, phosphatidylethanolamine, four
unidentified phospholipids and two unidentified amino lipids. Iso-C;s,, anteiso-Cis,, Ci.03-
OH, is0-C;7010c, and summed feature 4 (iso-C;7,1/ anteiso B) are the most common fatty
acids. The diagnostic amino acids of the cell wall are m-diaminopimelic acid.

A pond near a solar salt saltern yielded the type strain JC1013™ (= NBRC 1141467
= KACC 214517). The 16S rRNA gene sequence and draft genome of Mesobacillus
aurantius JC1013T have been deposited in GenBank under the accession number LS998022

and JAAVUMO000000000, respectively.
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4.2.2. Phylogenomic based reappraisal of the genus Roseomonas

The genus Roseomonas has been extensively researched because its members have
severe environmental and clinical implications (Rihs et al. 1993; Romano-Bertrand et al.
2016; Subhash et al. 2016). In 2020-2021, six new species names have been validly
published. Due to the emergence of the genomic era, whole-genome sequencing data gives
precise and more decisive information for taxonomic delineation than the 16S rRNA gene
marker alone. The genus Roseomonas species has traditionally been delineated using a
polyphasic method. According to Romano-Bertrand et al. (2016), the genus Roseomonas
was divided into 7 distinct clades based on the 16S rRNA gene phylogeny and ecology of
the members. Similarly, a study conducted by Hordt et al. (2020) revealed that the genus
Roseomonas was heterogeneous and polyphyletic, requiring substantial reclassification.
Taxogenomics is thought to be more exact and superior for delineating taxa since it
improves data repeatability and reliability (Lalucat et al. 2022). A complete taxogenomic
study was carried out to evaluate the absolute phylogenetic standing between the existing
members of the genus Roseomonas.

The phylogenetic tree based on the 16S rRNA gene revealed that the genus
Roseomonas was polyphyletic, with 7 major clades: Groups I to VII (Fig. 42). In terms of
species composition, the cladding patterns of Groups I, 11, III, VI, and VII members in this
study are similar to the cladding pattern found by Romano-Bertrand et al. (2016). R.
aquatica (Group 1V) clustered outside the specified clade discovered by Romano-Bertrand
et al. (2016), but R. fluminis, another member of this group, was later described by Ko et
al. (2018). Further, R. arctica (Group V) was related to the R. stagni (Group III) group. The
phylogenomic tree based on 92 concatenated genes for Roseomonas, on the other hand,
revealed a similar cladding pattern (Fig. 43; except for Group IV members for which the

genome sequences are unavailable).
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Genome size variation has been proven to be a reliable taxonomic marker by Hordt
et al. (2020) and Nouioui et al. (2018). They showed that the genome size of members of
the class Alphaproteobacteria and phylum Actinobacteria appeared to be taxa-specific.
Both the investigation showed that the genome size and G+C content (mol %) were
phylogenetically conserved. As a result, the genome sizes have been incorporated into the
descriptions formally. In this case, when compared to the other groups, Group I had the
smallest genome size. Using the BPGA system to analyse pan and core genomes, showed
that the Roseomonas pan-genome is open and contains 958 core genes, accounting for 19.1
% of the overall pan-genome (Table 22). The only Roseomonas groups that were capable
of producing specific secondary metabolites (BCGs) were Group I (NRPS, asukamycin,
fengymycin,); Group II (redox-cofactor); and Group V (arylpolene, NRPS/T1PKS) (Table
23). The genome annotation also showed that the gene make-up of the clusters was unique
to each group, with Group I having the most and Group VII having the least number of
gene clusters.

For species delineation, Chun et al. (2018) recommended minimum standards based
on an overall genome-related index (OGRI) such as ANI and dDDH. For species
delineation, Wayne et al. (1984) recommended a 70 % dDDH value cut-off. In the current
scenario, >ANI values of 95 % indicate that the 2 strains belong to the same species,
whereas the values of <95 % indicate that the 2 strains belong to separate species (75 % for
different genera) (Richter and Rossello-Modra 2009; Rodriguez and Konstantinidis 2014;
Rossello-Mora and Amann 2015). Both indices of dDDH and ANI are compatible with the
suggested standards at the intra-group level, indicating that all Roseomonas members are
well-defined at the level of species (Table 20). For genus delineation, a cut-off of 50 % was
suggested for the POCP values (Qin et al. 2014). In between the groups, the POCP values

were <65 % and ranged between 40 to 65 % (Table 21, Fig. 45A) and < 70 % (20-60 %)
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with other members of the family Acetobacteraceae. As a result, the computed values of
POCP for genus delineation for Roseomonas species did not coincide with those observed
by Qin et al. (2014). Although the recommended genus border of the POCP value for
bacterial lineages was set at 50 %, several research later revealed exceptions when
comparing inter-genera comparisons. Further, the general cut-off of 50 % is regarded
conservative because it is only an index/mark of relatedness (Liu et al. 2020), as evidenced
by its inadequate in distinguishing different genera of the Bacillaceae (Aliyu et al. 2016),
Burkholderiaceae (Lopes-Santos et al. 2017), Methylococcaceae (Orata et al., 2018), and
Rhodobacter (Wirth and Whitman, 2018). AAI values of related but different genera ranged
between 60 to 80 %, according to Luo et al. (2014). AAI values were lower than 70 % in
this investigation between different groups of Roseomonas (Table 21, Fig. 45B) and other
genera in the Acetobacteraceae family, consistent with Luo et al. (2014).

Hordt et al. (2020) showed that certain Roseomonas species, such as R. stagni
cladded with H. rosea whereas R. lacus with Rubritepida flocculans. The dDDH, ANI,
AAI, and POCP values clarified the differentiation between the stated species pairs.
Between R. stagni and H. rosea; R. lacus and R. flocculans, the dDDH, ANI, AAI, and
POCP values were 19.4, 74.1, 64.2, and 64.2 % and 19.8, 74.8, 66.6, and 57.1 %,
respectively. The same analysis revealed Rhodovarius lipocyclicus was nested under the
genus Roseomonas (Hordt et al. 2020). However, R. lipocyclicus is a well-distinguished
member of the genus Rhodovarius as evident from the AAI and POCP values of 50.8-66.8
% and 53.2-64.7 %, respectively; which is below the proposed cut-off for the genus
determination. The following indices distinguishes Roseomonas species from Rubritepida,
Humitalea, and Rhodovarius genera. According to the findings of Romano-Bertrand et al.
(2016) and Hordt et al. (2020), the current studies support the formation of 7 distinct groups

within the genus Roseomonas.
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4.2.2.1. Ecology of members of the genus Roseomonas

The genus Roseomonas is ubiquitously present in the environment. Group I
members were the only members to be isolated from human blood (R. gilardii, R. mucosa,
R. gilardii subsp. rosea) (Rihs et al. 1993; Han et al. 2003), except for R. elaeocarpi, which
was otherwise isolated from olive phyllosphere (Damtab et al. 2016). Roseomonas strains
have been commonly reported in association with human illnesses and isolated from
clinical samples such as sputum, wounds, and genitourinary sites (Rihs et al. 1993; Wallace
et al. 1990). It was also linked to immunocompromised patients (Marin et al. 2001). Other
cases of Roseomonas related bacteremia include spinal osteomyelitis (Nahass et al. 1995),
endocarditis (Shao et al. 2019), infected teeth (Diesendorf et al. 2017), and peritonitis
(Malini et al. 2016). The genomic islands are rich in pathogenic genes and virulence factors.
As aresult of horizontal gene transfer, they become part of the genome; further, these genes
impart virulence and pathogenicity to the bacteria (da Silva Filho et al. 2018). However,
the genomic studies of the genus Roseomonas members do not suggest genes responsible
for their virulence and pathogenicity, therefore cannot corroborate claims mentioned above.
As a result, Roseomonas strains may be considered incidental rather than causative of
pathogenicity. Roseomonas spp. have been isolated from a variety of sources, like sediment
(He et al. 2014), soil (Kim and Ka 2014), polluted soil (Subhash and Lee 2018), freshwater
(Baik et al. 2012), and human sources such as blood (Rihs et al. 1993).

The presence of accessory genes in Roseomonas members reveals their divergence
due to environmental adaptations/remodelling in an ecological aspect. The presence of
accessory genes indicates that genes were acquired in response to the selective pressure
(Brito et al. 2015) or to colonise new biological areas (Mclnerney et al. 2017). The
members global distribution might be ascribed to the acquisition of accessory genes for

survival, which could be related to their simple varying organisation, genomic sizes, or

183



Discussion

horizontal gene transfer rates (Aherfi et al. 2018). This is also evidenced by the different
genetic patterns discovered during the pan-genome analysis for each group, which could
have come from environmental changes.
4.2.2.2. Proposal to reclassify the genus Roseomonas into six novel genera

The results of the large taxogenomics study support the split of several groupings of the
genus Roseomonas into distinct genera. Because Roseomonas is a highly divergent genus,
members of it can no longer be grouped into a single phylogenetic genus, allowing the
formation of six new genera. A revised description and reclassification are provided for
each of the novel genera. The creation of seven distinct clades as independent genera is
supported by phylogenetic trees based on the 16S rRNA gene (Fig. 42) and whole genome
sequences (Fig. 43). Although 16S rRNA gene studies have several disadvantages, they
can be nevertheless accountable for the classification of Roseomonas members. This
analysis would be the first attempt to reclassify the genus Roseomonas by forming 6 novel
genera: Group Il as Pararoseomonas gen. nov., Group III as Falsiroseomonas gen. nov.,
Group IV as Paeniroseomonas gen. nov., Group V as Plastoroseomonas gen. nov., Group
VI as Neoroseomonas gen. nov and Group VII as Pseudoroseomonas gen. nov. In the
absence of genome sequences, the genus definition for Group IV is based on 16S rRNA
gene analyses and phenotypic features. The genus definition based on 16S rRNA gene
sequences and phenotypic features provides enough clarity to separate Group IV members
from the other Roseomonas groups. The availability of genomic sequences, on the other
hand, may help to solidify the reclassification in the upcoming future. The newly formed
genera species have been precisely defined according to the required ANI and dDDH
standards (Table 20). 16S rRNA gene identity, ANI, AAI, and POCP values match the
genus delineation standards supported by other phenotypic features for the genus

Roseomonas (Fig. 46).
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4.2.2.2.1. Emended description of the genus Roseomonas by Rihs et al. (1998)

Except for a few changes, the description is the similar to the one given by Rihs et
al. (1993) and Sanchez-Porro et al. (2009) for the genus Roseomonas. H>S production
varies, and the genome-based G+C content is ~70 mol %.

The type species is Roseomonas gilardii.
4.2.2.2.2. Description of Pararoseomonas gen. nov.

Pararoseomonas (Pa.ra.ro.se.0.mo’nas. Gr. pref. para-, next to, resembling; N.L. fem. n.
Roseomonas, a bacterial genus; N.L. fem. n. Pararoseomonas, next to the genus
Roseomonas).

Aerobic and Gram-negative. Coccoid/short rods and non-motile members. Both
catalase and oxidase variable. Diphosphatidylglycerol,  phosphatidylcholine,
phosphatidylglycerol, phosphatidylethanolamine, unidentified amino lipids and
unidentified phospholipids are major polar lipids. The primary fatty acids are Cig.12-OH,
Ci8:13-OH, Ci¢.0, Cis:0, and summed feature 3. The genomic size of the members is 4.9—
6.4 Mbp, with a G+C content of 69.7-71.4 mol %. The 16S rRNA gene, 92 core genes
(phylogenomics), AAI indices, POCP values, and morphological and genomic traits are
used to define/delineate the genus.

The type species is Pararoseomonas rosea.
4.2.2.2.2.1. Description of Pararoseomonas rosea comb. nov.
Pararoseomonas rosea (ro’se.a. L. fem. adj. rosea rose-colored or pink).
Basonym: Roseomonas rosea (Kampfer et al., 2003; Sanchez-Porro et al., 2009)

The description is similar which is determined by Sanchez-Porro et al. (2009).
AJ488505 and FQZF00000000 is the accession number for the 16S rRNA gene sequence
and genome sequence, respectively. The type strain is 173/96T (=CIP 107419T = DSM

14916).
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4.2.2.2.2.2. Description of Pararoseomonas vinacea comb. nov.

Pararoseomonas vinacea (vi.na’ce.a. L. fem. adj. vinacea, of /belonging to wine/ the grape,
alluding to the colony color).

Basonym: Roseomonas vinacea (Zhang et al., 2008)

The description is similar as determined by Zhang et al. 2008. MT760143 and
BO93DRAFT are the accession numbers for the 16S rRNA gene sequence and genome
sequence, respectively. The type strain is CPCC 100056" (=KCTC 22045 = CCM 7468").
4.2.2.2.2.3. Description of Pararoseomonas nepalensis comb. nov.

Pararoseomonas nepalensis (ne.pal.en’sis. N.L. fem. adj. nepalensis, related to Nepal, the
country where soil samples were collected).

Basonym: Roseomonas nepalensis (Chaudhary and Kim, 2017)

The description is similar to that given by Chaudhary and Kim in 2017. KX129819 is the
accession number for the 16S rRNA gene sequence. The type strain is G-3-5T (=JCM
31470 = KACC 189087).

4.2.2.2.2.4. Description of Pararoseomonas aeriglobus comb. nov.

Pararoseomonas aeriglobus (a.e.ri.glo’bus Gr. masc. n. aér, air; L. masc. n. globus, a
sphere; N.L. masc. n. aeriglobus, a sphere living in the air).

Basonym: Roseomonas aeriglobus (Lee and Jeon, 2018)

The description is similar as determined by Lee and Jeon in 2018. KY 864922 is the
accession number for the 16S rRNA gene sequence. The type strain is KER25-12T (=KACC

192827 = JCM 320497).
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4.2.2.2.2.5. Description of Pararoseomonas aerilata comb. nov.

Pararoseomonas aerilata (ae.ri.la’ta. Lat. masc. n. aér, air; L. fem. perf. part. lata, carried
by; N.L. fem. part. adj. aerilata, airborne).

Basonym: Roseomonas aerilata (Yoo et al., 2008)

The description is similar to Roseomonas aerilata as determined by Yoo et al.
(2008). EF661571 and JONP00000000 are the accession numbers of the 16S rRNA gene
and genome sequences, respectively. The type strain is 5420S-30T (=KACC 12521"=DSM
193637).
4.2.2.2.2.6. Description of Pararoseomonas radiodurans comb. nov.

Pararoseomonas radiodurans (ra.di.o.du’rans. L. masc. n. radius, a beam or ray; N.L. pref.
radio-, pertaining to radiation; L. pres. part. durans, enduring; N.L. part. adj. radiodurans,
enduring radiation).

Basonym: Roseomonas radiodurans (Kim et al., 2018)

The description is similar as determined by Kim et al. (2018) for Roseomonas
radiodurans. The accession number for the 16S rRNA gene sequence is KY887689. The
type strain is 17Sr1-1T (=KCTC 52899 = NBRC 112872").
4.2.2.2.2.7. Description of Pararoseomonas pecuniae comb. nov.

Pararoseomonas pecuniae (pe.cu’ni.ae. L. gen. n. pecuniae, of or from money or a coin,
pertaining to the source of sample for the isolation of the type strain).
Basonym: Roseomonas pecuniae (Lopes et al., 2011)

The description is similar as given for Roseomonas pecuniae as determined by
Lopesetal. (2011). GU168019 and JACIJD00000000 are the accession number for the 16S
rRNA gene and the genome sequence, respectively. The type strain is N75T7 (=LMG 254817

— CIP 1100747).
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4.2.2.2.2.8. Description of Pararoseomonas harenae comb. nov.
Pararoseomonas harenae (ha.re’nae. L. gen. fem. n. harenae, of sand, pertaining to the
isolation of the type strain from the desert sand).
Basonym: Roseomonas harenae (Deng et al., 2020)

The description is similar as given for Roseomonas harenae as determined by Deng
et al. (2020). MN883396 and WWDLO00000000 are the accession numbers for the 16S
rRNA gene and genome sequences, respectively. The type strain is CPCC 1010817

(=KCTC 628527 = NBRC 1135127).

4.2.2.2.3. Description of Falsiroseomonas gen. nov.
Falsiroseomonas (Fal’si.ro.se.o.mo’nas. L. adj. falsus, false; N.L. fem. n. Roseomonas, a
name of bacterial genus; N.L. fem. n. Falsiroseomonas, false Roseomonas).

This genus members are aerobic and Gram-negative with coccoid-rod-shaped cells.
Within the genus, motility varies. Catalase is variable, and oxidase is positive.
Diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylglycerol,
phosphatidylcholine, glycolipid, unidentified phospholipid, and amino lipid are major polar
lipids. The primary fatty acids are Cis:15¢ and Cie0 and summed feature 3. The members
have a genome size of 5.8-6.6 Mb and a G+C content of 70—72 mol % (genomes). The 16S
rRNA gene, 92 core genes (phylogenomics), AAI, POCP values, and morphological and
genomic traits are used to delineate the genus.

The type species is Falsiroseomonas stagni.
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4.2.2.2.3.1. Description of Falsiroseomonas stagni comb. nov.

Falsiroseomonas stagni (stag’ni. L. gen. neut. n. stagni, of a pond, referring to the site of
isolation of the type strain).

Basonym: Roseomonas stagni (Furuhata et al., 2008)

The description is similar to Roseomonas stagni as determined by Furuhata et al.
(2008). AB369258 and FOSQ00000000 is the accession number for the 16S rRNA gene
and genome sequences, respectively. The type strain is HS-69T (=DSM 199817 = JCM
15034 = KCTC 222137).
4.2.2.2.3.2. Description of Falsiroseomonas wooponensis comb. nov.

Falsiroseomonas wooponensis (woo.po.nen’sis. N.L. masc./fem. adj. wooponensis,
of/belonging to Woopo wetland, South Korea, the geographical origination of the type
strain).

Basonym: Roseomonas wooponensis (Lee et al., 2015)

The description is similar as determined for Roseomonas wooponensis as given by
Lee et al. (2015). The accession number for the 16S rRNA gene sequence is KF619243.
The type strain is WW53T (=KCTC 32534 = JCM 195277).
4.2.2.2.3.3. Description of Falsiroseomonas terricola comb. nov.

Falsiroseomonas terricola (ter.ri’co.la. L. fem. n. terra, earth, soil; L. masc./fem. suff. -
cola, inhabitant, dweller; from L. masc./fem. n. incola, dweller; N.L. masc./fem. n.
terricola, soil-dweller, alluding to the isolation of the type strain from soil).

Basonym: Roseomonas terricola (Kim et al., 2017)

The description is similar as determined for Roseomonas terricola by Kim et al.
(2017). The accession number for the 16S rRNA gene sequence is FJ654263. The type

strain is EM302T(=KACC 13942" = KCTC 42906" = NBRC 111477").
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4.2.2.2.3.4. Description of Falsiroseomonas selenitidurans comb. nov.
Falsiroseomonas selenitidurans (se.le.ni.ti.du’rans. N.L. neut. n. selenitum, selenite; L. v.
duro, withstand; N.L. part. adj. selenitidurans, withstanding/resisting selenite).

Basonym: Roseomonas selenitidurans (Hou et al., 2020)

The description is similar as determined for Roseomonas selenitidurans by Hou et
al. (2020). MT107132 and JAAVNEO00000000 is the accession number for the 16S rRNA
gene and genome sequence. The type strain is BU-1T (=GDMCC 1.1776" = KACC
217507).
4.2.2.2.3.5. Description of Falsiroseomonas fridaquae comb. nov.

Falsiroseomonas frigidaquae (fri.gi.da’quae. L. masc. adj. frigidus, cold; L. fem. n. aqua,
water; N.L. gen. fem. n. frigidaquae, from or of cold water, alluding to the isolation of the
type strain from a water-cooling system).

Basonym: Roseomonas frigidaquae (Kim et al., 2009)

The description is similar as determined by Kim et al. (2009) for Roseomonas
frigidaquae. EU210160 and JAAVTX00000000 is the accession number for the 16S rRNA
gene sequence and genome sequence. The type strain is CW67T (=JCM 15073 = KCTC
2221170,
4.2.2.2.3.6. Description of Falsiroseomonas tokyonensis comb. nov.

Falsiroseomonas tokyonensis (to.ky.o.nen’sis. N.L. masc./fem. adj. fokyonensis, of Tokyo,
source from where the type strain was isolated).
Basonym: Roseomonas tokyonensis (Furuhata et al., 2014)

The description is similar as determined for Roseomonas tokyonensis by Furuhata

et al. (2013). The gene accession number for the 16S rRNA gene sequence is AB297501.

The type strain is K-20T (=JCM 14634" = KCTC 32152").
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4.2.2.2.3.7. Description of Falsiroseomonas riguiloci comb. nov.

Falsiroseomonas riguiloci (ri.gu.i.lo’ci. L. masc. adj. riguus, well-watered; L. masc. n.
locus, a site; N.L. gen. n. riguiloci, type strain isolated from a well-watered place).
Basonym: Roseomonas riguiloci (Baik et al., 2012)

The description is similar as determined by Baik et al. (2012) for Roseomonas
riguiloci. The accession number for the 16S rRNA gene sequence is HQ436503. The type
strain is 03SU10-PT (=KCTC 23339T = JCM 17520" = DSM 295157).
4.2.2.2.3.8. Description of Falsiroseomonas algicola comb. nov.

Falsiroseomonas algicola (al.gi’co.la. L. fem. n. alga (gen. algae), an alga; L. masc./fem.
suff. -cola, dweller; from L. masc./fem. n. incola, an inhabitant; N.L. masc./fem. n.
algicola, an inhabitant of algae).

Basonym: Roseomonas algicola (Kim et al., 2020)

The description is similar as determined by Kim et al. (2020) for Roseomonas
algicola. MK342491 and JAAIKBO00000000 is the accession number for the 16S rRNA
gene and genome sequence, respectively. The type strain is PeD5T (=JCM 33309 = KACC
199257).
4.2.2.2.3.9. Description of Falsiroseomonas arcticisoli comb. nov.

Falsiroseomonas arcticisoli (arc’ti.cus arc.ti.ci.so’li L. masc. adj. arcticus, northern; L.
neut. n. solum, soil; N.L. gen. n. arcticisoli, referring to soil from the Arctic).
Basonym: Roseomonas arcticisoli (Kim et al., 2016)

The description is similar to that described by Kim et al. (2016) for Roseomonas

arcticisoli. The accession number for the 16S rRNA gene sequence is KP274055. The type

strain is MC 3624T (=CCTCC AB 2014278 = LMG 28637").
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4.2.2.2.3.10. Description of Falsiroseomonas bella comb. nov.
Falsiroseomonas bella (bel’la. L. fem. adj. bella, pretty/beautiful).
Basonym: Roseomonas bella (Zhang et al., 2020)

The description is similar as determined by Zhang et al. (2020) for Roseomonas
bella. MG601506 and QGNAO00000000 is the accession number for the 16S rRNA gene
and genome sequence, respectively. The type strain is CQN31T (=KCTC 62447'= MCCC
1H00309T).
4.2.2.2.4. Description of Paeniroseomonas gen. nov.

Paeniroseomonas (Pa.e.ni.ro.se.o.mo’nas. L. adv. paene, almost; - i-, connecting vowel;
N.L. fem. n. Roseomonas, name of bacterial genus; N.L. fem. n. Paeniroseomonas, almost
a Roseomonas).

Aerobic and Gram-negative with coccoid-rod shaped bacteria. The motility of cells
varies. Catalase is positive, oxidase is negative. The principal polar lipids include
diphosphatidylglycerol, phosphatidylglycerol, phosphatidylethanolamine, and
phosphatidylcholine. The primary fatty acids are Cis.,7c, Ci5.12-OH, and C,4, and summed
feature 3. 68.6—73.1 % G+C content (mol %). The phylogeny of the 16S rRNA gene and
phenotypic characteristics are used to define the genus.

The type species is Paeniroseomonas aquatica.
4.2.2.2.4.1. Description of Paeniroseomonas aquatica comb. nov.

Paeniroseomonas aquatica (a.qua’ti.ca L. fem. adj. aquatica, isolated from water, aquatic).
Basonym: Roseomonas aquatica (Gallego et al., 2006)

The description is similar as determined by Gallego et al. (2006) for Roseomonas

aquatica. The accession number for the 16S rRNA gene sequence is AM231587. The type

strain is TR53T (=CECT 71317 = JCM 13556" = DSM 19438").
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4.2.2.2.4.2. Description of Paeniroseomonas fluminis comb. nov.
Paeniroseomonas fluminis (flu’'mi.nis L. gen. neut. n. fluminis, of/from a river).
Basonym: Roseomonas fluminis (Ko et al., 2018)

The description is similar as determined for Roseomonas fluminis by Ko et al.
(2018). The accession number for the 16S rRNA gene sequence is KY649439. The type
strain is D3T (=JCM 31968™= KACC 19269").
4.2.2.2.5. Description of Plastoroseomonas gen. nov.

Plastoroseomonas (Plas.to.ros.e.o.mo’nas. Gr. adj. plastos, false; N.L. fem. n.
Roseomonas, a bacterial genus; N.L. fem. n. Plastoroseomonas, a false Roseomonas).

The genus contains aerobic and Gram-negative with rod-shaped cells. Motility is
the property of members. Catalase is positive and oxidase is negative. The principal polar
lipids are diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylglycerol,
unidentified amino lipid, and an unidentified lipid. The major fatty acids are summed
feature 3, Ci5.12-OH and Cis.0. Genomic size ranges from 4.4 to 7.2 Mbp, whereas G+C
mol % is 70 mol %. The 16S rRNA gene, 92 core genes (phylogenomic), POCP values,
AAI indices, and genomic and phenotypic traits are used to delineate the genus.

The type species is Plastoroseomonas arctica.
4.2.2.2.5.1. Description of Plastoroseomonas arctica comb. nov.

Plastoroseomonas arctica (arc’ti.ca. L. fem. adj. arctica, northern, from the Arctic,
alluding to the place where the type strain was isolated).
Basonym: Roseomonas arctica (Qiu et al., 2016)

The description is similar to Roseomonas arctica as determined by Qiu et al. (2016).
KJ647399 and JAAEDHO000000000 are the accession numbers for the 16S rRNA gene and
genome sequences, respectively. The type strain is M6-79T (=CCTCC AB 20131017 =

LMG 282517).
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4.2.2.2.5.2. Description of Plastoroseomonas hellenica comb. nov.
Plastoroseomonas hellenica (hel-1é-ni-ka. Gr. adj. ellenikos, Greek, L. fem. adj. hellenica,
Greek, referring to Greece, the country from where the bacterium was firstly isolated).
Basonym: Roseomonas hellenica (Rat et al., 2021)
The description is similar to Roseomonas hellenica as determined by Rat et al.
(2021). MN647549 and JAAGBB000000000 are the accession numbers for the 16S rRNA
gene and genome sequences, respectively. The type strain is R-73080" (=LMG 31523T =
CECT 300327).
4.2.2.2.6. Description of Pseudoroseomonas gen. nov.
Pseudoroseomonas (Pseu.do.ro.se.o.mo’nas. Gr. adj. pseudés, false; N.L. fem. n.
Roseomonas, a bacterial genus; N.L. fem. n. Pseudoroseomonas, false Roseomonas).
Members are aerobic and Gram-negative. Cell morphology variable (ranges from
coccoid to short rods). Cells are non-motile. Oxidase and catalase positive. The major polar
lipids are diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylglycerol,
unidentified amino lipid, unidentified lipid, and unidentified phospholipid. The primary
fatty acids are Ci3.12-OH and Cie.0, and summed feature 3. Members' genomic sizes range
from 4.2 to 6.4 Mbp, with G+C content ranging from 68.7 to 72.7 %. The 16S rRNA gene,
92 core genes (phylogenomic), AAI indices, POCP values, and phenotypic and genomic
traits are used to define the genus.

The type species is Pseudoroseomonas cervicalis.
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4.2.2.2.6.1. Description of Pseudoroseomonas cervicalis comb. nov.

Pseudoroseomonas cervicalis [cer.vi.ca’lis. L. fem. n. cervix (gen. cervicis), neck; L.
masc./fem. Adj. suff. -alis, suffix denoting pertaining to; N.L. fem. adj. cervicalis, referring
to cervix, isolated from cervix].

Basonym: Roseomonas cervicalis (Rihs et al., 1998)

The description is similar to Roseomonas cervicalis determined by Rihs et al.
(1993). AF533353 and ADVL00000000 are the accession number for the 16S rRNA gene
and genome sequence, respectively. The type strain is E7107T (=ATCC 49957" = CIP
1040277).
4.2.2.2.6.2. Description of Pseudoroseomonas suffusca comb. nov.

Pseudoroseomonas suffusca (suf.fus’ca. L. fem. adj. suffusca, light brown, alluding to the
color of colonies).
Basonym: Roseomonas suffusca (Subhash and Lee, 2017)

The description is similar to Roseomonas suffusca, as determined by Subhash and
Lee (2017). The accession number for the 16S rRNA gene sequence is LT009497. The type
strain is S1T(=KEMB 563-465T = JCM 31176").
4.2.2.2.6.3. Description of Pseudoroseomonas rubra comb. nov.

Pseudoroseomonas rubra (ru’bra. L. fem. adj. rubra, red/rose-pink).
Basonym: Roseomonas rubra (Subhash et al., 2016)

The description is similar to Roseomonas rubra as determined by Subhash et al.

(2016). The accession number for the 16S rRNA gene sequence is LT009499. The type

strain is S5T (=JCM 31177" = KEMB 563-468").
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4.2.2.2.6.4. Description of Pseudoroseomonas hibiscisoli comb. nov.
Pseudoroseomonas  hibiscisoli ~ (hi.bis.ci.so’li.  N.L. masc. n.  Hibiscus,
Mugunghwa/Hibiscus syriacus; L. neut. n. so/um, soil; N.L. gen. neut. n. hibiscisoli, of soil
of a Hibiscus, the isolation source).

Basonym: Roseomonas hibiscisoli (Yan et al., 2017)

The description is similar to Roseomonas hibiscisoli, determined by Yan et al.
(2017). The accession number for the 16S rRNA gene sequence is LT009499. The type
strain is THG-N2.2T (=KACC 18935 = CCTCC AB 2016176").
4.2.2.2.6.5. Description of Pseudoroseomonas rhizosphaerae comb. nov.
Pseudoroseomonas rhizosphaerae (rhi.zo.sphae’rae. Gr. fem. n. rhiza, a root; Gr. fem. n.
sphaira, a ball, a sphere; N.L. fem. n. rhizosphaera, the rhizosphere; N.L. gen. fem. N.
rhizosphaerae, of/from the rhizosphere).

Basonym: Roseomonas rhizosphaerae (Chen et al., 2014)

The description is similar to Roseomonas rhizosphaerae as determined by Chen et
al. (2014). KC904962 and PDNUO00000000 are the accession number for the 16S rRNA
gene and genome sequence, respectively. The type strain is YW11T (= KACC 172257 =
CCTCC AB20130417).
4.2.2.2.6.6. Description of Pseudoroseomonas aestuarii comb. nov.

Pseudoroseomonas aestuarii (aes.tu.a’ri.i. L. gen. n. aestuarii, of an estuary, the place from
which the type strain was isolated).
Basonym: Roseomonas aestuarii (Venkata Ramana et al., 2010)

The description is similar to Roseomonas aestuarii as determined by Venkata

Ramana et al. (2010). The accession number for the 16S rRNA gene sequence is

AB682256. The type strain is JC17T (=CCUG 57456 = KCTC 22692 = NBRC 105654 ").
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4.2.2.2.6.7. Description of Pseudoroseomonas aerofrigidensis comb. nov.
Pseudoroseomonas aerofrigidensis (a.e.ro.fri.gi.den’sis. Gr. masc. n. aér, air; L. masc. ad;.
frigidus, cold, cool, chilled; L. masc./fem. adj. suff. -ensis, suffixes used in the sense of
“belonging to” /“coming from”; N.L. fem. adj. aerofrigidensis, referring to cooling air,
isolation source from an air conditioner).

Basonym: Roseomonas aerofrigidensis (Hyeon and Jeon, 2017)

The description is similar to Roseomonas aerofrigidensis as determined by Hyeon
and Jeon (2017). The accession number for the 16S rRNA gene sequence is KY126356.
The type strain is HC1T (=JCM 31878 = KACC 19097%).
4.2.2.2.6.8. Description of Pseudoroseomonas oryzae comb. nov.

Pseudoroseomonas oryzae (o.ry’zae. L. gen. fem. n. oryzae, of rice, referring to the source
of isolation of the type strain, from rice paddy soil).
Basonym: Roseomonas oryzae (Ramaprasad et al., 2015)

The description is similar to Roseomonas oryzae, as determined by Ramaprasad et
al. (2015). LN810637 and VUKAO00000000 is the accession number for the 16S rRNA
gene sequence and genome sequence, respectively. The type strain is JC288T(=KCTC
42542T=1LMG 287117).
4.2.2.2.6.9. Description of Pseudoroseomonas vastitatis comb. nov.

Pseudoroseomonas vastitatis (vas.ti.ta’tis. L. gen. fem. n. vastitatis, of/from a desert,
pertaining to the isolation source of the type strain).
Basonym: Roseomonas vastitatis (Zhao et al., 2020)

The description is similar to Roseomonas vastitatis given by Zhao et al. (2020).
MK421542 and QXGS00000000 is the accession number for the 16S rRNA gene sequence
and genome sequence, respectively. The type strain is CPCC 1010217 (=J1A743T =KCTC

620437),

197



Discussion

4.2.2.2.6.10. Description of Pseudoroseomonas globiformis comb. nov.
Pseudoroseomonas globiformis (glo.bi.for’mis. L. masc. n. globus, sphere; L. fem. n.
forma, shape; N.L. masc./fem. adj. globiformis, spherical shape).

Basonym: Roseomonas globiformis (Fang et al., 2018)

The description is similar to Roseomonas globiformis as determined by Fang et al.
(2018). The accession number for the 16S rRNA gene sequence is MG589944. The type
strain is CPCC 1008477 (=KCTC 52099").
4.2.2.2.6.11. Description of Pseudoroseomonas wenyumeiae comb. nov.
Pseudoroseomonas wenyumeiae (wen.yu.mei’ae. N.L. gen. fem. n. wenyumeiae, of Yumei
Wen, a famous microbiologist, for her contribution to the Hepatitis B vaccine and anti-HBs
research and her fundamental role in immunology in China).

Basonym: Roseomonas wenyumeiae (Tian et al., 2019)

The description is similar to Roseomonas wenyumeiae as determined by Tian et al.
(2019). MH974806 and RFLX00000000 is the accession number for the 16S rRNA gene
sequence and genome sequence, respectively. The type strain is Z23T (=CGMCC 1.16540T
=DSM 1062077).
4.2.2.2.6.12. Description of Pseudoroseomonas ludipueritiae comb. nov.
Pseudoroseomonas ludipueritiae [lu.di.pu.e.ri’ti.ae. L. masc. n. ludus, a place of exercise
/practice, a school for elementary instruction; L. masc. n. puer (gen. pueri), a child; N.L.
gen. n. ludipueritiae, of a playing place of childhood, a kindergarten].

Basonym: Roseomonas ludipueritiae (Kampfer et al., 2003; Sanchez-Porro et al., 2009)

The description is similar to Roseomonas ludipueritia as determined by Kédmpfer et

al. (2003) and Sanchez-Porro et al. (2009). AJ488504 and JACTUZ0000000 is the
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accession number for the 16S rRNA gene sequence and genome sequence, respectively.
The type strain is 170-96T (=CIP 107418"= DSM 149157).

4.2.2.2.6.13. Description of Pseudoroseomonas aerophila comb. nov.
Pseudoroseomonas aerophila (a.e.ro’phi.la. Gr. masc. n. aér, air; Gr. masc. adj. philos,
loving; N.L. fem. adj. aerophila, air-loving).

Basonym: Roseomonas aerophila (Kim et al., 2013)

The description is similar to Roseomonas aerophila as determined by Kim et al.
(2013). JX275860 and JACTVA00000000 is the accession number for the 16S rRNA gene
sequence and genome sequence, respectively. The type strain is 7515T-07" (=KACC
165297 = NBRC 1089237).
4.2.2.2.6.14. Description of Pseudoroseomonas musae comb. nov.

Pseudoroseomonas musae (mu’sae. L. gen. fem. n. musae, of Musa, isolated from leaf of
banana Musa sp).
Basonym: Roseomonas musae (Nutaratat et al., 2017)

The description is same as determined by Nutaratat et al. (2013). AB594201 is the
accession number for the 16S rRNA gene sequence. The type strain is PN1T (=BCC 448637
=NBRC 1078707).
4.2.2.2.6.15. Description of Pseudoroseomonas coralli comb. nov.

Pseudoroseomonas coralli (co.ral’li. L. gen. n. coralli, of coral, from where the type strain
was isolated).
Basonym: Roseomonas coralli (Li et al., 2021)

The description is similar to Roseomonas coralli as determined by Li et al. (2021).

MN336179 is the accession number for the 16S rRNA gene sequence and SNVJ000000000

for the genome sequence. The type strain is M0104T (=KCTC 62359T = MCCC 1K036327).
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4.2.2.2.6.16. Description of Pseudoroseomonas deserti comb. nov.
Pseudoroseomonas deserti (de.ser’ti. L. gen. neut. n. deserti, of/from a desert).
Basonym: Roseomonas deserti (Subhash and Lee, 2018)

The description is similar to Roseomonas deserti as determined by Subhash and Lee
(2018). LT837512 and MLCO00000000 is the accession number for the 16S rRNA gene
sequence and genome sequence, respectively. The type strain is M3T (=KEMB 2255-459T

= JCM 312757).

4.2.2.2.7. Description of Neoroseomonas gen. nov.
Neoroseomonas (Ne.o.ro.se.o.mo'nas. Gr. adj. neos, new; N.L. fem. n. Roseomonas, a
bacterial genus; N.L. fem. n. Neoroseomonas, referring to a novel group of Roseomonas).
Members of the genus are aerobic and Gram-staining negative. Cell shape are
coccoid to short rod. Within the members, motility is variable. Positive for oxidase and
catalase. The principal polar lipids are diphosphatidylglycerol, phosphatidylcholine,
phosphatidylglycerol, phosphatidylethanolamine, unknown glycolipid, unknown amino
lipid, unknown lipid, and unknown phospholipid. The primary fatty acids are Cis.12-OH
and Ci¢.0, and summed feature 3. Members' genome sizes range from 4.7 to 6.3 Mbp, with
a G+C content of 68.8 to 71.5 %. The 16S rRNA gene, 92 core genes (phylogenomic), AAI
indices, POCP values, and phenotypic and genomic traits were used to define the genus.

The type species is Neoroseomonas lacus.
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4.2.2.2.7.1. Description of Neoroseomonas lacus comb. nov.

Neoroseomonas lacus (1a’cus. L. gen. n. lacus, of a lake, referring to the site of isolation
of the type strain).

Basonym: Roseomonas lacus (Jiang et al., 2006)

The description is similar to Roseomonas lacus, as determined by Jiang et al.
(2006). AJ786000 and BMKWO00000000 is the accession number for 16S rRNA gene
sequence and genome sequence, respectively. The type strain is G33"T (=CGMCC
1.3617"=JCM 132837).
4.2.2.2.7.2. Description of Neoroseomonas terrae comb. nov.

Neoroseomonas terrae (ter’rae. L. gen. n. terrae, of/from the soil).
Basonym: Roseomonas terrae (Yoon et al., 2007)

The description is similar to Roseomonas terrae as determined by Yoon et al.
(2007). EF363716 is the accession number for the 16S rRNA gene sequence, whereas
JAAEDI000000000 is the genome sequence accession number. The type strain is DS-48T
(=KCTC 12874T=JCM 145927).
4.2.2.2.7.3. Description of Neoroseomonas eburnea comb. nov.

Neoroseomonas eburnea (e.bur’ne.a. L. fem. adj. eburnea, white color as ivory).
Basonym: Roseomonas eburnea (Wang et al., 2016)

The description is similar to Roseomonas eburnea, given by Wang et al. (2016).
KF254767 is the 16S rRNA gene sequence accession, whereas JAAEDL000000000 is the
accession number for genome sequence. The type strain is BUT-57(=CCTCC

AB2013276™=KACC 17166").
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4.2.2.2.7.4. Description of Neoroseomonas alkaliterrae comb. nov.

Neoroseomonas alkaliterrae (al ka.li.ter’rae. Arabic n. al-galiy, the ashes of saltwort; L.n.
terra, soil/earth; N.L. gen. n. alkaliterrae, of/from alkaline soil).

Basonym: Roseomonas alkaliterrae (Dong et al., 2014)

The description is similar to Roseomonas alkaliterrae, as Dong et al. (2014)
determined. KF771274 and JACIJE00000000 are the accession number for 16S rRNA gene
sequence and genome sequence, respectively. The type strain is YIM 78007T (=BCRC
80644T=JCM 19656").
4.2.2.2.7.5. Description of Neoroseomonas oryzicola comb. nov.

Neoroseomonas oryzicola (o.ry.zi’co.la. L. n. oryza, rice; L. masc./fem. suff. -cola, an
inhabitant; from L. masc./fem. n. incola, dweller; N.L. fem. n. oryzicola, an inhabitant of
rice).

Basonym: Roseomonas oryzicola (Chung et al., 2015)

The description is similar to Roseomonas oryzicola, as determined by Chung et al.
(2015). EU707562 and JAAVUP00000000 are the accession number for 16S rRNA gene
sequence and genome sequence, respectively. The type strain is YC6724T (=KCTC
22478T=NBRC 109439").
4.2.2.2.7.6. Description of Neoroseomonas soli comb. nov.

Neoroseomonas soli (so’li. L. gen. n. soli, of soil, the isolation source of the type strain).
Basonym: Roseomonas soli (Kim and Ka, 2014)

The description is similar to Roseomonas soli as determined by Kim and Ka (2014).
The accession numbers for 16S rRNA and genome sequence are JN575264 and
JAAEDMO00000000, respectively. The type strain is 5N26T(=KACC 16376'=NBRC

1090977).
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4.2.2.2.7.7. Description of Neoroseomonas sediminicola comb. nov.

Neoroseomonas sediminicola (se.di.mi.ni.co’la. L. n. sedimen -inis, sediment; L.
masc./fem. suff. -cola, inhabitant, dweller; N.L. fem. n. sediminicola, sediment-dweller,
pertaining to the source of the type strain).

Basonym: Roseomonas sediminicola (He et al., 2019)

The description is similar to Roseomonas sediminicola, as detemined by He et al.
(2014). The accession number for the 16S rRNA gene sequence is JQ349047. The type
strain is FW-3T (=KACC 16616™=JCM 18210").
4.2.2.2.7.8. Neoroseomonas sp. JC162" (=KCTC 32190")
4.2.2.2.7.8.1. Proposal of Neoroseomonas marina sp. nov

Strain KCTC 321907 was distinct (Table 24) from its nearest phylogenetic
neighbour N. oryzicola KCTC 224787 with respect to organic substrate utilization,
hydrolysis of casein, salinity tolerance, fatty acid and polar lipid profiling (Fig. 49)
supported by the genotypic distinctiveness (ANI and dDDH). Hence, it justifies the
description of strain KCTC 321907 as representative of a novel species, for which the name
Neoroseomonas marina sp. nov., is proposed.
4.2.2.2.7.8.2. Description of Neoroseomonas marina sp. nov.

Neoroseomonas marina ( ma.ri’na. L. fem. adj. marina, of the sea, marine)

Four days old colonies on tryptone soya agar are small (1.0-1.5 mm diameter),
smooth, mucoid, circular, convex and pink coloured. Cells range from coccoid to oval-
shaped, 0.6-1.0 um in width and 1.5-2.0 pm in length. Gram-stain-negative, non-spore
forming and non-motility. NaCl is not obligatory and can tolerate up to 1 % (W/v).
Mesophile (range 15-40°C). Optimum growth occurs at pH 7.0 (range 5.5-8.0). Casein is
hydrolysed but not cellulose, starch or gelatin. Nitrate reduction and indole test negative.

Urease, oxidase and catalase positive. Good growth occurs with rhamnose, melibiose, D-
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glucose, arabinose, L-fucose, sucrose, D-galactose, D-mannitol, sorbitol, ribose and
pyruvate. No growth was observed in citrate, acetate, malate, benzoate, glutamate,
methanol, ethanol, aspartate, D-glutamic acid, starch, L-ascorbic acid, glycine, succinate,
DL-aspartic acid, L-glutamine, tween 80 and D-cellobiose. Sensitive to kanamycin,
tetracycline and rifampicin and resistant to carbenicillin and chloramphenicol.
Cis:107¢/Cis:106¢, cyclo-Cio.ow8c¢, Cis.0 2-OH, Cig:0, Cis:0 3-OH, Cis:107¢/Cis:106¢, Cis:0
2-OH and Cigiow5c are the cellular fatty acids. Phosphatidylglycerol,
diphosphotidylglycerol, phosphatidylethanolamine, phosphatidylcholine, an unidentified
amino lipid (AL) and three unidentified lipids (L1-3) are the polar lipids. Ubiquinone-10 is
the major quinone system. Genomic DNA G+C content of the strain KCTC 321907 is 70.9

mol %.

The type strain KCTC 32190T (= CGMCC1.123647") was isolated from a beach sand
sample collected below Pamban bridge, Rameshwaram, Tamil Nadu, India. The GenBank
accession number for the 16S rRNA gene sequence of Roseomonas marina JC162T
(=KCTC 32190") is HE984358. The draft genome has been archived at
DDBJ/GenBank/ENA under the accession number JABBKX000000000 for strain KCTC

32190". The version described in this study is JABBKX010000000.
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4.2.3. Phylogenomic-based reappraisal of the genus Alcanivorax

Strain JC109T is a member of Alcanivorax xenomutans, in the family
Alcanivoracaceae of class Gammaproteobacteria. Alcanivorax members play an important
role in bioremediation processes. Therefore genomic analysis of these hydrocarbonoclastic
marine bacteria will allow us to better understand their alkane metabolic capacities.
Alcanivorax xenomutans JC109T was isolated from a shrimp cultivation pond described
from our lab. This taxon is the most abundantly found species in marine habitats on India’s
east and west coasts (unpublished data). Over the past few years, the isolation and
identification of these members of the genus Alcanivorax have been of paramount interest
for its biodegradation based applicative purposes. This has simultaneously resulted in the
increased description of members of Alcanivorax and other genera of the family
Alcanivoraceae. Therefore, it necessitates congruent phylogenetic analysis and taxonomic
description based on the recent and advanced delineation criteria for evading unwanted and
inconsistencies in the future. With the advancement of molecular procedures and
sequencing techniques, canonical classification of bacterial taxa based on genome sequence
data (in contrast to single genes) has been highly recommended (Chun and Rainey 2014;
Parks et al. 2018). Therefore, in this study we have meticulously re-evaluated the
taxonomic standing of the members of the genus Alcanivorax and deduced its ranking based
on the modern approaches.

The taxonomic standing of the members of the genus Alcanivorax was firstly
reviewed by 16S rRNA gene marker (Table 26), overall genome-related index (OGRI) like
ANI and dDDH (Table 28) for species delineation (Chun et al. 2018). Hence, calculated
values of these two-genome metrics showed that all the species of the genus Alcanivorax
are congruous and well-reported at the species level (cut-off values discussed in Section

4.2.2). However, based on the 16S rRNA gene based dendrogram, these members were
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divided into three major clades (I, IT and I1I) (Fig. 50). The 16S rRNA gene identity between
the some of members of the genus Alcanivorax was <94 %, indicating that they might
belong to different genera as <95 % is the standard threshold specified for genus
differentiation (Rossello-Moéra and Amann 2015; Yarza et al. 2014). However, the 16S
rRNA gene identity should not be the only criterion for taxa delineation as it can be highly
ambiguous (Chan et al. 2012; Olm et al. 2020). The phylogenomic tree based on the
genomes of the species of Alcanivorax also indicated the same cladding order (Fig. 51). In
this study, clade III members had the highest genome size and G+C content (mol%) (Table
27). The genome phylogeny should be further supported by whole genome metrics.
Therefore, at the protein level, AAI and POCP at higher taxonomic rank have been used as
an effective tool for enhancing taxa delineation. This is advantageous in terms of low
identity in a limited orthologous gene between genomes of distant members of genera. In
our analysis, the AAI and POCP (Table 29, Fig. 52A, B) values between inter-clades of the
genus Alcanivorax were <69.0 % and <68.3 %, respectively. Hence, the AAI values are in
accordance with the to the standards as given by Luo et al. (2014). As for POCP, later
several studies showed that the given cut-off of 50 % to be highly conserved (Liu et al.
2020) and has been applied only as relatedness for many genera.

The evaluation of core and pan-genome studies summarized that the pan-genome
of the genus Alcanivorax is open as the plot did not plateau with the addition of genomes.
Altogether, the members had 1223 core genes aggregating up to 36.5 % of the sum-total
pan-genome (Table 30, Fig. 53). Interestingly, with the group-wise study of the species,
there was a drastic rise in the number of core genes (Table 30). This clearly indicated the
divergence between the inter-clade members. The protein sequence identity of clade IT and
clade III members with A. borkumensis SK2T (type species) were lower (65-70 %) as

compared to its own clade members (70-80) (Fig. 54). Further, studies on CSIs showed that
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there were three CSI signatures specifically present to each of the clades (Fig. 55), therefore
separating clades from each other. These CSIs include insertion or deletion into proteins
which are remarkable and can be linked to evolutionary linked members (Gupta 2006).
Over the years, many taxa like the genus Bacillus (Patel and Gupta 2020), Mycobacterium
(Gupta et al. 2018), and order Pasteurellales have been re-ordered with the aid of CSI
(Naushad et al. 2014).

The genomic annotation supported aforementioned and revealed that all the
members of clades consisted of genes required in the aerobic alkane degradation (Table
31). The annotation results showed that the genes responsible for the larger n-alkane
degradation were part of the terminal oxidation (Rojo 2009) pathway. Our reclassification

has accounted phenotypic characters like motility, flagellar arrangement and fatty acids.
4.2.3.1. Ecology of the genus Alcanivorax

The species of the genus Alcanivorax are ubiquitous, indispensable and spanning
an extensive domain of marine habitats. Alcanivorax bacterial groups are capable of
degrading hydrocarbon pollutants, thus becoming a major area of research for their bio-
remediation applications (Chernikova et al. 2020). From an ecological overview, the
species of genus Alcanivorax are chiefly isolated from habitats like sea water, oil polluted
sea water, saline pond, thermal vents and marine sediments (Table 2). Thus, causing their
distribution to be confined to restricted areas and simultaneously allowing them to adapt

(loss/gaining of genes) in accordance to its environment.
4.2.3.2. Proposal to reclassify the genus Alcanivorax into two novel genera

The detailed phylotaxogenomic studies along with the other phenotypic data show
that the genus under study is highly divergent (Table 33). Therefore, members should not

be retained under a singular genus and justifies the division of the genus Alcanivorax into
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three genera as shown earlier (Fig. 50, 51). The emended description based on
reclassification for each of the genera are presented. Hereby, clade II has been reclassified
as Isoalcanivorax gen. nov. and clade III as Alloalcanivorax gen. nov., along with the

emended description of the genus Alcanivorax sensu stricto (Clade I).
4.2.3.2.1. Emended description of the genus Alcanivorax by Yakimov et al. 1998

For the members of the genus Alcanivorax, the description is similar as given by
Yakimov et al. (1998) except for a few changes. The cell size of the members ranged from
0.2-0.8x0.2-2.5 um. Oxidase positive and catalase variable. Nitrate reduction is variable.
Major polar lipids are phosphatidylethanolamine, phosphatidylglycerol, unknown polar
lipid, unknown phospholipid and unknown aminolipid. Summed feature 3, Cis:.0, C12:0 3-
OH, Ci2.0, Ci40 are the fatty acids.

The type species is Alcanivorax borkumensis.
4.2.3.2.2. Description of Isoalcanivorax gen. nov.

Isoalcanivorax (Iso.al.ca.ni.vo’rax. Gr. adj. isos, equal; N.L. masc. n. Alcanivorax, a
bacterial genus; N.L. masc. n. Isoalcanivorax, like the genus Alcanivorax).

Members are aerobic, Gram-stain-negative and rod-shaped. Variably motile.
Oxidase and catalase positive. Major polar lipids consisted of phosphatidylethanolamine
and an unidentified phospholipid. The major fatty acids are summed features 8, 3 and Cieo.
Members consists of a genome size of around 3.5-4.2 Mbp and G+C content of 62.6-62.8
%. The genus delineation is based on the 16S rRNA gene, 92 core genes (phylogenomics),
AAI indices, POCP values, phenotypic and other genomic features.

The type species is Isoalcanivorax pacificus
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4.2.3.2.2.1. Description of Isoalcanivorax pacificus comb. nov.

Isoalcanivorax pacificus (pa.ci’fic.us. L. masc. adj. pacificus, pacific, related to the Pacific
Ocean).
Basonym: Alcanivorax pacificus (Lai et al., 2011)

The description is similar as that of Alcanivorax pacificus given by Lai et al. (2011).
DQ659451 is the accession number for the 16S rRNA gene sequence and CP004387 for
the genome sequence. The type strain is W11-5T (=MCCC 1A00474T = CCTCC AB

208236 = LMG 255141,
4.2.3.2.2.2. Description of Isoalcanivorax indicus comb. nov.

Isoalcanivorax indicus (in’di.cus. L. masc. adj. indicus, related to the Indian Ocean,
wherein type strain was isolated).
Basonym: Alcanivorax indicus (Song et al., 2018)

The description is similar to the one as determined by Song et al. (2018) for
Alcanivorax indicus. The accession numbers of 16S rRNA gene sequence and genome
sequence are MH279472 and QGMPO00000000, respectively. The type strain is SW127T

(=CGMCC 1.16233T=KCTC 62652").

209



Discussion

4.2.3.2.3. Description of Alloalcanivorax gen. nov.

Alloalcanivorax (Allo.al.ca.ni.vo’rax. Gr. masc. adj. allos, other; N.L. masc. n.
Alcanivorax, abacterial genus; N.L. masc. n. Alloalcanivorax, like the genus Alcanivorax).
Members are aerobic, Gram-stain-negative, rod-shaped and motile. Oxidase and
catalase positive. Polar lipids consisted of phosphatidylglycerol, unidentified aminolipid
and unidentified phospholipid. The major fatty acids are summed features 8, 3 and Cieo.
Members have a genomic size of around 3.5-5.2 Mb and a genomic G+C content of 61.3-
66.4 %. The genus delineation is based on the 16S rRNA gene, 92 core genes
(phylogenomics), AAI indices, POCP values, phenotypic and other genomic features.

The type species is Alcanivorax venustensis.
4.2.3.2.3.1. Description of Alloalcanivorax venustensis comb. nov.

Alloalcanivorax venustensis (ve.nust.en’sis. L. masc. adj. venustensis, from 'Portus
Venustus', Elegant Port, is the ancient Latin names of Santa Pola in Roman times, a coastal
town south of Alicante, the closest town to the sites from which the two strains of the
species were isolated. It might also allude to the elegant/slender aspect of the rods).
Basonym: Alcanivorax venustensis (Fernandez-Martinez et al., 2003)

The description of the species is similar as determined for Alcanivorax venustensis
by Ferndndez-Martinez et al. (2003). The accession number of 16S rRNA gene sequence
and genome sequence are AF32876 and ARXR00000000, respectively. The type strain is

ISO4T (=CECT 5388"=DSM 13974™).
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4.2.3.2.3.2. Description of Alloalcanivorax dieselolei comb. nov.

Alloalcanivorax dieselolei (die.sel.o’le.i. N.L. masc. n. dieselius, latinized family name of
Rudolf Diesel; L. gen. n. olei, of oil; N.L. gen. n. dieselolei, of Diesel oil, the carbon
substrate used in the isolation process of the two strains).

Basonym: Alcanivorax dieselolei (Liu and Shao, 2005)

The description is the same as given for Alcanivorax dieselolei by Liu and Shao
(2005). MT759958 and CP003466 are the accession numbers for 16S rRNA gene and
genome sequence, respectively. The type strain is B-5T (=CGMCC 1.3690 T =DSM 16502
Y

4.2.3.2.3.3. Description of Alloalcanivorax xenomutans comb. nov.

Alloalcanivorax xenomutans (xe.no.mu’tans. Gr. masc. n. xenos, foreign; L. pres. part.
mutans, transforming, converting; N.L. part. adj. xenomutans, transforming foreign or
xenobiotic compounds).
Basonym: Alcanivorax xenomutans (Rahul et al., 2014)

The description for the species is similar as determined by Rahul et al. (2014) for
Alcanivorax xenomutans. The 16S rRNA and genome sequence accession numbers are
HE601937 and OBMO00000000, respectively. The type strain is JC109T (=KCTC 237527

=NBRC 108843T).
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4.2.3.2.3.4. Description of Alloalcanivorax balearicus comb. nov.

Alloalcanivorax balearicus (ba.e.a’ri.cus. N.L. masc. adj. balearicus, of the Balearic
Islands, source of isolation).
Basonym: Alcanivorax balearicus (Rivas et al., 2007)

The description for the species is similar as determined by Rivas et al. (2007) for
Alcanivorax balearicus. AY686709 is the 16S rRNA gene sequence accession number. The

type strain is MACL04T (=CECT 5683T=DSM 23776 =LMG 225087").
4.2.3.2.3.5. Description of Alloalcanivorax mobilis comb. nov.

Alloalcanivorax mobilis (mo’bi.lis. L. masc. adj. mobilis, motile).
Basonym: Alcanivorax mobilis (Yang et al., 2018)

The description is the same as based on Alcanivorax mobilis given by Yang et al.
(2018). The accession number for 16S rRNA gene sequence is MF187461 whereas for
genome sequence is NMQZ00000000. The type strain is MT13131T (=KCTC 529857

=MCCC 1A115817).
4.2.3.2.3.6. Description of Alloalcanivorax profundamaris comb. nov.

Alloalcanivorax profundimaris (pro.fun.di.ma’ris. L. masc. adj. profundus, deep; L. gen.
n. maris, from/of the sea; N.L. gen. n. profundimaris, from/of the deep-sea, source from
where the type strain was isolated).
Basonym: Alcanivorax profundimaris (Dong et al., 2021)

The description is similar as determined for Alcanivorax profundimaris by Dong et
al. (2021). The accession number for the 16S rRNA gene sequence is MT452298 whereas
for genome sequence is JABJWHO00000000. The type strain is ST75FaO-1T (=KCTC

82142T=MCCC 1A17714").
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4.2.3.2.3.7. Description of Alloalcanivorax gelatiniphagus comb. nov.

Alloalcanivorax gelatiniphagus (ge.la.ti.ni.pha’gus. N.L. neut. n. gelatinum, gelatin; Gr.
masc./suff.-phagos, glutton; N.L. masc. adj. gelatiniphagus, gelatin eater).
Basonym: Alcanivorax gelatiniphagus (Kwon et al., 2015)

The description is similar as given for Alcanivorax gelatiniphagus by Kwon et al.
(2015). JQ937289 is the accession number for the 16S rRNA gene sequence and
VCQT00000000 for the genome sequence. The type strain is MEBiC08158" (=JCM

18425T=KCCM 42990M).
4.2.3.2.3.8. Description of Alloalcanivorax marinus comb. nov.

Alloalcanivorax marinus (ma.ri’nus. L. masc. adj. marinus, of the sea/marine).
Basonym: Alcanivorax marinus (Lai et al., 2013)

The description of the species is similar as determined for A/canivorax marinus by
Lai et al. (2013). The accession number of 16S rRNA gene sequence is KC415169. The

type strain is R8-12T (=CCTCC AB 208234T =LMG 246217 =MCCC 1A003827).

Note: A new notification by Oren and Garrity (2022) has been released wherein new names
have been assigned for the phylum of Actinobacteria, Acidobacteria, Armatimonadetes,
Bacteroidetes, Chloflexi, Gemmatimonadetes, Planctomycetes and Verrucomicrobia as
Actinomycetota, Acidobacteriota, Armatimonadota, Bacteroidota, Chloroflexota,
Gemmatimonadota, Planctomycetota and Verrucomicrobiota, respectively. However,
these changes have not been incorporated as this development has happened after the

completion of thesis work.
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4.2.4. Notes on bacterial taxonomy
We understand that standard approaches such as 16S rRNA gene sequence and

DDH alone are not superior for determining phylogenetic relationships. The polyphasic
data supported by the phylogenomic studies is considered ideal for taxa delineation in the
present-day. This improved precision and inclusivity of genome annotations (from
genotypes to phenotypes) is allowing researchers to gain more detailed insights into the
biology of species, communities, and individuals. Furthermore, the genomes reflect the
organism's biology as well as its evolutionary lineage pattern, preventing the creation of
redundant species. Therefore, genome-based taxonomy becomes increasingly important for
separating closely related species and revealing species-specific characteristics. Such a
system of taxonomy is integrated taxonomy. For effective identification, new technologies
and study systems are being developed and tested. As a potential prospect for the future,
the following ambitious systems/concepts have been visioned. It is a supposition which
will allow gaps and systemic limitations to be overcome in taxonomic studies. The future
of the taxonomy can be summarized as follows:

1) Systems taxonomy: Despite the fact that integrated taxonomy provides the genetic
framework for delineation, however system-based taxonomy is the most recommended
and prudent classification system. It is a long-term and ambitious aim is to conduct
comprehensive taxonomy investigations that include genome, proteome, and
metabolomics, as well as other components. In fact, it would take into account all of the
elements that influence the bacteria's ability to survive. It is not too far away, owing to
significant technological advancements in the development of system-based taxonomy,
which includes a multidisciplinary area for a complete yet exact functional taxonomy
(Fig. 56). Furthermore, systems-based taxonomy encompasses every consolidated

component of systems biology that has an impact on the organism's survival.
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i1) Virtual taxa: It is widely accepted that just 1 % of the total microbial wealth is known
to be under cultivation, with the rest remaining unexplored (Nayfach et al. 2021;
Sutcliffe et al. 2021). Metagenomics has also bolstered scientific belief in the existence
of untapped microbial wealth. As a result, creating ranks using virtual taxon would be
the pressing need of the hour. The identification and classification of bacteria based on
their genome by annotating their cellular characteristics can lead in the creation of a
virtual taxa. It is a holistic approach of integrating genomics to create virtual taxa, which
would in return represent a modelled species with all its phenotypic, metabolic and
physiological characteristics. It will also strengthen/enhance the taxonomy of the
uncultured or “Candidatus™ species status in particular, allowing virtual taxon to be
strongly connected. It's also on par with “Candidatus” species rank because cultivating
them is difficult. Further, the metagenomic assisted genome (MAG) and single genome
assisted genome (Bowers et al. 2017) can also be genome sequenced to frame the
organism's virtual taxa. In addition, the SeqCode developed by Brian et al. (2020) (under
review) applies genomic sequence data as a common method for typifying cultivated
and uncultivated microorganisms, and it adheres to the ICNP's precepts by following
comparable priority principles
In general, identifying and assigning taxa to the microorganisms under study would be
a holistic approach. Despite the fact that microbial transcriptomics, proteomics and
metabolomics are varied and dynamic in nature under various environmental situations,
they nonetheless play an important part in the study of the bacterial physiological activities.
All of these aspects have so far been ignored when delineating taxa, and as a result, we
have been unable to comprehend key evolutionary convergences and divergences that lead

to speciation.
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Fig. 56. Various components of “omics” based studies integrated to form systems-
based taxa and virtual taxa

As a result, such concepts like the cell's architecture (shape/size), biochemical
activities, membrane components, meta-taxon information (polar lipids/quinones, etc.), and
other physiological activities (growth mode/ respiration/ reproduction/ energy metabolism)
would all be taken into account, as well as its genomic fingerprints for effective application
of taxonomy. Therefore, taxonomic studies are based on assets rather than liabilities. The
system-based taxonomy and virtual taxa can be widely adapted in the future due to its
functionality/applicability. It may be a slow shift, but it certainly aids in obtaining a larger
picture by concatenating its DNA with its current state of being (phenotype) as well as
numerous environmental circumstances. On the other hand, creating virtual taxa related to
taxonomy is a liability that is only employed to help taxonomists grasp the intrinsic quality
of the uncultivated state. It's a tool for visualization. In spite of the fact that many ways
have been established and are continuously being developed, there is an unending demand

for a brisk and efficient means of identifying bacteria from various sources.
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5. MAJOR FINDINGS

>

>

This study has enriched the existing knowledge on the number of bacterial phyla, with the
addition of value to the previously guesstimated numbers. These “Candidatus” phyla’s
“probably” might be endemic to epiphytic orchids owing to their ubique habitat however,
it needs further validation.

Cultivation studies of bacteria from orchid root microbiome revealed that isolated
members belonged primarily to Proteobacteria and Actinobacteria, among which,
Paracoccus aeridis and Microbacterium indolicus are described as new species.

Among the array of indole derivatives produced by the two novel species, only a few are
identified while a large number of these remain still unidentified.

Mesobacillus aurantius sp. nov. is identified as a novel strain for producing zeaxanthin
and its derivatives.

The phylotaxogenomic studies helped in the reappraisal of the members of genus
Roseomonas and Alcanivorax into six and two novel genera, respectively.

The following reclassifications were proposed:

» Genus Roseomonas is reclassified into six novel valid genera names: Pararoseomonas
gen. nov., Falsiroseomonas gen. nov., Paeniroseomonas gen. nov., Plastoroseomonas
gen. nov., Pseudoroseomonas gen. nov., and Neoroseomonas gen. nov. and emended
description of Roseomonas sensu stricto. “Neoroseomonas marina” JC162T sp. nov is
described as a novel member of the genus Neoroseomonas.

» Genus Alcanivorax is reclassified into two novel genera: “Isoalcanivorax” gen. nov.,
and “Alloalcanivorax” gen. nov. with emended description of Alcanivorax sensu
stricto.

Based on the experience gained and owing to the rapid development in the field of bacterial

taxonomy, a “note” is proposed on the future vision on bacterial taxonomy.
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Abstract

Bacterial taxonomy has progressed over the years by virtue of the brisk and
competent scientific developments. Ground-breaking molecular techniques have
added an edge in the phylogenetic studies, resulting in the quality description of
the taxa under studies. New avenues are rapidly developing whose validation has
always been embraced and included, which will assist in resolution. It began with
the simple application of objective procedures for classification, and now we have
arrived at the genome-based taxonomy. This pedantic step has led to the meticu-
lous examination and served to reconcile certain conflicts of the status of the taxa.
This field is dynamic and is exploring more options like proteomics and
metabolomics in gaining more insights into the lineal heritage. Even though
there has been a significant change and addition, there is an ever-growing need
for a comprehensive study, which would thread all the attributes together into one
functional unit of classification. In this review, we examine the paradigm shift
from traditional taxonomy to integrated taxonomy useful in the characterisation
of bacteria which in addition aids in the identity of biotechnological targets.
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Paracoccus aeridis sp. nov., an indole-producing bacterium
isolated from the rhizosphere of an orchid, Aerides maculosa

Anusha Rai', Smita N', Suresh G', Shabbir A', Deepshikha G', Sasikala Ch?* and Ramana Ch.V'*

Abstract

A Gram-stain-negative, non-motile, coccoid-shaped, catalase- and oxidase-positive, non-denitrifying, neutrophilic bacterium
designated as strain JC501" was isolated from an epiphytic rhizosphere of an orchid, Aerides maculosa, growing in the Western
Ghats of India. Phylogenetic analyses based on the 16S rRNA gene sequence indicated that strain JC501" belonged to the genus
Paracoccus and had the highest levels of sequence identity with Paracoccus marinus KKL-ALT (98.9 %), Paracoccus contaminans
WPANQ02" (97.3%) and other members of the genus Paracoccus (<97.3 %). Strain JC5017 produced indole-3 acetic acid and other
indole derivatives from tryptophan. The dominant respiratory quinone was Q-10 and the major fatty acid was C,, .@7¢/C,, ,wbc,
with significant quantities of C,, .@9c, C,, -and C,, . The polar lipids of strain JC501T comprised phosphatidylglycerol, phos-
phatidylcholine, diphosphatidylglycerol, an unidentified glycolipid, two unidentified aminolipids, two unidentified lipids and four
unidentified phospholipids. The genome of strain JC5017 was 3.3 Mbp with G+C content of 69.4mol%. For the resolution of the
phylogenetic congruence of the novel strain, the phylogeny was also reconstructed with the sequences of eight housekeeping
genes. Based on the results of phylogenetic analyses, low (<85.9%) average nucleotide identity, digital DNA-DNA hybridization
(<29.8%), chemotaxonomic analysis and physiological properties, strain JC501T could not be classified into any of the recog-
nized species of the genus Paracoccus. Strain JC5017 represents a novel species, for which the name Paracoccus aeridis sp. nov.

is proposed. The type strain is JC5017 (=LMG 30532"=NBRC 1136447).

Bacteria residing in the rhizosphere of the plants play a vital
role in the holistic development of the plant system [1-3].
Epiphytic orchid-associated bacteria have functional and eco-
logical roles in the development of their host plant [4]. Epi-
phytes do not interact directly with the soil or its microbiota
and thus constitute a unique system of ecology. Therefore, epi-
phytes have their own distinctive structural system for their
sustenance, wherein they take up the nutrients and moisture
from the atmosphere on the surface of the host plant aided
by the microbial association [5, 6]. While investigating this
unique diversity and its subsequent role in the development
of the orchids, we have isolated strain JC501" from the rhizo-
sphere of an epiphytic orchid (Aerides maculosa). This strain
belongs to the genus Paracoccus based on 16S rRNA gene
sequence analysis. The genus Paracoccus was first described
by Davis and his co-workers in 1969 [7] and belongs to the

tamily ‘Rhodobacteraceae’ of the class Alphaproteobacteria in
the phylum Proteobacteria. There are more than 50 species of
Paracoccus with validly published names (www.bacterio.net).
Members have been isolated from environmental samples
such as soil [8, 9], sediment [10, 11], water [12, 13], sludges
[14, 15], foodstufts [16], clinical specimens [17] and insects
[18]. Paracoccus halotolerans [19], Paracoccus salipaludis [20],
Paracoccus fontiphilus [13], Paracoccus alimentarius [16],
Paracoccus endophyticus [21], Paracoccus haematequi [22]
and Paracoccus nototheniae [23] are the valid names published
during the year 2018-2019, while Paracoccus jeotgali [24] and
Paracoccus indicus [25] are effective publications. Members of
this genus are Gram-stain-negative, mostly non-motile and
chemoorganotrophs [26]. Their major fatty acid is C , ,w7c
and they are metabolically versatile [27]. The members of the
genus Paracoccus have a genome size ranging from 2.9 to 5.6

Author affiliations: 'Department of Plant Sciences, School of Life Sciences, University of Hyderabad P.O. Central University, Hyderabad 500046, India;
’Bacterial Discovery Laboratory, Centre for Environment, Institute of Science and Technology, J. N. T. University Hyderabad, Kukatpally, Hyderabad
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The GenBank/EMBL/DDBJ accession number for the 165 rRNA gene sequence of strain JC5017 is LT799401. The Whole Genome Shotgun project is
SELD00000000. The genome sequence of P marinus NBRC 1006377 is VJYZ00000000.

Five supplementary tables and ten supplementary figures are available with the online version of this article.

003962 © 2020 The Authors


http://ijs.microbiologyresearch.org/content/journal/ijsem/
http://doi.org/10.1601/nm.13520
http://doi.org/10.1601/nm.1094
http://doi.org/10.1601/nm.13520
http://doi.org/10.1601/nm.29281
http://doi.org/10.1601/nm.1094
http://doi.org/10.1601/nm.1094
http://doi.org/10.1601/nm.1094
http://doi.org/10.1601/nm.1094
http://doi.org/10.1601/nm.1094
http://doi.org/10.1601/nm.1037
http://doi.org/10.1601/nm.809
http://doi.org/10.1601/nm.808
http://doi.org/10.1601/nm.1094
http://www.bacterio.net/
http://doi.org/10.1601/nm.33447
http://doi.org/10.1601/nm.33239
http://doi.org/10.1601/nm.31813
http://doi.org/10.1601/nm.31569
http://doi.org/10.1601/nm.33343
http://doi.org/10.1601/nm.34465
http://doi.org/10.1601/nm.35508
http://doi.org/10.1601/nm.1094
http://doi.org/10.1601/nm.1094
http://doi.org/10.1601/nm.1094

Archives of Microbiology
https://doi.org/10.1007/500203-020-02146-w

ORIGINAL PAPER q

Check for
updates

Mesobatcillus aurantius sp. nov., isolated from an orange-colored pond
near a solar saltern
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Abstract

An endospore producing, strict aerobic, Gram-stain-positive, orange-colored colony forming bacterium designated as strain
JC1013T was isolated from an orange pond near a solar saltern of Tamil Nadu, India. Phylogenetic analysis of the 16S rRNA
gene sequences indicated that strain was affiliated to the family Bacillaceae of the phylum Firmicutes. Strain showed highest
16S rRNA gene sequence identity of 98.7% with Mesobacillus selenatarsenatis SE-1T and below 98.3% with other members
of the genus Mesobacillus. Strain JC1013T produced carotenoid pigments and indole compounds. Major cellular fatty acids
of strain JC1013T were iso-C, 5.0, anteiso-Cys.g, C .9 3-OH, is0-C;;,,010c and summed feature 4 (is0-C,5,; I/ anteisoB). Polar
lipids were diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylglycerol, two unidentified aminolipids and four
unidentified phospholipids. Strain JC1013" constituted m-diaminopimelic acid as diagnostic cell wall amino acids. MK-7
is the predominant menaquinone of strain JC1013". The genome size of strain JC1013" was 4.6 Mbp and its G + C content
was 42.7 mol%. For the affirmation of strain’s taxonomic status, a detailed phylogenomic study was done. Based on the
phylogenetic analyses, low ANI (84.6%), AAI (88.5%) values, in-silico DDH (<29%) value, morphological, physiological
and chemo-taxonomical characteristics, strain JC1013" was clearly distinguished from the nearest phylogenetic neighbor,
Mesobacillus selenatarsenatis SF-17 to conclude that it is a new species of the genus Mesobacillus. We propose the name
as Mesobacillus aurantius with type strain JC1013T (=NBRC 114146"=KACC 21451 T).

Keywords Mesobacillus - Sp. nov. - Endospore - Salt tolerant
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understanding of the phylogenetic framework for the re-evaluation and reclassification
of the genus Roseomonas. Phylogenetic studies based on the 16S rRNA gene and
92 concatenated genes suggested that the genus is heterogeneous, forming seven
major groups. Existing Roseomonas species were subjected to an array of genomic,
phenotypic, and chemotaxonomic analyses in order to resolve the heterogeneity.
Genomic similarity indices (@DDH and ANI) indicated that the members were well-
defined at the species level. The Percentage of Conserved Proteins (POCP) and
the average Amino Acid Identity (AAIl) values between the groups of the genus
Roseomonas and other interspersing members of the family Acetobacteraceae were
below 65 and 70%, respectively. The pan-genome evaluation depicted that the pan-
genome was an open type and the members shared 958 core genes. This claim
of reclassification was equally supported by the phenotypic and chemotaxonomic
differences between the groups. Thus, in this study, we propose to re-evaluate and
reclassify the genus Roseomonas and propose six novel genera as Pararoseomonas
gen. nov., Falsiroseomonas gen. nov., Paeniroseomonas gen. nov., Plastoroseomonas
gen. nov., Neoroseomonas gen. nov., and Pseudoroseomonas gen. Nov.

Keywords: phylotaxogenomics, average amino acid Identity (AAl), percentage of conserved proteins (POCP),
reclassification, Roseomonas

Abbreviations: NCBI, National Center for Biotechnology Information; ANI, Average Nucleotide Identity; AAI, Average
Amino acid Identity; POCP, Percentage of Conserved Proteins; dDDH, digital DNA-DNA Hybridization; BLAST, Basic Local
Alignment Search Tool; MUSCLE, MUltiple Sequence Comparison by Log-Expectation; KCTC, Korean Collection for Type
Cultures; CGMCC, China General Microbiological Culture Collection Centre; ATCC, American Type Culture Collection;
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Pa.ra.clos.tri’di.um. Gr. prep. para next to, resembling;
N.L. neut. n. Clostridium a bacterial genus; N.L. neut. n.
Paraclostridium next to Clostridium.

Cells are Gram-stain-positive and rod shaped. Obli-
gate anaerobes thriving in the mesophilic conditions
belonging to the class Clostridia and family Peptostrep-
tococcaceae. Cells are motile and reproduce by binary
fission. Members produce endospores. Catalase- and
oxidase-negative. Metabolic activities such as indole
and HoS production, starch and gelatin hydrolysis,
and nitrate reduction may vary within species. Cells
grow on a number of organic substrates even with-
out the supplementation of growth factors and NaCl.
Cig:0 1s the major fatty acid, with C,g, Cig; ®7¢
Ci7.9, Cipp @9¢, and is0-Cy4, being the minor fatty
acids. The DNA G + C content is 28—29.3 mol%. Cells
contain diphosphatidylglycerol, phosphatidylglycerol,
phosphatidylethanolamine, phosphatidylcholine, and
unidentified amino lipids majorly as the polar lipids.
Two species have been validly published under this
genus namely, Paraclostridium bifermentans and Pa-
raclostridium benzoelyticum. Mostly isolated from soil
samples, marine habitats, polluted waters, clinical
specimen such as wounds, blood, and ulcers and
microbiota.

occasionally from humans intestinal

P. bifermentans is a rare cause of infection in humans
which can be fatal. Antimicrobial compounds are
produced.

DNA G+ C content (mol % ): 28—29.3.

Type species: Paraclostridium bifermentans (Wein-
berg and Séguin 1918) Sasi Jyothsna et al. 2016
(basonym: Clostridium bifermentans Weinberg and
Séguin 1918 (Approved Lists 1980).

Members of the genus Paraclostridium are Gram-stain-positive
and rod shaped. Cells are motile with either peritrichous flag-
ella or pseudo filaments, reproduce by binary fission, and
produce endospores. They are obligate anaerobes belonging
to the phylum Firmicutes, class Clostridia, and family Pep-
tostreptococcaceae. Members thrive optimally in mesophilic
conditions. Catalase- and oxidase-negative. Metabolic activ-
ities such as indole and H,S production, starch and gelatin
hydrolysis, and nitrate reduction vary within the species.
Cells grow on a number of organic substrates even without
the supplementation of growth factors and NaCl. Cy,, is the
major fatty acid, with Cg4, Cigq ®7¢, Crgs Cigq ®9c, and
is0-Cy4,o being the minor fatty acids. The DNA G + C content
is 28-29.3 mol%. Diphosphatidylglycerol, phosphatidylglyc-
erol, phosphatidylethanolamine, phosphatidylcholine, and

unidentified amino lipids are majorly seen to constitute
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Marispirochaeta (Ma.ri.spi.ro.chaéta. L. neut. n. mare,
the sea; N.L. fem. n. Spirochaeta a bacterial genus; N.L.
fem. n. Marispirochaeta a marine Spirochaeta).

Cells are helical in structure and Gram-stain-
negative, motile with helical movement, and obli-
gate anaerobes. Members of the class Spirochaete,
order Spirochaetales, and family Spirochaetaceae.
Production of the sphaeroplasts occurs during the
stationary phase or during an unfavorable growth
condition. Catalase- and oxidase-negative. Indole
production from i-tryptophan and gelatin hydroly-
sis is negative. Starch hydrolysis is positive. Exhibits
chemoorganoheterotrophic mode of nutrition. Cells
grow on a number of organic substrates. Traces
of yeast extract are required for its growth. Glu-
cose fermentation is observed in the member. The
major fatty acids are Cj4g, Cig., and iso-Cys.. Cells
contain  diphosphatidylglycerol, phosphatidylglyc-
erol, and phosphatidylethanolamine as the major
polar lipids. The DNA G+ C content is 53.6-54.9
mol%. The only validly published species under this
genus is Marispirochaeta aestuarii. One species of the
rank candidatus is also described, that is, Candida-
tus Marispirochaeta associata. Both the species were

isolated from sediment samples of the marine coasts of
Gujarat, India.

DNA G+ C content (mol% ): 53.6—54.9 (Genome).

Type species: Marispirochaeta aestuarii Shivani et al.
2017VP.

Candidatus  species:  Candidatus Marispirochaeta
associata Shivani et al. 2016.

Members of the genus Marispirochaeta are helical in struc-
ture (Figures 1 and 2). In nature, it is motile with the
helical movement. Gram-stain-negative and nonflagellated.
They are obligate anaerobes belonging to the phylum
Spirochaetes, class Spirochaetia, order spirochaetales, and
family Spirochaetaceae. Sphaeroplasts are formed during
the stationary phase or under an unfavorable growth con-
dition. Their doubling time period is 2—4h. Continuous
subculturing at the fifth day is required for the viability of
the cells. Usually, the cells fail to grow in the solid medium
containing agar, agarose, or the gellan gum. They are
catalase- and oxidase-negative. Members are mesophilic and
slightly halophilic in nature. Its growth mode is chemoorgan-
otrophic. Metabolic activities such as indole production from
L-tryptophan and gelatin hydrolysis are negative. Starch
hydrolysis is positive. Cells utilize a number of organic sub-

strates with the supplementation of traces of yeast extract for
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