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ABSTRACT

Bacteria from the genus Sinorhizobium can form a symbiotic relationship with various
leguminous plants, such as the model legume Medicago truncatula. This plant-microbe
association induces the formation of specialized plant organs called root nodules, inside which
the bacteria perform symbiotic nitrogen fixation (SNF). Among the methods of controlling the
symbiotic process by the plant is the secretion of phenolic compounds (PCs), which acts as
signaling molecules and have a potential role in modulating bacterial communities as a defense
mechanism during symbiotic nodulation. This study aims to elucidate some of the molecular
mechanisms involved in the selection of plant growth promoting Rhizobacteria (PGPR) by the
host and factors determining symbiont specificity. Phenolic acid bioassays coupled with a
comparison of the Pan-Genome of various Sinorhizobium spp. strains revealed key differences in
gene features and distribution, especially in strain-specific genes found predominately within one
of the symbiotic megaplasmids of S. meliloti, pSymA. Synteny analysis showed varying
presence of rctB, a plasmid transfer transcription regulator. The gene was not present in two
organisms, S. meliloti AK83 and S. medicae WSM419; these two strains were shown to be
susceptible to the antimicrobial effect of gallic acid (GA), indicating the importance of plasmid
conjugation during symbiosis. Transcriptome analysis further supported this idea. We found that
genes directly involved in plasmid transfer, such as traA relaxases and Type IV Secretion System
(T4SS) proteins, genes present in pSymA, were substantially up-regulated during the N2-fixation
phase of root nodulation. Protein sequence comparison showed considerable dissimilarity in
proteins encoded by pSymA compared to the rest of the genome. The similar localization of
plasmid transfer genes and the majority of strain-specific genes indicates the importance of the
megaplasmid in determining plant-microbe compatibility and N2-fixation effectiveness. This
study provides insight into the molecular differences between various strains of Sinorhizobium
spp. influencing their symbiotic prowess and the potential basis for the control mechanisms of

plant-microbe interactions.

Keywords: Rhizobia, nodules, plant phenolic compounds, bacterial conjugation, symbiosis.
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Part I. Literature Review
Chapter 1. Rhizobia-legume symbiosis
1.1. Biological nitrogen fixation

Nitrogen (N) is a crucial element to the functioning of all living organisms [1]. It is present in
many major biomolecules including amino acids, ATP, and nucleic acids. Plants are highly
dependent on nitrogen for their growth and function as it constitutes a significant portion of
Chlorophyll, a vital pigment for the process of photosynthesis [3]. Plants can only utilize
Nitrogen in the form of inorganic Nitrate (NO3-) or Ammonium (NH4+) known as plant
available nitrogen (PAN) [4, 6]. Despite its great abundance in the Earth’s atmosphere as
dinitrogen (N2), Nitrogen is the key limiting factor for plants due to the constrained availability
of its reduced form in soils [2]. Nitrogen can be reduced to PAN by one of four processes: the
Haber-Bosch process, organic matter decomposition, the natural conversion of atmospheric
nitrogen, or biological nitrogen fixation (BNF) [5, 7].

Biological Nitrogen Fixation is an important process for enhancing soil fertility and plant growth
[4, 12], but it also plays a role in the biogeochemical cycle of Nitrogen; BNF is estimated to
result in the creation of 200 Tg of organic N every year [13].

BNF is performed by Diazotrophs, a select group of prokaryotes which can utilize the enzyme
nitrogenase to catalyze the conversion of atmospheric Dinitrogen (N2) into more bioavailable
compounds such as ammonia (NH3) [8]. BNF requires micro-aerobic conditions for the proper
functioning of the enzyme nitrogenase within N2-fixing tissue, as well as ensuring the sufficient
production of ATP for both bacterial and host cells [11, 14].

The two types of Diazotrophs are free-living, which can directly fix atmospheric nitrogen, and
Symbiotic Diazotrophs, which perform symbiotic nitrogen fixation (SNF) within specialized
plant organs [9,10]. Nitrogen-fixing bacteria are present in various different environments,
ranging from terrestrial to aquatic habitats [14]. The most common Symbiotic Diazotrophs are
aerobic Gram-negative bacteria, typically referred to as Rhizobia, a group of bacteria capable of

entering a symbiotic relationship with plants from the Leguminosae family [10].
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1.2. Legume nodulation

Legumes are a group of flowering plants in the family Fabaceae, previously named
Leguminosae [47]. They are more commonly referred to as grains or pulses in the vernacular.
Due to containing a high content of protein and fiber, as well as a number of significant
phytochemicals, legumes make a valuable source of nutrients for humans [48]. Growing legumes
also has a drastic environmental and economic implications, as the majority of legumes enter a
symbiotic relationship with Nitrogen fixing bacteria, resulting in the fixation of an approximate
200 million tonnes of atmospheric N2 annually; this greatly improves soil denitrification and
reduces the need for expensive synthetic fertilizers [49, 50].

Legumes evolved the ability to host plant growth-promoting Rhizobacteria (PGPR) within
specialized organs (nodules) around 58 million years ago [51]. This symbiotic association occurs
in 88% of legume species [52].

The tissue of root nodules is ideally suitable for the process of SNF carried out by the bacteria.
Inside plants, bacteria differentiate into specialized N2-fixing forms called bacteroids [57]. In
this mutually beneficial relation, the bacteria provide the plant with bioavailable nitrogen
essential for plant activity in exchange for acquiring carbohydrates derived from photosynthesis
[55].

1.2.1 Nodule organogenesis

The nodulation process of the rhizobia-legume symbiosis is initiated by the plant, which secrete
flavonoid molecules whose function is attracting bacterial partners to the plant’s roots [53]. The
recognition of these compounds by compatible bacteria triggers a specific signaling cascade
between the plant and bacteria, leading to the formation of the root nodules [53, 54]. A key
element of the successful induction of plant nodules is the coordinated regulation of various
genes involved in the molecular signaling between the plant and bacteria [58]. The main
regulation pathway is the auto-regulation of nodoulation (AON) pathway [59].

Nodule organogenesis is a multi-stage process: (1) flavonoid secretion and root hair deformation;
(2) cortex cell differentiation; (3) development of a transient structure, the nodule primordium;
(4) bacterial growth and invasion through the infection thread (IT); (5) bacteroid differentiation;

(6) nodule maturation and beginning of N2 fixation; (7) senescence [53, 56].
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Figure 1. Schematic overview of the major steps of plant nodule formation and biological
nitrogen fixation (BNF). [65]
1.2.1.1 Nod factors

Nodulation factors (NF) are bacterial strain-specific lipo-chito-oligosaccharides (LCOs)
stimulated by plant flavonoids as part of the AON pathway and act as signal molecules [59]. NFs
elicit morphological changes in the host plant, such as the emergence and deformation of plant
root hairs (RHs) and nodule primordia, essential structures for the invasion of bacteria into plant
cells [60]. NFs have an impact on plant hormones and mitotic activities of host cells [61]. NFs
additionally have an effect on tissue-specific transcription levels of early nodulin genes (ENOD)
which have a role the early steps in root nodule formation [63].

Nodulation factors are synthesized by enzymes encoded by bacterial nod genes [62, 64]. The
gene nodD encodes a transcriptional activator upstream of the nod gene operons, called the nod

box; it activates the expression of other nod when detecting root exudates [64].
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Figure 2. Stages of nodule organogenesis in both determinate and indeterminate nodule

types [53].

1.2.2 Nodule anatomy
1.2.1.1 Determinate and indeterminate nodules

Root nodules can be classified into two types, determinate and indeterminate nodules depending
on their morphological characteristic following nodulation [66]. Indeterminate nodules, such as

those in Medicago truncatula, Pisum sativum, Vicia faba, and Trifolium repens, have a
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persistent, functional meristem which allows for the continued growth of the nodule, whereas
determinate nodules have non-persistent meristems and in which all the infected cells are at a

similar stage of development (e.g. the nodules of Glycine max and Lotus japonicus) [67].

1.2.1.1 Zonation of indeterminate nodules

Indeterminate nodules have a very different structure to determinate nodules, being segmented

into five clearly distinct zones, each acting as its own ecological niche [68]. The five zones are

[69]:

» Zone I: The active meristem allowing the growth of the nodule.

* Zone II: The infection zone where the symbiosome housing differentiated bacteroids is
formed.

» Zone III: The Nitrogen fixation zone; bacteria are most proficient at capturing atmospheric N.

» Zone IV: The senescence zone; plant and bacterial cells are deconstructed and symbiosis is
diminished.

* Zone V: The free-living zone; bacteria return to a non-differentiated state and the structure of

the symbiosome is lost.

(a) (b)
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Nodule endodermis

odule parenchyma

L}
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Vascular bundle
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Infected zone
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22
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Figure 3. Diagram representing the different structure of determinate (a) and

indeterminate (b) nodules [69].
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1.3. Rhizobia

Rhizobia is an umbrella term referring to a group of nitrogen-fixing bacteria present
predominately in soils. They are gram negative, motile rod shaped bacteria; their typifying
characteristic is their ability to establish a symbiotic relationship with leguminous plants and
induce the formation of root nodules [15]. Following plant infection, rhizobia can perform SNF
inside the resulting root nodules. Rhizobia cannot fix N2 in the free-living state and require the
host-plant to do so [70]. Rhizobia exhibit elevated, translucent, viscid colonies when grown on
Yeast Mannitol Agar media [71]. Rhizobia-legume symbiosis is the highest yielding BNF
interaction in terms of the resulting quantity of bioavailable nitrogen [55].

The host-microbe interaction between rhizobia and legumes can be species specific, wherein
only certain species of plants and bacteria can successfully establish a mutually beneficial
relationship [72]. This specificity can arise from many possible mechanisms. A major
determinant of host-specificity was shown to to be the variability in the common nod genes
required for symbiosis [73]. The nif genes, which are highly important protein-coding genes
encoding the sub-units of the enzyme nitrogenase [14]; together with nod genes they are one of
the most studied genes involved in the rhizobia-legume symbiosis, and potentially confer a

degree of partner specificity between the plants and bacteria [74].

1.3.1 Taxonomic diversity

Rhizobia are a large and diverse group, spanning the two classes of alpha- and
betaproteobacteria. The majority of rhizobia are part of the Hyphomicrobiales order of alpha-
proteobacteria [75]. Currently, rhizobia consist of over 180 species classified into 21 genera,
with the most dominant being: Rhizobium, Mesorhizobium, Bradyrhizobium, Azorhizobium,
Sinorhizobium, and Devosia [76]. The polyphyletic nature of the rhizobia group entails

continued refinement and more modern classification methodology.

1.3.1.1 Sinorhizobium branch

The genus Sinorhizobium, known synonymously as Ensifer, was first described in 1988 [77] and
later combined with an earlier described genus into a single taxon [78]. The term Sinorhizobium

is combination of the Latin sino (“China”) with the Greek rhiza (“root”) and bium (“life) [77].
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The genus is comprised of 17 species, with multiple having whole-genome sequences (e.g. S.

meliloti, S. medicae, and S. fredii) [79, 80].

Table 1 Classification of six Rhizobia genera and their Host plant species

Genus

Host Plant

References

Rhizobium

Pisum Lathyrus, Vicia, Lens, Phaseolus,
Trifolium Lupinus, Ornithopus Phaseolus
vulgaris, Desmodium, Stylosanthes,
Centrosema, Tephrosia, Acacia, Zornia,
Macroptilium, Medicago ruthenica,
Sesbania herbacea, Coronilla,
Gueldenstaedtia, Amphicarpaea,
Hedysarum coronarium, Indigofera,
Astragalus

[16-22]

Mesorhizobium

Lotus, Lupinus, Anthyllis, Leucaena
Astragalus, Cicer arietinum, Glycyrrhiza,
Sophora Caragana, Halimodendron,
Swainsonia, Glycine, Acacia,

Prosopis, Chamaecrista, Amorpha
fruticosa, Prosopis, Astragalus adsurgens

[19, 22-36]

Allorhizobium

Neptunia natans

[46]

Bradyrhizobium

Glycine max, Glycine soja, Vigna, Lupinus
Mimosa, Acaci

[35-39]

Sinorhizobium

Melilotus, Medicago, Trigonella Glycine,
Cajanus, Glycine, Sesbania, Acacia,
Sesbania, Prosopis, Prosopis, Kummerowia
stipulacea, Leucaena leucocephala

[40-45]

Azorhizobium

Sesbania rostrata

[31]
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Chapter 2: Phenolic compounds

Poloyphenols or phenolic compounds (PCs) are a large and diverse group of plant secondary
metabolites. These bioactive molecules have significant biological functions and are widespread
in nature [82]. PCs are compounds which contain at least one phenol moiety consisting of a
benzene ring (—C6H6) bonded to a hydroxyl group (-OH) with the general formula: COHSOH
[83]. PCs are ubiquitous in the plant kingdom; they are present in various types of fruit and
vegetables (e.g. apple, banana, orange, onions, cabbage, broccoli, etc.) as well as other types of
plant tissue (e.g. roots, leaves, nuts, etc. [84]. Dietary PCs have numerous health benefits to
humans, including reducing the risk of metabolic disfunction and cancer-prevention, acting as
natural antioxidants, improving longevity and gut health, etc. [85].

Plant polyphenols have been extensively studied largely for their antioxidant capacity to
scavenge free radicals, such as reactive oxygen species (ROS) and reactive nitrogen species
(RNS), reducing the harmful effects resulting from the over-accumulation of such molecules

[86].
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Figure 4. The chemical structure of phenolic compounds found in plants [81].
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2.1 Classification of phenolic compounds

Phenolic compounds form a diverse group, which are typically categorized on the basis of
skeletal carbon atoms: C-6 (simple phenols, benzoquinones), C6-C1 (phenolic acids, aldehydes),
C6-C2 (acetophenones, phenylacetic acids), C6-C3 (hydroxycinnamic acids, coumarins,
chromones, phenylpropanes etc.), C6-C4 (naphthoquinones), C6-C3-C6 (flavonoids,
isoflavonoids, neoflavonoids, etc.), (C6-C3)2 (lignans, neolignans, oxyneolignans), (C6-C3)n

(lignins), (C6-C3-C6)n (condensed tannins), etc. [87].

Table 2. Classification of Phenolic compounds based on the number of carbon atoms [88]

Number of C atoms Basic skeleton Class
6 Cs Simple phenols, benzoquinones
7 Ce—Ci Phenolic acids
8 Cs—C Acetophenone, phenylacetic acid
9 Ce—C3 Hydroxycipnamic acid, polypropene, coumarin,
isocoumarin
10 Ce—Ca Naphthoquinone
13 Ce—C1—Cs Xanthone
14 Ce—C2—Ces Stilbene, anthrachinone
15 Ce—C3—Cs Flavonoids, isoflavonoids
18 (Ce—C3)2 Lignans, neolignans
30 (C6—C3—Ce)2 Biflavonoids
n (Ce—C3)n Lignins
(Ce)n Catecholmelanine
(Ce—C3—Co)n Condensed tannins
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2.1.1 Flavonoids

Flavonoids are a class of polyphenolic molecules with variable phenolic structures, each
containing a 15-carbon skeleton and two aromatic rings [88]. Flavonoids are very prevalent in
plants, present in all types of plants [89]. They have important roles in various plant functions,
such as pigmentation, pollination, UV filtering, signaling and regulation, etc.[89, 91].
Furthermore, flavonoids are essential for plant growth and self-defense [92]. They are also
implicated plant-microbe signaling [52].

Among PCs, flavonoids are especially noteworthy for their potent antioxidant and
antiinflamatory potency, likely conferred by the presence of the free hydroxyl group on the third
carbon atom [94, 95].

2.1.2 Tannins

Tannins are natural polyphenolic compounds with polyhydroxyphenolic groups or their
derivatives attached to an aromatic ring [96]. They are characterized by their strong affinity for
forming complexes with different minerals and macromolecules such as proteins and
polysaccharides [97]. Due to their high polyphenic content, tannins also possess remarkable
antioxidant properties; they effectively scavenge ROS and reduce oxidative stress, as well as
inhibit lipid peroxidation [98]. Tannins are also known for their antimicrobial capabilities, such

as disrupting bacterial cell walls and enzyme inhibition [99].

2.1.3 Phenolic acids

Phenolic acids are the simplest of the polyphenols in terms of their chemical formula. They are
characterized by having one or more hydroxyl groups attached to a benzene ring [100]. Phenolic
acids are widely distributed within the plant kingdom, being present in fruits, vegetables, nuts,
and seeds. Like other phenolic compounds, phenolic acids have a number of diverse biological
activities, chief among them is their protective properties against ROS and RNS induced damage
[100, 102].

Phenolic acids can also act as signaling molecules in plant-microbe interactions [104], such as in
the initiation phase of the rhizobia-legume symbiosis, showing spatially and temporally regulated

expression during nodulation [105].
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Phenolic acids are divided into two subgroups: hydroxycinnamic acids (C3-C6) and

hydroxybenzoic acids (C1-C6) [101].

2.1.3.1 Hydroxybenzoic acids

Hydroxybenzoic acids (HBAs) include a C¢-C1 backbone derived from benzoic acid (BA) [106].
Examples include: e.g., salicylic acid (SA), 2,5-dihydroxybenzoic acid (2,5-DHBA), 3.4-
dihydroxybenzoic acid (3,4 DHBA), 2,3-dihydroxybenzoic acid (2,3-DHBA), gallic acid (GA),
and vanillic acid. The structural differences in HBAs is due to aromatic ring hydroxylation and
methylation [107].

2.1.3.1.1 Gallic acid

Gallic acid (GA), also known as 3,4,5-trihydroxybenzoic acid, is a polyphenolic
trihydroxybenzoic acid with the general formula CsH2(OH)3CO2H [109]. Gallic acid has a
number of remedial effects on cardiovascular diseases, neurological diseases, diabetes, liver
fibrosis, and tumors, strictly due to its anti-inflammatory and antioxidant activities [110]. Given
its polyphenolic nature, GA possesses a strong capacity to scavenge ROS, and even attenuate
Aflatoxin B1 (AFBI) toxicity [111]. It provides new interesting prospects for the treatment of
such diseases.

GA is also known to have potent bactericidal properties against many gram negative bacteria
[112]. Its antimicrobial activity is purported to result from the ability to alter membrane
structures and hinder bacterial metabolism GA can also significantly alter surface
hydrophobicity, charge, and K+ leakage [114]. Given its affinity to ROS, GA can also induce
cellular apoptosis by targeting specific signaling pathways [113].

2.1.3.2 Hydroxycinnamic acids

Hydroxycinnamic acids (HCAs) or hydorxymates contain a Ce-C3 backbone consisting of a
benzene ring attached to a three-carbon propyl chain [106]. HCAs occur in several conjugated
forms, including amide-conjugated forms (peptides, and mono or polyamines) and esters (sugar
derivatives and glycosides). Examples include: caffeic acid, ferulic acid, p-coumaric acid, and

sinapic acid [108].
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Introduction

The rhizobia-legume symbiosis is one of the most impactful associations between biological
organisms. The increase in bioavailable nitrogen results in greatly improved soil fertility and
plant growth [2, 5]; this has a greatly beneficial effect on agriculture yield, providing a higher
quality source of nutrients (especially protein and fiber) [48], as well as resulting in more stable

and diverse terrestrial ecosystems [12, 79].

As sessile organisms, plants interact with the rest of the environment mainly through chemical
signaling. For plants to enter a mutually beneficial relationship with Rhizobia bacteria, a degree
of compatibility is required [52, 54]. Both plants and bacteria employ various mechanisms to
ensure the selection of the most suitable symbiont. One of the strategies used by plants for
partner selection is the secretion of various secondary metabolites known as phenolic compounds
[89, 94, 105] that modulate the surrounding microbial community and guide compatible bacteria

during the many phases of the symbiotic relationship.

The goal of this study is to help elucidate the molecular mechanisms underlying the intricate
symbiont specificity in rhizobia-legume associations at all stages of the process. Understanding
the factors governing bacterial infection and survival inside host-plants, as well as the
effectiveness of the resulting BNF could lead to major breakthroughs in ecosystem engineering

and agriculture.

Research Methodology:

In vitro tests of plant phenolic acids against select strains of Rhizobia bacteria
Synteny analysis of the studied strains highlighting relevant genes

Genome analysis investigating the cloud genome

Functional annotation of symbiotic megaplasmids

Transcriptome data analysis of different gene families during plant nodulation

Phylogenetic tree construction and evaluation of evolutionary relatedness

NS kR v

Protein-sequence based comparison using bidirectional BLASTP
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Part I1. Materials and Methods
1. Strains used in the study

The various strains of Sinorhizobium spp. that were used in this study are listed in Table 3. These
strains were specifically selected for possessing differing BNF prowess and unique plant host-

compatibility within symbiotic relationships [122].

Table 3. Strains used in the study

Strain Source/Reference
Sinorhizobium meliloti 2011 [115]
Sinorhizobium meliloti AK83 [116]
Sinorhizobium meliloti SM11 [117]
Sinorhizobium meliloti CCMM B554 (FSM-MA) [118]
Sinorhizobium meliloti 1021 [119]
Sinorhizobium meliloti WSM1022 [120]
Sinorhizobium medicae WSM419 [121]

2. Gallic acid antimicrobial bioassay

Susceptibility to GA was determined using the Kirby-Bauer test, also known as the disc diffusion
method (DDM), on various Sinorhizobium spp. strains. The test was performed using a solution
0of 0.01 g/ml of GA. A volume of 10 pl was added to sterile filter paper discs on Mueller-Hinton
Agar (MHA) plates. The plates were incubated at 30°C for 48h. Sterile distilled water was used

as a negative control disc.
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3. Genome Comparison
3.1 BLAST Search

Using the Basic Local Alignment Search Tool (BLAST) [123] provided by the National Center

for Biotechnology Information (NCBI), the gene encoding a phenolic acid decarboxylase (PAD)
enzyme involved in gallic acid degradation, annotated as UbiD-familly gallate decarboxylase

[124], was used as query and compared against the order Hyphomicrobiales.

3.2 Synteny analysis

Genome sequence and annotation of the studied Sinorhizobium strains [Table 3.] were
downloaded from the NCBI Reference Sequence Database (RefSeq). Synteny analysis was
performed using the One Step MCScanX and Multiple Synteny Analysis features available on
the Toolbox for Biologists (TBtools) computer software.

3.3 Pan-Genome analysis

The Pan and Core-Genome analysis was performed and visualized using the Comparative
Genomics toolset available on MicroScope, an online Microbial Genome Annotation & Analysis
Platform. Analysis of the Core-Genome distribution, accessory genes, and strain-specific genes

was done using Pan-genome explorer.

Functional annotation of the two symbiotic megaplasmids of Sinorhizobium was achieved using
the RAST tool kit (RASTtk) and visualized using the Comparative Systems tool provided on the
Bacterial and Viral Bioinformatics Resource Center (BV-BRC).

4. Phylogenetic analysis

To better understand the evolutionary relations between the studied organisms, a Phylogenetic
tree was constructed using the 16s rRNA genes of closely related Rhizobia bacteria. The
Molecular Evolutionary Genetics Analysis (MEGA) software version 11 [127] was utilized to
perform the Multiple Sequence Alignment (MSA) and phylogenetic tree construction. The
MUSCLE method [128] was used for MSA and the Maximum Likelihood model [129] and the
bootstrap method [130] (100 replications) for Phylogenetic tree construction and testing. Bacillus
subtilis was chosen as the outgroup. All data was downloaded from the NCBI Reference

Sequence Database (RefSeq).
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5. RNA-seq data analysis

The transcriptome data for specific nodule zones during rhizobia-legume symbiosis was obtained
using RNA sequencing and microdissection of the nodule regions of Medicago truncatula [125]

and was then downloaded from the dedicated website. The data was plotted and customized

using Microsoft Excel [126].

6. Proteome comparison

Proteome data was downloaded from the Universal Protein Resource (UniProt) reference
proteome database. Comparison and visualization was carried out using the bidirectional
BLASTP algorithm [123] available in the Proteome Comparison Service on the Bacterial and
Viral Bioinformatics Resource Center (BV-BRC). Six Sinorhizobium spp. strains’ proteomes

were compared against that of the reference genome of S. meliloti strain MABNRS56.
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Part II1. Results

1. Strain-dependent susceptibility of Sinorhizobium spp. to gallic acid

The results of disc diffusion test showcase differing susceptibility to GA by the different strains
tested. With the exception of S. meliloti AK83 and S. medicae WSM419, whose growth was
inhibited, the majority of the strains appear to be resistant to the antimicrobial effects of GA.

(@) (b)

e e e

(d)

Figure S. Results of the gallic acid antimicrobial bioassay using the disc diffusion method.
Strains tested: (a) S. meliloti AK83 b) S. meliloti CCMM B554 (FSM-MA) (¢) S. meliloti SM11 (d)
S. meliloti 1021 (d) S. medicae WSM419. Strains CCMM B554, SM11, and 1021 exhibit normal

growth, indicating resistance to GA. The inhibition ring around the cultures of AK83 and WSM419
is an indication to GA susceptibility.
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2. Varying localization of phenolic compound decarboxylase and plasmid transfer genes

Basic Local Alignment Search (BLAST) results showed different localization of the gene coding

for gallate decarboxylase across multiple species of Rhizobium, Agrobacterium, Sinorhizobium,

Bradyrhizobium, Mesorhizobium, etc.

Synteny analysis revealed high gene conservation of gallate decarboxylase in Symbiotic plasmid

B (pSymB) of Sinorhizobium spp, a highly syntenic chromosome-like megaplasmid [131], while

rct4 and rctB, genes involved in regulating plasmid conjugation and transfer encoded by pSymA

[132],display relatively poor conservation across the analyzed strains.

Table 4. Location of UbiD Family decarboxylase across various genera

Genus Species Location
Sinorhizobium meliloti Plasmid
medicae Plasmid
fredii Chromosome
Agrobacterium salinitolerans Plasmid
tumefaciens Plasmid
pusense Chromosome
fabrum Chromosome
Mesorhizobium australicum Chromosome
sp. ARO7 Chromosome
sp. NZP2298 Chromosome
sp. 131-3-5 Plasmid
Rhizobium gallicum Plasmid
sullae Plasmid
rhizogenes Plasmid
Bradyrhizobium oligotrophicum Chromosome
ontarionense Chromosome
Azospirillum Brasilense Chromosome
lipoferum Chromosome
ramasamyi Chromosome
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Figure 6. Synteny Plot highlighting the positions of relevant genes. The graph was generated
using the Multiple Synteny Analysis feature in TBtools. The ubiD gene found in pSymB is
present in all tested strains, suggesting high conservation. rc#4, a transcriptional repressor found
in pSymA which regulates plasmid conjugation is also present in all strains. rctB, on the other
hand, the antirepressor to rctA is not present in S. meliloti AK83 and S. medicae WSM419.

3. Significant genome distribution and unequal count of strain-specific genes

To investigate the genetic variability underlying the difference in GA resistance, a Pan-genome
analysis of the studied strains was performed. We looked at the distribution and gene count of

core vs strain-specific genes.
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Figure 7. Pan-genome analysis highlighting strain-specific gene count. The analysis reveals a
significant percentage of the pan-genome as strain specific (33.8%) with a substantial percentage
composed of dispensable or accessory genes (26.3%). The strains with the highest number of
strain-specific genes are showcased on the left. Strains WSM419, SM11, AK83, and WSM1022
have a considerably higher number of strain-specific genes.

4. Localization and distribution of the cloud genome

To facilitate understanding the relatedness of the studied organisms and the differences in gene
content and features between them, data of the core-genome overlap and accessory genes

intersection was visualized. The localization of strain-specific genes was also demonstrated.
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Figure 8. Diagrams depicting the core and accessory genomes. A) Upset plot of the accessory
genome size and intersection of the studied strains. b) Venn diagram of the pan and core genome.
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Figure 9. Circular diagram showing the localization of strain-specfic genes. Comparison of the

number and positioning of strain-specific genes, i.e. genes not part of the core-genome and found
only in a specific strain. S. meliloti spp. strains possess relatively few strain-specific genes on the

chromosome compared to those found on pSymA and pSymB.
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5. Disparity in gene function of symbiotic plasmids between strains

Functional annotation of the pSymA and pSymB sequences of select strains (WSM419,
WSM1022, and SM11) was performed and visualized using the Comparative Systems tool of the
Bacterial and Viral Bioinformatics Resource Center (BV-BRC).

099
009

pSymB

Sinorhizobium Sinorhizobium Sinorhizobium
medicae WMS419 meliloti WMS1022 meliloti SM11
> [l METABOLISM > [l DNA PROCESSING > [l PROTEIN PROCESSING
> I ENERGY > [l MEMBRANE TRANSPORT

> [l CELL ENVELOPE

> . CELLULAR PROCESSES > [l STRESS RESPONSE, DEFENSE, VIRULENCE > .MISCELLANEOUS

Figure 10. Pie charts featuring the functional annotation of the symbiotic megaplasmids of
three Sinorhizobium bacteria. pSymA of S. medicae WSM419 and S. meliloti WSM1022
possesses genes responsible for various functions, with genes involved in energy production and
conservation being the most abundant. In contrast, pSymA of S. meliloti SM11exhibits a functional
distribution more similar to the chromosome, with genes involved in metabolism being more
predominant. pSymB in all three bacteria shows chromosome-like distribution of gene features.

6. Phylogeny reveals distinct lineages of Sinorhizobium spp. strains

To gain insight into the evolutionary history and closeness of the studied strains, the 16s rRNA

gene of various closely related Rhizobia bacteria was used to construct a phylogenetic tree.
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Visualization of the newick tree was done by the tree viewer tool on the Environment for Tree

Exploration toolkit website (ETE Toolkit).
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Figure 11. Phylogenetic tree constructed using the 16s rRNA gene. The tree branches into three
main lineages. The earlier Bradyrhizobium spp. branch, and two other later lineages on which
various Sinorhizobium spp. strains are positioned. Bootstrap test values are displayed in red.

7. Different expression levels of phenolic acid metabolism and plasmid conjugation genes

within the four nodule zones

To assess the role and mechanisms of the studied genes in the context of rhizobia-legume

symbiosis, S. meliloti RNA transcript data at different stages of nodule infection was plotted and

analyzed.
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Figure 12. Charts showcasing RNA-seq data of various genes during rhizobia-legume
symbiosis within the different zones of root nodules. (a) UbiD decarboxylase and UbiX flavin
prenyltransferase, a cofactor involved in gallate decarboxylase biosynthesis. (b) tra4 genes coding
for enzymes controlling conjugative plasmid transfer in bacteria. (c) rctA and rctB, plasmid relaxase
regulators. (d) Type IV Secretion System (T4SS) proteins involved in DNA transfer between

bacteria.
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8. High dissimilarity in proteins from a distinct region of the symbiotic megaplasmid
between Sinorhizobium spp. strains

A proteomic comparison of the six strains used was performed as a final test to reach a
comprehensive evaluation of this comparative study. The result shows a clear difference in
protein sequence in one area of the megaplasmid pSymA, as well as interesting similarities

between the strains in other regions of the genome.

Percent protein sequence identity
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Figure 13. Circular proteome comparison graph. The graph depicts the results of the
bidirectional BLASTP analysis of the six strains against a reference genome. Species ordered the
outermost to the innermost of the circle: 1) S. meliloti MABNRS56 2) S. meliloti SM11 3) S. meliloti
AKS83 4) S. medicae WSM419 5) S. meliloti FSM-MA 6) S. meliloti 1021 7) S. meliloti WSM1022.
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Part I'V. Discussion

The antimicrobial effect of GA appears to be highly species or even strain-dependent. This
suggests the direct involvement of phenolic acids as molecules involved in the selection
mechanisms in the symbiosis between rhizobia and legumes. However, given that the strains’
susceptibility to GA does not directly correlate with their aptitude for entering and sustaining
effective, mutually beneficial symbiotic relationships [121,133], we can surmise that under
normal conditions resistance to plant phenolic acids is not the sole determining factor is plant-
microbe specificity, but one with a potential role in the intricate molecular interactions between

plants and symbiotic bacteria.

Local Alignment Search (BLAST) showed a high degree of conservation of a gene involved in
phenolic acid degradation and metabolism across the order Hyphomicrobiales. The gene encodes
the enzyme gallate decarboxylase, which catalyzes the degradation of GA [124]. Depending on
the genus, or some cases the species, was present in either chromosomal or plasmidic DNA.
Combined with the bioassay results, the selective effect of GA exerted by plants on bacteria
could be by reason of differences in gene transcription, mobility, or other mechanism conferring

resistance to phenolic acids in bacteria, rather than a gene presence-absence basis.

Synteny analysis revealed differences between the studied Sinorhizobium spp. strains in genes
controlling conjugal transfer and replication of plasmids. rct4, encodes a repressor protein whose
role is inhibiting bacterial conjugation, while rctB, its antagonist, modulates the activity of rct4
and thus promotes plasmid transfer between bacteria [132]. rct4 was found to be present in all
tested strains, while rctB was not present in strains S. meliloti AK83 and S. medicae WSM419.
Interestingly, these two strains were inhibited the most by GA. This could suggest that
effectiveness of plasmid transfer is a key determinant of bacteria’s resistance to plant phenols

and thus the selective pressure of plants.

RNA-seq data analysis presented crucial insight into the relevance of the aforementioned genes
during the rhizobia-legume symbiosis. ubiD and wubiX, genes involved in phenolic acid
metabolism in bacteria [124], were considerably up-regulated in the nitrogen fixation zone of the
nodule (Zone III). This further supports the idea that phenolic acids, such as GA, act as selective
molecules in the process of symbiotic nitrogen fixation (SNF) between Rhizobia and leguminous
plants. tradAl and traA2 relaxases were gradually up-regulated following the progression of
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bacteroid specialization in Zone III, suggesting that plasmid conjugation is a factor of SNF in the
symbiosis between S. meliloti and M. truncatula. rctA and rctB exhibit increasingly inverted
levels of expression leading up to Zone III of the nodule, where rctB expression increases

substantially relative to other zones, while rcA levels decrease.

Regulation of genes encoding Type IV Secretion System (T4SS) proteins showed a similar trend,
where expression levels drastically rise in Zone III of the root nodule compared to other zones.
T4SS is known to play a role in horizontal gene transfer (HGT) during bacterial conjugation
[134]. This suggests that the regulation of plasmid transfer in S. meliloti has a functional purpose

in the symbiotic relationship and is directly influenced by the nodulation process.

Constructing the phylogenetic tree using 16s rRNA helped elucidate the evolutionary relatedness
of the strains, with most being part of one of two main branches; an earlier branch (S. meliloti
Ref, S. meliloti 2011, S. meliloti 2011, S. meliloti FSM-MA) and a later branch (S. medicae
WSM419, S. meliloti WSM1022, S. meliloti AK83, S. meliloti SM11).

The Pan-genome analysis showed a considerable variability in the number of strain-specific and
accessory genes among the studied strains of Sinorhizobium spp., with S. medicae WSM419, S.
meliloti SM11, S. meliloti AK83, and S. meliloti WSM1022 being the strains having the most of
such genes. The disparity in strain-specific gene count suggests numerous mutations or HGT
events along the evolutionary history of the strains. It also helps explains the observed
differences in phenotype between these strains, especially in the context of rhizobia-legume
symbiosis [115-121].

Plotting the localization of strain-specific genes (Figure 7.) provided insight into the potential
basis for the observed differences. We can observe that in most strains, strain-specific genes are
clustered in specific parts of the two symbiotic megaplasmids, pSymA and pSymB, while the
chromosome contains relatively few of such genes. This indicates that the genetic differences in
the studied strains lies within these plasmids. Functional annotation of the two plasmids revealed
some distinctions between pSymA and pSymB, with the latter having more chromosome-like
features. Comparing the proteomes of the studied strains revealed more evidence suggesting
pSymA is the region where the most difference between the strains can be observed, further

supporting previous findings.
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Conclusion

In this work we looked at the selective capability of a gallic acid (GA), a plant phenol, on
symbiotic bacteria from the genus Sinorhizobium. We found that GA only has an inhibitory
effect on certain strains, while others are able to proliferate normally in its presence. To
understand the mechanism underlying the resistance or lack thereof to GA by the studied
bacteria, a thorough comparison of the genomes of studied strains was carried out. We found that
GA resistance does not necessarily correlate with effective symbiosis capabilities in most strains,
as well as the indication that the mechanisms conferring resistance are tied to gene regulation
and mobility via bacterial conjugation. RNA-seq data analysis presented more evidence tying
plasmid transfer to symbiosis. Plasmid relaxases and conjugation regulators exhibit elevated
expression during the nitrogen fixation phases of nodulation. The two symbiotic megaplasmids
of Sinorhizobium spp. contain a large number of strain-specific genes, and display functional
variability between strains. Phylogeny revealed distinct lineages, with a clear connection

between evolutionary closeness and gene features to symbiotic prowess.

Page 27



References

10.

11.

Burris, R. H., & Roberts, G. P. (1993). Biological nitrogen fixation. Annual Review of
Nutrition, 13(1), 317-335. https://doi.org/10.1146/annurev.nu.13.070193.001533

Smil, V. (1999). Nitrogen in crop production: An account of global flows. Global
Biogeochemical Cycles, 13(2), 647—662. https://doi.org/10.1029/1999gb900015

Willstitter, R. (1906). Zur Kenntniss der Zusammensetzung des Chlorophylls. Justus
Liebig S Annalen Der Chemie, 350(1-2), 48—82.
https://doi.org/10.1002/jlac.19063500103

Dessureault-Rompré, J. (2022). Soil nitrogen supply: linking plant available N to
ecosystem functions and productivity. Nitrogen, 3(3), 455-457.
https://doi.org/10.3390/nitrogen3030030

Appl, M. (1982). "The Haber—Bosch Process and the Development of Chemical
Engineering". A Century of Chemical Engineering. New York: Plenum Press

Vance, C. P. (2001, October 1). Symbiotic nitrogen fixation and phosphorus acquisition.
Plant nutrition in a world of declining renewable resources.
https://pmc.ncbi.nlm.nih.gov/articles/PMC1540145/

Beijerinck, M.W, 1901, Uber oligonitrophile Mikroben, Centralblatt fiir Bakteriologie,
Parasitenkunde, Infektionskrankheiten und Hygiene, Abteilung II, Vol 7

Modak, J. M. (2002). Haber process for ammonia synthesis. Resonance, 7(9), 69-77.
https://doi.org/10.1007/b1f02836187

Postgate, J (1998). Nitrogen Fixation, 3rd Edition. Cambridge University Press,
Cambridge UK.

Burkart, A. Leguminosas. In: Dimitri, M. Enciclopedia Argentina de Agricultura y
Jardineria, Tomo I. Descripcion de plantas Cultivadas. Editorial ACME S.A.C.1., Buenos
Aires, 467-536. 1987. (n.d.). https://www.sciepub.com/reference/34064

Oelze, J. (2000). Respiratory protection of nitrogenase inAzotobacterspecies: is a widely

held hypothesis unequivocally supported by experimental evidence? FEMS Microbiology
Reviews, 24(4), 321-333. https://doi.org/10.1111/j.1574-6976.2000.tb00545.x

Page 28



12.

13.

14.

15.

16.

17.

18.

19.

20.

Delwiche, C. C. (1983). Cycling of elements in the biosphere. In Springer eBooks (pp.
212-238). https://doi.org/10.1007/978-3-642-68885-0 8

Galloway, J. N., Aber, J. D., Erisman, J. W., Seitzinger, S. P., Howarth, R. W., Cowling,
E. B., & Cosby, B. J. (2003). The nitrogen cascade. OUP Academic.
https://doi.org/10.1641/0006-3568(2003)053

Dixon, R., & Kahn, D. (2004). Genetic regulation of biological nitrogen fixation. Nature
Reviews Microbiology, 2(8), 621-631. https://doi.org/10.1038/nrmicro954

Ramirez-Bahena, M. H., Garcia-Fraile, P., Peix, A., Valverde, A., Rivas, R., Igual, J. M.,
Mateos, P. F., Martinez-Molina, E., & Velazquez, E. (2008). Revision of the taxonomic
status of the species Rhizobium leguminosarum (Frank 1879) Frank 1889AL, Rhizobium
phaseoli Dangeard 1926 AL and Rhizobium trifolii Dangeard 1926AL. R. trifolii is a later
synonym of R. leguminosarum. Reclassification of the strain R. leguminosarum DSM
30132 (=NCIMB 11478) as Rhizobium pisi sp. nov. INTERNATIONAL JOURNAL OF
SYSTEMATIC AND EVOLUTIONARY MICROBIOLOGY, 58(11), 2484—-2490.
https://doi.org/10.1099/1js.0.65621-0

Lindstrom, K. (1989). Rhizobium galegae, a New Species of Legume Root Nodule
Bacteria. International Journal of Systematic Bacteriology, 39(3), 365-367.
https://doi.org/10.1099/00207713-39-3-365

Segovia, L., Young, J. P. W., & Martinez-Romero, E. (1993). Reclassification of
American Rhizobium leguminosarum Biovar Phaseoli Type I Strains as Rhizobium etli

sp. nov. International Journal of Systematic Bacteriology, 43(2), 374-377.
https://doi.org/10.1099/00207713-43-2-374

Amarger, N., Macheret, V., & Laguerre, G. (1997). Rhizobium gallicum sp. nov. and
Rhizobium giardinii sp. nov., from Phaseolus vulgaris Nodules. International Journal of
Systematic Bacteriology, 47(4), 996—1006. https://doi.org/10.1099/00207713-47-4-996

Chen, W. X., Tan, Z. Y., Gao, J. L., Li, Y., & Wang, E. T. (1997). Rhizobium hainanense
sp. nov., Isolated from Tropical Legumes. International Journal of Systematic
Bacteriology, 47(3), 870—873. https://doi.org/10.1099/00207713-47-3-870

Van Berkum, P., Beyene, D., Bao, G., Campbell, T. A., & Eardly, B. D. (1998).
Rhizobium mongolense sp. nov. is one of three rhizobial genotypes identified which
nodulate and form nitrogen-fixing symbioses with Medicago ruthenica [(L.) Ledebour].
International Journal of Systematic Bacteriology, 48(1), 13-22.
https://doi.org/10.1099/00207713-48-1-13

Page 29



21.

22.

23.

24.

25.

26.

27.

Wang, E. T., Van Berkum, P., Beyene, D., Sui, X. H., Dorado, O., Chen, W. X., &
Martinez-Romero, E. (1998). Rhizobium huautlense sp. nov., a symbiont of Sesbania
herbacea that has a close phylogenetic relationship with Rhizobium galegae. International
Journal of Systematic Bacteriology, 48(3), 687—699. https://doi.org/10.1099/00207713-
48-3-687

Tan, Z. Y., Kan, F. L., Peng, G. X., Wang, E. T., Reinhold-Hurek, B., & Chen, W. X.

(2001). Rhizobium yanglingense sp. nov., isolated from arid and semi-arid regions in

China. INTERNATIONAL JOURNAL OF SYSTEMATIC AND EVOLUTIONARY
MICROBIOLOGY, 51(3), 909-914. https://doi.org/10.1099/00207713-51-3-909

Squartini, A., Struffi, P., Doring, H., Selenska-Pobell, S., Tola, E., Giacomini, A.,
Vendramin, E., Velazquez, E., Mateos, P. F., Martinez-Molina, E., Dazzo, F. B., Casella,
S., & Nuti, M. P. (2002). Rhizobium sullae sp. nov. (formerly 'Rhizobium hedysari’), the
root-nodule microsymbiont of Hedysarum coronarium L. INTERNATIONAL
JOURNAL OF SYSTEMATIC AND EVOLUTIONARY MICROBIOLOGY, 52(4),
1267—-1276. https://doi.org/10.1099/00207713-52-4-1267

Wei, G. H., Wang, E. T., Tan, Z. Y., Zhu, M. E., & Chen, W. X. (2002). Rhizobium
indigoferae sp. nov. and Sinorhizobium kummerowiae sp. nov., respectively isolated
from Indigofera spp. and Kummerowia stipulacea. INTERNATIONAL JOURNAL OF
SYSTEMATIC AND EVOLUTIONARY MICROBIOLOGY, 52(6), 2231-2239.
https://doi.org/10.1099/00207713-52-6-2231

Quan, Z., Bae, H., Baek, J., Chen, W., Im, W., & Lee, S. (2005). Rhizobium daejeonense
sp. nov. isolated from a cyanide treatment bioreactor. INTERNATIONAL JOURNAL
OF SYSTEMATIC AND EVOLUTIONARY MICROBIOLOGY, 55(6), 2543-2549.
https://doi.org/10.1099/ijs.0.63667-0

Jarvis, B. D. W., Van Berkum, P., Chen, W. X., Nour, S. M., Fernandez, M. P., Cleyet-
Marel, J. C., & Gillis, M. (1997). Transfer of Rhizobium loti, Rhizobium huakuii,
Rhizobium ciceri, Rhizobium mediterrancum, and Rhizobium tianshanense to
Mesorhizobium gen. nov. INTERNATIONAL JOURNAL OF SYSTEMATIC AND
EVOLUTIONARY MICROBIOLOGY, 47(3), 895-898.
https://doi.org/10.1099/00207713-47-3-895

Chen, W. X, Li,G. S.,Qi1, Y. L., Wang, E. T., Yuan, H. L., & Li, J. L. (1991).
Rhizobium huakuii sp. nov. Isolated from the Root Nodules of Astragalus sinicus.
International Journal of Systematic Bacteriology, 41(2), 275-280.
https://doi.org/10.1099/00207713-41-2-275

Page 30



28.

29.

30.

31.

32.

33.

34.

Nour, S. M., Cleyet-Marel, J., Beck, D., Effosse, A., & Fernandez, M. P. (1994).
Genotypic and phenotypic diversity of Rhizobium isolated from chickpea (Cicer
arietinum L.). Canadian Journal of Microbiology, 40(5), 345-354.
https://doi.org/10.1139/m94-057

Chen, W., Wang, E., Wang, S., Li, Y., Chen, X., & Li, Y. (1995). Characteristics of
Rhizobium tianshanense sp. nov., a Moderately and Slowly Growing Root Nodule
Bacterium Isolated from an Arid Saline Environment in Xinjiang, People’s Republic of
China. International Journal of Systematic Bacteriology, 45(1), 153—-159.
https://doi.org/10.1099/00207713-45-1-153

Nour, S. M., Cleyet-Marel, J., Normand, P., & Fernandez, M. P. (1995). Genomic
Heterogeneity of Strains Nodulating Chickpeas (Cicer arietinum L.) and Description of
Rhizobium mediterraneum sp. nov. International Journal of Systematic Bacteriology,
45(4), 640—648. https://doi.org/10.1099/00207713-45-4-640

De Lajudie, P., Willems, A., Nick, G., Moreira, F., Molouba, F., Hoste, B., Torck, U.,
Neyra, M., Collins, M. D., Lindstrom, K., Dreyfus, B., & Gillis, M. (1998).
Characterization of tropical tree rhizobia and description of Mesorhizobium plurifarium
sp. nov. International Journal of Systematic Bacteriology, 48(2), 369-382.
https://doi.org/10.1099/00207713-48-2-369

Wang, E. T., Van Berkum, P., Sui, X. H., Beyene, D., Chen, W. X., & Martinez-Romero,
E. (1999). Diversity of rhizobia associated with Amorpha fruticosa isolated from Chinese
soils and description of Mesorhizobium amorphae sp. nov. INTERNATIONAL
JOURNAL OF SYSTEMATIC AND EVOLUTIONARY MICROBIOLOGY, 49(1), 51—
65. https://doi.org/10.1099/00207713-49-1-51

Peix, A., Mateos, P., Rodriguez-Barrueco, C., Martinez-Molina, E., & Velazquez, E.
(2001). Growth promotion of common bean (Phaseolus vulgaris L.) by a strain of
Burkholderia cepacia under growth chamber conditions. Soil Biology and Biochemistry,
33(14), 1927-1935. https://doi.org/10.1016/s0038-0717(01)00119-5

Gao, J., Turner, S. L., Kan, F. L., Wang, E. T., Tan, Z. Y., Qiu, Y. H., Gu, J., Terefework,
Z.,Young, J. P. W, Lindstrom, K., & Chen, W. X. (2004). Mesorhizobium
septentrionale sp. nov. and Mesorhizobium temperatum sp. nov., isolated from
Astragalus adsurgens growing in the northern regions of China. INTERNATIONAL
JOURNAL OF SYSTEMATIC AND EVOLUTIONARY MICROBIOLOGY, 54(6),
2003-2012. https://doi.org/10.1099/ijs.0.02840-0

Page 31



35.

36.

37.

38.

39.

40.

41.

42.

Ensifer meliloti (Dangeard, 1926) Young, 2003. (n.d.). https://doi.org/10.15468/c3kkgh

Chatterjee, A., Balatti, P. A., Gibbons, W., & Pueppke, S. G. (1990). Interaction
ofRhizobium fredii USDA257 and nodulation mutants derived from it with the
agronomically improved soybean cultivar McCall. Planta, 180(3), 303-311.
https://doi.org/10.1007/bf01160385

De Lajudie, P., Willems, A., Pot, B., Dewettinck, D., Maestrojuan, G., Neyra, M.,
Collins, M. D., Dreyfus, B., Kersters, K., & Gillis, M. (1994). Polyphasic Taxonomy of
Rhizobia: Emendation of the Genus Sinorhizobium and Description of Sinorhizobium
meliloti comb. nov., Sinorhizobium saheli sp. nov., and Sinorhizobium teranga sp. nov.
International Journal of Systematic Bacteriology, 44(4), 715-733.
https://doi.org/10.1099/00207713-44-4-715

Rome, S., Fernandez, M. P., Brunel, B., Normand, P., & Cleyet-Marel, J. (1996).
Sinorhizobium medicae sp. nov., Isolated from Annual Medicago spp. International
Journal of Systematic Bacteriology, 46(4), 972-980. https://doi.org/10.1099/00207713-
46-4-972

Nick, G., De Lajudie, P., Eardly, B. D., Suomalainen, S., Paulin, L., Zhang, X., Gillis,
M., & Lindstrom, K. (1999). Sinorhizobium arboris sp. nov. and Sinorhizobium kostiense
sp. nov., isolated from leguminous trees in Sudan and Kenya. INTERNATIONAL
JOURNAL OF SYSTEMATIC AND EVOLUTIONARY MICROBIOLOGY, 49(4),
1359-1368. https://doi.org/10.1099/00207713-49-4-1359

Toledo, I., Lloret, L., & Martinez-Romero, E. (2003). Sinorhizobium americanus sp.
nov., a New Sinorhizobium Species Nodulating Native Acacia spp. in Mexico.
Systematic and Applied Microbiology, 26(1), 54—64.
https://doi.org/10.1078/072320203322337317

Mnasri, B., Saidi, S., Chihaoui, S., & Mhamdi, R. (2012). Sinorhizobium americanum
symbiovar mediterranense is a predominant symbiont that nodulates and fixes nitrogen

with common bean (Phaseolus vulgaris L.) in a Northern Tunisian field. Systematic and
Applied Microbiology, 35(4), 263-269. https://doi.org/10.1016/j.syapm.2012.04.003

Dreyfus, B., Garcia, J. L., & Gillis, M. (1988). Characterization of Azorhizobium
caulinodans gen. nov., sp. nov., a Stem-Nodulating Nitrogen-Fixing Bacterium Isolated
from Sesbania rostrata. International Journal of Systematic Bacteriology, 38(1), 89-98.
https://doi.org/10.1099/00207713-38-1-89

Page 32



43.

44,

45.

46.

47.

48.

49.

50.

Rinaudo, G., Orenga, S., Fernandez, M. P., Meugnier, H., & Bardin, R. (1991). DNA
Homologies among Members of the Genus Azorhizobium and Other Stem- and Root-
Nodulating Bacteria Isolated from the Tropical Legume Sesbania rostrata. International
Journal of Systematic Bacteriology, 41(1), 114—120. https://doi.org/10.1099/00207713-
41-1-114

Jordan, D. C. (1982). NOTES: Transfer of Rhizobium japonicum Buchanan 1980 to
Bradyrhizobium gen. nov., a Genus of Slow-Growing, Root Nodule Bacteria from
Leguminous Plants. International Journal of Systematic Bacteriology, 32(1), 136—139.
https://doi.org/10.1099/00207713-32-1-136

Kuykendall, L. D., Saxena, B., Devine, T. E., & Udell, S. E. (1992). Genetic diversity in
Bradyrhizobium japonicum Jordan 1982 and a proposal for Bradyrhizobium elkanii
sp.nov. Canadian Journal of Microbiology, 38(6), 501-505. https://doi.org/10.1139/m92-
082

De Lajudie, P., Willems, A., Nick, G., Moreira, F., Molouba, F., Hoste, B., Torck, U.,
Neyra, M., Collins, M. D., Lindstrom, K., Dreyfus, B., & Gillis, M. (1998).
Characterization of tropical tree rhizobia and description of Mesorhizobium plurifarium
sp. nov. International Journal of Systematic Bacteriology, 48(2), 369-382.
https://doi.org/10.1099/00207713-48-2-369

International Code of Nomenclature for algae, fungi, and plants. (n.d.). https://www.iapt-
taxon.org/nomen/main.php?page=art18

Foyer, C. H., Lam, H., Nguyen, H. T., Siddique, K. H. M., Varshney, R. K., Colmer, T.
D., Cowling, W., Bramley, H., Mori, T. A., Hodgson, J. M., Cooper, J. W., Miller, A. J.,
Kunert, K., Vorster, J., Cullis, C., Ozga, J. A., Wahlqvist, M. L., Liang, Y., Shou, H., . . .
Considine, M. J. (2016). Neglecting legumes has compromised human health and
sustainable food production. Nature Plants, 2(8).
https://doi.org/10.1038/nplants.2016.112

Smil, V. (1999). Nitrogen in crop production: An account of global flows. Global
Biogeochemical Cycles, 13(2), 647—662. https://doi.org/10.1029/1999gb900015

Sutton, M. A., Howard, C. M., Erisman, J. W, Billen, G., Bleeker, A., Grennfelt, P., Van

Grinsven, H., & Grizzetti, B. (2011). The European Nitrogen Assessment. In Cambridge
University Press eBooks. https://doi.org/10.1017/cbo9780511976988

Page 33



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Sachs, J. L., Skophammer, R. G., & Regus, J. U. (2011). Evolutionary transitions in
bacterial symbiosis. Proceedings of the National Academy of Sciences,
108(supplement_2), 10800—-10807. https://doi.org/10.1073/pnas.1100304108

De Faria, S. M., Lewis, G. P., Sprent, J. 1., & Sutherland, J. M. (1989). Occurrence of
nodulation in the Leguminosae. New Phytologist, 111(4), 607—619.
https://doi.org/10.1111/j.1469-8137.1989.tb02354.x

Ferguson, B. J., Indrasumunar, A., Hayashi, S., Lin, M., Lin, Y., Reid, D. E., &
Gresshoff, P. M. (2010). Molecular analysis of legume nodule development and
autoregulation. Journal of Integrative Plant Biology, 52(1), 61-76.
https://doi.org/10.1111/5.1744-7909.2010.00899.x

Sprent, J. 1., Ardley, J., & James, E. K. (2017). Biogeography of nodulated legumes and
their nitrogen-fixing symbionts. New Phytologist, 215(1), 40-56.
https://doi.org/10.1111/nph.14474

Graham, P. H., & Vance, C. P. (2003). Legumes: Importance and constraints to greater
use. PLANT PHYSIOLOGY, 131(3), 872—877. https://doi.org/10.1104/pp.017004

Patriarca, E. J., Tate, R., Ferraioli, S., & laccarino, M. (2004). Organogenesis of legume
root nodules. International Review of Cytology, 201-262. https://doi.org/10.1016/s0074-
7696(04)34005-2

Sutton, W., Pankhurst, C., & Craig, A. (1981). The rhizobium bacteroid state. In Elsevier
eBooks (pp. 149-177). https://doi.org/10.1016/b978-0-12-364374-2.50014-8

Long, S. R. (1989). Rhizobium-legume nodulation: Life together in the underground.
Cell, 56(2), 203-214. https://doi.org/10.1016/0092-8674(89)90893-3

Delves, A. C., Mathews, A., Day, D. A., Carter, A. S., Carroll, B. J., & Gresshoff, P. M.
(1986). Regulation of the Soybean-Rhizobium nodule symbiosis by shoot and root
factors. PLANT PHYSIOLOGY, 82(2), 588-590. https://doi.org/10.1104/pp.82.2.588

D’Haeze, W., & Holsters, M. (2002). Nod factor structures, responses, and perception
during initiation of nodule development. Glycobiology, 12(6), 79R-105R.
https://doi.org/10.1093/glycob/12.6.79r

Rathbun, E. A., Naldrett, M. J., & Brewin, N. J. (2002). Identification of a family of
Extensin-Like glycoproteins in the lumen of Rhizobium-Induced infection threads in pea

Page 34



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

root nodules. Molecular Plant-Microbe Interactions, 15(4), 350-359.
https://doi.org/10.1094/mpmi.2002.15.4.350

Long, S. R. (1989). RHIZOBIUM GENETICS. Annual Review of Genetics, 23(1), 483—
506. https://doi.org/10.1146/annurev.ge.23.120189.002411

Hadri, A., & Bisseling, T. (1998). Responses of the plant to nod factors. In Springer
eBooks (pp. 403—416). https://doi.org/10.1007/978-94-011-5060-6 21

Schlaman, H. R. M., Phillips, D. A., & Kondorosi, E. (1998). Genetic organization and
transcriptional regulation of rhizobial nodulation genes. In Springer eBooks (pp. 361—
386). https://doi.org/10.1007/978-94-011-5060-6 19

Laranjo, M., Alexandre, A., & Oliveira, S. (2013). Legume growth-promoting rhizobia:
An overview on the Mesorhizobium genus. Microbiological Research, 169(1), 2—17.
https://doi.org/10.1016/j.micres.2013.09.012

Hirsch, A. M. (1992). Developmental biology of legume nodulation. New Phytologist,
122(2), 211-237. https://doi.org/10.1111/j.1469-8137.1992.tb04227.x

Zhou, S., Zhang, C., Huang, Y., Chen, H., Yuan, S., & Zhou, X. (2021). Characteristics
and research progress of legume nodule senescence. Plants, 10(6), 1103.
https://doi.org/10.3390/plants 10061103

Timmers, A. C. J., Soupene, E., Auriac, M., De Billy, F., Vasse, J., Boistard, P., &
Truchet, G. (2000). Saprophytic intracellular rhizobia in alfalfa nodules. Molecular Plant-
Microbe Interactions, 13(11), 1204-1213. https://doi.org/10.1094/mpmi.2000.13.11.1204

Puppo, A., Groten, K., Bastian, F., Carzaniga, R., Soussi, M., Lucas, M. M., De Felipe,
M. R., Harrison, J., Vanacker, H., & Foyer, C. H. (2004). Legume nodule senescence:
roles for redox and hormone signalling in the orchestration of the natural aging process.
New Phytologist, 165(3), 683—701. https://doi.org/10.1111/1.1469-8137.2004.01285.x

Zahran, H. H. (1999). Rhizobium -Legume Symbiosis and Nitrogen Fixation under
Severe Conditions and in an Arid Climate. Microbiology and Molecular Biology
Reviews, 63(4), 968-989. https://doi.org/10.1128/mmbr.63.4.968-989.1999

Kumar, H., Dubey, R., & Maheshwari, D. (2011). Effect of plant growth promoting
rhizobia on seed germination, growth promotion and suppression of Fusarium wilt of
fenugreek (Trigonella foenum-graecum L.). Crop Protection, 30(11), 1396-1403.
https://doi.org/10.1016/j.cropro.2011.05.001

Page 35



72.

73.

74.

75.

76.

77.

78.

79.

80.

Masson-Boivin, C., Giraud, E., Perret, X., & Batut, J. (2009). Establishing nitrogen-
fixing symbiosis with legumes: how many rhizobium recipes? Trends in Microbiology,
17(10), 458—466. https://doi.org/10.1016/j.tim.2009.07.004

Roche, P., Maillet, F., Plazanet, C., Debellé, F., Ferro, M., Truchet, G., Promé, J., &
Dénarié, J. (1996). The common nodABC genes of Rhizobium meliloti are host-range
determinants. Proceedings of the National Academy of Sciences, 93(26), 15305-15310.
https://doi.org/10.1073/pnas.93.26.15305

Andrews, M., & Andrews, M. E. (2017). Specificity in Legume-Rhizobia symbioses.
International Journal of Molecular Sciences, 18(4), 705.
https://doi.org/10.3390/1jms 18040705

Taxonomy of rhizobia & agrobacteria. (n.d.).
https://sites.google.com/view/taxonomyagrorhizo?q=node/4

Chen, W., Wang, E., Ji, Z., & Zhang, J. (2020). Recent development and new insight of
diversification and symbiosis specificity of legume rhizobia: mechanism and application.
Journal of Applied Microbiology, 131(2), 553—-563. https://doi.org/10.1111/jam.14960

Chen, W. X., Yan, G. H., & L1, J. L. (1988). Numerical Taxonomic Study of Fast-
Growing Soybean Rhizobia and a Proposal that Rhizobium fredii Be Assigned to
Sinorhizobium gen. nov. International Journal of Systematic Bacteriology, 38(4), 392—
397. https://doi.org/10.1099/00207713-38-4-392

Young, J. M. (2003). The genus name Ensifer Casida 1982 takes priority over
Sinorhizobium Chen et al. 1988, and Sinorhizobium morelense Wang et al. 2002 is a later
synonym of Ensifer adhaerens Casida 1982. Is the combination “Sinorhizobium
adhaerens” (Casida 1982) Willems et al. 2003 legitimate? Request for an Opinion.
INTERNATIONAL JOURNAL OF SYSTEMATIC AND EVOLUTIONARY
MICROBIOLOGY, 53(6), 2107-2110. https://doi.org/10.1099/ijs.0.02665-0

Galibert, F., Finan, T. M., Long, S. R., PiiHler, A., Abola, P., Ampe, F., Barloy-Hubler,
F., Barnett, M. J., Becker, A., Boistard, P., Bothe, G., Boutry, M., Bowser, L.,
Buhrmester, J., Cadieu, E., Capela, D., Chain, P., Cowie, A., Davis, R. W, . . . Batut, J.
(2001). The Composite Genome of the Legume Symbiont Sinorhizobium meliloti.
Science, 293(5530), 668—672. https://doi.org/10.1126/science.1060966

Schmeisser, C., Liesegang, H., Krysciak, D., Bakkou, N., QuéRe, A. L., Wollherr, A.,

Heinemeyer, 1., Morgenstern, B., Pommerening-RéSer, A., Flores, M., Palacios, R.,

Brenner, S., Gottschalk, G., Schmitz, R. A., Broughton, W. J., Perret, X., Strittmatter, A.
Page 36



81.

82.

83.

84.

85.

86.

87.

88.

89.

W., & Streit, W. R. (2009). Rhizobium sp. Strain NGR234 Possesses a Remarkable
Number of Secretion Systems. Applied and Environmental Microbiology, 75(12), 4035—
4045. https://doi.org/10.1128/aem.00515-09

Zhang, Y., Cai, P., Cheng, G., & Zhang, Y. (2022). A Brief Review of Phenolic
Compounds Identified from Plants: Their Extraction, Analysis, and Biological Activity.
Natural Product Communications, 17(1). https://doi.org/10.1177/1934578x211069721

Albuquerque, B. R., Heleno, S. A., Oliveira, M. B. P. P., Barros, L., & Ferreira, I. C. F.
R. (2020). Phenolic compounds: current industrial applications, limitations and future
challenges. Food & Function, 12(1), 14-29. https://doi.org/10.1039/d0fo02324h

Barén, M., Hellwich, K., Hess, M., Horie, K., Jenkins, A. D., Jones, R. G., Kahovec, J.,
Kratochvil, P., Metanomski, W. V., Mormann, W., Stepto, R. F. T., Vohlidal, J., &
Wilks, E. S. (2009). Glossary of class names of polymers based on chemical structure and
molecular architecture (IUPAC Recommendations 2009). Pure and Applied Chemistry,
81(6), 1131-1186. https://doi.org/10.1351/pac-rec-08-01-30

Yahia, E. M., Garcia-Solis, P., & Celis, M. E. M. (2018). Contribution of fruits and
vegetables to human nutrition and health. In Elsevier eBooks (pp. 19-45).
https://doi.org/10.1016/b978-0-12-813278-4.00002-6

Durazzo, A., Lucarini, M., Souto, E. B., Cicala, C., Caiazzo, E., Izzo, A. A., Novellino,
E., & Santini, A. (2019). Polyphenols: A concise overview on the chemistry, occurrence,
and human health. Phytotherapy Research, 33(9), 2221-2243.
https://doi.org/10.1002/ptr.6419

Aboul-Enein, H. Y., Kruk, I., Ktadna, A., Lichszteld, K., & Michalska, T. (2007).
Scavenging effects of phenolic compounds on reactive oxygen species. Biopolymers,
86(3), 222-230. https://doi.org/10.1002/bip.20725

Mamari, H. H. A. (2021). Phenolic Compounds: Classification, chemistry, and updated
techniques of analysis and synthesis. In Biochemistry.
https://doi.org/10.5772/intechopen.98958

Pratyusha, S. (2022). Phenolic Compounds in the Plant Development and Defense: An
Overview. In Physiology. https://doi.org/10.5772/intechopen.102873

Mutha, R. E., Tatiya, A. U., & Surana, S. J. (2021). Flavonoids as natural phenolic
compounds and their role in therapeutics: an overview. Future Journal of Pharmaceutical
Sciences, 7(1). https://doi.org/10.1186/s43094-020-00161-8

Page 37



90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Gupta, C., & Prakash, D. (2014). Phytonutrients as therapeutic agents. Journal of
Complementary and Integrative Medicine, 11(3), 151-169. https://doi.org/10.1515/jcim-
2013-0021

Dvora, H., & Koffas, M. (2013). Microbial production of flavonoids and terpenoids. In
Elsevier eBooks (pp. 234-261). https://doi.org/10.1533/9780857093547.2.234

Havsteen, B. H. (2002). The biochemistry and medical significance of the flavonoids.
Pharmacology & Therapeutics, 96(2-3), 67—202. https://doi.org/10.1016/s0163-
7258(02)00298-x

Hidalgo, M., Sdnchez-Moreno, C., & De Pascual-Teresa, S. (2010). Flavonoid—flavonoid
interaction and its effect on their antioxidant activity. Food Chemistry, 121(3), 691-696.
https://doi.org/10.1016/j.foodchem.2009.12.097

Parcheta, M., Swistocka, R., Orzechowska, S., Akimowicz, M., Choinska, R., &
Lewandowski, W. (2021). Recent developments in effective antioxidants: the structure
and antioxidant properties. Materials, 14(8), 1984. https://doi.org/10.3390/ma14081984

Cos, P., Calomme, M., Pieters, L., Vlietinck, A., & Vanden Berghe, D. (2000). Structure-
Activity relationship of flavonoids as antioxidant and Pro-Oxidant compounds. In Studies
in natural products chemistry (pp. 307-341). https://doi.org/10.1016/s1572-
5995(00)80029-0

National Center for Biotechnology Information (2025). PubChem Patent Summary for
US-7273951-B2, Polyhydroxy phenols and their use in binding p-selectin. Retrieved June
21, 2025 from https://pubchem.ncbi.nlm.nih.gov/patent/US-7273951-B2.

De Frutos Fernandez, P., Mantecén, A. R., Angulo, G. H., & Garcia, F. J. G. (2004).
Tannins and ruminant nutrition: Review. Dialnet.
https://dialnet.unirioja.es/servlet/articulo?codigo=892612

Rudrapal, M., Khairnar, S. J., Khan, J., Dukhyil, A. B., Ansari, M. A., Alomary, M. N.,
Alshabrmi, F. M., Palai, S., Deb, P. K., & Devi, R. (2022). Dietary Polyphenols and
Their Role in Oxidative Stress-Induced Human Diseases: Insights Into Protective Effects,

Antioxidant Potentials and Mechanism(s) of Action. Frontiers in Pharmacology, 13.
https://doi.org/10.3389/fphar.2022.806470

Farha, A. K., Yang, Q., Kim, G., Li, H., Zhu, F., Liu, H., Gan, R., & Corke, H. (2020).
Tannins as an alternative to antibiotics. Food Bioscience, 38, 100751.
https://doi.org/10.1016/j.fb10.2020.100751

Page 38



100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Gharras, H. E. (2009). Polyphenols: food sources, properties and applications — a review.
International Journal of Food Science & Technology, 44(12), 2512-2518.
https://doi.org/10.1111/j.1365-2621.2009.02077.x

Saibabu, V., Fatima, Z., Khan, L. A., & Hameed, S. (2015). Therapeutic potential of
dietary phenolic acids. Advances in Pharmacological Sciences, 2015, 1-10.
https://doi.org/10.1155/2015/823539

Saibabu, V., Fatima, Z., Khan, L. A., & Hameed, S. (2015). Therapeutic potential of
dietary phenolic acids. Advances in Pharmacological Sciences, 2015, 1-10.
https://doi.org/10.1155/2015/823539

Mandal, S. M., Chakraborty, D., & Dey, S. (2010). Phenolic acids act as signaling
molecules in plant-microbe symbioses. Plant Signaling & Behavior, 5(4), 359-368.
https://doi.org/10.4161/psb.5.4.10871

Bekkara, F., Jay, M., Viricel, M. R., & Rome, S. (1998). Distribution of phenolic
compounds within seed and seedlings of two Vicia faba cvs differing in their seed tannin
content, and study of their seed and root phenolic exudations. Plant and Soil, 203(1), 27—
36. https://doi.org/10.1023/a:1004365913726

Chakraborty, D., & Mandal, S. M. (2008). Fractional changes in phenolic acids
composition in root nodules of Arachis hypogaea L. Plant Growth Regulation, 55(3),
159—163. https://doi.org/10.1007/s10725-008-9275-6

Strack, D. (1997). Phenolic metabolism. In Elsevier eBooks (pp. 387-416).
https://doi.org/10.1016/b978-012214674-9/50011-4

Lorigooini, Z., Jamshidi-Kia, F., & Hosseini, Z. (2020). Analysis of aromatic acids
(phenolic acids and hydroxycinnamic acids). In Elsevier eBooks (pp. 199-219).
https://doi.org/10.1016/b978-0-12-816455-6.00004-4

Tosato, M. G., Orallo, D. E., Fangio, M. F., Diz, V., Dicelio, L. E., & Churio, M. S.
(2016). Nanomaterials and natural products for UV-photoprotection. In Elsevier eBooks
(pp. 359-392). https://doi.org/10.1016/b978-0-323-42861-3.00012-1

Haslam, E., & Cai, Y. (1994). Plant polyphenols (vegetable tannins): gallic acid
metabolism. Natural Product Reports, 11, 41. https://doi.org/10.1039/np994110004 1

Bai, J., Zhang, Y., Tang, C., Hou, Y., Ai, X., Chen, X., Zhang, Y., Wang, X., & Meng, X.
(2020). Gallic acid: Pharmacological activities and molecular mechanisms involved in
Page 39



111.

112.

113.

114.

115.

116.

117.

118.

inflammation-related diseases. Biomedicine & Pharmacotherapy, 133, 110985.
https://doi.org/10.1016/j.biopha.2020.110985

Wang, X., Wang, T., Nepovimova, E., Long, M., Wu, W., & Kuca, K. (2022). Progress
on the detoxification of aflatoxin B1 using natural anti-oxidants. Food and Chemical
Toxicology, 169, 113417. https://doi.org/10.1016/j.fct.2022.113417

Keyvani-Ghamsari, S., Rahimi, M., & Khorsandi, K. (2023). An update on the potential
mechanism of gallic acid as an antibacterial and anticancer agent. Food Science &
Nutrition, 11(10), 5856—5872. https://doi.org/10.1002/fsn3.3615

Moghtaderi, H., Sepehri, H., Delphi, L., & Attari, F. (2018). Gallic acid and curcumin
induce cytotoxicity and apoptosis in human breast cancer cell MDA-MB-231.
Bioimpacts, 8(3), 185—-194. https://doi.org/10.15171/b1.2018.21

Borges, A., Ferreira, C., Saavedra, M. J., & Simdes, M. (2013). Antibacterial activity and
mode of action of ferulic and gallic acids against pathogenic bacteria. Microbial Drug
Resistance, 19(4), 256-265. https://doi.org/10.1089/mdr.2012.0244

Galibert, F., Finan, T. M., Long, S. R., PiiHler, A., Abola, P., Ampe, F., Barloy-Hubler,
F., Barnett, M. J., Becker, A., Boistard, P., Bothe, G., Boutry, M., Bowser, L.,
Buhrmester, J., Cadieu, E., Capela, D., Chain, P., Cowie, A., Davis, R. W., . .. Batut, J.
(2001). The Composite Genome of the Legume Symbiont Sinorhizobium meliloti.
Science, 293(5530), 668—672. https://doi.org/10.1126/science.1060966

Galardini, M., Biondi, E. G., Bazzicalupo, M., & Mengoni, A. (2011). CONTIGuator: a
bacterial genomes finishing tool for structural insights on draft genomes. Source Code for
Biology and Medicine, 6(1). https://doi.org/10.1186/1751-0473-6-11

Stiens, M., Schneiker, S., Keller, M., Kuhn, S., Piihler, A., & Schliiter, A. (2006).
Sequence Analysis of the 144-Kilobase Accessory Plasmid pSmeSM1 1a, Isolated from a
DominantSinorhizobium melilotiStrain Identified during a Long-Term Field Release
Experiment. Applied and Environmental Microbiology, 72(5), 3662-3672.
https://doi.org/10.1128/aem.72.5.3662-3672.2006

Nagymihaly, M., Véasarhelyi, B. M., Barri¢re, Q., Chong, T., Balint, B., Bihari, P., Hong,
K., Horvath, B., Ibijbijen, J., Amar, M., Farkas, A., Kondorosi, E., Chan, K., Gruber, V.,
Ratet, P., Mergaert, P., & Kereszt, A. (2017). The complete genome sequence of Ensifer
meliloti strain CCMM B554 (FSM-MA), a highly effective nitrogen-fixing
microsymbiont of Medicago truncatula Gaertn. Standards in Genomic Sciences, 12(1).
https://doi.org/10.1186/s40793-017-0298-3

Page 40



119.

120.

121.

122.

123.

124.

125.

126.

127.

Jones, K. M., Kobayashi, H., Davies, B. W., Taga, M. E., & Walker, G. C. (2007). How
rhizobial symbionts invade plants: the Sinorhizobium—Medicago model. Nature Reviews
Microbiology, 5(8), 619-633. https://doi.org/10.1038/nrmicrol705

Terpolilli, J. J., O’Hara, G. W., Tiwari, R. P., Dilworth, M. J., & Howieson, J. G. (2008).
The model legume Medicago truncatula A17 is poorly matched for N2 fixation with the
sequenced microsymbiont Sinorhizobium meliloti 1021. New Phytologist, 179(1), 62—66.
https://doi.org/10.1111/j.1469-8137.2008.02464.x

Rome, S., Fernandez, M. P., Brunel, B., Normand, P., & Cleyet-Marel, J. (1996).
Sinorhizobium medicae sp. nov., Isolated from Annual Medicago spp. International
Journal of Systematic Bacteriology, 46(4), 972-980. https://doi.org/10.1099/00207713-
46-4-972

Cafiero, J. H., Casasco, M. S., Lozano, M. J., Vacca, C., Garcia, S. L. L., Draghi, W. O.,
Lagares, A., & Del Papa, M. F. (2023). Genomic analysis of Sinorhizobium meliloti
LPU63, an acid-tolerant and symbiotically efficient alfalfa-nodulating rhizobia. Frontiers
in Agronomy, 5. https://doi.org/10.3389/fagro.2023.1175524

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K., &
Madden, T. L. (2009). BLAST+: architecture and applications. BMC Bioinformatics,
10(1). https://doi.org/10.1186/1471-2105-10-421

Jiménez-Martin , N., Curiel, J. A., Reverin, 1., De Las Rivas, B., & Muioz, R. (2013).
Uncovering the Lactobacillus plantarum WCFS1 Gallate Decarboxylase Involved in
Tannin Degradation. Applied and Environmental Microbiology, 79(14), 4253—-4263.
https://doi.org/10.1128/aem.00840-13

Roux, B., Rodde, N., Jardinaud, M., Timmers, T., Sauviac, L., Cottret, L., Carrére, S.,
Sallet, E., Courcelle, E., Moreau, S., Debellé, F., Capela, D., De Carvalho-Niebel, F.,
Gouzy, J., Bruand, C., & Gamas, P. (2014). An integrated analysis of plant and bacterial
gene expression in symbiotic root nodules using laser-capture microdissection coupled to
RNA sequencing. The Plant Journal, 77(6), 817—837. https://doi.org/10.1111/tpj.12442

Free online spreadsheet software: Excel | Microsoft 365. (n.d.).
https://www.microsoft.com/en-us/microsoft-365/excel

Tamura, K., Stecher, G., & Kumar, S. (2021). MEGA11: Molecular Evolutionary
Genetics Analysis Version 11. Molecular Biology and Evolution, 38(7), 3022-3027.
https://doi.org/10.1093/molbev/msab120

Page 41



128.

129.

130.

131.

132.

133.

134.

Edgar, R. C. (2004). MUSCLE: a multiple sequence alignment method with reduced time
and space complexity. BMC Bioinformatics, 5(1). https://doi.org/10.1186/1471-2105-5-
113

Goldman, N. (1990). Maximum Likelihood Inference of Phylogenetic Trees, with Special
Reference to a Poisson Process Model of DNA Substitution and to Parsimony Analyses.
Systematic Zoology, 39(4), 345. https://doi.org/10.2307/2992355

Lin, Y., Rajan, V., & Moret, B. M. E. (2011). Bootstrapping Phylogenies Inferred from
Rearrangement Data. In Lecture notes in computer science (pp. 175-187).
https://doi.org/10.1007/978-3-642-23038-7 16

Honeycutt, R. J., McClelland, M., & Sobral, B. W. (1993). Physical map of the genome
of Rhizobium meliloti 1021. Journal of Bacteriology, 175(21), 6945—6952.
https://doi.org/10.1128/jb.175.21.6945-6952.1993

Lagares, A., Sanjuan, J., & Pistorio, M. (2014). The Plasmid Mobilome of the Model
Plant-SymbiontSinorhizobium meliloti: Coming up with New Questions and Answers.
Microbiology Spectrum, 2(5). https://doi.org/10.1128/microbiolspec.plas-0005-2013

Ghosh, P., Adolphsen, K. N., Yurgel, S. N., & Kahn, M. L. (2021). Sinorhizobium
medicac WSM419 Genes That Improve Symbiosis between Sinorhizobium meliloti
Rm1021 and Medicago truncatula Jemalong A17 and in Other Symbiosis Systems.
Applied and Environmental Microbiology, 87(15). https://doi.org/10.1128/aem.03004-20

Gordils-Valentin, L., Ouyang, H., Qian, L., Hong, J., & Zhu, X. (2024). Conjugative type

IV secretion systems enable bacterial antagonism that operates independently of plasmid
transfer. Communications Biology, 7(1). https://doi.org/10.1038/s42003-024-06192-8

Page 42



