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ABSTRACT

ENDOPHYTIC BACTERIA ISOLATED FROM AESCHYNOMENE INDICA PLANTS AND
THEIR ROLE IN NOD-FACTOR INDEPENDENT NODULE FORMATION AND
NITROGEN FIXATION

MEAGHAN ALYSSA ROSE, PhD

The University of Texas - Arlington, 2023

Supervising Professor: Woo-Suk Chang

The formation of specialized root organs known as nodules is the most defining
characteristic of leguminous plants due to the fixation of atmospheric nitrogen to bioavailable
forms enabled by rhizobial endosymbionts. This relationship has played an integral role in the
agricultural practice of using such crop plants as biofertilizers to reduce the use of and
dependency on synthetic chemical fertilizers. Tropical legumes, such as members of the genus
Aeschynomene, are particularly recognized for their ability to form stem nodules through an
unknown mechanism independently of the canonical Nod Factor signaling pathway used in
standard root nodulation. The works in this study have identified the significance of the
Bbta p0110 gene from the NF-independent nodulating Bradyrhizobium sp. BTAil in nodulation
of the plant Aeschynomene indica under laboratory conditions. In addition to nitrogen fixing
nodule symbionts, these organs house a range of plant growth promoting endophytic bacteria that
confer traits such as nutrient acquisition, disease resistance, phytohormone production, and
abiotic stress tolerance. These endophytic bacteria are specific to the regions in which the host
plant is cultivated. There have been many studies demonstrating host/symbiont specificity

depending on species and region. However, none have demonstrated host specificity of the same



plant species, particularly 4. indica depending on geographical origin. In this study, we show a
clear difference in host plant response to endophytic bacteria obtained from varying geographical
regions and plant growth promotion indicating biogeographic importance on host/endophyte
symbiosis. Additionally, we isolated and identified a novel nodule promoting Leifsonia bacterial
species and, through whole genome sequencing, have postulated its role as an abiotic stress
mitigator for 4. indica and other significant crop plants. Insights to the dynamics of endophyte
and host plant relationships regarding nodulation, nutrient cycling, and stress tolerance leads to
further advancements and understanding behind the use of bacterial inoculants as biological

fertilizers for agricultural purposes.



ACKNOWLEDGEMENTS

I would like to thank my PI, Dr. Woo-Suk Chang, for the numerous research
opportunities he has provided me with during my time here at the University of Texas at
Arlington. It has been such a pleasure and honor to work alongside and learn from him these last
5 years. I am so thankful for his patience, guidance, and trust he has bestowed me with during
this time and I greatly look forward to working with him in the future. Without Dr. Chang giving
me a chance to prove myself as a scientist, I would not be where I am today, working as a

research scientist contractor associated with Naval medical research.

Thank you very much to the members of my committee, Drs. Demuth, Fujita, Roner and
Walsh. They were always available and willing to assist me with refining this work and keeping
its purpose clear. I am thankful for their patience as well as their constructive criticism and

feedback that they provided.

I also want to thank the wonderful staff of the Biology department at UTA for always
helping me with sample shipment, project organization, and general guidance as a graduate
student. Ms. Kathleen Demuth, Ms. Deann Darling, and Mr. Steven Nickols have been so helpful
with all of my questions and challenges I’ve faced. The Life Sciences Core Facility and the
director Dr. Kim Bowles were always so reliable. Dr. Bowles was ready and eager to help with

experimental design, sample processing, and general comradery.

I am so very thankful for my time I have spent here at UTA and I will never forget those
who have helped me along the way. Members of our lab were always willing and able to assist

with experiments and to discuss theories or challenges behind our projects.



Of course, I want to thank my remarkable family for always supporting me, challenging
me, and being willing to discuss the unique aspects of biology and nature in general. My
siblings, Michael, Matthew, and Melissa Rose along with my parents John and Linda Rose have
always been my inspiration and guiding light for all the work that I do. I thank my wonderful
Zamoras; Heather, Malissa, Danny, and Brittany for always supporting and believing in me.
Their prayers and insights were able to guide and comfort me to face and conquer challenges in
ways | had never thought of before. I particularly want to thank Heather for always cheering me
up and taking care of me during my most challenging times. I certainly could not have made it
through my educational career without their love, kindness, and support in everything that I do. |

hope nothing more than to make my families proud.



DEDICATION

This work is dedicated to the honor and glory of the Heavenly Father, without whom I
would not have the great pleasure of studying His natural world. Without the comfort of Christ,
the strength of God, and the guidance of the Holy Spirit, I surely would not have seen the end of
these works. I strive to make Him proud in all that I do and I give my endless thanks for the

opportunity to experience and study His creation. IX IC NIKA

“A little science estranges men from God, but much science leads them back to Him.”

“The more I study nature, the more I stand amazed at the work of the Creator.”

- Louis Pasteur



LIST OF FIGURES

Figure 2-1. Field and laboratory photos of collected Texas (Tarkington Prairie, TX)
Aeschynomene indica plants showing (A & B) leaf, stem, flower, and pod morphology in
addition to (C & D) stem nodulation..............ccoouiiiiiiiiii e 88
Figure 2-2. Colony morphology for unique obtained Texas native stem nodule isolates (A)
TSN1 — Bacillus megaterium (B) TSN2 — Leifsonia shinshuensis (C) TSNS — Streptomyces sp.
(D) TSNT — PAenibaCIIIUS SP. . ..ot e e e e e ee e e 89
Figure 2-3. Gel electrophoresis of PCR amplicons targeting the inner portions of the nodD gene
in the positive control Bradyrhizobium sp. USDA110 (lanes 3, 5, & 9), Bacillus megaterium —
TSN1 (lane 2), Leifsonia shinshuensis — TSN2 (lane 4), Streptomyces sp. — TSNS (lane 5),
Paenibacillus sp. — TSN7 (lane 7), and Bradyrhizobium sp. BTAil (lane 8) as negative control.
Thermo Scientific GeneRuler 1kb plus DNA ladder was used (lanes 1 & 10)....................... 90
Figure 2-4. Gel electrophoresis of PCR amplicons targeting the inner portions of the nodAB
genes in the positive control Bradyrhizobium sp. USDA110 (lane 8), negative control
Bradyrhizobium sp. BTAil (lane 2), Bacillus megaterium — TSNI1 (lane 3), Leifsonia
shinshuensis — TSN2 (lanes 4 & 5), Streptomyces sp. — TSNS (lane 6), and Paenibacillus sp. —
TSN7 (lane 7). Thermo Scientific GeneRuler 1kb plus DNA ladder was used (1)................... 91
Figure 2-5. Average total nodule dry weights observed in seeds from South Korean (Jeju Island)
and Texas (Tarkington Prairie) A. indica plants inoculated with either Bradyrhizobium sp.
BTAIil, B. sp. RDA-1, TSN1 — Bacillus megaterium, TSN2 — Leifsonia shinshuensis, or TSN7 —
PAEHIDACTIIUS SP..eeeneveeeeieeeeee ettt e s e et e e ae e e tteeesbe e e abeeensseesssaeessssaesssaeesnseeennseens 92
Figure 2-6. Average pigmented nodules observed in seeds from South Korean (Jeju Island) and
Texas (Tarkington Prairie) A. indica plants inoculated with either Bradyrhizobium sp. BTAIl,
Bradyrhizobium sp. RDA-1, TSN1 — Bacillus megaterium, TSN2 — Leifsonia shinshuensis, or
TSNT — PaACRIDACIIIUS SP ...ttt e e e e 93
Figure 2-7. Average pale nodules observed in seeds from South Korean (Jeju Island) and Texas
(Tarkington Prairie) A. indica plants inoculated with either Bradyrhizobium sp. BTAIil,
Bradyrhizobium sp. RDA-1, TSN1 — Bacillus megaterium, TSN2 — Leifsonia shinshuensis, or
TSNT — PACRIDACIIIUS SP..oeveneeeeee et e e e 94
Figure 2-8. Average pigmented sites of emerging lateral roots observed in seeds from South
Korean (Jeju Island) and Texas (Tarkington Prairie) 4. indica plants inoculated with either
Bradyrhizobium sp. BTAil, Bradyrhizobium sp. RDA-1, TSN1 — Bacillus megaterium, TSN2 —
Leifsonia shinshuensis, ot TSNT — Paenibacillus Sp.............ccovuiiiiiiiiiiiiiiiiiiiiiiiiannn, 95
Figure 2-9. Average changes in ethylene surrounding root systems in seeds from South Korean
(Jeju Island) and Texas (Tarkington Prairie) A. indica plants inoculated with either
Bradyrhizobium sp. BTAil, Bradyrhizobium sp. RDA-1, TSN1 — Bacillus megaterium, TSN2 —
Leifsonia shinshuensis, or TSN7 — Paenibacillus Sp............ccouiiiiiiiiiiiiiiiiiiiiiaiiiieann, 96

Vi



Figure 3-1. Circular representation of the whole TSN2 genome with the outer most labels
indicating annotation of the CDS regions. The rings, starting from the outside indicate the tRNA,
rRNA, misc RNA, and tmRNA regions of the genome, direction of arrow representing strand
location. This is followed by the entire genome annotation including all CDS regions with dark
blue marks representing predicted CDS and light blue for unpredicted CDS. The next ring
represents the GC% throughout the genome in dark gray. The inner most ring represents the GC

skew with green being positive and red being negative...............ooeviiiiiiiiiiiiiiiiin. 138
Figure 3-2. Phylogenetic tree of TSN2 (green) and its closest relatives based on 16S rRNA
sequences with bootstrap confidence values displayed created using
g0 10) (07 o 139

Figure 3-3. Circular synteny plot depicting the conserved regions (green ribbons) between
Leifsonia shinshuensis INR9 (green ribbons), L. aquatica DSM 20146 (blue ribbons), and

0 140
Figure 3-4. Phylogenetic tree of TSN2 (green) and its closest relatives based on whole genomic
sequences with created using Protologger...... ..o 141

Figure 4-1. Growth of Bradyrhizobium sp. BTAil (wild type)( @ symbol) and Ap0110 mutant
(A symbol) strains over 7 days. Each time point represents the average ODeoo value for three
1S 0] F 107 11 173
Figure 4-2. A. indica plant growth parameters after inoculation with either wild type or Ap0110
Bradyrhizobium sp. BTAII strains. (A) Average nodule dry weights reported in mg (B) Average
number of pigmented nodules observed (C) Average number of pale nodules observed (D)
Average number of pigmented emerging later root sites observed................cooiiiiiin 174
Figure 4-3. Dissection microscopy images depicting root systems of 4. indica inoculated with
(A & B) wild type Bradyrhizobium sp. BTAil or (C & D) ApO0110 Bradyrhizobium sp.

Figure 4-4. Average total plant dry weights (A) and average changes in ethylene (B) observed in
A. indica plants inoculated with either wild type or Ap0110 Bradyrhizobium sp. BTAil bacteria
N 53 2L 4 176

Figure A-1. Examples of nodule morphology observed through the course of this study. (A & C)
Depicting pigmented emergent lateral root (ELR) sites. (B) Depicting one pale (left) nodule
compared to two neighboring pigmented nodules. (D) Opened pigmented nodule demonstrating
the inner nodule organ with pink leghemoglobin color..................oooiiiiiii b

vii



LIST OF TABLES

Table 1-1. Examples of plant growth promoting rhizobia (non-symbiotic) that aid in plant
survival and growth. ... ... e 20
Table 1-2. General list of beneficial endophytic (symbiotic) bacteria and some of their symbiotic

Table 1-3. A list of nodulation genes, relative protein names, and functions regarding nodulation
AN hOSt SPECTIICIEY ...ttt 24

Table 3-1. Genome assembly metrics obtained for whole genome sequence of TSN2 as reported
DY QU A S T e 122
Table 3-2. Genomic assembly and annotation statistics for TSN2 as reported by Protologger..122
Table 3-3. Carbohydrate-active enzyme families with an occurrence greater than or equal to 5
observed in the whole genome of TSN2 compared to CAZyme database.......................... 123
Table 3-4. List of plant growth promoting endophytic genes observed in the TSN2 genome...124
Table 3-5. The 16S rRNA nucleotide sequence similarities to closest 10 matches for TSN2...125
Table 3-6. Average nucleotide identity % of TSN2 compared to the closest matching

LS L 126
Table 3-7. Genes and copies of genes concerning pytohormone synthesis in the genomes of
TSN2, Leifsonia shinshuensis INR9, and Leifsonia aquatica DSM 20146......................... 127
Table 3-8. Genes and copies of genes concerning cytochrome synthesis in the genomes of TSN2,
Leifsonia shinshuensis INR9, and Leifsonia aquatica DSM 20146...............ccccovviiinann... 128
Table 3-9. Genes and copies of genes concerning heavy metal sequestration in the genomes of
TSN2, Leifsonia shinshuensis INR9, and Leifsonia aquatica DSM 20146......................... 130
Table 3-10. Genes and copies of genes concerning salt and drought stress tolerance in the
genomes of TSN2, Leifsonia shinshuensis INR9, and Leifsonia aquatica DSM 20146.......... 133

Table 3-11. Genes and copies of genes concerning uptake of the nutrients phosphate and
potassium in the genomes of TSN2, Leifsonia shinshuensis INR9, and Leifsonia aquatica DSM

P 135
Table 3-12. Genes and copies of genes concerning motility and chemotaxis in the genomes of
TSN2, Leifsonia shinshuensis INR9, and Leifsonia aquatica DSM 20146......................... 137

Table 4-1. Top 3 up regulated unique gene expression of BTAil exposed to root exudate from A.
IRAICA PLANES. ..ttt ettt e e et ettt e e e, 171
Table 4-2. List of bacterial strains and plasmids used in this study........................ooell. 172

Table A-1. Significant gene expression report for BTAil exposed to 4. indica root exudates....a

viii



TABLE OF CONTENTS

CHAPTER L. e 1
INTRODUCGTION. . .. e e 1
Biological significance of bacteria in nutrient cycling and plant growth....... 1

Agricultural and ecological importance of root and stem nodulation............6

Mechanisms and morphology of nodule formation.................................. 8

Significance of nod-factor (NF)-independent nodulation in agriculture and
environmental ecology............. .. 12
Geographical impacts on nodule endophyte populations........................ 14

Complexities of bacterial populations within nodules.............................. 17

CH A P TER 2. . e 65

ISOLATION AND CHARACTERIZATION OF TEXAS STEM NODULE
ENDOPHYTES: OBSERVATIONS ON BIOGEOGRAPHIC IMPACTS FOR HOST

SPECIFICITY ..., 65
ABSTRACT ... 65
INTRODUCTION. ... 66
MATERIALS AND METHODS. ... ..., 71
RESULTS . ... 75
DISCUSSION. ..., 80

CHAPTER 3. e 110

IDENFICATION OF A NOVEL NOD FACTOR-INDEPENDENT NODULE
PROMOTING  LEIFSONIA  SPECIES AND ITS WHOLE GENOME

SEQUENCING. ... .o, 110
ABSTRACT ... 110
INTRODUCTION. ... e 111
MATERIALS AND METHODS. ... 113
RESULTS AND DISCUSSION. ... 115

CHA P T ER 4. . e 150

CHARACTERIZATION OF A REGULATORY GENE IN NOD FACTOR

INDEPENDENT NODULATION. ...ttt 150
ABSTRACT ... 150
INTRODUCTION. ... e 151
MATERIALS AND METHODS. ..., 156
RESULTS AND DISCUSSION. ..o 162

CHAPTER S 187

CONCLUSIONS .., 187

APPENDIIX .. a



CHAPTER 1

INTRODUCTION

Biological significance of bacteria in nutrient cycling and plant growth

Bacteria are known to form beneficial symbiotic relationships with nearly every type of
complex life and can contribute to the overall health and survival of their host through aid in
defense, growth, nutrition, and many more attributes. These relationships can be from a distance,
such as the surrounding soil, water, or air, and they can be even more intimate such as on the
surface or within the host tissues themselves. In the plant world, bacteria are teeming within the
surrounding soils and on the surfaces of every plant organ (root, stem, leaves, flowers, & fruit).
Free living bacteria within plant-surrounded soils in close association with root systems, or
within the “rhizosphere” have been shown time and time again to confer beneficial
characteristics to their host plants (Compant et al., 2010; Glick, 2012; Olanrewaju et al., 2017).
These organisms, generally known as plant growth promoting rhizobacteria (PGPR) are of great
interest to agricultural researchers due to the assistance they provide to their host plants through
nutrient cycling, hormone production, and defense (Aeron et al., 2011; Podile & Kishore, 2007).
There are many genera of PGPR documented (Table 1-1) and more are being reported every
year, with a few being Agrobacterium, Arthrobacter, Azoarcus, Azospirillum, Azotobacter,
Burkholderia, Bacillus, Bradyrhizobium, Cyanobacteria, Gluconacetobacter, Enterobacter,
Herbaspirillum, Klebsiella, Pseudomonas, Paenibacillus, Rhizobium, Serratia, Xanthomonas,
and Streptomyces (Basit et al., 2021). Those that are found within plants are referred to as

“endophytes” and, by definition, cause no harm to their host plant (Christina et al., 2013). Like
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their free-living PGPR counterparts, endophytic bacteria are incredibly diverse, providing the
opportunity for host plants to capitalize on a whole host of metabolic capabilities to gain
advantages against biotic and abiotic challenges (Table 1-2). In most cases, these endophytic
bacteria form mutualistic relationships with the plant and play a vital role in plant growth,
nutrient cycling, and plant defense against pathogens in exchange for environmental stability and
supplemental nutrient sources (Brader et al., 2014; Liu et al., 2017). These relationships have
proven to be a crucial area of study particularly regarding the enhancement of agricultural
practices leading to increased crop survivability, yield, and zone habitability through abiotic
stress mitigation (Malik & Arora, 2022; Senthikumar et al., 2011; White et al., 2021).
Endophytic bacteria contribute to these factors in that, even in their free-living state, they
promote plant growth by fixing nitrogen, solubilizing phosphorus, producing plant growth
promoting hormones, and suppressing plant pathogens through the production antibiotics and
their precursors (Chebotar et al., 2015; Ferreira da Silva et al., 2017; Tiwari et al., 2010).
Additionally, these organisms play important roles in nutrient cycling through the decomposition

of organic materials, making these nutrients further available for all forms of life.

The five most abundant elements making up an organism are carbon, oxygen, hydrogen,
phosphorus, and nitrogen (Frieden, 1972). Nitrogen is one of the most limiting factors on the
proliferation of life due to its limited bioavailability (Shridhar et al., 2012). Most of the nitrogen
here on Earth is trapped in the form of atmospheric nitrogen, consisting of two nitrogen atoms
held together with an incredibly strong triple bond (Zhang & Zindler, 1993). This bond must be
broken through nitrogen fixation, either naturally or, most commonly for agricultural purposes,
artificially. Artificial nitrogen fixation is the process of producing ammonia (NH3) and other

nitrogen-containing compounds from atmospheric nitrogen (N2) using industrial processes such



as the Haber-Bosch process (Modak, 2002). This system uses high temperature and pressure to
force atmospheric nitrogen and hydrogen gas together in order to produce ammonia, a common
bioavailable form of nitrogen. This process revolutionized the production of fertilizers and
greatly increased the availability of nitrogen for crop growth, leading to a massive increase in
agricultural productivity. As of today, the Haber-Bosch process remains the primary method for
artificial nitrogen fixation and is currently an indispensable practice allowing for enough food
production to sustain the ever-growing human population. However, this form of nitrogen
fixation is extremely costly, not only energetically but monetarily as well (Chen et al., 2021).
Additionally, the resulting products are often inefficiently applied leading to disastrous
environmental effects such as eutrophication, where excess nutrients in water bodies can cause
harmful algal blooms and other ecological disruptions (Carpenter, 2005; Erisman et al., 2011;
Mulvaney et al., 2009; Rabalais et al., 2007). Issues such as these are driving research into
alternative methods of nitrogen fixation, through artificial means such as low temperature plasma
nitrogen fixation and through natural methods such as biological nitrogen fixation (BNF)
facilitated by symbiotic bacteria, to reduce agricultural dependencies on synthetic fertilizers
(Chen et al., 2021; Raymond et al., 2004). This method of nitrogen fixation is growing in
popularity for agricultural purposes thanks to the usable forms of nitrogen produced and
subsequently utilized by the host plant. Similarly, endophytic bacteria can solubilize phosphorus,
another expensive and widely used synthetic fertilizer, making it available to the plant for growth

(Matos et al., 2017; Oteino et al., 2015).

In addition to growth promotion through nutrient acquisition, these symbiotic bacteria
often aid their host plant in survival by hormonal means. Some endophytic bacteria can produce

plant hormones, as well as their precursors, such as auxins, cytokinins, and gibberellins that



promote plant growth and development (Etminani & Harighi, 2018; Ishak et al., 2016; Ismail et
al., 2021; Shi et al., 2009). These naturally occurring compounds are responsible for the
regulation of plant growth and development through the control of cell differentiation,
elongation, and division. They are also utilized in metabolic processes within the host plant to
control growth direction, root and shoot growth, fruit maturation, seed development, and
environmental stress response (Bottini et al., 2004; Luo, 2012; Song et al., 2013; Teale et al.,
2006). Within the auxin hormone class, indole-3-acetic acid (IAA) is the most common and well-
studied due to its importance in cell elongation and division. Through the induction of these
activities, plant tissue growth is facilitated and expanded. Additionally, this hormone plays a
vital role in signaling, being responsible for growth and development of plant organs. Various
genera of endophytic bacteria have been documented to synthesize this hormone, or promote its
production, such as Arthrobacter, Azotobacter, Azospirillum, Bacillus, Enterobacter, Klebsiella,
Pseudomonas, Sphingopyxis, and Streptomyces (Anugrah et al., 2020; Dias et al., 2009; Khamna
et al., 2010). Cytokinins, responsible for root and shoot growth through mediation of cell
division and differentiation, are also produced naturally by both free-living and endophytic
bacteria (Eid et al., 2021). Some examples of bacterial genera that have been reported to produce
cytokinins include Acenitobacter, Azospirillum, Paenibacillus, Pseudomonas, and Rhizobium
(Bhore et al., 2010; Hita et al, 2020). While auxins and cytokinins typically have roles involving
cell division, elongation, and differentiation, hormones under the gibberellin class play a more
unique role involving the control of seed germination, fruit maturation, and flower development
which are incredibly important factors when it comes to agricultural production (Bottini et al.,
2004; Eid et al., 2021). Examples of common endophytic bacteria, some of which are already

used as crop inoculants, capable of producing such hormones include Bacillus, Pseudomonas,



Rhizobium, Sphingomonas (Kaur & Karnwal, 2023; Khan et al., 2014). The incorporation of
natural fertilizers such as beneficial bacterial endophyte inoculums can not only reduce our
dependencies on synthetic fertilizers which are heavy in cost, economically and environmentally,
but could also lead to a decrease in use of synthetic herbicides, pesticides, and other toxic

compounds utilized for crop protection.

Endophytic bacteria aid in the defense against herbivory and plant pathogen induced
damage by competing for space and resources, producing antimicrobial and insecticidal
compounds, inducing systemic resistance, and creating anti-pathogenic compounds and their
metabolic precursors. A few notable genera of beneficial endophytic bacteria that aid host plants
in general defense that have been or are currently being investigated include Bacillus,
Enterobacter, Paenibacillus, Pseudomonas, and Streptomyces (Castillo et al., 2002;
D’Alessandro et al., 2013; Gao et al., 2017; Massawe et al., 2018; Miller et al., 1998; Pleban et
al., 1997; Sheoran et al., 2015; Zhao et al., 2015) In the natural setting, host plants produce
antimicrobial compounds which endophytic bacteria have developed resistance to, allowing them
a distinct advantage against potential plant pathogens. This allows the beneficial endophytes to
colonize the surfaces and surround areas of the host plant root systems; taking control of not only
the spatial resource, but also the metabolic resources available before invading pathogenic strains
can develop a foot hold (Basit et al., 2021; Xu et al., 2021). Interestingly, some endophytes will
even produce insecticidal compounds, such as jasmonic acids and glucosinolates, that prevent
host plant destruction by regulating the core insect-chewing systemic response elucidated from
insect grazing that comes from a wide variety of insect taxonomic orders, including but not
limited to, Coleoptera (beetles), Lepidoptera (moths), Orthoptera (grasshoppers), and Hemiptera

(planthoppers) (Basit et al., 2021; Khare et al., 2018; Pangesti et al., 2016). This principal is



already being investigated for incorporation into agricultural systems as seen with a study
conducted in 2012 where researchers were able to genetically engineer a naturally occurring
bacterial endophytic strain, Bacillus subtilis WH2 to produce the insecticidal Pinellia termata
agglutinin which was shown to be effective in protecting the rice plant hosts from whitebacked
plant hopper herbivory (Qi et al, 2012). Host plant response to invading pathogens is also
induced or enhanced by beneficial endophytic bacteria, live or dead, and their metabolic products
whose effects can even be found expressing in later plant generations (Miliute et al, 2015;
Oukala et al., 2021; Portieles et al., 2021; Tiwari et al., 2010). For example, wheat plants
displayed increased survival from the fungal pathogen Mycospharella graminicola after being
inoculated with Paenibacillus and Curtobacterium strains which were able to promote the
production of pathogenesis-related proteins (PR) and chitinase enzymes vital to combating
pathogenic fungal infections (Samain et al, 2017). There are many endophytic bacterial strains
that contribute to host immune response as well as holding dual or multipurpose inoculum
characteristics to contribute to host plant health and growth that possess great potential in
innovating current agricultural maintenance and enhancement techniques without causing

disastrous environmental harm.

Agricultural and ecological importance of root and stem nodulation

Members of the legume plant family Fabaceae, such as peas, soybeans, and beans are
most well known for their specialized symbiotic relationships they form with nitrogen fixing
endosymbionts, rhizobia, and are used as forms of green manure in agricultural systems. This
relationship is characterized by the formation of unique organs known as nodules which develop
in response to the colonization of root tissues by rhizobacteria (Spaink, 2000). Nodules allow for

a controlled, anoxic environment within which the endosymbionts can safely and effectively
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convert atmospheric nitrogen into forms that are then utilized by the host plant. This
environment is crucial due to the oxygen sensitivity of the nitrogenase enzyme used by the
rhizobacteria to convert atmospheric nitrogen to ammonia (Becana et al., 2010). With nitrogen
being one of the most limiting factors on plant growth, this symbiotic relationship has given the
host plants a distinct advantage over other non-nodule forming plant families particularly
concerning crop cultivation. The incorporation of leguminous crops as green manure has
provided an alternative method of fertilization that returns nutrients to soils in a controlled
manner that lasts longer and doesn’t leach off into the environment as is seen with synthetic
fertilizers (Talgre et al., 2012). As farmers focus on specific cash crops, such as cotton or corn,
they over cultivate these crops and over time, deplete the soil of vital nutrients, particularly
nitrogen and phosphorus. Green manure through crop rotation will capture atmospheric nitrogen
and slowly release it into surrounding soils, helping to combat nutrient depletion seen with
overzealous cash crop cultivation (Becker et al., 1995; Studdert & Echeverria, 2000).
Additionally, this increase in nutrient availability allows for enhanced food productivity

necessary to keep up with the high demand of the growing global human population.

The unique ability to form root nodules is at the heart of the utilization of leguminous
plants for crop rotation and therefore the reduction of synthetic fertilizer application. Although
nitrogenous fertilizers are applied in the form of ammonia, almost a third of this material is
released into the atmosphere as nitrous oxide (Reay et al., 2012). Nitrous oxide is quickly
becoming one of the most notable greenhouse gasses being added to the atmosphere as a result of
agricultural practices due to the fact that it is almost 300 times more insulative than CO?2,
retaining radiated thermal energy and increasing atmospheric temperatures (Lammel & Grafll,

1995; Webb et al., 2019; Yung et al., 1976). Growing concerns over ballooning global



atmospheric and surface temperatures are pushing researchers now, more than ever, to seek out
alternative agricultural practices that increase crop yield and survivability while reducing
environmental impacts. Both nitrogen and carbon levels within the environment can be
controlled through the use of leguminous crops and their nutrient symbionts. In addition to
nitrogen fixation, some rhizobia are also photosynthetic, taking in atmospheric CO2 and
converting it metabolically for further incorporation as supplemental carbon sources for host
plant growth resulting in increased biomass and yield (Chaintreuil et al., 2000; Promyou et al.,
2015). Photosynthetic rhizobia are not the typical nitrogen fixing symbiont documented in
association with leguminous crops. In fact, this rare relationship is primarily reserved to stem-
nodulating plants such as those in the genera Aeschynomene, Neptunia, and Sesbania (Bonaldi et
al., 2011; Giraud et al., 2007; Molouba et al., 1999). Stem nodulation itself is a highly unique
process that is only more recently being studied in depth due to the unusual nodulation

mechanisms found in these symbiotic relationships.

Mechanisms and morphology of nodule formation

Nodulation has been best characterized by the soybean (Glycine max) and
Bradyrhizobium japonicum partnership due to the agricultural significance of this crop. In this
system, the plant releases root exudates containing flavonoids and amino acids during growth to
which the naturally occurring soil Bradyrhizobium and Rhizobium species respond to and
gravitate toward via positive chemotaxis (Aguilar et al., 1988; Armitage et al., 1988; Barbour et
al., 1991; Gaworzewska & Carlile, 1982). The detection of the plant derived flavonoids initiates
a response in the bacteria, no matter the host/symbiont specifics, that activates the genes that
start the process specialized signal molecule production. Rhizobia then adhere to the root surface

to initiate colonization. While colonization does not occur in any one area of the rhizosphere, the



rhizobia populated near emergent root hairs and lateral roots are able to gain entry (Caetano-
Anolles et al., 1992; Rhijn & Vanderleyden, 1995; Smit et al., 1992). This attachment stage does
not demonstrate host or symbiont specificity for only rhizobia and therefore, many of the
surrounding soil dwelling bacteria may colonize the rhizosphere not limiting it to just rhizobia
(Lopes et al., 2016; Mills & Bauer, 1985). However, to gain entry in this specific situation, the
rhizobia release specialized lipo-chitooligosaccharide signal molecules, known as Nod factors
(NFs), which cause branching and deformation of the root hair (Bhuvaneswari & Solheim, 1985;
Brussel et al., 1986; Yao & Vincent, 1969). The nod genes that synthesize the various
components of NFs and play other roles such as NF modification or NF excretion, range from
nodA to nodZ; nolA to nolZ with differences being specific to each host/symbiont mechanism
(Table 1-3) (Gottfert, 1993; Halverson & Stacey, 1986; Kondorosi et al., 1984; Lugtenberg,
1989). Despite so many nodulation specific genes being characterized and identified, there are
still variations being discovered, demonstrating the age, specificity, and variety of this special

symbiotic relationship (Gottfert, 1993; Heidstra & Bisseling, 1996).

The nodD gene is the most conserved and crucial gene to this process as it responds to
the plant released flavonoids and initiates the transcription of the entire NF signal molecule by
turning on nodABC which is highly conserved as well, serving as the backbone for which NFs
may be tailored to each relationship (Hong et al., 1987; Horvath et al., 1987; Rostas et al., 1986).
Depending on the host/symbiont relationship, the NFs are further modified by a variety of genes
that have evolved over millions of years to allow host plant access to only a select few nitrogen-
fixing microbes. Once the NFs are released, root hair curling occurs at the site of young root hair
cells, which entrap the rhizobia within a cell wall surrounded pocket. Subsequently, the cell wall

is disintegrated via hydrolysis, allowing rhizobia to invade and penetrate the root hair through



plasma membrane invagination (Newcomb, 1976; Newcomb et al., 1979; Turgeon & Bauer,
1982). The host plant responds to this invasion by generating new cell wall material inwardly,
resulting in a tube enclosing the rhizobia (Callaham & Torrey, 1981; Fournier et al., 2015).
While the tube is being formed, cortical cells within the root cortex begin to redifferentiate into
nodule primordia cells as a response to the infection through NF recognition (Ding & Oldroyd,
2009; Gage, 2004; Heckmann et al., 2011). This tube, known as the infection thread, continues to
generate inward, transporting the dividing rhizobia to the site of the nodule primordium (Vasse
& Truchet, 1984; Wood & Newcomb, 1989). Upon reaching the nodule primordia, bacterial cells
are deposited into the now active nodule meristematic cells. As the nodule meristematic cells
divide, rhizobia are distributed among the resulting daughter cells which then differentiate to
form tissue housing the nitrogen-fixation cites of the nodule (Brewin, 1991; Newcomb, 1981).
As the host plant grows, the nodule organs swell over time, becoming mature and functioning to
facilitate the biological nitrogen-fixation process (Hirsch, 1992; Stougaard, 2000). Mature
nodules will continue to fix nitrogen until senescence is initiated, triggered by age or abiotic
stressors such as drought, temperature fluctuations, or excess environmental nitrates (Cam et al.,
2012; Chen & Phillips, 1977; Dart & Mercer. 1966; Dupont et al. 2012). This method of
infection, known as NF-dependent nodulation, is the most well studied mechanism for
nodulation and was believed to be the dominant nodulation process. However, it was recently
discovered that certain rhizobia, which are photosynthetic, can induce nodulation independently

of these NF signal molecules in a system aptly dubbed, NF-independent nodulation.

While NF-dependent nodulation is widely documented among leguminous plants, NF-
independent nodulation is limited to the stem-nodulating family of Aeschynomene. The unusual

mechanism was first documented in this genus of semi-aquatic legumes when stem nodulating
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photosynthetic Bradyrhizobium strains ORS278 and BTAil were found to lack the canonical
nodABC genes integral to NF synthesis (Giraud et al., 2007). Since this discovery, researchers
have been searching to identify the molecular mechanism behind NF-independent nodulation in
Aeschynomene plants but have yet to make a clear determination on what signal molecule(s)
could be directing this system (Bonaldi et al., 2010; Chaintreuil et al., 2018; Fabre et al., 2015;
Gully et al., 2018). Although the molecular key behind NF-independence is still hidden, there
have been great efforts to reveal the anatomical changes and differences between this system and
the standard NF-dependent nodule formation process. As opposed to the highly specialized
infection process of root hair curling and infection thread formation, the semi-aquatic legumes
are colonized via crack entry, wherein the rhizobia enter the plant tissues through micro fissures
on the dermal tissue of the plant stem and root systems (Arora, 1954; Boogerd & van Rossum,
1997). This entry method accounts for how stem nodules can form in that these plants live in
environments where flooding is frequent, thus allowing access to the stem regions by native soil
dwelling rhizobia. In the case of NF-independent root nodulation, colonization will typically
centralize near the emergence points of lateral roots, instead of root hairs, and begin entry at the
micro fissures surrounding the emerging lateral root and axillary root hairs (Alazard, 1985;
Alazard & Duhoux, 1988; Arora, 1954; Eaglesham & Szalay, 1983; Loureiro et al, 1995;
Yatazawa et al, 1984). The bacteria then spread intracellularly, gaining access to cortical cells,
penetrating through them via invagination of the cell wall, resulting in cell wall pockets within
the cells housing rhizobia which subsequently begin to degrade. From this point, the surrounding
cortical cells respond to this invasion and cell destruction in an unknown mechanism that results
in their own infection with the bacteria. After this infection spreading occurs, surviving cells

begin to quickly divide, passing the encapsulated bacteria on to daughter cells, forming nodule
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primordia. As the nodule primordia divides, the bacteria within also continue to divide and are
then evenly distributed among the resulting daughter cells. In typical nodule formation manner,
the nodule primordia continue to divide giving rise to an enlarging nodule organ until maturation
is achieved (Bonaldi et al., 2011). This entire process is completed without the use of NFs yet
still results in fully functioning nodules capable of facilitating the fixation of atmospheric
nitrogen. However, the bacteria responsible for this unique symbiosis also have the added
advantage of being photosynthetic, allowing for more energy production, assisting in more

efficient nitrogen fixation.

Significance of nod-factor (NF)-independent nodulation in agriculture and environmental

ecology

Although the mechanisms are not yet fully understood behind the success of NF-
independent nodulation, it is currently recognized that these symbiotic relationships form without
the use of complex signal molecules like NFs (Bonaldi et al., 2010). This system also utilizes a
more simplistic mode of root colonization, via crack entry or intracellular entry that does not
involve the root hair curling or infection thread formation (Boogerd & van Rossum, 1997).
However, there may still be important signal molecules specific to NF-independent nodulation
being produced, although not as complex as the NF system, to illicit the immune response
required for nodule primordia formation and infection to occur. The fact that colonization of root
cortical tissues can occur through such a straightforward method bears great importance for the
potential induction of nitrogen fixing symbioses in non-leguminous cash crops that could
revolutionize current agricultural systems. Although complex NFs are not used in this system,
there may still be an important signal molecule, or molecular cascade involving multiple signals,

at play here even if it is simple in nature that is recognized by legumes specifically, inducing
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nodule formation. If such were the case, the identification and characterization of this simple
signal molecule or signaling pathway could lead to the incorporation of the gene(s) responsible
for the molecule’s transcription into other bacteria that offer a diverse array of beneficial
endophytic traits such as host defense, protection against abiotic stress, increased growth, and
yield in legumes (Aeron et al., 2011). This theoretical signal molecule or signaling system would
be responsible for eliciting the necessary immune response in the host plant that generates the
nodule primordium. Therefore, to truly incorporate this NF-independent nodulation system, gene
expressions analyses, such as those completed by Chaintreuil et al. in 2016, would need to be
completed to determine what plant specific genes are being turned on when exposed to these NF-
independent nodulation bacteria that would be releasing this theoretical signal molecule(s) as this
would be crucial information required to transfer nodulation capabilities across plant families,
removing the legume limitation. Once the lock and key system behind this special immune
response found in leguminous plants is identified, these genes could be inserted into our current
major cash crops through transgenic practices already used in genetically engineered crop seed
manufacturing methods and thereby increase crop yield and survival while reducing synthetic
fertilizer use (Ahmad et al., 2012; Shankar et al., 2023). Although these genetic engineering
practices hold a social stigma, cash crops with this incorporated immune response system,
generating nitrogen fixing nodule organs (with other potential endophytic benefits), would be
able to allow farmers a way to produce the crops they want, where they want, without the
depletion of soil nutrients and without the added cost of synthetic fertilizer application. Studying
this NF-independent nodulation mechanism is Aeschynomene plants provides an excellent model

for potentially unlocking the secret to this host immune response, in part, due to the ancestral
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history and geographical distribution regarding host nodulation capabilities within this plant

genus (Alazard, 1985; Chaintreuil et al., 2016 & 2018).

Geographical impacts on nodule endophyte populations

Endophytes can colonize and proliferate within every plant tissue type, all the way from
the roots to the very seeds, but determining what organisms have the chance to become such a
successful symbiont first requires a look into the host’s surrounding environmental conditions.
The diversity of the endophytic organisms, be it bacterial or fungal, within a plant depends on
quite a few factors including, but not limited to, host species, specific tissue type, growth
conditions, and location (Chen et al, 2021; Harrison & Griffin, 2020). This holds true, even for
the composition of the endophytic community within nodule organs found on leguminous plants
(van Dijk, 1978). When people think of the nodules, they are typically focused only on the
nitrogen fixing rhizobia symbionts and don’t take time to consider the possibility that there are
other potentially beneficial microbes inhabiting the same tissues (Boukhatem et al., 2017). We
have seen that endophytes will readily colonize the internal tissues of plants, free of complex
signaling systems such as NF-dependent nodulation, through crack or intracellular entry, simply
by squeezing between the plant cells through small openings in the epidermis (Boogerd & van
Rossum, 1997; Kandel et al., 2017). It should go without saying that the bacteria thriving within
the plant tissues had to have originated from outside the plant at some point in their symbiotic
history. Some endophytes begin their initial colonization by hiding out in the seeds and
dispersing throughout the growing and rapidly dividing plant cells once germination occurs
(Walitang et al., 2018). However, even the seed endophytes would have needed to gain entry into
the host plant at some point before the seeds were even developed (Nelson, 2018). The most

logical conclusion would be that essentially all endophytic species originated from the external
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environment including air and water, but primarily from the soil (Compant et al., 2012). There
have even been suggestions of endophyte colonization resulting from the gut microflora of seed
dispersing animals, as they digest the fruits and release the seeds back to the environment for
later germination (Martinez-Romero et al., 2020). Additionally, the same theory has been applied
in reverse in that the diversity of the gut microflora in animals is impacted by the fruit or
vegetative materials and thereby the endophytes they consume (Hardoim, 2019). Nevertheless,
the primary source, historically and evolutionarily speaking, of potential endophytic symbionts
would be derived from the free-living microbes within soils (Compant et al., 2012). Therefore,
the composition of the soil bacterial communities is a crucial aspect to understand when seeking
a better understanding regarding the selection of those microbes that would go on to be

successful symbionts as endophytes.

There have been countless studies discussing the importance of abiotic factors and
biogeographic differences on the composition soil microbial communities around the world
(Andrews et al., 1987; Bahram et al., 2018; Chu et al., 2020; Fierer & Jackson, 2006; Wang et
al., 2017). Some of the most important factors that control the level or composition of microbial
diversity include human activity, pH, nutrient resources, elevation, temperature, salt, and
moisture content (Shen et al., 2013 & 2014; Tripathi et al., 2018). For example, in soils that have
had their pH levels drastically altered by human related practices such as industrial and
agricultural pollution, there are lower levels of bacterial diversity (Konopka et al., 1999; Marcin
et al., 2013). Instead, you see more bacterial genera that are adapted to mitigating the damages of
heavy metal contents, pH extremes, and restricted complex carbon sources (Sheik et al., 2012).
Similarly, desolate soils, barren in neighboring complex life forms such as plants and animals,

almost entirely absent of nutrient cycling, there are limited microbial organisms (Delgado-
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Baquerizo et al., 2016; de Vries et al., 2012). Yet even that in itself is a remarkable testament to
the hardiness and adaptability of bacteria, particularly extremophilic examples, in their ability to
fill any niche that may arise, despite a lack of massive diversity (Aszalos et al., 2016; Chu, et al.,
2010). Additionally, factors such as drought or salt levels have proven to be great challenges
faced by farmers attempting to cultivate costal or equatorial lands to achieve the food yields that
are so highly demanded (Mandal et al., 2018; Wilhite, 2000). Studies have shown that plants
inoculated with particular endophytes adapted to those abiotic stressors are able to mitigate those
negative effects and permit the host plant an opportunity to thrive in such hostile conditions
(Byregowda et al., 2022; John et al., 2023; Suryanarayanan & Shaanker, 2021; West, 1994).
With these environmental conditions playing such a role in shaping soil microbial communities,
it should go without question that the resulting endophytic diversity within a plant is directly

dependent on the environment they are cultivated within.

Geographical distributions of plants and microbes are a key factor in the determination of
the composition of soil microbial communities clearly through abiotic factors affected by
latitude, altitude, biome, and human activities. However, even the biotic factors can be affected
by the geographical distribution as well. Plants and microbes suited to each specific biome or
environmental condition will inhabit those areas, proliferate, and further speciate out over time
(Li et al., 2023; Nottingham et al., 2018). Both organism types are constantly in contact with one
another throughout the course of history, growing or diminishing as a result of their interactions
with each other (Prober et al., 2015; de Vries et al., 2012). Special relationships form under these
conditions, allowing for host or symbiont genetic modifications specific to the facilitation of
each partnership (Tayung et al., 2011; Tedersoo et al., 2007). Thus, the diversity of endophytic

communities will change, depending on the location, environmental conditions, and biotic
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stressors of their origin, despite sharing a similar lineage (Christian et a., 2016; Delgado-
Baquerizo et al., 2017). A plant species, widely distributed around the world, will have a unique

microbial community depending on the site of cultivation and observation.

Complexities of bacterial populations within nodules

Soils are teeming with microscopic life, each individual competing with the other for
resources and space while developing unique metabolic systems to give themselves the upper
hand through metabolic boosts and diversity or through the amassing of antimicrobial arsenals
(Fierer & Jackson, 2006; Torsvik et al., 1996). Many bacteria, some pathogenic, thrive near the
root systems of plants and feed off the surrounding organic materials (Shigyo et al., 2019). Those
that have evolved to live endophytically are attracted to plant rhizospheres and will actively
gravitate towards them, following the root exudate trail (Bacilio-Jimenez et al., 2003; Tsai et al.,
2020). Nitrogen fixing and non-nitrogen fixing bacteria alike are drawn toward plant root
systems and adhere to the surface, either through the production of their own extracellular
polysaccharides or by physically being ensnared in those produced by the plant (Clua et al.,
2018; Kandel et al., 2017). The diversity of bacteria colonizing a plant’s rhizosphere depends on
a variety of factors, including location, environment, and species of the host plant (Zhang et al.,
2017; Zhang et al., 2018). Additionally, the composition of the rhizosphere community depends
heavily up the competition derived from nutrient availability and antimicrobial
production/resistance (Bever, 2003; Blagodatskaya et al., 2014). Soil bacteria are in such
constant turmoil, fighting off one another, that these bacteria are one of the primary sources of
antibiotic bioprospecting, providing new methods of infection mitigation used in modern day
medicine (Ceylan et al., 2008; Chandra & Kumar, 2017; Kumar et al., 2010). Those that survive

and successfully populate plant surfaces could either be plant growth promoting, or potentially
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pathogenic, causing harm or even death to the host plant (Mendes et al., 2013). It has already
been established that soil microbes can successfully enter the inner layers of plant tissues simply
by squeezing into small cracks of the dermal layers. Therefore, a wide variety of bacteria,
beneficial and harmful, have the opportunity to colonize plant tissues either beneficially or
pathogenetically (Hassan et al., 2019; Li et al., 2021). Upon entry and establishment into the
plant cortex, nodule inducing symbiotic bacteria could be living alongside potential friends or
foes (Deng et al., 2011). This means that during nodule development, bacteria other than the
stereo-typical nitrogen-fixing symbionts can hitch a ride and colonize nodule primordia during
the early stages of invasion (Clua et al., 2018). Once inside the nodule primordia, just like the
nitrogen fixers, non-nitrogen fixing bacteria begin to proliferate and distribute among the quickly
maturing nodule organs. In the case of plant growth promoting bacteria, this provides a great
opportunity for the host plant to incorporate other metabolic capabilities, such as carbon fixation,
phosphate uptake, and hormone production in addition to the dominant nitrogen fixation

dynamic.

Plants with a wide diversity of beneficial bacteria working to fight infection, produce
growth hormones, acquire nutrients, mitigate abiotic stressors like drought or heavy metal
contamination, in addition to the nitrogen-fixing symbionts have a much greater chance of
success, allowing for further distribution of wild populations or greater production in agricultural
crop settings (Emmanuel & Babalola, 2020; Le et al., 2015; Mahgoub et al., 2021). With the
potential for such diversities within nodule tissues, it is important that we understand the
population dynamics within these organs and find ways to combine various plant growth
promoting bacteria in a manner that provides a wide array of metabolic capabilities to the host

plant instead of focusing solely on the nitrogen-fixing symbionts. More importantly,
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investigating plant growth promoting bacteria from local plant populations provides the
opportunity to identify organisms already suited to survival in that environment, allowing for
specialized plant inoculum specifically tailored and optimized to the specific growing conditions.
Additionally, understanding the region-specific needs for each crop could provide insights on the
best inoculum to provide. While endophytes can live harmoniously with their host plants,
providing nutrients, metabolites, hormones, etc., recent studies have also shown that plants
actively attract, “consume”, and degrade soil bacteria through exposure to radical oxygen species
for direct nutritional sources (Paungfoo-Lonhienne et al., 2010). This “rhizophagy” process is
still only in the early stages of discovery but, once fully understood, could perhaps lead to a

whole new understanding and application of biological fertilizers.
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Table 1-1. Examples of plant growth promoting rhizobia (non-symbiotic) that aid in plant survival and growth.

Plant Growth Promoting Trait Mechanism or

PGPR Examples

Reference

Activity
Nutrition & Growth
Stimulation
Nutrient Acquisition
(N & P)
Plant Growth

Hormone Production

Abiotic Stress Mitigation
Heavy Metal
Remediation

Salinity Tolerance

Advenella kashmirensis, Azoarcus, Azotobacter, A.
chroococcum, Azospirillum, Bacillus, B. subtilis,
Beijerinckia, Bradyrhizobium, B. japonicum,
Klebsiella, Mesorhizobium, Micrococcus luteus,
Pantoea, Psudomonas, P. fluorescens, Rhizobium, R.
leguminosarum, Seratia

Azotobacter, A. chroococcum, Azospirillum, Bacillus,
B. subtillis, B. megaterium, Bradyrhizobium,
Enterobacter, Enterobacter cloacae, Mesorhizobium,
Moraxella, Paenibacillus illinoisensis, P. polymyxa,
Pseudomonas, P. extremaustralis, P. moraviensis, P.
putida, P. stutzeri, Rhizobium, Streptomyces,
Stenotrophomonas maltophilia, Variovorax paradoxus

Acinetobacter, Bacillus, B. subtilis, B. licheniformis,
Bradyrhizobium sp. RMS, Burkholderia, Halobacillus,
Mesorhizobium, M. sp. RC3, Methylobacterium oryzae,
Ochrobacterium intermedium, Pseudomonas, P.
aeruginosa, P. maltophilio, Proteus vulgaris,
Ralstonia, Rhizobium, R. sp. RP5, R. sp. RL9, Serratia
marscecens, Streptoccus faecalis, S. aureus,

Agrobacterium, Bacillus, B. pumilus, Enterobacter, E.

(Basit et al.,
2021)(Khan et al.,
2008)(Yasmeen et
al., 2021)

(Basit et al.,
2021)(Kahn et al.,
2008)(Kudoyarova,
2019)(Yasmeen et
al., 2021)

(Khan et al.,
2008)(Kudoyarova,
2019)(Monteiro et
al., 2021)

(Monteiro et al.,

aurantiacum, Klebsiella, Ochromobacter, 2021)(Nawaz et al.,
Pseudomonas, P. fluorescens, P. moraviensis, 2020)(Yasmeen et
Streptomyces, al., 2021)
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Table 1-1. Continued

Plant Growth Promoting Trait Mechanism or PGPR Examples Reference
Activity
Biotic Stress Mitigation
Biological Control Ananbaena, Bacillus, B. velezensis, B. (Hamid et al.,
Activity amyloliquefaciens, B. subtilis, Calothrix, Chlorella, 2021)(Meyer et al.,
Microcytis, Nostoc, Pseudomonas, P. flourescens, P. 2016)(Smitha et al.,
aeruginosa, P. chlororaphis, Rhizobium 2017)
leguminosarum,
Biopesticidal/Nemat  Bacillus, B. popilliae, B. thuringiensis, (Ahmad et al.,
ocidal Activity Chromobacterium substugae, Paenibacillus popilliae, ~ 2021)(Shah et al.,
Pasteuria penetrans, P. fluprescens, Pseudomonas, 2021)

Serratia entomophila
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Table 1-2. General list of beneficial endophytic (symbiotic) bacteria and some of their symbiotic roles

Symbiotic Role

Mechanism or
Activity

Endophytic Examples

Reference

Nutrition & Growth

Stimulation

Abiotic Stress
Mitigation

Nitrogen
Fixation

Phosphate
Solubilization

Plant Growth
Hormone
Production

Heavy Metal
Remediation

Drought
Tolerance

Anabaena, Azobacter, Azospirillum, Bradyrhizobium, B.
Jjaponicum, Burkholderia, Enterobacter, Herbaspirillum, H.
seropedicae, Klebsiella, Nostoc, Pantoea, Pelomonas, Rhizobium

Azobacter, Bacillus, Bacillus circulans, B. edaphicus, B.
megaterium, B. methylotrophicus, B. mucilaginosus, B. subtilis,
Burkholderia, Enterobacter, Erwinia, Kushneria, Paenibacillus,
Paenibacillus mucilaginosus, P. glucanolyticus, Pseudomonas,
Ralstonia, Rhizobium, Serratia,

Azobacter, Bacillus, B. megaterium, B. subtilis, Bradhyrhizobium,

Burkholderia, B. phytofirmans, Glucoacenatobacter
diazotrophicus, Pseudomonas, P. putida, P. syringae, P. tolaasii,
Rahnella, R. aquatilis, Rhizobium, Serratia, Streptomyces, S.
coelicolor, S. olivaceus, S. geysiriensis

Acidobacteria, Actinobacteria, Aeromonans, Agrobacterium,
Alcaligenes, Aureobasidium, Bacillus, Burkholderia,
Enterobacter, Exiguobacterium, Firmicutes, Klebsiella,
Leifsonia, Lysobacter, Microbacterium, Micrococcus,
Ochrobactrum, Paenibacillus, Paracoccus, Pantoea,
Proteobacteria, Psudomonas, Rhodococcus, Sphingobium,
Sphingomonas, Streptomyces

Azospirillum, A. lipoferum, Bacillus, B. subtillis, Burkholderia, B.

phytofirmans, Bradyrhizobium, Glucoacenatobacter
diazotrophicus, Pseudomonas, P. azotoformans

(Bashan & de-Bashan,
2005)(Goren-Saglam,
2021)(Muangthong et
al., 2015)(Qin et al.,
2022)

(Bashan & de-Bashan,
2005)(Goren-Saglam,
2021)(Mohamed et al.,
2021)(Zhu et al.,
2011)

(Etminani & Harighi,
2018)(Khan et al.,
2012)(Phetcharat &
Duangpaeng, 2012)

(Han et al.,
2016)(Prasher &
Sharma, 2021)(Xu et
al., 2016)

(Cohen et al.,
2009)(Gagne-Bourgue
et al., 2015)(Ullah et
al., 2019)
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Table 1-2. Continued

Symbiotic Role

Mechanism or
Activity

Endophytic Examples

Reference

Biotic Stress
Mitigation

Salt Tolerance

Biological
Control Activity

Achromobacter xylosoxidans ,Altererythrobacter, Bacillus
licheniformis, B. pumilus, B. subtilis, Brevibacterium
halotolerans, Hoeflea, Labrenzia, Lysinibacillus fusiformis,
Marinilactibacillus, Pseudomonas putida

Aureobacterium saperdae, Bacillus megaterium, B.
methylorophicus, B. pumilus, B. subtillus, B. velezensis,
Burkholderia solanacearum, Paenibacillus polymyxa,

Phyllobacterium rubiacearum, Pseudomonas, P. choloroaphis, P.

putida, P. orientalis, Streptomyces, S. palmae, S. rubrogriseus, S.
badius, S. pactum,

(Fidalgo et al., 2016;
Sgroy et al., 2009)

(Almoneafy et al.,
2021; Senthilkumar et
al., 2011)

Biopesticidal Bacillus, B. subtilis, B. safensis, B. thuringiensis, Pseudomonas, ~ (Akutse et al.,

Activity P. chlororaphis, Serratia, S. marcescens, Streptomyces 2020)(Pliego et al.,
2011)(Sutio et al.,
2023)
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Table 1-3. A list of nodulation genes, relative protein names, and functions regarding nodulation and host

specificity.
Gene  Protein Function Reference
nodA  Nodulation protein A N-acetyltransferase (Gonzalez et al.,
2003; Vazquez et al.,
1991)
nodB  Chitooligosaccharide de-N-acetylase; hydrolase; metal-binding (Dobert et al., 1994:
deacetylase Rossen et al., 1984)
nodC  N- UDP-GlcNac transferase; glycosyltransferase (Rossen et al., 1984)
acetylglucosaminyltran
sferase
nodDI Nodulation protein D 1  DNA-binding transcription factor; Regulates  (Egelhoff et al., 1985;
nodABCFE genes; binds flavonoids Goettfert et al., 1986)
nodD2 Nodulation protein D2  DNA-binding transcription factor; Regulates  (Davis & Johnston,
nodABCFE genes; binds flavonoids 1990; Goettfert et al.,
1986)
nodD3 Nodulation protein D3  DNA-binding transcription factor; Regulates  (Davis & Johnston,
nodABCFE genes; binds flavonoids 1990)
nodE  Nodulation protein E beta-ketoacyl synthase; 3-oxoacyl-[acyl- (Davis & Johnston,
carrier-protein| synthase activity; partial host  1990)
specific NF fatty acyl chain synthesis
nodF  Nodulation protein F trans-2,trans-4,trans-6,cis-11- (Schofield & Watson,
(Host-specificty of octadecatetraenoic acid synthase; partial host  1986)
nodulation protein A) specific NF fatty acyl chain synthesis
nodG  Nodulation protein G 3-oxoacyl-[acyl-carrier-protein] reductase (Delledonne et al.,
(NADPH) activity; NF fatty acyl chain 1990; Vieille &
modification Elmerich, 1992)
nodH  Nodulation protein H sulfotransferase activity; transfers activated (Luaeremans et al.,
sulfate to N-acetylgucosamine on NF 1996)
nodl Nod factor export ATP- transmembrane transporter and ATP (Suominen et al.,
binding protein I hydrolysis activity; part of NF export system  1999)
nodJ  Nodulation protein J ABC-type transporter activity; part of NF (Evans & Downie,
export system 1986; Suominen et
al., 1999)
nodK  Nodulation protein K Unknown function. Part of highly conserved  (Scott, 1986)
nodKABC operon. Bradyrhizobium specific.
nodl ~ Nodulation protein L O-acetyltransferase; actetyltransferase of NFs  (Surin & Downie,
for host specificity 1988)
nodM  Gultamine--fructose-6-  root hair deformation factor (Medicago genus (Surin & Downie,
phosphate specific) 1988)
aminotransferase
nodN  Nodulation protein N root hair deformation factor (Medicago genus (Surin & Downie,
specific) 1988)
nodO  Nodulation protein O Calcium binding protein; interracting with (Economou et al.,

root hair or surface; exported protein

1990; de Maagd et
al., 1989)
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Table 1-3. A list of nodulation genes, relative protein names, and functions regarding nodulation and host
specificity. (Continued)

Gene  Protein Function Reference
nodP  Sulfate Putatively provides activated sulfate to NFs (Vieille & Elmerich,
adenylytransferase 1990)
subunit 2
nodQ  Bifunctional enzyme sulfate adenylytransferase activity; ATP/GTP  (Vieille & Elmerich,
NodQ binding; Transfers activated sulfate to NFs 1990)
nodR  NodR unknown function; Rhizobium specific; (Schlaman et al.,
regulated by nodD 2006)
nodS  Nodulation protein S S-adenosylmethionine-dependent (Waelkens et al.,
methyltransferase activity; host specific NF 1995)
modification
nodT  Nodulation protein T unknown function; specific to Rhizobium (Surin et al., 1990)
leguminosarum nodulation
nodU  Nodulation protein U 6-O-carbamoylation of NF; host specific NF  (Krishna et al., 1992)
modification
nodV  Nodulation protein V part of NodV/NodW regulatory system; (Goettfert et al.,
putative nod gene transcription regulator; 1990)
putative membrane kinase for NodW
phosphorylation
nodW  Nodulation protein W nod gene transcription regulation; activated (Goettfert et al.,
by NodV 1990)
nodX  Nodulation protein 10 Mechanism unknown; facilitates R. (Davis et al., 1988;
leguminosarum to nodulate Afghanistan peas  Solovev et al., 2021)
nodY  NodY unknown function; primarily specific to (Bracellos et al.,
Bradyrhizobium sp. 2007)
nodZ  Nodulation protein Z Fucosyltransferase; adds fucose moiety (Stacey et al., 1994)
reducing N-acetylglucosamine end of NF
nold Nodulation protein DNA-binding transcription factor specificto  (Dobert et al., 1994)
NolA soybean symbiosis
nolB  Nodulation protein Soybean cultivar-specific nodulation (Meinhardt et al.,
NolB regulation 1993)
nolC  Protein NolC Soybean cultivar-specific nodulation (Krishnan &
regulation; heat-shock gene homology Pueppke, 1991)
nolE  Nodulation protein Exported protein not critical to nodulation or  (Davis & Johnston,
NolE nitrogen fixation. Putative host specific NF 1990)
nolFF Nodulation protein Transmembrane transporter specific to (Baev et al., 1991;
NolF Medicago nodulation Barnett et al., 2001)
nolG  Nodulation protein Transmembrane transporter specific to (Baev etal., 1991;
NolG Medicago NF Galibert et al., 2001)
nolJ Nodulation protein Controls nodulation efficiency and delay in (Boundry-Mills et al.,
NollJ soybean 1994; Sadowsky et
al., 1988)
nolK  GDP-L-fucose synthase ~Converts GDP-4-dehydro-6-deoxy-D- (Kaneko et al., 2002)

mannose to GDP-fucose for NF modulation
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Table 1-3. A list of nodulation genes, relative protein names, and functions regarding nodulation and host
specificity. (Continued)

Gene  Protein Function Reference
nolL Nodulation protein acetyltransferase; modifies NF fucose (Scott et al., 1996)
NolL
nolM  Nodulation protein unknown function (Kaneko et al., 2002;
NolM Yu et al.,, 2014)
nolN  NolN protein Catalytic activity involved in NF synthesis (Luka et al., 1993;
Luka & Stacey, 1997)
nolO  Nodulation protein 6-O-carbamoylation of NF; host specific NF  (Goettfert et al.,
NolO modification 2001)
nolP  Nodulation protein Unknown mechanism; specific to genus (Gonzalez et al.,
NolP Rhizobium 2008)
nolR Nodulation protein DNA-binding transcription factory activity; (Kondorosi et al.,
NolR regulation of nod regulon (rodD1, nodD2, 1991)
nodD3, nodABC)
nolS Nodulation protein Host-specific nodulation of M. lupulina by (Plazanet et al., 1995;
NolS Sinorhizobium meliloti Sallet et al., 2013)
nolT  Nodulation protein Soybean-cultivar specific nodulation (Meinhardt et al.,
NolT regulation 1993)
nolU  Nodulation protein Soybean-cultivar specific nodulation (Meinhardt et al.,
NolU regulation; flavonoid induced 1993)
nolV. Type 3 secretion Protein secretion type III system exporting (Freiberg et al., 1997;
system stator protein NFs Schmeisser et al.,
2009)
nolW  Nodulation protein Soybean-cultivar specific nodulation (Freiberg et al., 1997;
NolW regulation of Rhizobium fredii Meinhardt et al.,
1993)
nolX  Nodulation outer Extracellular protein involved in NF (Saad et al., 2008;
protein X transportation through type III secretion Viprey et al., 1998)
system; Rhizobium specific
nolY  NolY Host specific nodulation gene for (Dockendorff et al.,
Bradyrhizobium symbiosis; mechanism 1994; Goettfert et al.,
unknown 2001)
nolZ NolZ Host specific nodulation gene for (Dockendorff et al.,
Bradyrhizobium symbiosis; mechanism 1994; Kaneko et al.,
unknown 2002)
syrM  HTH-type DNA-binding transcription factor; stimulates  (Michiels et al.,
transcriptional regulator nod gene expression via nodD3 1993)
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CHAPTER 2

ISOLATION AND CHARACTERIZATION OF TEXAS STEM NODULE
ENDOPHYTES: OBSERVATIONS ON BIOGEOGRAPHIC IMPACTS FOR HOST

SPECIFICITY

ABSTRACT

Stem nodulation is a rare symbiotic relationship between a host plant and nitrogen fixing
bacteria that is largely limited to members of the tropic leguminous plant genus Aeschynomene.
While this phenomenon is interesting thanks to its unusual nodule formation phenotype, it is of
particular interest to researchers due to its ability to form these symbiotic relationships
independently of the canonical nod factor synthesizing genes. These plants are widely distributed
around the globe and have been used as an important biofertilzer in the form of green manure.
Agricultural researchers have been investigating this nod factor (NF)-independent nodulation
relationship in hopes of finding ways of inducing this nitrogen fixing relationship in non-
leguminous crops to reduce dependencies on synthetic chemical fertilizers. Many plant growth
promoting endophytic bacteria have been isolated and identified from these stem nodules, not
just nitrogen fixing rhizobia. However, there are no current studies regarding the biogeographic
limitations on a host plant’s capability to form such NF-independent relationships and how this
could impact crop inoculum selection for region specific challenges. In this study, we observed
the phenotypic response of 4. indica plants collected from North America and South Korea upon
inoculation with known NF-independent nodulating organisms. Additionally, we isolated and

characterized Texas native stem nodule endophytes for their nodule promotion characteristics
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and host specificity. We found that the region of origin for a host plant plays a significant role in
its symbiotic response regarding endophytic inoculation for nodule formation and nitrogen fixing
capacity. We identified four unique stem nodule isolates, Bacillus megaterium, Leifsonia
shinshuensis, Streptomyces sp., and Paenibacillus sp. and observed host specific nodulation
response. To enhance biofertilizer practices in agriculture, it is important we understand how
biogeographic factors interact with both bacterial and plant responses in order to tailor make
region and crop specific inoculums, allowing for the increase in crop survivability, yield, and

nutrient cycling.

INTRODUCTION

The genus of semiaquatic legumes, Aeschynomene, are highly cosmopolitan, with over
170 species thriving in a vast range, encompassing tropical (0 - 23° N & S) and subtropical (23 -
35° N & S) regions around the world (Martins et al; 2021; Rudd, 1955). As global temperatures
continue to climb and the habitable zone pushes further and further from the equator, it can be
expected that so too will this plant genus spread into temperate zones (Wilson et al., 2005).
These tropical legumes have gained great interest for over 70 years due to their potential
agricultural applications and most importantly, their ability to form stem nodules in addition to
the standard root nodules (Arora, 19554). These plants naturally occur and thrive in frequently
flooded conditions, hence the classification as semi-aquatic, providing the opportunity to
establish their populations within the commonly inundated fields used in rice farming
(Chaintreuil et al., 2016). Members of the Aeschynomene genus have been incorporated into
agricultural systems, acting as green manure to aid in nutrient cycling and nitrogen availability
for rice crops in Africa, Asia, Brazil, and the United States (Alazard & Becker, 1987; Diekmann

et al., 1996; Lawal et al., 2015: Pitman et al., 1992). Some studies insist these plants act as
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invasive weeds and are harmful to agricultural practices, taking nutrients away from the desired
crop plants (Conceno et al., 2018; Martins et al., 2021). However, this argument is only raised in
setting wherein no-till practices are used. The idea of using the Aeschynomene plants as green
manure is most successful when the plants are allowed to populate the fields during the off
season, collecting and storing nitrogen and other nutrients, then subsequently the tops are
removed and the plant materials reincorporated into the soil to act as natural fertilizer (Nilanthi et
al., 2015). In a study conducted by Alazard and Becker in 1987, they demonstrated the potential
nitrogen cycling capabilities of these plants as a green manure source, which resulted in an
increased rice yield by more than double compared to the control and about a 33% N content
increase compared to those treated with N-urea fertilizers. In addition to being a widely
available, naturally occurring green manure source, these plants have also proven to be useful in
textile production, medicinal practices, and as a source of livestock fodder (excluding swine)
(Aiken et al., 1991; Hodges et al., 1982; Kalmbacker et al., 1988). It has been demonstrated that
bahia grass fields in Florida used for cattle grazing that have been rotated with Adeschynomene
plants produced higher average daily gains for yearling cattle compared to fields treated with
synthetic nitrogenous fertilizers (Pitman et al., 1992). This genus of semiaquatic legumes harbor
great potential for reshaping tropical and subtropical agricultural areas due to their ability to form
nitrogen-fixing stem and root nodules independently of NF signal molecules for soil nutrient
cycling in addition to the possibilities of complex endophytic populations providing added
benefits such as carbon fixation, salinity mitigation, drought tolerance, disease deterrence, and
growth hormone production (Maliki et al., 2017; Noisangiam et al., 2012; Sturz et al., 1997,
Yapi & Kimse, 2019). Understanding the endophytic organisms within these plants and their

plant growth promoting characteristics combined with knowledge gained from NF-independent
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nodulation systems could lead to revolutionizing agricultural practices wherein nutritional,
hormonal, and stress resistance traits can be introduced to crop plants that would otherwise be

dependent on synthetic chemical fertilizers.

It is believed that the semiaquatic lifestyle these plants are accustomed to is what opened
the door to the formation of stem nodules, in addition to the already present, root nodules typical
of leguminous plants (Alazard & Duhoux, 1987 & 1990; Eaglesham & Szalay, 1983). While the
phenomenon of stem nodulation is already highly unusual, the fact that the first documented
Nod-Factor independent nodulating bacteria (Bradyrhizobium sp. ORS78 & BTAil) were
isolated from these organs, further adds to the mystery and allure of these plants (Giraud et al.,
2007). The predominant attitude toward nodule forming endosymbionts and leguminous plants
revolves around the nitrogen fixation aspect of the relationship. However, nodule organs, just
like all other plant tissue types, are capable of housing a variety of endophytic organisms that
confer beneficial characteristics, not just nitrogen fixation, such as plant growth promoting,
abiotic stress tolerance, and disease suppression (Palaniappan, et al., 2010; Pandya et al., 2015;
Tariq et al., 2013; Zhao et al., 2018). Could there also be co-habitants within these nodules that
are capable of stimulating nodule formation or facilitating nitrogen fixation at a greater
efficiency than depending on rhizobia alone? Additionally, would these endophytic co-habitants
be specific to the geographical region of origin for their host or would they be able to illicit the
same endophytic response in the host plant, no matter the regional distribution? Evolutionarily
speaking, the point of origin for endophytic organisms comes from either the seeds, which pass
the beneficial symbionts on to the next generation, or most primitively, from the surrounding
soils (Compant et al., 2012; Walitang et al., 2018; White, 1988). Soil conditions, from pH,

organic material constitution, nutrient availability, salinity, temperature, pollution levels, all play
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important roles in determining the native microbial populations (Andrews et al., 1987; Bahram et
al., 2018; Chu et al., 2020; Marcin et al., 2013; Shen et al, 2013; Tripathi et al., 2018). The
diversity of endophytic bacteria within plant tissues is a clear reflection of the environmental
conditions and therefore geographic distribution of the parent plant (Li et al, 2012; Xu et al.,
2014; Zhang et al, 2018). Additionally, the response of the plant to the surrounding microbial
populations will be dependent on that genera or species they are historically accustomed to
interacting with (Hahl et al., 2019; Singh et al., 2004; Westover et al., 1997). The aim of this
study is dual pointed: (1) will nodule derived endophytes interact with their host plant in a
similar manner if the seeds have different geographical origins? (2) can region specific nodule
endophytes promote plant growth and nodule formation? To answer these questions, we
collected Aeschynomene indica seeds from two parts of the world: Asia and North America.
Previously, it has already been established that Bradyrhizobium sp. BTAil will induce nodule
formation and conduct nitrogen fixation with Aeschynomene indica plants grown from African-
origin seeds (Molouba et al., 1999). Additionally, this lab specifically has isolated the strain B.
sp. RDA-1 from South Korean native 4. indica nodules, demonstrating their ability to induce
nodule formation and conduct nitrogen fixation. To answer aim 1 of this study, we collected
Texas native 4. indica seeds and inoculated them, along with South Korean native seeds using
established nodule endophytes BTAil and RDA-1. In this case, seeds from two different
geographical regions, Asia, and North America, were inoculated with organisms known to
establish relationships with 4. indica plants. The resulting nodulation frequency and nitrogenase
activity were observed, noting any differences based on geographic origins of host and symbiont.
To answer aim 2 of this study, Texas native stem nodule isolates were obtained and used to

inoculate seeds from South Korea and Texas while the resulting nodulation and nitrogenase
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activity were observed. In this case, the host plant response is being observed for differences
depending on seed origin (Texas vs South Korea) when inoculated with the same, Texas native
endophytic bacteria alongside established symbionts RDA-1 and BTAil. Will Texas native
isolates stimulate a plant growth promoting response in the plant they are most accustomed to
interacting with, from an evolutionary standpoint at the same level of intensity as compared to
plants that they are unfamiliar with? The goal in answering these questions is to provide a better
understanding of how the geographical origin of a host plant can affect the endophytic
relationships they form as well as how region-specific endophytes perform when introduced to
plants that have evolved outside their ancestral areas. Identifying Texas native co-habiting
nodule endophytic bacteria that can promote plant growth as well as stimulate or otherwise not
hinder nodule formation and function could lead to important discoveries regarding region
specific crop inoculums and the practice of creating tailor-made inoculums to handle area
specific challenges faced by farmers such as disease, drought, salinity, pollution, etc. On a more
specific level, better understanding these relationships could lead to an increased attention of
modern agricultural systems toward A. indica and their endophytes as an alternative to expensive
and disastrous synthetic fertilizers through the practice of green manuring via crop rotation
(Pitman et al., 1992). Additionally, it is significant to recognize the host plant’s role in this
relationship and how their response to potential endophytic organisms could depend on their

region of origin.
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MATERIALS AND METHODS

Bacterial strains and growth conditions. Bradyrhizobium sp. BTAil and RDA-1 were cultured
in the arabinose-gluconate (AG) medium adjusted to pH 6.8 containing 125mg Na;HPO4, 250mg
NaxSO4, 320mg NH4Cl, 180mg MgSO04-7H,0, 10mg CaCl,, 4mg FeCls, 1.3g 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 1.1g 2-(N-morpholino) ethanesulfonic
acid (MES), 1g yeast extract, 1g L-arabinose, and 1g D-gluconic acid sodium sulfate per L of
distilled water (Sadowsky et al., 1987). For the initial isolation, stem endophytes were cultured in
YEM media (pH 6.8) consisting of 0.5g KoHPO4, 0.2g MgSO4:7H20, 0.1g NaCl, 10g mannitol,
0.5g yeast extract, with 0.002% actidione (cycloheximide) to inhibit fungal growth (Vincent,
1970) and 2.5mL (1% aqueous) Congo Red per liter. Once pure cultures of stem isolates were
obtained, they are grown on AG media for the duration of the study. For both media types, 15g
agar were added per L to create solid media plates. All strains in this study, when grown in liquid

media, were incubated aerobically at 30°C while shaking at 200rpm.

Isolation of Texas strains from A. indica stem nodules. A population of Texas native
Aeschynomene indica plants were identified in Tarkington Prairie, TX (30°18'37.4"N
94°57'02.1"W) and whole plant samples were collected and transported to the lab in a cooler
within 12 h. Stem and root systems were separated and washed thoroughly with sterile distilled
water, removing all soil and debris. Nodules were excised from the stems using a sterile razor
blade and place into clean 1.5mL microcentrifuge tubes. The nodules were then rinsed with 0.9%
NaCl and inverted for 1 min before being rinsed three times with sterile distilled water. After
removing the final rinse, the nodules were treated with 70% ethanol and inverted for 1 minute.
Again, they were rinsed three times with sterile distilled water. Following this, the nodules were

washed with 10% bleach and left to sit for 10 min, inverting frequently. A final rinse with sterile
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distilled water was completed a total of 6 times. From this final rinse, SOuL were transferred to
SmL of AG media and 100uL spread on solid AG media and the final rinse aliquots were
incubated at 30°C for 2 days to ensure the nodules were properly sterilized. Once surface
sterilization was confirmed, nodule endophytes were extracted by aseptically crushing them with
a sterile ImL pipette tip. Following this initial step, ImL liquid YEM was added and the tubes
were vortex vigorously for 30 min, to further break down the nodule tissue. From this mixture,
100uL were taken and serially diluted (1/10 and 1/100) before being spread on solid YEM +
Congo Red + cycloheximide agar plates. Plates were incubated at 30°C and observed for colony
formation and growth. All unique colonies were re-streaked on solid AG media. For re-isolation
of Texas nodule strains from A. indica inoculated during plant growth experiments, the same
surface sterilization and endophyte extraction steps were taken. The resulting colonies were
phenotypically compared to the original inoculum by the obvious pigmentation to determine if

the isolates could indeed be recovered from the nodules they were used to induce.

Identification of Texas strains. Each unique stem isolate was cultured overnight in liquid AG
media at 30°C before their genomic DNA was extracted using the Thermo Fisher ScientificTM
genomic DNA extraction kit. Purified gDNA was then quantified using a NanoDrop 1000
spectrophotometer (Thermo Fisher ScientificTM, Wilmington, DE). The 16S rRNA gene was
amplified via PCR wusing the wuniversal bacterial forward and reverse primers 8F
(5’AGAGTTTGATCCTGGCTCAG 3’) and 1541R (5 AAGGAGGTGATCCAGCCGCA 3’)
(Loffler et al., 2000) and sequenced via Sanger sequencing completed at the University of Texas
at Arlington’s Life Sciences Core Facility (3130xL Sanger Sequencer). Raw sequences were
aligned and analyzed using the NCBI Nucleotide BLAST Sequence Analysis Tool

(https://blast.ncbi.nlm.nih.gov/Blast.cgi).
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Identification of nodulation regulating genes. Sequences specific to the region within the
nodD gene were targeted through PCR using gDNA purified from each unique stem nodule
isolate with the primer pair NODD2PH678 (5° TGAGTTGCAAGGGCCTTGATC 3’) and
NODD3PH2152’ (5> AGATGACTGCGCCCCCGATAG 3’°) (Laguerre et al., 1996). The nod4B
region was targeted using the forward primer nodA-1 (5
TGCRGTGGAARNTRNNCTGGGAAA  3°) and reverse primer nodA-2 (5’
GGNCCGTCRTCRAAWGTCARGTA 3’) which yield a fragment around 660bp long (Haukka
et al., 1998). PCR amplification was completed using an Eppendorf 5331 Mastercycler gradient
96-well thermal cycler (Eppendorf, Hamburg, Germany). The products were then visualized via
gel electrophoresis using an EPS 301 (Amersham Biosciences [GE], Chicago, IL) to ensure

appropriate amplification was achieved.

Comparison of nodule formation and plant growth promotion of Texas stem isolates with
geographically differing host origins. Aeschynomene indica seeds collected from Tarkington
Prairie, TX (30°18'37.4"N 94°57'02.1"W) and Jeju Island, South Korea (33°23'46.8"N
126°32'00.5"E) were surface sterilized through an initial wash with 70% ethanol, shaking by
hand for 5 min, followed by 3 washes of sterile distilled water. The seeds were then washed with
a 10% bleach solution and shaken vigorously (via vortexer) for 30 min. Finally, the seeds were
rinsed with sterile distilled water 6 times and given one final rinse with 70% ethanol before
drying on sterile filter paper overnight under a clean bench. Once dried, three seeds were
randomly selected and aseptically transferred to liquid AG media and incubated for 2 days to
ensure successful sterilization. Sterile seeds were germinated using 0.8% water agar with sterile
distilled water for 2 days at 30°C in the dark until radicle emergence occurred. After

germination, 3 seeds were aseptically transferred to sterile CYG growth pouches (Mega

73



International, Roseville, MN) with a sterile straw inserted on either side of the pouch. Once
loaded, two pouches were attached using sterile paper clips to sterile hanging paper folders
placed into metal folder racks. Each pouch was inoculated with ImL overnight cultures of the
desired bacterial strain (Bradyrhizobium sp. BTAil, RDA-1, Texas stem nodule isolates)
normalized to 0.1 ODeoo by wash and resuspension in half strength nitrogen-free Broughton and
Dilworth (1/2 B&D) media at pH 6.8 containing 500uM CaCly, 250uM KH>PO4, 250uM
KoHPO4, 5uM Fe-citrate, 125uM MgSO4-7H20, 125uM K2SOs, 0.5uM MnSO4-H2O, 1pM
H;BOs, 0.25uM  ZnSO4 7H20, 1pM  CuSO4-5H20, 0.05uM  CoSO4-7H20, and 0.05uM
NaxMoO4-2H>O (Lee et al., 2012). Plants were then incubated at 27°C with a 16h/8h day/night
cycle for 40 days, watering with /2 B&D media every other day. After 40 days, the plants were
removed from the pouches and the plant growth parameters were measured (nodule
pigmentation, nodule number, nodule dry weight, and plant dry weight). Root systems were

visualized using a Nikon SMZ-U dissection microscope.

Comparison of nitrogenase enzymatic activity. Gas chromatography (Shimadzu GC2014) was
used to conduct an acetylene reduction assay, measuring the activity of the nitrogenase enzyme
from control Bradyrhizobium sp. BTAi1/RDA-1 and the obtained Texas stem nodule strains in
converting acetylene to ethylene. Aeschynomene indica seeds collected from Tarkington Prairie,
TX (30°18'37.4"N 94°57'02.1"W) and Jeju Island, South Korea (33°23'46.8"N 126°32'00.5"E)
were sterilized, germinated, and inoculated with either bacterial strain and harvested after 40
days as previously described. Root systems were removed from the stems and transferred to a
sterile S0mL glass vial sealed with a serum cap. Ten percent of the total air within the vial was
removed and replaced with an equal volume of pure acetylene gas using a gas-tight SmL syringe

(Hamilton Co., Reno, NV). After mixing each vial by vigorous shaking, gas samples 250puL in
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volume were taken and injected into the gas chromatograph port using nitrogen as the carrier gas
and a hydrogen flame detector. Glass vials containing root systems lacking nodules and vials
containing no root systems were used as controls. Using standard curves calculated before the
experiment with pure ethylene and pure acetylene, the concentration of these gases for each vial
could be determined using the obtained peak areas. Samples were measured for two consecutive
hours, yielding time points TO, T1, and T2. The average change in ethylene concentration was
then calculated. Upon completion of the acetylene reduction assay, root systems and their
original stems were dried and measured together to obtain a total plant dry weight. The nodules
were then removed, and the root and stem systems measured again, to obtain root nodule dry

weights.

RESULTS

Isolation and identification of Texas Aeschynomene indica stem nodule endophytes.
A healthy population of Adeschynomene indica plants was identified in the ditch along a roadside
in Texas, growing about 4ft tall with apparent root and stem nodules (Figure 2-1). A total of 4
unique culturable isolates were obtained from the Texas native Aeschynomene indica stem
nodules. Although 8 colony types were obtained initially, further investigation through
microscopy, PCR, and 16S rRNA sequencing, it was determined that there were only 4 unique
identities. After running the 16S rRNA sequence results for each isolate through the NCBI
BLAST database, the following closest identities were obtained: Bacillus megaterium (TSN1)
with 100% identity similarity, Leifsonia shinshuensis (TSN2) with a 99%+ identity similarity,
Streptomyces sp. (TSNS) with a 99%+ identity similarity, and Paenibacillus sp. (TSN7) with a
99%+ identity similarity. For colony morphology, TSN1 develops as circular colonies, pale in

appearance within the first 24 hours of growth (Figure 2-2A). However, after 24 hours, colonies
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begin to develop internalized concentric rings of dark and light shades of brown. Isolate TSN2
also begins as a pale colony within the first 24 hours of growth but begins to display a vibrant
yellow color beyond the 24-hour threshold. (Figure 2-2B). The isolate TSNS stood out the most
in that it was the slowest grower (taking 48hours or more to appear), developed white
(blue/green in the center) fuzzy, imbedded colonies on the media, and have a pungent scent of
“fertile soil” that could be detected upon opening the parafilmed plates (Figure 2-2C.). The final
unique isolate obtained in this study, TSN7,. will develop very slimy colonies with white
pigmentation dispersed among translucent regions within the first 24 hours of incubation and

will overtake the solid media if given the opportunity (Figure 2-2D).

Determination of nod gene presence in Texas stem nodule isolates. Each stem nodule isolate
underwent genomic DNA isolation for further molecular purposes such as PCR amplification.
The purpose in obtaining and analyzing stem nodule isolates is to determine if they are forming
or stimulating the formation of nodules in the absence of NFs. The most important NF related
gene is nodD which transcribes the NodD protein, responsible for detection of plant flavonoids
and initiating nodABC NF gene transcription, as well as other symbiotic genes. To determine if
this gene was present in either of the Texas stem nodule isolates, PCR amplification was
conducted using Bradyrhizobium sp. USDA110, a known NF-dependent nodule symbiont, as a
positive control (expected amplification size ~1.2-1.3kb). Upon gel visualization of the PCR
products, it was clear none of the Texas stem nodule isolates possessed the nodD gene, with only
non-specific binding and amplification appearing in each isolate to some degree (Figure 2-3).
TSN1 demonstrated no significant amplification, with only smears and only a few faint bands
appearing at the 0.5kb, 0.3kb, and just below the 0.2kb marks, indicating a lack of the nodD gene

in this organism. Both TSN2 and TSN5 showed banding around the 75bp mark, indicating
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nonspecific binding and a clear absence of the nodD gene in these two organisms. TSN7 also
showed nonspecific binding with amplification between the 75bp and 200bp marks. This
organism also demonstrated similar amplification of a fragment ~250bp in length that was also
amplified in the positive control. However, this amplified fragment is significant smaller than the
expected length for the successful amplification of the nodD region, indicating again that
nonspecific bind has occurred in this situation and TSN7 lacks this nodulation gene as well. The
negative control, Bradyrhizobium sp. BTAil, displayed no amplification as was expected. The
region within nodAB was also targeted through PCR amplification with Bradyrhizobium sp.
USDAI110 as the positive control (expected amplification size ~660bp) (Figure 2-4). Gel
visualization of these PCR products for TSN1 (lane 3), TSN2 (lanes 4 & 5), TSNS (lane 6), and
TSN7 (lane 7) displayed no amplification of the nodAB internal region while the positive control
(lane 8) showed the expected banding pattern. Again, the negative control, Bradyrhizobium sp.
BTAil (lane 2), displayed no amplification as was expected. All PCR reactions were run
simultaneously depending on primer pair, to ensure consistent lack or presence of amplification

with each reaction.

Characteristics of nodule formation.

i) Nodule dry weights. In A. indica plants from germinated Korean seeds inoculated BTAil vs

RDA-1, the total nodule dry weights were slightly higher in those inoculated with BTAil with an
average mass of 0.59 (£0.06) mg as compared to those inoculated with RDA-1 0.51 (+0.08) mg,
a difference between the two treatments of 0.8 mg. A difference of about half this was observed
in A. indica plants from germinated Texas seeds inoculated with either strain, yielding the
following averages: BTAil of 0.71 (x0.1) mg and RDA-1 of 0.68 (+0.06) mg (Figure 2-5). A

clear difference in host plant reaction to bacterial inoculum can be seen in terms of nodule dry
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weights with Texas A. indica showing a higher average when inoculated with both TSN1 &
TSN2, respective averages being 1.2 (£0.2) mg and 0.9 (£0.02) mg, whereas the average nodule
dry weights in Korean A4. indica plants inoculated with these same isolates were 0.37 (£0.05) mg
and 0.61 (£0.08) mg respectively. While compared to the known nodule inducing strains (BTAil
& RDA-1), TSNI1 in the Korean A. indica plants showed a decreased total nodule dry weight
(0.14-0.22mg difference) whereas this same parameter was increased by 0.52-0.49mg in Texas
plants inoculated with TSN1. This demonstrates a difference in host plant reaction to inoculum
depending on region of origin for seeds despite the plant species remaining the same.
Additionally, TSN2 showed a very slight increase in total nodule dry weight in Korean seeds
(0.1-0.02mg) while the increase was more than doubled this amount in the Texas seeds (0.19-
0.22mg) compared again to the known nodulating strains, BTAil & RDA-1. Surprisingly, the
nodule dry weight averages obtained for Korean plants inoculated with TSN7, 0.38 (+£0.06) mg,
while still lower than the values for BTAil & RDA-1 in the plants (0.13-0.21 mg difference),
were drastically higher than the apparent nodule inhibition that occurred in the Texas plants
inoculated with TSN7, average nodule dry weight being 0.05 (£0.01) mg, a decrease of 0.66-

0.63mg compared to Texas plants with BTAil & RDA-1.

ii) Pigmented nodule frequency. In Korean A. indica plants inoculated with BTAil vs RDA-1,

the formation of pigmented nodules was essentially the same with BTAil forming 3.23 (+0.49)
pigmented nodules on average while RDA-1 yielded 3.26 (£0.66) pigmented nodules on average,
a minute difference of 0.03 between the two averages. A difference 10-fold this amount was
observed (0.37) in the Texas plants inoculated with either strain, where BTAil yielded 4.05
(+0.74) pigmented nodules on average and RDA-1 an average of 4.42 (£0.53) pigmented nodules

(Figure 2-6). For the TSN isolates, Korean plants displayed decreased pigmented nodulation
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rates with all isolates except for TSN2, which had an average of 4.33 (+0.63) pigmented nodules,
a 1.07-1.1 difference in average pigmented nodules as compared to treatment with BTAil or
RDA-1. The same pattern was displayed in Texas plants where all isolates displayed lower
pigmented nodules except for TSN2, with an average of 6.11 (£1.16), a difference of 1.69-2.06
average pigmented nodules comparted to BTAil and RDA-1. Most surprisingly was the absolute
lack of pigmented nodules in Texas TSN7 treated plants whereas Korean plants treated with the

same bacteria produced an average of 2.73 pigmented nodules.

iii) Pale nodule formation. The formation of pale nodules in Korean plants inoculated with

BTAil was slightly higher than those inoculated with RDA-1, 2.85 (£0.52) and 2.20 (+0.54)
average pale nodules respectively (Figure 2-7). The same pattern could be seen with average pale
nodule formation in Texas plants with the same inoculation treatments. Again, BTAil induced
slightly higher pale nodule formation compared to RDA-1, 2.65 (+0.49) and 1.84 (+0.28)
averages respectively. For the Texas stem nodule isolates, there was a clear difference in host
plant response to TSN1 with Korean plants showing subdued pale nodule formation while Texas
plants had severely amplified pale nodule formation. Additionally, TSN7 once again showed

nodulation suppression in Texas plants and slight inhibition in Korean plants.

iv) Emergent lateral root pigmentation. The average pigmented sites of emerging lateral roots

were very unremarkable in Korean plants with most have less than 1 on average (Figure 2-8).
However, Texas plants had higher ELR pigmentation rates in all treatments except, of course, for
TSN7 treated plants. Additionally, Texas plants treated with TSN1 had four times the amount of
pigmented ELR sites compared to BTAil and RDA-1 treated plants. While not as extreme,
TSN2 treated plants also showed an increased average in ELR pigmentation compared to the

formerly mentioned treatment groups.
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Confirmation of Koch’s Postulates. To confirm that the TSN isolates were responsible for the
nodulation phenotypes observed, they had to be reisolated from the nodules they formed. The
reisolation was confirmed visually, due to the obvious color patterns for each isolate (TSN1 =
brown, TSN2 = yellow, TSN7 = slimy clear and white). Each isolate was successfully obtained
from the nodules they formed, except for Texas plants inoculated with TSN7. These plants did

not form nodules, so it was impossible to recover the isolate.

Comparison of nitrogenase activities. To infer the nitrogen fixation capabilities of each plant
after being inoculated with either strain, an acetylene reduction assay was performed. The
resulting amount of acetylene converted to ethylene was measured and normalized to determine
the amount converted per minute per gram of total nodule material (Figure 2-9). Texas plants
inoculated with BTAil performed better than those inoculated with RDA-1, reflecting the
nodulation pattern seen for this treatment group in Texas plants throughout the study. While
Korean plants inoculated with RDA-1 did not perform well in the nodulation department, they
did display greater nitrogenase efficiency as compared to those inoculated with BTAIl.
Regarding the Texas stem nodule isolates, Texas plants treated with either TSN1 or TSN2, while
demonstrating increased nodulation frequencies, had very low nitrogenase activity with TSN1
barely outperforming TSN2. Conversely, TSN7 treated plants performed horribly in terms of
nitrogenase activity, as would be expected with the nodule inhibition demonstrated throughout

the study.

DISCUSSION

It has been established that the endophytic diversity within nodules (as well as any other

plant organ) depends heavily on host plant species, endophytic organisms, and environmental
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conditions including geographical distribution. However, it has not yet been addressed if a
specific plant species that occurs in different geographical regions will react in the same manner
towards potential endophytic organisms regarding nodule formation and phenotype. The purpose
in this study was to determine if Aeschynomene indica plants from Texas harbor their own,
region specific, NF-independent nodulating bacteria that would potentially serve as crop
inoculants with inherent environmental adaptations in Texas. We also aimed to determine if
Texas and Korean A. indica display the same symbiotic phenotypes (nodulation and nitrogen
fixation) when exposed to known and novel symbionts of these plants, demonstrating
biogeographical limitations to host plant response. Additionally, would they react the same
depending on the host origin of the potential endosymbiont. For example, would Korean A.
indica plants have the same interaction with Texas stem nodule isolates that is displayed in the
original host? Understanding host specificity in relation to geographic distribution of the host
plant is an important concept to developing region specific crop inoculums to address local

environmental challenges faced in agriculture.

Texas A. indica plants were located and 4 unique bacterial isolates were obtained from
their stem nodules (Figure 2-1). Through molecular (16S rRNA sequencing) and phenotypic
(colony morphology) analysis, the Texas native stem nodule isolates were identified as: TSN1 —
a brown Bacillus megaterium strain, TSN2 — a yellow Leifsonia shinshuensis strain; TSN5 — a
white (later green and white) Streptomyces sp.; and TSN7 — a slimy clear and white
Paenibacillus sp. (Figure 2-2). All 4 organisms are documented as plant endophytes and have
even shown plant growth promoting characteristics. B. megaterium and Paenibacillus are
common phosphate solubilizing endophytes that have also been shown to aid in the production of

plant growth promoting hormones. For example, B. megaterium strains have been isolated from
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root nodules of the common weed Medicago polymorpha as well as from those of the
Mediterranean bush Retama monosperma in addition to other leguminous plant species
(Chinnaswamy et al., 2018; Dahmani et al., 2020; Khalifa & Almalki, 2015). Previous studies
have demonstrated the plant growth promotion conferred by this endophytic organism,
individually and as a co-inoculant, displaying increased nodule occurrence, salt stress tolerance,
and phytohormone production (Knezevic et al., 2021; Rios-Ruiz et al., 2019; Shah et al., 2019;
Subramanian et al., 2015). The results obtained in this study support this claim in that the Texas
native stem nodule isolate, TSN1 (tentatively identified as B. megaterium), increased total
nodule dry weight (Figure 2-5), pale nodule formation (Figure 2-7), and pigmented emergent
lateral root sites (Figure 2-8) in their original host plant. Although this isolate did not display a
significant change in nitrogenase activity (Figure 2-9) as the sole inoculant, this does not mean it
cannot enhance these capabilities as a co-inoculant to known nitrogen fixing endosymbionts such

as Bradyrhizobium sp.

Similarly, Paenibacillus species have been repeatedly isolated from legume root nodules
and is often touted as a plant growth promoting endophyte and rhizosphere inhabitant (Carro et
al., 2013 & 2014; Ferchichi et al., 2019; Khan et al., 2020; Valverde et al., 2010). They have
even been isolated from soybean nodules and root systems and characterized as plant growth
promoting (Annapurna et al., 2013; Wang et al., 2021). In terms of its role as an endophyte, this
organism 1is highly regarded for its intrinsic antifungal capabilities, phosphate solubilization,
phytohormone production, and nitrogen fixation enhancement (Costa et al., 2022; Ham et al.,
2022; Lai et al., 2015; Padda et al., 2017; Paul et al., 2013; Zhao et al., 2015). Additionally,
strains of this organism have even been shown to increase grain crop yield and nutrient values

(Ferchichi et al., 2020). Despite numerous studies supporting Paenibacillus as a plant growth
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and nodulation promoting endophyte, the results obtained from this study display evidence to the
contrary for the specific Texas native stem nodule isolate TSN7. Both Korean and Texas A.
indica plants inoculated with this isolate did not show remarkable increases in total nodule dry
weights (Figure 2-5), pigmented emergent lateral root sites (Figure 2-8), nor enhanced
nitrogenase activity (Figure 2-9). Most surprisingly, Texas plants inoculated with TSN7
displayed an outright absence of pigmented nodule formation (Figure 2-6) and severe inhibition
of pale nodule formation (Figure 2-7) when used as the sole inoculant. Firstly, these results
demonstrate a clear difference in host plant response, depending on geographical origin, to
inoculants isolated from specific localities. The Texas plants displayed an apparent negative
response to this isolate, from a nodulation standpoint, while Korean plants showed only a slightly
impaired or otherwise unaffected nodulation phenotype. These surprising results hint that
something larger is at play here, other than the effects caused by one single organism. Previous
studies have suggested Paenibacillus strains play an important role in population dynamics of
root nodules and rhizospheres through their antimicrobial products (Ali et al., 2021; Hansen et
al., 2020). It is important to remember that the applied inoculum are not interacting with the host
plant alone and are, at least for the initial stages of colonization, interacting with the native seed
endophytes as well. Seed endophytes are at a disadvantage when it comes to competing for
colonization establishment against freshly cultured inoculum, such as was the case in this study
(Ridout et al., 2019; Sasan et al., 2012). The seed dwelling organisms must take time to awaken
from their dormant state and, if faced with a potential inhibitory microbe, they will not be able to
successfully establish the predesigned symbiotic relationship. To further investigate this theory,
Texas plants were inoculated with fresh cultures of TSN7 and the known symbiont, BTAi1l and

the resulting nodulation phenotypes were observed. This experiment showed a rescue of
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nodulation and nitrogenase activity in the Texas plants (data not shown). While Paenibacillus
may hold potential as a plant growth promoting endophyte, researchers must be cognizant of
their role in population dynamics and native organisms they might be paired with. Additionally,
seed origin and the environment in which the mother plant was cultivated will play a significant
role in what seed endophytes are passed on. For example, the Texas seeds used in this study were
from a population which grew in the ditch beside a highway, being exposed to harsh conditions
and excessive pollutants from litter and vehicular activity. Their native seed endophytic
population would be significantly different than that of the Korean seeds used in this study,
which were collected from an undisturbed ecological park on Jeju Island. While the information
gained from nodule endophytic studies have provided advances to the argument of bacterial use
as biofertilizers, we must also exert the same enthusiasm to better understanding the composition

and dynamics of seed endophytic populations if we wish to optimize this practice.

L. shinshuensis is another known endophyte particularly recognized for its heavy metal
remediation in addition to plant growth hormone production has been isolated from root,
rhizosphere, and nodule samples (Assad et al., 2021; Favero et al., 2021; Jiang et al., 2022; Li et
al., 2019; Madhaiyan et al., 2010). However, to our knowledge, no studies have been conducted
regarding this organism’s ability to stimulate nodule formation or its effects on nitrogenase
activity. Therefore, the results we have obtained are the first indication of a Leifsonia isolate
promoting nodule formation in a NF-independent manner. This isolate, TSN2, was found
increase total nodule dry weight (Figure 2-5) and pigmented nodule occurrence (Figure 2-6) with
moderate pale nodule formation (Figure 2-7) in both Texas and Korean A4. indica plants. We do
see elevated pigmented emergent lateral root sites in Texas plants inoculated with this isolate

(Figure 2-8) but not in the Korean plants. These findings suggest beneficial nodule promotion
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induced by this Texas native isolate, particularly in its original host plant. However, the subpar
nitrogenase activity seen in the Texas plants inoculated with TSN2 (Figure 2-9) suggest no
enhancement in the activity of this enzyme by this isolate in relation to the Texas native seed
endophytes. Again, this further enforces the idea that geographic origins of host plants and their
subsequent seed endophyte populations have dynamic relationships concerning outside

inoculation and plant growth phenotype.

While Streptomyces are known plant growth promoters and are the biggest source of
antibiotics both from the soil and from plants, this isolate did not undergo the same cross-
inoculation studies as the other isolates due to time constraints (Alekya & Gopalakrishnan, 2017;
Gopalakrishnan et al., 2015; Olanrewaju & Babalola, 2018; Procopio et al., 2012; Quinn et al.,
2020; Schrey & Tarkka, 2008; Watve et al., 2001). Nevertheless, this isolate was still obtained
from the Texas native A. indica stem nodules and should be studied for its nodulation promotion
capabilities as a potential co-inoculant with specific emphasis on host plant disease resistance.
These bacteria commonly form endophytic relationships and have been used to fight off various
crop killing diseases in laboratory settings. However, there have never been any studies
regarding these organisms and their relationship to either NF-dependent or NF-independent
nodulation. Since they were obtained from plants famous for NF-independent nodule formation,
we investigated the presence of nodulation related genes in these organisms. Here we have
included the molecular analysis results demonstrating a lack of nod or nodAB in any of the 5
organisms (Figures 2-3 & 2-4). The nodD gene is integral to NF transcription, so it was the
primary target for molecular confirmation of NF-independence. However, previous studies have

demonstrated NF-independent nodulation to occur under the presence of but not the transcription
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of this gene (Nouwen et al., 2016). Therefore, we also targeted the nodAB genes which are

responsible for the transcription of the actual NF signal molecule backbone.

The Texas native isolates along with known NF-independent nodulating bacteria
(Braadyrhizobium sp. BTAil & RDA-1) were characterized for their nodulation abilities
depending on host plant region of origin. 4. indica seeds from two very different geographical
locations, South Korea (Jeju Island) and North America (Texas) were inoculated with
Bradyrhizobium sp. BTAil & RDA-1, TSNI (tentatively identified as Bacillus megaterium),
TSN2 (tentatively identified as Leifsonia shinshuensis), and TSN7 (tentatively identified as
Paenibacillus sp.). The first organism, Bradyrhizobium sp. BTAil has been documented to
initiate nodulation in A. indica plants from Africa. The second organism, Bradyrhizobium sp.
RDA-1 was previously isolated in this lab from Korean stem nodules and has been shown to
initiate nodulation in seeds from this same location. However, neither one of these strains have
yet been demonstrated to induce nodulation in Texas native 4. indica seeds. In this study, the
nodulation patterns of Texas and Korean A. indica seeds inoculated with BTAil, RDA-1, and

TSN NF-independent isolates were observed.

There was a clear difference between the way the host plant, depending on region of
origin, reacted to either inoculating bacterial strain. Although the plants are the same species,
their nodulation reactions varied depending on the inoculum. Both plant types displayed a
nodulation response, although varied in intensity, no matter the bacterial strain. There were stark
differences in either plants reaction to the isolates regarding all nodulation and nitrogenase
activity parameters measured in this study. These differences could perhaps be attributed to the
inoculum interactions with the native seed endophytes specific to each host plant’s region of

origin. The Texas A. indica seeds were collected from a roadside population that would have

86



been exposed to very different environmental conditions and potential endophytes as those that
would have interacted with the Korean plant populations which were thriving in an undisturbed
natural area of Jeju island. In this study, we were able to demonstrate clear differences in host
plant response to endophytic bacteria with biogeographical dependencies. Additionally, we were
able to isolate and characterize NF-independent endophytes that are capable of supporting
nodulation and have great potential as co-inoculants for agricultural systems, acting as forms of
biofertilizers. To understand how to best incorporate these practices as solid agricultural
fertilization methods, it is important that researchers investigate the host plant’s side of the story,

and not just the inoculant’s.
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Figure 2-1. Field and laboratory photos of collected Texas (Tarkington Prairie, TX)
Aeschynomene indica plants showing (A & B) leaf, stem, flower, and pod morphology in

addition to (C & D) stem nodulation.

88



Figure 2-2. Colony morphology for unique obtained Texas native stem nodule isolates (A)
TSNI1 — Bacillus megaterium (B) TSN2 — Leifsonia shinshuensis (C) TSNS — Streptomyces sp.

(D) TSN7 — Paenibacillus sp.

89



1500bp
1000bp

700bp

500bp
400bp
300bp
200bp

75bp

Figure 2-3. Gel electrophoresis of PCR amplicons targeting the inner portions of the nodD gene
in the positive control Bradyrhizobium sp. USDA110 (lanes 3, 5, & 9), Bacillus megaterium —
TSN (lane 2), Leifsonia shinshuensis — TSN2 (lane 4), Streptomyces sp. — TSNS (lane 5),
Paenibacillus sp. — TSN7 (lane 7), and Bradyrhizobium sp. BTAil (8) as negative control.

Thermo Scientific GeneRuler 1kb plus DNA ladder was used (lanes 1 & 10).
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Figure 2-4. Gel electrophoresis of PCR amplicons targeting the inner portions of the nod4B
genes in the positive control Bradyrhizobium sp. USDA110 (lane 8), negative control
Bradyrhizobium sp. BTAi1 (lane 2), Bacillus megaterium — TSN1 (lane 3), Leifsonia
shinshuensis — TSN2 (lanes 4 & 5), Streptomyces sp. — TSNS (lane 6), and Paenibacillus sp. —

TSN7 (lane 7). Thermo Scientific GeneRuler 1kb plus DNA ladder was used (lane 1).
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Figure 2-5. Average total nodule dry weights observed in seeds from South Korean (Jeju Island)
and Texas (Tarkington Prairie) 4. indica plants inoculated with either Bradyrhizobium sp.
BTAIil, Bradyrhizobium sp. RDA-1, TSN1 — Bacillus megaterium, TSN2 — Leifsonia

shinshuensis, or TSN7 — Paenibacillus sp.
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Figure 2-6. Average pigmented nodules observed in seeds from South Korean (Jeju Island) and
Texas (Tarkington Prairie) 4. indica plants inoculated with either Bradyrhizobium sp. BTAil,
Bradyrhizobium sp. RDA-1, TSN1 — Bacillus megaterium, TSN2 — Leifsonia shinshuensis, or

TSN7 — Paenibacillus sp.
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Figure 2-7. Average pale nodules observed in seeds from South Korean (Jeju Island) and Texas
(Tarkington Prairie) A. indica plants inoculated with either Bradyrhizobium sp. BTAIil,
Bradyrhizobium sp. RDA-1, TSN1 — Bacillus megaterium, TSN2 — Leifsonia shinshuensis, or

TSN7 — Paenibacillus sp.
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Figure 2-8. Average pigmented sites of emerging lateral roots observed in seeds from South
Korean (Jeju Island) and Texas (Tarkington Prairie) A. indica plants inoculated with either
Bradyrhizobium sp. BTAil, Bradyrhizobium sp. RDA-1, TSN1 — Bacillus megaterium, TSN2 —

Leifsonia shinshuensis, or TSN7 — Paenibacillus sp.
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Figure 2-9. Average changes in ethylene surrounding root systems in seeds from South Korean
(Jeju Island) and Texas (Tarkington Prairie) A. indica plants inoculated with either
Bradyrhizobium sp. BTAil, Bradyrhizobium sp. RDA-1, TSN1 — Bacillus megaterium, TSN2 —

Leifsonia shinshuensis, or TSN7 — Paenibacillus sp.
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CHAPTER 3

IDENFICATION OF A NOVEL NOD FACTOR-INDEPENDENT NODULE

PROMOTING LEIFSONIA SPECIES AND ITS WHOLE GENOME SEQUENCING

ABSTRACT

The nodule organs of leguminous plants house a diverse endophytic community that is
not only limited to nitrogen fixing rhizobacteria. Just like all other plant tissues, plant growth
promoting bacteria can be isolated from nodule tissues and have been shown to confer beneficial
traits to the host plant involving growth and general health. These endophytic communities are
composed of locally obtained soil dwelling bacteria that are specifically adapted to survival in
their respective environmental conditions. Such endophytes have been isolated and demonstrate
metabolic capabilities unique to their original environment and can confer those abilities to aid in
host plant nutrient acquisition, growth, and survival. A nod factor (NF)-independent nodule
promoting Leifsonia isolate (TSN2) was obtained from stem nodules of a Texas native
Aeschynomene indica and its whole genome was sequenced and analyzed for plant growth
promotion related genes. It was found that this isolate possesses numerous genes involved in
heavy metal remediation (such as cadmium, cobalt, copper, & nickel) and drought tolerance.
Given that these plants were located on the side of a Texas highway, the presence of heavy metal
remediation and drought tolerance genes can be attributed to this organism’s efficient adaptation
to these harsh environmental conditions. Additionally, the presence of typical root colonization

genes used by endophytic and rhizospheric bacteria involved in motility and chemotaxis suggest
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a specialized evolutionary path leading this soil dwelling bacteria to become a mutualistic plant
endosymbiont. The average nucleotide identity results obtained for this isolate find no taxonomic
match greater than 84% (L. aquatica). Given the standard cutoff of 95% ANI, we propose this
Texas native stem nodule isolate be taxonomically placed into its own species under the genus
Leifsonia. Additionally, we propose the use of this organism as a NF-independent co-inoculant
for agricultural purposes to aid in metal remediation, nutrient cycling, and drought tolerance of

A. indica plants currently used as greenmanure through crop rotation.

INTRODUCTION

Endophytic bacteria can inhabit every type of plant tissue and often confer beneficial
traits to their host plant such as phytohormone production, disease resistance, abiotic stress
tolerance, and increases to crop yields. Many such plant growth promoting bacteria have been
isolated and characterized from legume nodules as well, other than the typical nitrogen fixing
endosymbionts Rhizobium and Bradyrhizobium. Even stem nodules have been found to harbor
diverse endophytic communities with these specialized organs. The environmental conditions in
which a plant is grown play a significant role in endophyte populations in large part due to the
pressures imposed on the surrounding soil bacteria. There have been studies demonstrating the
biogeographic impacts on the endophytic diversity due to such differences in soil condition,
temperature, moisture, and heavy metal pollutants. Members of the bacterial genus Leifsonia
have been isolated from environments where industrial pollutions have impacted the pH and
metal content of surrounding soils (Egidi et al., 2017; Rodriguez-Rodriguez et al., 2021; Tan et
al., 2020). These bacteria have been found in such environments, living in tandem with host
plants and aiding them in growth and survival by heavy metal remediation in both the
rhizosphere and within the plant as endophytes (Jiang et al., 2022; Kang et al., 2017; Madhaiyan
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et al., 2010). Some strains of this bacterial genus have been demonstrated to combat host plant
infection and disease through antibiotic production while others, such as Leifsonia xyli are
notorious sugar cane pathogens, causing ratoon stunting disease (Assad et al., 2021; Brumbley et
al., 2006; Faria et al., 2020; Li et al., 2019). Despite this, Leifsonia species and strains have been
found to produce plant growth hormones such as gibberellin and indole-3-acetic acid (IAA),
known for controlling cell division and elongation as well as aiding in abiotic stress mitigation
(Kang et al., 2017; Khang et al, 2014; Nordstedt et al., 2021). These endophytic bacteria have
been isolated from a variety of host plants including, but not limited to, grasses, legumes, and
even tubers such as potatoes (Battu & Ulaganathan, 2020; Mills et al., 2001; Liu et al., 2020). In
addition to this, Leifsonia sp. have also been isolated from legume root nodules, particularly
from forage legumes such as mung beans (Vigna radiata), blue peas (Clitoria ternatea), and
pencilflowers (Stylosanthes biflora) (Favero et al., 2021; Nunes et al., 2018). However, there are
no previous studies reporting the isolation and characterization of a Leifsonia species from stem
nodules, much less those of Adeschynomene indica, and their role in nodule formation. The results
obtained in the chapter prior to this section inspired the whole-genome sequencing and analysis
of the Leifsonia Texas native stem nodule isolate, TSN2. This isolate was tentatively identified
through 16S rRNA sequencing as a Leifsonia shinshuensis strain. We inoculated Texas 4. indica
plants with this unique isolate and noted a clear increase in total nodule dry and pigmented
nodule formation, despite a lack of nodD2-3 regions determined by target PCR. This gene is
responsible for the detection of the plant released flavonoids as well as the transcription of the
nodABC genes which produce the base of the nod factor (NF) signaling molecule, specific to NF-
dependent nodulation. Based on these initial experiments, we set out to sequence the entire

genome of this organism to determine if any known nodulation, nitrogen fixation, or other
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beneficial symbiotic genes were present in this Leifsonia sp. genome. Additionally, we wanted to
provide this genome as a reference for use in future studies, particularly those concerning gene
expression analysis of this organism as it interacts with its host plant during the initial phases of
root colonization and nodule formation to better understand NF-independent nodulation. We
hope to further characterize this isolate, as well as many others, to optimize multi-inoculum

systems as forms of biofertilizers for crop protection and production enhancement.

MATERIALS AND METHODS

Bacterial strain and growth conditions. TSN2, once isolated from Texas
Aeschynomene indica stem nodules, was cultured in YEM media (pH 6.8) consisting of 0.5g
K2HPO4, 0.2g MgS04-7H>0, 0.1g NaCl, 10g mannitol, 0.5g yeast extract, with 0.002% actidione
(cycloheximide) to inhibit fungal growth (Vincent, 1970) and 2.5mL (1% aqueous) Congo Red
per liter were cultured in arabinose-gluconate (AG) medium normalized to pH 6.8 containing
125mg Na;HPOs4, 250mg Na>SO4, 320mg NH4Cl, 180mg MgSO4-7H,0, 10mg CaCly, 4mg
FeCls, 1.3g 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 1.1g 2-(N-
morpholino) ethanesulfonic acid (MES), 1g yeast extract, 1g L-arabinose, and 1g D-gluconic
acid sodium sulfate per L of distilled water (Sadowsky et al., 1987). For both media types, 15g
agar were added per L to create solid media plates. TSN2, when grown in liquid media, was

incubated aerobically at 30°C while shaking at 200rpm.

DNA isolation and whole genome sequencing of TSN2. TSN2 was cultured overnight
in liquid AG media at 30°C before genomic DNA was extracted using the Thermo Fisher
ScientificTM genomic DNA extraction kit. Purified gDNA was then quantified using a

NanoDrop 1000 spectrophotometer (Thermo Fisher ScientificTM, Wilmington, DE). Whole
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genome sequencing was completed by SeqCenter, LLC (Pittsburgh, PA) using a combined
assembly system which incorporated Nanopore sequencing yielding 600Mbp long reads in
addition to 1Gbp Illumina reads to form a single assembled and annotated genome. The
Nanopore samples used for library sequencing were prepared using an Oxford Nanopore
Technologies (ONT) Native Barcoding Kit 24 V14 (SQK-NBD114.24). Samples were run on
Nanopore R10.4.1 flow cells on a MinlON, Mk1B, or GridION according to SeqCenter’s
standard operation procedure. For [llumina sequencing, samples were prepared using an Illumina
DNA Prep kit and IDT 10bp UDI indices. These were sequenced on an Illumina NovaSeq 6000,

yielding 2x151bp reads, according to SeqCenter’s operational procedure.

Read quality filtering, assembly, and annotation. Quality control and adapter trimming
was performed by SeqCenter using their combined methods of bcl-convert version 4.0.3
developed by [llumina (https://support-
docs.illumina.com/SW/BCL_Convert/Content/SW/FrontPages/BCL_Convert.htm) and porechop
version 0.2.3 seqan2.1.1 (https://github.com/rrwick/Porechop). Both Illumina and Nanopore
reads were assembled and ONT reads performed with Unicylcer version 0.4.8 (Wick et al.,
2017). Assembly statistics were observed using QUAST version 5.0.2 (Gurevich et al., 2013).
Annotation of the assembly was completed using Prokka version 1.14.5 (Seeman, 2014).
Annotated genome, GC content (version 1.0.1), and GC skew (version 1.0.1) were visualized
using Proksee (https://proksee.ca/) to generate high-quality navigable maps of the whole

annotated genome.

Genome analysis and comparative genomics. The whole genome and the 16S rRNA
assemblies were characterized using Protologger version 0.99 (www.protologger.de) to generate

average nucleotide identity (ANI), GC percentage, number of coding sequence, functional
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analysis, number of CAZymes, glcoside hydrolase families, glycoside transferase families,
polysaccharise lyase families, carbohydrate esterase families, carbonhydrate-binding molecule
familes, ecological analysis, pairwise percentage of conserved proteins (POCP), 16S rRNA
phylogenetic tree, and genomic phylogenetic tree (Hitch et al., 2021). Whole genome sequence
alignment of TSN2, Leifsonia shinuensis INR9 (Accession CP043641.1) and L. aquatica DSM
20146 (Accession JACHVP000000000.1) using the pairwise DNA sequence aligner LASTZ
(version 1.04.15), samtools (version 1.14), r-base (version 3.6.3), and bzip2 (version 1.0.8) from
the bio.tools: lastz package (https://github.com/lastz/lastz). These alignments were used as links
for the syntenic analysis between all three genomes using the Circos plotting tool version 0.69.8

(Kryzwinski et al., 2009; Rasche & Hiltemann, 2020).

RESULTS AND DISCUSSION

Whole genome sequence and assembly quality check. TSN2 whole genome
sequencing was completed using a hybrid Nanopore and Illumina technique practiced at
SeqCenter (https://www.seqcenter.com/). The Nanopore sequencing generated a total of 147,382
reads with a total of 366,278,126 bps which had an average read length of 2,485.2 bp and a total
Q15 score of 89.2%. The Illumina NovaSeq 6000 generated a total of 10,414,162 read pairs
(2x151 bp) for a total of 20,828,324 reads, 3,079,049,125 bps and a Q30 score of 93%. The
combined assembly of the hybrid sequencing technique produced a total of 2 contigs with
lengths of 4,156,614 bp and 66,724 bp respectively for a total genome length of 4.22 Mbp and an

N50 value of 4,156,614 (Table 3-1).

Genome annotation and functional analysis. Annotation through Prokka and

Protologger revealed TSN2 to have a total genome size of 4.22 Mbp with a genome completion
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of 99.49% and genome contamination of 0.76% (Table 3-2) and GC content of 69.51%.
Additionally, a total of 4081 coding sequences were identified with 152 transporters, 19
secretion genes, 687 unique enzymes, and 348 CAZymes. The annotated genome was also
visualized using Proksee, as seen in Figure 3-1, where the outer most markings indicate all CDS
of predicted and unpredicted functions followed by all predicted RNA types as colored arrows
and the outer most ring displaying the location of these CDS with predicted function in dark
blue, and unpredicted function in light blue. The following inner ring in dark gray represents the
GC% content for each specific CDS region followed by the GC skews in red and green.
Additionally, Protologger was used to determine the occurrence of carbohydrate-active enzyme
families within the TSN2 genome as reported (but not exclusive) in Table 3-3. A total of 10
glycoside hydrolase families with >5 occurrences were reported with the GH1 and GH13 being
the most predominant. A total of 5 glycosyltranserase and 4 carbohydrate binding module
families with >5 occurrences were reported. Within the TSN2 genome, we noted 106 potential
plant growth promoting or otherwise symbiotically important genes or copies of genes with 12
relating to phytohormone product, 21 for heavy metal remediation, 21 that aid in salinity and
drought tolerance, 17 involved in potassium and phosphate uptake, 19 involved in cytochrome

synthesis and metabolism, and 16 responsible for chemotactic response and motility (Table 3-4).

Comparative genomics of TSN2, Leifsonia shinshuensis INR9, and L. aquatica DSM
20146. The 16S rRNA sequencing results were analyzed using sequence alignment tools such as
NCBI BLASTn and Protologger with the largest % sequence similarities being for L.
shinshuensis and L. soli at 99.2% and 98.9% respectively (Table 3-5). Additionally, these same
results are reflected in the phylogenetic tree distribution for the 16S rRNA sequence alignments

with bootstrap confidence values of 0.944 for the L. shinshuensis branch and 0.867 for the L. soli
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branch (Figure 3-2). However, the whole genome average nucleotide identity (ANI) reported
suggested L. aquatica as the closest relative to TSN2 with an 83% ANI value (Table 3-6). Using
these combined results, a circular syntenic plot comparing the genomes of TSN2, L.
shinshuensis, and L. aquatica was generated with blue ribbons indicating conserved regions
between TSN2 vs L. aquatica, green ribbons for TSN2 vs L. shinshuensis, black ticks
representing the genomic location of annotated CDS in multiple layers to avoid overlap and
enhance readability, and colored arcs for each contig of a particular genome (Figure 3-3). A
phylogenetic tree was also constructed for the whole genome and demonstrated a close relation
between TSN2 and L. aquatica (Figure 3-4). The comparison of potential genes and copies of
genes relating to plant growth promotion and symbiosis between the three genomes revealed 12
in TSN2, 13 in L. shinshuensis, and 17 in L. aquatica regarding phytohormone synthesis (Table
3-7). In relation to cytochrome regulation, 19 in TSN2, 19 in L. shinshuensis, and 21 in L.
aquatica genes or copies of genes were identified (Table 3-8). A total of 21 in TSN2, 34 in L.
shinshuensis, and 38 in L. aquatica genes or copies of genes regarding metal sequestration were
identified (Table 3-9). For genes or copies of genes relating to salt and drought tolerance through
maltose or trehalose production, a total of 21 in TSN2, 19 in L. shinshuensis, and 17 in L.
aquatica were identified (Table 3-10). Regarding genes or copies of genes involved in phosphate
or potassium acquisition, a total of 17 in TSN2, 21 in L. shinshuensis, and 17 in L. aquatica were
identified (Table 3-11). For potential symbiotically important genes relating to motility and
chemotaxis, a total of 16 in TSN2, 16 in L. shinshuensis, and 14 in L. aquatica were identified
(Table 3-12). Of all the functional categories examined, the genome of TSN2 held more
emphasis on salt and drought mitigation in addition to motility and chemotaxis. Additionally,

TSN2 has sacrificed, or lost through evolutionary processeses, genes relating to heavy metal
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remediation, phytohormone production, nutrient uptake, and cytochrome regulation in favor of a
large, unidentified genetic island between 0.2 and 0.3 Mbp long not found in these two closely
related Leifsonia strains. While the content of this genetic island has not yet been determined due
to time constraints, it is postulated that it may contain genes involved in the NF independent
nodulation stimulation exhibited by TSN2 particularly regarding the host plant Aeschynomene

indica.

Molecular confirmation of NF independence. In the previous chapter, TSN2
demonstrated nodule formation stimulation independently of canonical Nod Factors. We
observed a lack of the nodD and nodAB genes through PCR on TSN2 colonies and gDNA.
However, upon annotation and analysis of the TSN2 genome, the presence of nodD2 was
detected. Despite this, no other nod or nol genes relating to NF synthesis were observed in the
genome, supporting the claim that this isolate is inducing or supporting nodulation in a NF-
independent manner. The presence of nodD2 alone does not demonstrate a dependency on the
NF signaling mechanism for the induction of this symbiotic relationship as the product of this
gene has been shown to not only detect plant flavonoids and induce nodA4BC transcription, but
also induces transcription of other, non-NF related symbiotic genes (Nouwen et al., 2016).
Additionally, our previous experiment showed a distinct lack of enhanced nitrogenase activity
upon inoculation of TSN2 to 4. indica plants. After further investigation of the whole TSN2
genome, no nif genes or other nitrogen fixation genes were observed, supporting these results we
obtained. TSN2 alone can enhance nodulation independent of NFs but does not play a significant

role in nitrogen fixation individually.

Plant growth promotion potential via phytohormone production. After annotation of

the TSN2 genome, numerous plant growth promoting genes were documented with a notable

118



amount being responsible for heavy metal remediation, salinity and drought tolerance,
cytochrome, and phytohormone synthesis (Table 3-4). A few previous studies have noted the
biosynthesis of plant growth hormone by Leifsonia strains living endophytically (Kang et al.,
2014; Nordstedt et al., 2021). Evidence of such capabilities were also observed in this study with
the presence of genes involved in tryptophan synthesis and modification as well as hormone
precursor production (kynd and trpABCGS), crucial to Indole-3-acetic acid (IAA) plant hormone
production and regulation (Donoso et al., 2017; Simm et al., 2016; Zhao et al., 2002). We also
observed genes involved in synthesis of cytokinins (idi), gibberellic acid (¢psY), and auxin
(sdrM), phytohormones that play major roles in stress mitigation, cell division, cell elongation,
and plant growth in general (Hirano et al., 2018; del Orozco-Mosqueda et alk., 2023; Yang et al.,
2020). Although roughly 12 genes or copies of genes have been dedicated to the synthesis and
regulation of these phytohormones combined, TSN2 had a total of 19 genes or copies of genes
responsible for cytochrome management alone, one of the most important proteins involved in

plant stress response and mitigation (Jun et al., 2015; Minerdi et al., 2023; Pandian et al., 2020).

Heavy metal remediation capabilities. Following the same trend seen in literature, 21
genes or copies of genes relating to heavy metal remediation were also observed in the TSN2
genome (Table 3-4). Genes regarding transport or utilization of cadmium and cobalt (czcD,
cadA, & corA), copper (cutC, csoR, copAB), arsenic (arsBC), nickel (nikB), mercury (merA), and
zine (ftsH, ripl, zitB, znuB, zupT,& zur), all of which are among the most common heavy metal
environmental pollutants particularly originating from high traffic roadways (Diels et al., 1995;
Hao et al., 2021; Henao & Ghneim-Herrera, 2021; Liu et al., 2021; Pande et al., 2022; Salam,

2020).
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Abiotic stress mitigation potential. Previous studies have attributed a conference of salt
and drought tolerance to plants inoculated with Leifsonia strains yet the genetic factors involved
have not yet been identified. The annotation results of TSN2’s genome revealed 11 genes or
copies of genes involved in maltose synthesis, modification, and metabolism (malILT, gigEl, &
glgM) which has been shown to play a significant role in salt, cold, and drought tolerance in
plants (Table 3-4) (Kaplan & Guy, 2004 & 2005; Kaplan et al., 2004; Patel et al., 2020; Purdy et
al., 2013; Thalmann & Santelia, 2017). Another important sugar involved in plant abiotic stress,
particularly heat and salt stress, tolerance is trehalose for which 10 related genes or copies of
genes (otsAB, sugAB, treS, & treYZ) were identified in the TSN2 genome (Garg et al., 2002;
Iordachescu & Imai, 2008; Kosar et al., 2019; Sharma et al., 2020; Yang et al., 2022). The
identification of these and other endophytic symbiosis related genes in the TSN2 genome
coupled with the observed nodule promotion suggest great potential of this organism for
incorporation as a co-inoculant in agricultural practices seeking increased nutrient acquisition

and abiotic stress tolerance.

ANI evidence of novel Leifsonia species. While the 16S rRNA sequencing results of

TSN2 indicate a high similarity to L. shinshuensis (>95%) (Table 3-5), the pairwise comparison
and average nucleotide identity (ANI) of this isolate suggest the taxonomic placement as a novel
Leifsonia species, matching no previously documented bacterial genomes more than 84% (Table
3-6). The current standard threshold ANI value of 2 whole genome sequence alignments is 96%
to define a new operational species, which is well above the ANI of TSN2 reported here (Ciufo
et al., 2018). With all the reported data provided in this study, we propose the identification of
the strain TSN2 isolated from stem nodules of Texas native Aeschynomene indica plants to be a

novel member of the Leifsonia genus with potential applications as a plant growth promoting
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biofertilizer. This Texas native stem nodule isolate could be co-inoculated with other, known
nitrogen fixing endophytic bacteria to promote nutrient cycling and plant growth particularly in
environments like Texas roadsides that experience drought and heavy metal contamination. Such
an inoculant would be especially useful for the cultivation of crops in land along the high traffic

highways found throughout Texas.
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Table 3-1. Genome assembly metrics obtained for whole genome sequence of TSN2 as reported
by QUAST.

TSN2 Assembly

# contigs (>= 0 bp) 2

# contigs (>= 1000 bp) 2

# contigs (>= 5000 bp) 2

# contigs (>= 10000 bp) 2

# contigs (>= 25000 bp) 2

# contigs (>= 50000 bp) 2
Total length (>= 0 bp) 4223338
Total length (>= 1000 bp) 4223338
Total length (>= 5000 bp) 4223338
Total length (>= 10000 bp) 4223338
Total length (>= 25000 bp) 4223338
Total length (>= 50000 bp) 4223338
# contigs 2
Largest contig 4156614
Total length 4223338
GC (%) 69.51
N50 4156614
N75 4156614
L50 1
L75 1

Statics for GC% calculated for content of entire assembly.

N50 and N75 values represent the length for which all contigs of that length or longer cover at
least 50% and 75% the assembly.

L50 and L75 values represent the number of contigs equal to or longer than N50 or N75
respectively.

Table 3-2. Genomic assembly and annotation statistics for TSN2 as

reported by Protologger.

TSN2
Genome Size (bp) 4,223,338
Genome Completeness (%) 99.49
Genome Contamination (%) 0.76
GC % 69.51
Coding Sequences 4081
# of Transporters 152
# of Secretion Genes 19
# of Unique Enzymes 687
# of CAZymes 348
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Table 3-3. Carbohydrate-active enzyme families with an occurrence greater than or equal to 5 observed in the whole genome of
TSN2 compared to CAZyme database.

Glycoside Hydrolase =~ Occurrence  Glycosyltransferase Occurrence  Carbohydrate-Binding Module = Occurrence
(GH) (GT) (CMB)

GHO 6 GTO 7 CBM2 7
GH1 27 GT1 20 CBMS5 10
GH3 8 GT2 40 CBM48 9
GH6 5 GT4 33 CBMS50 13
GH13 21 GT51 6

GH16 8

GH23 5

GH32 5

GH105 5

GH130 10
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Table 3-4. List of plant growth promoting endophytic genes observed in the TSN2 genome.

Symbiotic Role Gene Symbiotic Role Gene
Phytohormone Synthesis cpsY Phosphate Uptake pstB1
cypB pstC2
idi pstP
kynA pstS2
sdrM Potassium Uptake chaA
trpABCDEGS kdpABCD
Heavy Metal Sequestration  cadA kefB
cord kimA
czeD ktrAB
copAB kup
cSOoR nhakK
cutC nhaP2
arsBC Motility & Chemotaxis  fIgCEL
merA flhAB
nikB fliDEFGMRWY
ftsH motB
ripl pomA
zitB Cytochrome Regulation appC
znuB cesl
zosA cesA
zupT ctaABCDE
zur cydABD
Salinity & Drought glgEl petBC
Tolerance glgM qcrABC
mall
malLT
otsAB
sugAB
treSYZ
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Table 3-5. The 16S rRNA nucleotide sequence similarities to closest 10 matches for TSN2.

Matching species Similarity (%)
Leifsonia shinshuensis--Microbacteriaceae--DQ232614 (Valid) 99.23077
Leifsonia soli--Microbacteriaceae--EU912483 (Valid) 98.95678
Leifsonia lichenia--Microbacteriaceae--AB278552 (Valid) 98.74126
Leifsonia xyli--Microbacteriaceae--AB016985 (Valid) 98.73773
Leifsonia naganoensis--Microbacteriaceae--DQ232612 (Valid) 98.04196
Leifsonia poae--Microbacteriaceae--AF116342 (Valid) 97.9021
Leifsonia aquatica--Microbacteriaceae--D45057 (Valid) 97.13287
Humibacter albus--Microbacteriaceae--AM494541 (Valid) 96.71329
Homoserinibacter gongjuensis--Microbacteriaceae--JQ639055 (Valid) 96.71099
Diaminobutyricibacter tongyongensis--Microbacteriaceae--JX876865 (Valid) 96.42857
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Table 3-6. Average nucleotide identity % of TSN2 compared to the closest matching relatives.

Similarity

Matching species (%)

Leifsonia_aquatica--GCF_000633535.1 83.1244
Leifsonia_xyli--GCF_000007665.1 81.3897
Microterricola_viridarii--GCF_900104895.1 79.4599
Agromyces_cerinus--GCF 900142065.1 79.2527
Herbiconiux_solani--GCF_001571005.1 79.2507
Diaminobutyricimonas_aerilata--GCF_002797715.1 78.9296
Herbiconiux_ginsengi--GCF_900107435.1 78.9141
Cnuibacter physcomitrellae--GCF_002096055.1 78.7862
Humibacter albus--GCF_000421825.1 78.7803
Curtobacterium_citreum--GCF_001475775.1 78.4969
Curtobacterium_luteum--GCF_001475545.1 78.2751
Agreia_bicolorata--GCF _000938265.1 78.2588
Agreia_pratensis--GCF_900177685.1 78.1203
Agrococcus casei--GCF 900163565.1 77.7808
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Table 3-7. Genes and copies of genes concerning pytohormone synthesis in the genomes of TSN2, Leifsonia shinshuensis INR9, and

Leifsonia aquatica DSM 20146.

Gene TSN2 L. shinshuensis INR9 L. aquatica DSM 20146
Name Product Locus Tag (ID) Locus Tag (ID) Locus Tag (ID)
cpsY  Exopolysaccharide phosphotransferase OBKDJCNG 02622 - MEBNKEKO 02431
CpsY
cypB  Peptidyl-prolyl cis-trans isomerase B OBKDJCNG 02214  LEDPJBKC 02891 MEBNKEKO 02288
cypC  Fatty-acid peroxygenase - - MEBNKEKO 02735
cypM  Cypemycin N-terminal methyltransferase - - MEBNKEKO 03660
idi Isopentenyl-diphosphate Delta-isomerase OBKDJCNG 01893 LEDPJBKC 03193 MEBNKEKO 03630
kynA  Tryptophan 2%2C3-dioxygenase OBKDIJCNG 01791 LEDPJBKC 03326 MEBNKEKO 03494
kynB  Kynurenine formamidase - LEDPJBKC 03427 MEBNKEKO 00222
kynU  Kynureninase - LEDPJBKC 03324 MEBNKEKO 03496
sdrM  Multidrug efflux pump SdrM OBKDJCNG 03181 LEDPJBKC 01814 MEBNKEKO 03157
trpA Tryptophan synthase alpha chain OBKDJCNG 00453 LEDPJBKC 00483 MEBNKEKO 01359
trpB Tryptophan synthase beta chain OBKDJCNG 00454  LEDPJBKC 00482 MEBNKEKO 01360
trpC  Indole-3-glycerol phosphate synthase OBKDJCNG 00455  LEDPJBKC 00481 MEBNKEKO 01361
trpD Anthranilate phosphoribosyltransferase OBKDIJCNG 00615 LEDPJBKC 00304 MEBNKEKO 01505
trpE Anthranilate synthase component 1 OBKDJCNG 00458  LEDPJBKC 00478 MEBNKEKO 01107
trpF N-(5'-phosphoribosyl)anthranilate - - MEBNKEKO 02649
isomerase

trpG Anthranilate synthase component 2 OBKDJCNG 02219 LEDPJBKC 02886 MEBNKEKO 02283
trpS Tryptophan--tRNA ligase OBKDIJCNG 03311 LEDPJBKC 01672 MEBNKEKO 00128

gene # Indicates respective gene copy number
- Indicates the absence of the respective gene within the indicated genome
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Table 3-8. Genes and copies of genes concerning cytochrome synthesis in the genomes of TSN2, Leifsonia shinshuensis INR9,
and Leifsonia aquatica DSM 20146.

Gene TSN2 L. shinshuensis INR9 L. aquatica DSM 20146
Name Product Locus Tag (ID) Locus Tag (ID) Locus Tag (ID)
appA Oligopeptide-binding protein AppA - LEDPJBKC 02460 -
appC Cytochrome bd-II ubiquinol oxidase OBKDJCNG 00313 LEDPJBKC 00622 -
subunit 1
cesl 1 Cytochrome ¢ biogenesis protein Ccsl OBKDIJCNG 02361 LEDPJBKC 02735 MEBNKEKO 02130
cesl 2 Cytochrome ¢ biogenesis protein Ccsl - - MEBNKEKO 04043
cesA 1 Cytochrome c biogenesis protein CcsA OBKDJCNG 02362 LEDPJBKC 02574 MEBNKEKO 02129
ccsA 2 Cytochrome ¢ biogenesis protein CcsA - LEDPJBKC 02734 MEBNKEKO 04042
cssA 3 Cytochrome c biogenesis protein CcsA - - MEBNKEKO 04246
ctaA Heme A synthase OBKDJCNG 00390  LEDPJBKC 00541 MEBNKEKO 01305
ctaB Protoheme IX farnesyltransferase OBKDJCNG 00392 LEDPJBKC 00539 MEBNKEKO 01307
ctaC Cytochrome ¢ oxidase subunit 2 OBKDJCNG 00623  LEDPJBKC 00295 MEBNKEKO 01515
ctaD 1 putative cytochrome c oxidase subunit 1 OBKDJCNG 00622 LEDPJBKC 00296 MEBNKEKO 01514
ctaD 2 putative cytochrome c oxidase subunit 1 - - MEBNKEKO 02855
ctak Cytochrome c¢ oxidase subunit 3 OBKDJCNG 00616  LEDPJBKC 00303 MEBNKEKO 01506
ctaF’ Cytochrome c¢ oxidase polypeptide 4 - LEDPJBKC 00297 MEBNKEKO 01513
cydA Cytochrome bd-I ubiquinol oxidase OBKDJCNG 01034 - MEBNKEKO 01102
subunit 1
cydB_1 Cytochrome bd-I ubiquinol oxidase OBKDJCNG 00312  LEDPJBKC 00623 MEBNKEKO 01103
subunit 2
cydB 2 Cytochrome bd-I ubiquinol oxidase OBKDJCNG 01035 - -
subunit 2
cydD ATP-binding/permease protein CydD OBKDJCNG 00311 LEDPJBKC 00624 MEBNKEKO 01104

gene # Indicates respective gene copy number
- Indicates the absence of the respective gene within the indicated genome
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Table 3-8. Continued.

Gene
Name

Product

TSN2
Locus Tag (ID)

L. shinshuensis INR9
Locus Tag (ID)

L. aquatica DSM 20146
Locus Tag (ID)

petB
petC 1
petC 2
qgcrAd
qgcrB 1
qgcrB 2

qcrC

Cytochrome bc complex cytochrome b
subunit

Cytochrome b6-f complex iron-sulfur
subunit

Cytochrome b6-f complex iron-sulfur
subunit

Cytochrome bcl complex Rieske iron-
sulfur subunit

Cytochrome bel complex cytochrome b
subunit

Cytochrome bel complex cytochrome b
subunit

Cytochrome bel complex cytochrome ¢
subunit

OBKDJCNG 01404
OBKDJCNG 00110
OBKDJCNG 02066
OBKDJCNG 00618
OBKDJCNG 00619
OBKDJCNG 01979

OBKDJCNG 00617

LEDPJBKC 03782

LEDPJBKC 00849

LEDPJBKC 00301
LEDPJBKC 00300
LEDPJBKC 03151

LEDPJBKC 00302

MEBNKEKO 02675
MEBNKEKO 00968
MEBNKEKO 02459
MEBNKEKO 01508

MEBNKEKO 01509

MEBNKEKO 01507

gene # Indicates respective gene copy number
- Indicates the absence of the respective gene within the indicated genome
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Table 3-9. Genes and copies of genes concerning heavy metal sequestration in the genomes of TSN2, Leifsonia shinshuensis
INRO, and Leifsonia aquatica DSM 20146.

Gene TSN2 L. shinshuensis INR9 L. aquatica DSM 20146

Name Product Locus Tag (ID) Locus Tag (ID) Locus Tag (ID)

arsB Arsenical pump membrane protein OBKDJCNG 03997  LEDPJBKC 01048 MEBNKEKO 00770

arsC 1 Arsenate reductase OBKDJCNG 03443  LEDPJBKC 01558 MEBNKEKO 01990

arsC 2 Arsenate reductase - LEDPJBKC 02589 MEBNKEKO 01991

arsC 3 Arsenate reductase - LEDPJBKC 02590 MEBNKEKO 01992

arsC 4 Arsenate reductase - LEDPJBKC 02591 MEBNKEKO 01996

arsC 5 Arsenate reductase - LEDPJBKC 02597 MEBNKEKO 02383

arsC1 Arsenate-mycothiol transferase ArsC1 - - MEBNKEKO 01999

arsC2 Arsenate-mycothiol transferase ArsC2 - LEDPJBKC 02600 -

cadA Cadmium%?2C zinc and cobalt- OBKDIJCNG 01773 - -
transporting ATPase

cord Cobalt/magnesium transport protein OBKDJCNG 03321  LEDPJBKC 01660 MEBNKEKO 00141
CorA

czeD Cadmium%?2C cobalt and zinc/H(+)- OBKDJCNG 03923  LEDPJBKC 01120 MEBNKEKO 00729
K(+) antiporter

actP Copper-transporting P-type ATPase - - MEBNKEKO 00592

copA Copper-exporting P-type ATPase OBKDJCNG 00982 - MEBNKEKO 00593

copB Copper-exporting P-type ATPase B OBKDJCNG 00983  LEDPJBKC 02608 MEBNKEKO 00831

copZ Copper chaperone CopZ - LEDPJBKC 04225 -

cSoR Copper-sensing transcriptional OBKDJCNG 03797  LEDPJBKC 01258 MEBNKEKO 00591
repressor CsoR

ctpA Copper-exporting P-type ATPase - LEDPJBKC 02606 MEBNKEKO 04023

ctpG putative cation-transporting ATPase G - LEDPJBKC 02567 MEBNKEKO 02008

gene # Indicates respective gene copy number
- Indicates the absence of the respective gene within the indicated genome
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Table 3-9. Continued.

TSN2
Locus Tag (ID)

L. shinshuensis INR9
Locus Tag (ID)

L. aquatica DSM 20146

Locus Tag (ID)

Gene

Name Product

cutC 1 Copper homeostasis protein CutC
cutC 2 Copper homeostasis protein CutC
mmcQO Multicopper oxidase MmcO

ricR Copper-sensing transcriptional
repressor RicR

merA_1 Mercuric reductase

merAd_ 2 Mercuric reductase

merA_3 Mercuric reductase

merB_1 Alkylmercury lyase

merB 2 Alkylmercury lyase

merB_3 Alkylmercury lyase

merRI 1  Mercuric resistance operon regulatory
protein

merRI 2 Mercuric resistance operon regulatory
protein

nikB_1 Nickel transport system permease
protein NikB

nikB 2 Nickel transport system permease
protein NikB

ftsH 1 ATP-dependent zinc metalloprotease
FtsH

ftsH 2 ATP-dependent zinc metalloprotease
FtsH

ftsH 3 ATP-dependent zinc metalloprotease
FtsH

OBKDJCNG 02795
OBKDJCNG_04010

OBKDICNG 03717

OBKDJCNG_01451
OBKDJCNG_01487
OBKDJCNG_01395
OBKDJCNG_01575

OBKDICNG 02520

LEDPJBKC 01035
LEDPJBKC 02277
LEDPJBKC 02612
LEDPJBKC 02609

LEDPJBKC 01343
LEDPJBKC 03642

LEDPJBKC 03641

LEDPJBKC 03643

LEDPJBKC 01778
LEDPJBKC 03729

LEDPJBKC 03574

MEBNKEKO 00782
MEBNKEKO 02922
MEBNKEKO 04031
MEBNKEKO 04025

MEBNKEKO 00508
MEBNKEKO 02670
MEBNKEKO 04009
MEBNKEKO 01980
MEBNKEKO 02669
MEBNKEKO 04010
MEBNKEKO 02671

MEBNKEKO 04008

MEBNKEKO 03636

MEBNKEKO 00332

MEBNKEKO 03272

gene # Indicates respective gene copy number

- Indicates the absence of the respective gene within the indicated genome
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Table 3-9. Continued.

Gene TSN2 L. shinshuensis INR9 L. aquatica DSM 20146

Name Product Locus Tag (ID) Locus Tag (ID) Locus Tag (ID)

ripl Zinc metalloprotease Ripl OBKDJCNG 00328 LEDPJBKC 00607 MEBNKEKO 01086

zitB Zinc transporter ZitB OBKDJCNG 01513  LEDPJBKC 00762 MEBNKEKO 01268

zntB Zinc transport protein ZntB LEDPJBKC 03244 MEBNKEKO 03298

znuB High-affinity zinc uptake system OBKDJCNG 02164  LEDPJBKC 02948 MEBNKEKO 02344
membrane protein ZnuB

zosA Zinc-transporting ATPase - LEDPJBKC 03338 -

zupT Zinc transporter ZupT OBKDIJCNG 03077 LEDPJBKC 02051 -

zur Zinc uptake regulation protein OBKDJCNG 02163  LEDPJBKC 02949 MEBNKEKO 02345

gene # Indicates respective gene copy number
- Indicates the absence of the respective gene within the indicated genome
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Table 3-10. Genes and copies of genes concerning salt and drought stress tolerance in the genomes of TSN2, Leifsonia
shinshuensis INR9, and Leifsonia aquatica DSM 20146.

Gene TSN2 L. shinshuensis INR9 L. aquatica DSM 20146
Name Product Locus Tag (ID) Locus Tag (ID) Locus Tag (ID)
glgEl Alpha-1%2C4-glucan:maltose-1- OBKDJCNG 00054  LEDPJBKC 00905 MEBNKEKO 00908
phosphate maltosyltransferase 1
glgM Alpha-maltose-1-phosphate synthase OBKDJCNG 00377  LEDPJBKC 00554 MEBNKEKO 01292
maa Maltose O-acetyltransferase - - MEBNKEKO 02556
mall Maltose regulon regulatory protein Mall OBKDJCNG 03063 - -
mall_1  Oligo-1%2C6-glucosidase OBKDJCNG 00989  LEDPJBKC 00776 MEBNKEKO 01044
mall. 2 Oligo-1%2C6-glucosidase OBKDJCNG 02803  LEDPJBKC 02233 MEBNKEKO 02930
mall_3  Oligo-1%2C6-glucosidase OBKDJCNG 02839  LEDPJBKC 02269 MEBNKEKO 02978
malT 1  HTH-type transcriptional regulator MalT OBKDJCNG 00915  LEDPJBKC 00407 MEBNKEKO 01204
malT 2  HTH-type transcriptional regulator MalT OBKDIJCNG 00941  LEDPJBKC 00717 MEBNKEKO 01825
malT 3  HTH-type transcriptional regulator MalT OBKDJCNG 01537  LEDPJBKC 00996 MEBNKEKO 01863
malT 4  HTH-type transcriptional regulator MalT OBKDIJCNG 01709  LEDPJBKC 03393 MEBNKEKO 03726
malT 5  HTH-type transcriptional regulator MalT OBKDJCNG 01995  LEDPJBKC 04270 -
malT 6  HTH-type transcriptional regulator MalT - LEDPJBKC 04299 -
otsA Trehalose-6-phosphate synthase OBKDJCNG 04003  LEDPJBKC 01042 MEBNKEKO 00776
otsB Trehalose-6-phosphate phosphatase OBKDIJCNG 04004 LEDPJBKC 01041 MEBNKEKO 00777
sugA 1  Trehalose transport system permease OBKDJCNG 02898  LEDPJBKC 01846 MEBNKEKO 03137
protein SugA
sugA 2 Trehalose transport system permease OBKDJCNG 03157 - -
protein SugA
sugB I  Trehalose transport system permease OBKDJCNG 01470  LEDPJBKC 01847 MEBNKEKO 03136

protein SugB

gene # Indicates respective gene copy number
- Indicates the absence of the respective gene within the indicated genome
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Table 3-10. Continued.

Gene TSN2 L. shinshuensis INR9 L. aquatica DSM 20146
Name Product Locus Tag (ID) Locus Tag (ID) Locus Tag (ID)
sugB 2 Trehalose transport system permease OBKDIJCNG 03156 - -

protein SugB
treS 1 Trehalose synthase/amylase TreS OBKDJCNG 00372  LEDPJBKC 00559 MEBNKEKO 01287
treS 2 Trehalose synthase/amylase TreS OBKDJCNG 01361  LEDPJBKC 03811 -
treY Maltooligosyl trehalose synthase OBKDIJCNG 02741  LEDPJBKC 02325 MEBNKEKO 02876
treZ Malto-oligosyltrehalose trehalohydrolase OBKDJCNG 02740 LEDPJBKC 02326 MEBNKEKO 02875

gene # Indicates respective gene copy number
- Indicates the absence of the respective gene within the indicated genome
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Table 3-11. Genes and copies of genes concerning uptake of the nutrients phosphate and potassium in the genomes of TSN2,
Leifsonia shinshuensis INR9, and Leifsonia aquatica DSM 20146.

Gene
Name

Product

TSN2
Locus Tag (ID)

Locus Tag (ID)

L. shinshuensis INR9 L. aquatica DSM 20146

Locus Tag (ID)

pstB1
pstB3
pstC2 1
pstC2 2
pstP
pstS 1
pstS 2
pstS 3
pstS 4
pstS2
chaA
kdpA
kdpB
kdpC

kdpD

Phosphate import ATP-binding protein
PstB 1

Phosphate import ATP-binding protein
PstB 3

Phosphate transport system permease
protein PstC 2

Phosphate transport system permease
protein PstC 2

PP2C-family Ser/Thr phosphatase
Phosphate-binding protein PstS
Phosphate-binding protein PstS
Phosphate-binding protein PstS
Phosphate-binding protein PstS
Phosphate-binding protein PstS2
Sodium-potassium/proton antiporter
ChaA

Potassium-transporting ATPase
potassium-binding subunit
Potassium-transporting ATPase ATP-
binding subunit
Potassium-transporting ATPase KdpC
subunit

Sensor protein KdpD

OBKDIJCNG 01147

OBKDIJCNG 01145

OBKDIJCNG 02224

OBKDJCNG 01144
OBKDIJCNG 01161

OBKDJCNG 01931
OBKDJCNG 01930
OBKDJCNG_01929

OBKDJCNG_01928

LEDPJBKC 04053

LEDPJBKC 04055

LEDPJBKC 02881
LEDPJBKC 02198
LEDPJBKC 02199
LEDPJBKC 02204
LEDPJBKC 02223
LEDPJBKC 04056
LEDPJBKC 04037

LEDPJBKC 00321
LEDPJBKC 00320
LEDPJBKC 00319

LEDPJBKC 00318

MEBNKEKO 03952
MEBNKEKO 02511
MEBNKEKO 02502
MEBNKEKO 03954

MEBNKEKO 02278

MEBNKEKO 03955
MEBNKEKO 03945

MEBNKEKO 01487
MEBNKEKO 01488
MEBNKEKO 01489

MEBNKEKO 01490

gene # Indicates respective gene copy number
- Indicates the absence of the respective gene within the indicated genome
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Table 3-11. Continued.

Gene TSN2 L. shinshuensis INR9 L. aquatica DSM 20146
Name Product Locus Tag (ID) Locus Tag (ID) Locus Tag (ID)
kefB_1 Glutathione-regulated potassium-efflux OBKDJCNG 01231 LEDPJBKC 00857 MEBNKEKO 03879
system protein KefB
kefB 2 Glutathione-regulated potassium-efflux - LEDPJBKC 03966 -
system protein KefB
kimA_1 Potassium transporter KimA OBKDJCNG 01743 LEDPJBKC 03368 MEBNKEKO 03445
kimA_2 Potassium transporter KimA OBKDIJCNG 01954 - -
ktrA Ktr system potassium uptake protein A OBKDJCNG 02817 LEDPJBKC 02255 MEBNKEKO 02945
ktrB Ktr system potassium uptake protein B OBKDJCNG 02818 LEDPJBKC 02254 MEBNKEKO 02946
kup Low affinity potassium transport system  OBKDJCNG 03003 LEDPJBKC 02113 -
protein kup
nhakK Sodium%?2C potassium%?2C lithium and OBKDJCNG 03086 LEDPJBKC 02043 -
rubidium/H(+) antiporter
nhaP2 1  K(+)/H(+) antiporter NhaP2 OBKDJCNG 02349 LEDPJBKC 02749 MEBNKEKO 00156
nhaP2 2  K(+)/H(+) antiporter NhaP2 - - MEBNKEKO 02144

gene # Indicates respective gene copy number
- Indicates the absence of the respective gene within the indicated genome
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Table 3-12. Genes and copies of genes concerning motility and chemotaxis in the genomes of TSN2, Leifsonia shinshuensis INR9,

and Leifsonia aquatica DSM 20146.

TSN2
Locus Tag (ID)

Locus Tag (ID)

L. shinshuensis INR9 L. aquatica DSM 20146

Locus Tag (ID)

Gene

Name  Product

flgB Flagellar basal body rod protein FlgB
flgC Flagellar basal-body rod protein FlgC
flgE Flagellar hook protein FIgE

flgL Flagellar hook-associated protein 3
flhA 1  Flagellar biosynthesis protein FIhA
flhA 2 Flagellar biosynthesis protein FIhA
flhB Flagellar biosynthetic protein FIhB
fliD B-type flagellar hook-associated protein 2
fliE Flagellar hook-basal body complex protein FliE
fliF Flagellar M-ring protein

fliG Flagellar motor switch protein FliG
fliM Flagellar motor switch protein FliM
fliQ Flagellar biosynthetic protein F1iQ
fliR Flagellar biosynthetic protein FliR
SIS Flagellar secretion chaperone FliS
fliw Flagellar assembly factor FliW

fliY L-cystine-binding protein FliY

motB  Motility protein B

pomA  Chemotaxis protein PomA

OBKDJCNG 02141
OBKDJCNG 02131
OBKDJCNG 02150
OBKDJCNG 02104
OBKDJCNG 02939
OBKDJCNG 02105
OBKDJCNG 02145
OBKDJCNG 02140
OBKDJCNG 02139
OBKDJCNG 02138
OBKDJCNG 02118

OBKDJCNG 02106
OBKDJCNG 02151
OBKDJCNG_ 02893
OBKDIJCNG 02126
OBKDIJCNG 02125

LEDPJBKC 02972
LEDPJBKC 02973
LEDPJBKC 02983

LEDPJBKC 02994
LEDPJBKC 02993
LEDPJBKC 02969
LEDPJBKC 02974
LEDPJBKC 02976
LEDPJBKC 02987
LEDPJBKC 02991
LEDPJBKC 02992
LEDPJBKC 02970
LEDPJBKC 02964
LEDPJBKC 04246
LEDPJBKC 02986
LEDPJBKC 02985

MEBNKEKO 02370
MEBNKEKO 02371
MEBNKEKO 02381

MEBNKEKO 02402
MEBNKEKO 02401
MEBNKEKO 02367
MEBNKEKO 02372
MEBNKEKO 02374
MEBNKEKO 02394
MEBNKEKO 02400
MEBNKEKO 02368
MEBNKEKO 02361
MEBNKEKO 02391
MEBNKEKO 02392

gene # Indicates respective gene copy number

- Indicates the absence of the respective gene within the indicated genome
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Figure 3-1. Circular representation of the whole TSN2 genome with the outer most labels
indicating annotation of the CDS regions. The rings, starting from the outside indicate the tRNA,
rRNA, misc RNA, and tmRNA regions of the genome, direction of arrow representing strand
location. This is followed by the entire genome annotation including all CDS regions with dark
blue marks representing predicted CDS and light blue for unpredicted CDS. The next ring
represents the GC% throughout the genome in dark gray. The inner most ring represents the GC

skew with green being positive and red being negative
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Figure 3-2. Phylogenetic tree of TSN2 (green) and its closest relatives based on 16S rRNA sequences with bootstrap confidence

values displayed created using Protologger.
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Figure 3-3. Circular synteny plot depicting the conserved regions between Leifsonia

shinshuensis INR9 (green ribbons), L. aquatica DSM 20146 (blue ribbons), and TSN2.
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Figure 3-4. Phylogenetic tree of TSN2 (green) and its closest relatives based on whole genomic

sequences with created using Protologger.
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CHAPTER 4

CHARACTERIZATION OF A REGULATORY GENE IN NOD FACTOR

INDEPENDENT NODULATION

ABSTRACT

Nodulation is one of the most defining characteristics of legume plants that has been
studied for more than a century yet new discoveries regarding this phenomenon are made almost
every few years. The discovery that nodulation of a plant can occur without the use of complex
nod factor (NF) signaling molecules was groundbreaking and turned the world of nodulation
research on its head. For the longest time, until almost 15 years ago, it was firmly believed and
recognized that the special nodule organs housing the nitrogen fixing endosymbiont would only
be able to form due to a signaling cascade between host plant and bacteria involving molecules
referred to as NFs. It was discovered that the tropical legume Aeschynomene harbor stem
nodulating endophytes that induce this unique organogenesis in the absence of NFs and their
numerous, well-documented genes. One of the isolated identified in this system, Bradyrhizobium
sp. BTAil has served as a model organism for understanding this relationship, particularly due to
the presence of a potential symbiosis plasmid within its genome. If the genes responsible for NF-
independent nodulation are found on the plasmid, it is believed that this ability can then be
transferred to other plant growth promoting bacteria, providing additional benefits to the already
established nitrogen fixing nodule relationship. To identify what genes are potential involved in
the establishment of this relationship, a gene expression analysis was previously performed and
from this information, the gene Bbta p0I10 was selected for disruption through site-specific

mutagenesis. Once this gene was disrupted, Aeschynomene indica plants inoculated with the
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mutant strain were unable to form mature, pigmented nodules. Instead, only pale, immature
nodules formed, even at a decreased rated as opposed to the wild type. The results obtained from
this study indicate the importance of Bbta p0110 in bacterial assimilation and resulting nodule
maturation of A. indica plants, independent of NFs. This gene, located in Bradyrhizobium sp.
BTAil’s plasmid could be transformed to non-nodulating bacteria to determine if NF-

independent nodulation can be conferred across bacterial genera.

INTRODUCTION

The traditional and most well documented method of root nodule induction involves the
production of bacterially derived signal molecules referred to as od-Factors (NFs). Nodule
organs typically form on the root systems of leguminous plants (e.g., peas, beans, soybeans, etc.)
in response to the NF released by these specialized rhizobacteria as a result of a complex cascade
of molecular communication system that has taken millions of years to evolve (Newcomb, 1981;
Wood & Newcomb, 1989). NFs are released by rhizobacteria in response to the uptake of plant
released root exudates containing flavonoids released during the natural progression of root
system growth and expansion (Aguilar et al., 1988; Spaink, 2000). These flavonoids attract the
surrounding rhizobia and are detected by a protein transcribed by the nodD gene which in turn
initiates the transcription of nodABC genes, comprising the backbone of the NF signal molecule
(Aguilar et al., 1988; Armitage et al., 1988; Brussel et al., 1986; Hong et al., 1987). This
molecule is further modulated using strain/host specific nod genes, facilitating the invasion and
nodule organ formation depending on the bacterial strain and host plant relationship
(Bhuvaneswari & Solheim, 1985; Gottfert, 1993; Halverson & Stacey, 1986; Horvath et al.,
1987). After colonizing the root surface, rhizobia release NFs specific to their host plant,

initiating the deformation and curling of root hair cells (Caetano-Anolles et al., 1992; Rhijn &

151



Vanderleyden, 1995; Rossen et al., 1984). These root hairs curl upon themselves, encapsulating
the surface-dwelling rhizobia (Smit et al., 1992; Yao & Vincent, 1969). This leads to plant cell
wall degradation via hydrolysis and subsequent invagination and invasion of the bacteria into the
root hair cell (Bhuvaneswari & Solheim, 1985; Brussel et al., 1986). This invasion, directed by
various NF molecules, results in the formation of a cell wall lined infection thread that eventually
deposits the rhizobia into the inner cortex of the plant root (Vasse & Truchet, 1984; Wood &
Newcomb, 1989). The cortical tissues, in preparation for the arrival of rhizobia cells, respond to
yet more specialized NFs, initiating the formation of root nodule primordial cells and the
subsequent colonization is distribution of the endosymbionts within nodule tissues (Brewin,
1991; Ding & Oldroyd, 2009; Gage, 2004; Heckmann et al., 2011; Newcomb, 1981). This highly
specific relationship provides an advantage to both parties in that, the host plant receives a direct
source of biologically available nitrogen for further incorporation into metabolic processes while
the endosymbiont receives a stable environment with reduced oxygen levels and supplemental
carbon sources, providing the necessary conditions for amplified nitrogen fixation (Becana et al.,

2010; Rhijn & Vanderleyden, 1995).

For over two centuries, this NF-dependent nodule formation process was believed to be
the only method in which symbiotic nitrogen fixing relationship between bacteria and plants
could be formed, despite being so complex (Masson-Boivin & Sachs, 2018; Vasse & Truchet,
1984). About a century ago, it was discovered that root nodules are not the only form of
nodulation to occur in leguminous plants, or plants in general, with the documentation of stem
nodule formation in tropical semi-aquatic legumes of the genus Aeschynomene (Arora, 1954;
Alazard, 1985; Eaglesham & Szalay, 1983; Ladha et al., 1990). From these unusual stem

nodules, a remarkable discovery came in that among the endosymbionts isolated from these
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organs there were photosynthetic Bradyrhizobium sp. strains which had never been documented
in this nodule forming symbiotic relationship before (Giraud & Fleischman, 2004; Madigan,
1995). In fact, photosynthetic rhizobia strains, while are free-living soil dwelling bacteria, if
nodule forming, are solely found within stem nodules (Molouba et al., 1999). In 2000,
Chaintreuil et al. identified photosynthetic rhizobia living endophytically within African wild
rice (Oryza breviligulata) that naturally grow in the same areas as populations of Aeschynomene
species even though rice is a non-leguminous plant. This finding supports the idea that NF-
independent photosynthetic rhizobia are free-living within soils but will effectively form
symbiotic relationships with plants and successfully invade host tissues should the opportunity
arise, without strict host limitation. Upon further investigation of the unique stem nodulation
system, two bacterial strains, Bradyrhizobium sp. ORS278 & BTAIil, isolated from
Aeschynomene stem nodules were found to induce nodulation despite lacking the critical nod
genes (Giraud et al., 2007). This discovery led to a flurry, relatively speaking, of nodulation
research attempting to unlock the secret behind NF-independent nodulation and how it could
possibly occur in the absence of the once believed vital NF signal molecule. While this effort has
made great progress in proposing potential molecular mechanisms for the signaling involved and
has provided great insights into plant phenotypic response and nodule formation in this system,
the exact signal molecule(s) inducing NF-independent nodulation has yet to be elucidated
(Alazard & Duhoux, 1988; Armitage et al., 1988; Bonaldi et al., 2010 & 2011; Chaintreuil et al.,

2018; Gully et al., 2018).

As opposed to the highly complex invasion method implemented by NF-dependent
nodulation, involving root hair curling and infection thread formation, it is becoming apparent

that a more simplistic method of invasion, via crack-entry and intracellular dispersion, is the
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standard mechanism utilized for NF-independent nodulation (Loureiro et al., 1995;. Yatazawa et
al., 1984). From an evolutionary standpoint, NF-independent nodulation through crack-entry is
most likely the ancestral process that led to the eventual development of specialized NFs and the
resulting symbiotic relationship we predominantly notice. Crack-entry is such a common mode
of bacterial invasion, this method has been documented in many endophytic/plant relationships,
regardless of nodule formation (Boogerd & van Rossum, 1997; Dudeja & Giri, 2014; Liu et al.,
2017). In this method, bacteria adhere to the rhizosphere, proliferating near points of lateral root
emergence (Lopes et al., 2016). As the root systems develop, lateral roots emerge from within
the tap root, bursting through the epidermis, leaving small cracks or micro fissures open for short
periods of time before the plant can seal them (Mills & Bauer, 1985). These small openings
allow the established bacterial populations from the rhizosphere to enter and continually multiply
within the intracellular spaces of the root cortex (Compant et al., 2005; Iyer & Rajkumar, 2017).
Once inside, in short, the invading bacteria illicit an immune response from the host plant which
encapsulates the bacteria and disperses them among developing nodule primordia cells. Once
bacteria have penetrated nodule primordia, nodule development occurs as normal (Alazard &
Duhoux; 1990; Arora, 1954). However, the NF-independent system completes this goal without
a documented dedicated signal molecule or signaling system. According to previous studies, the
primary step in this process that lacks explanation is what tells surrounding nodule primordia
tissue to form, accept, and house the invading bacteria upon the death of initially infected
primordial cells (Bonaldi et al., 2011; Madsen et al, 2010). This step involves the sudden
assimilation of the invading bacteria into nodule primordial cells, an unusual immune response
that would be counterintuitive to the typical response to a potential pathogen yet similar on a

surface level to NF-dependent nodulation (Lancelle & Torrey, 1984).
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To better understand what is occurring during this infection process, in searching for
some signal molecule alternative to NFs, from the molecular bacterial standpoint, a gene
expression experiment utilizing RNA-Seq was previously conducted in this lab. Briefly, this
experiment exposed Bradyrhizobium sp. BTAil to root exudates from Aeschynomene indica
plants in the early stages of BTAil infection, hoping to stimulate a response in the bacteria that
would be seen within the inner cortical layers. The resulting gene expression of the bacteria in
response to these root exudates, containing things like flavonoids, proteins, and amino acids, was
observed with the top 3 upregulated genes being shown here (Table 1). From these data, the gene
encoding a putative exported protein (Bbta_p0110), a potential signal molecule, was selected for
knock-out mutagenesis. The primary aim in this study is to determine if the putative exported
protein encoded by Bbta p0l110 gene in Bradyrhizobium sp. BTAil plays a role in nodule
formation of Aeschynomene indica plants to shed some light on what controls this specific NF-
independent relationship. It is possible that the exported p0110 protein elicits the immune
response in the host plant necessary to induce initial cortical cell death and subsequent nodule
primordia development. If this were the case, the inhibition of p0110 protein production would
result in an inability to form mature root nodules in A. indica that house nitrogen-fixing BTAi1
bacterioids. Alternatively, if nodulation capabilities are not affected at all by the inhibition of this
protein synthesis, then it is likely some other gene(s) would be responsible for controlling this
specialized immune response. Both Bradyrhizobium sp. BTAil and A. indica have served as one
of the primary model systems for better understanding NF-independent nodulation and the
signaling mechanism behind it. We find this unique nodulation system important to understand

so that these mechanism principles may one day be applied to non-nodulating endophytic
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bacteria or even non-nodulating crop plants, resulting in crops with greater capacity for self-

sufficiency in yield and survivability that doesn’t depend on costly synthetic fertilizers.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. All bacterial strains and plasmids used in
this study can be found in Table 2. Wild type Bradyrhizobium sp. BTAil was cultured in the
complete arabinose-gluconate (AG) medium normalized to pH 6.8 containing 125mg Na;HPOs,
250mg NaxSO4, 320mg NH4Cl, 180mg MgSO4-7H>0, 10mg CaCly, 4mg FeCls, 1.3g 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 1.1g 2-(N-morpholino) ethanesulfonic
acid (MES), 1g yeast extract, 1g L-arabinose, and 1g D-gluconic acid sodium sulfate per L of
distilled water (Sadowsky et al., 1987). Bradyrhizobium sp. BTAil, when grown in liquid media,
was incubated aerobically at 30°C while shaking at 200rpm. The following antibiotics were used
for selection of the BTAIl strains specifically: chloramphenicol (50 pgml-1 for wild type and
mutant strains of Bradyrhizobium sp. BTAil) and kanamycin (150 pgml-1 for the mutant strain).
All Escherichia coli strains and plasmids were cultured using Luria-Bertani (LB) media at pH
7.0 containing 10g tryptone, 5g yeast extract, and 10g NaCl per L distilled water (Bertani, 1951).
For the preparation of all solid media types, 15g of agar were added per L of liquid media. E. coli
strains and plasmids (except for DH5a pKD78 which was incubated at 30°C) were cultured at
37°C overnight with agitation at 200rpm in liquid media. Antibiotics specific to each strain and
plasmid were added accordingly: gentamicin (15ugml-1 for pJQ200SK), chloramphenicol

(15pgml-1for pKD78) and kanamycin (50pgml-1 for pRK2013 and pKD4).

Comparison of growth rate. Bradyrhizobium sp. BTAil (wild type) and Ap0O110 mutant

strains were grown in 10 ml of AG medium (pH 6.8) at 30°C with shaking at 200 rpm for 2 days

156



with proper antibiotics. Strains were grown under these conditions until mid-log phase was
reached. The strains were then subcultured to 50 mL of AG media (pH 6.8) with appropriate
antibiotics respectively. Three replicates for each strain cultured in 50 mL were incubated at
30°C with shaking at 200 rpm for 7 days until the cultures reach the stationary phase. Culture

turbidity OD600 measurements were performed at 12-hour intervals throughout the experiment.

Selection of Bbta p0110 as a potential regulatory gene in NF-independent nodulation.
Previously, gene expression of Bradyrhizobium sp. BTAil exposed to A. indica root exudates
was determined by genome-wide transcriptomic analysis through RNA-Seq in this lab. Briefly,
BTAIil cultures were exposed to purified root exudates and the total RNA was extracted and
purified for sequencing. A. indica plants were grown in sterilized containers at 28°C for 7 days
with roots suspended in sterile 2 B&D media. The root exudates released into the media were
collected and filter sterilized. After sterilization, 100uL aliquots were taken and spread on solid
AG plates for incubation and sterilization confirmation. Filter sterilized root exudate solution
was then used to resuspend washed and pelleted BTAIl cells, cultured to an ODsoo = 0.8 in a
volume of 100mL AG media. The root exudate and bacterial mixture were then incubated at
30°C for 24 h. The resulting bacterial total RNA was extracted and purified using the RNeasy
mini kit (Qiagen) and RNase-free DNase (Qiagen) according to the manufacturer’s protocol.
Purified total RNA samples were then further processed by the Department of Energy Joint
Gnome Institute (DOE-JGI), Walnut Creek, CA where library preparation, sequencing and
analysis were completed. Differential gene expression between BTAil exposed to root exudate
and BTAil grown only in buffer (negative control) were used to generate normalized read counts
via DESeq2 (Love et al., 2014). Table A-1 shows differentially expressed genes in response to

plant root exudates.
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Construction of a mutant strain. The mutant strain was constructed using site-specific
mutagenesis to disrupt the Bbta p0110 gene which is upregulated by Bradyrhizobium sp. BTAil
in response to purified Aeschynomene indica root exudate. An 827 bp fragment containing the
Bbta p0110 sequence encoding a putative exported protein with suggested signaling function
was  amplified  through PCR  using the  forward primer pOl110F (5’
AATTGGATCCCCGAATTCCAGGATCACTATCG 3°) and reverse primer pO110R (5°
AATATGAGCTCTCTAGGTGCTACCGACATTCT 3’) each including restriction enzyme

recognition linkers for BamHI and Sacl, respectively, at their 5° end.

PCR amplification was completed using an Eppendorf 5331 Mastercycler gradient 96-
well thermal cycler (Eppendorf, Hamburg, Germany). The products were then visualized via gel
electrophoresis using an EPS 301 (Amersham Biosciences [GE], Chicago, IL) to ensure
appropriate amplicon size was achieved. The desired p0110 amplicon and gentamycin resistant
suicide vector plasmid pJQ200SK (Quandt & Hynes, 1993) were digested with both restriction
enzymes, BamHI and Sacl, before being ligated using T4 DNA ligase (Promega, Madison, WI),
facilitating the insert of the p0110 amplicon into pJQ200SK. Using heat shock transformation,
the recombinant pJQ200SK suicide vector plasmid containing the p0110 amplicon (clone) was
then introduced into competent DHS5a E. coli cells allowing for replication and storage of the
recombinant vector plasmid. This was then used to introduce the vector plasmid + clone
(pJQ200SK + p0110) into electrocompetent, chloramphenicol resistant, DH5a pKD78 E. coli
through electroporation using a Micro PulserTM Electroporator (Biorad, Hercules, CA) set at 2.5
kV in a 0.2cm cuvette. The pKD78 plasmid, housed within DHS5a E. coli cells, contains the
Lambda Red Recombinase system which is expressed later on during the triparental mating.

Separately, the kanamycin resistance cassette (1.4kb) was amplified from the pKD4 plasmid
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through PCR with the following forward and reverse primers: PS1 (5’
GTGTAGGCTGGAGCTGCTTC 3°) and PS2 (5 CATATGAATATCCTCCTTAG
3’)(Datsenko & Wanner, 2000). The resulting product was then used as a template for further
amplification using 47-bp and 60-bp primers having 27-bp and 40-bp linkers specific to the
flanking regions of the deletion target, housing the p0110 gene sequence, in addition to the
flanking regions (PS1 & PS2) of the kanamycin resistance cassette. This was completed using
Phusion Taq polymerase (Promega, Madison, WI) with the following primers specific to the
pO110 gene: pO110UP 47 (5
CCGAATTCCAGGATCACTATCGTGCGGGTGTAGGCTGGAGCTGCTTC 3%) and
p0110DWN_60 (5
CTAAGGAGGATATTCATATGTCCCGTTTCTCCTGTTTGAACTAACCAATCTAAAGAC

AAT 3’). The resulting PCR product was purified and introduced into previously created
electrocompetent DHS5a pKD78 E. coli cells containing the vector plasmid + clone via
electroporation (Micro PulsterTM Electroporator) at 2.5kV in a 0.2cm cuvette. This step induced
the Lambda Red Recombinase genes, facilitating homologous recombination. After incubation,
kanamycin resistant recombinants were selected and vector constructs were confirmed via
colony PCR using the forward and reverse primers from the initial PCR cloning (p0110F &
p0110R) in combination with primers PSkl (5> CAGTCATAGCCGAAT AGCCT 3’) and PSkt’
(5> GGATTCATCGACTGTGGCCG 3°), targeting regions within the kanamycin resistance gene
(Datsenko & Wanner, 2000). The confirmed vector constructs were transferred from the housing
strain (DHSa pKD78) to the wild type Bradyrhizobium sp. BTAil strain via tri-parental mating
with assistance from the helper strain pRK2013. Successful transconjugants resulting from

double-crossover homologous recombination were selected through the use of the sacB marker
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and kanamycin and chloramphenicol resistance. Resulting mutant strains were confirmed
visually (pink hue of BTAi1l) and molecularly through PCR using the above-mentioned primer

combinations used to confirm the vector constructs).

Comparison of nodule formation and plant growth. Aeschynomene indica seeds were surface
sterilized through an initial wash with 70% ethanol, shaking by hand for 5 min, followed by 3
washes of sterile distilled water. The seeds were then washed with a 10% bleach solution and
shaken vigorously (via vortexer) for 30 min. Finally, the seeds were rinsed with sterile distilled
water 6 times and given one final rinse with 70% ethanol before drying on sterile filter paper
overnight under a clean bench. Once dried, three seeds were randomly selected and aseptically
transferred to liquid AG media and incubated for 2 days to ensure successful surface
sterilization. Sterile seeds were germinated using 0.8% water agar with sterile distilled water for
2 days at 30°C in the dark until radicle emergence occurred. After germination, 3 seeds were
aseptically transferred to sterile CYG growth pouches (Mega International, Roseville, MN) with
a sterile straw inserted on either side of the pouch for future inoculation and watering purposes.
Once loaded, two pouches were attached using sterile paper clips to sterile hanging paper folders
placed into metal folder racks. Each pouch was inoculated with ImL overnight cultures of the
desired bacterial strain (wild type or mutant Bradyrhizobium sp. BTAil) normalized to 0.1 ODsoo
by wash, resuspension, and dilution in half strength nitrogen-free Broughton and Dilworth (1/2
B&D) media at pH 6.8 containing 500uM CaCla, 250uM KH>PO4, 250uM KoHPO4, 5uM Fe-
citrate, 125uM MgSO4-7TH20, 125uM KoSOs, 0.5uM MnSO4-H>O, 1uM H3BOs;, 0.25uM
ZnS04-7TH20, 1puM CuSO4:5H20, 0.05uM CoSO4:7H20, and 0.05uM NaxMoO4-2H20 (Lee et
al., 2012). Plants were then incubated at 27°C with a 16h/8h day/night cycle for 40 days,

watering with 2 B&D media every other day. After 40 days, the plants were removed from the
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pouches and the plant growth parameters were measured (nodule pigmentation, nodule number,
nodule dry weight, and plant dry weight). Root systems were visualized using a Nikon SMZ-U

dissection microscope.

Comparison of nitrogenase enzymatic activities. Gas chromatography (Shimadzu GC2014)
was used to conduct an acetylene reduction assay, measuring the activity of the nitrogenase
enzyme from both the wild type and mutant (Ap0110) Bradyrhizobium sp. BTAil strains in
converting acetylene to ethylene. Aeschynomene indica seeds were sterilized, germinated, and
inoculated with either bacterial strain and harvested after 40 days as previously described. Root
systems were removed from the stems and transferred to a sterile SOmL glass vial sealed with a
serum cap. Ten percent of the total air within the vial was removed and replaced with an equal
volume of pure acetylene gas using a gas-tight SmL syringe (Hamilton Co., Reno, NV). After
mixing each vial by vigorous shaking, gas samples 250uL in volume were taken and injected
into the gas chromatograph port using nitrogen as the carrier gas and a hydrogen flame detector.
Glass vials containing root systems lacking nodules and vials containing no root systems were
used as controls. Using standard curves calculated before the experiment with pure ethylene and
pure acetylene, the concentration of these gases for each vial could be determined using the
obtained peak areas. Samples were measured for two consecutive hours, yielding time points TO,
T1, and T2. The average change in ethylene concentration was then calculated. Upon completion
of the acetylene reduction assay, root systems and their original stems were dried and measured
together to obtain a total plant dry weight. The nodules were then removed using a sterile razor
blade with visual aid through the Nikon SMZ-U dissection microscope, and the root and stem

systems measured again, to obtain root nodule dry weights.
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RESULTS AND DISCUSSION

Identification of p0110 as a potential gene encoding signaling molecule. For selection of
potential signal molecule encoding genes involved in the NF-independent nodulation mechanism
between Bradyrhizobium sp. BTAil and A. indica, gene expression analyses were conducted
previously in this lab. Briefly, BTAil cultures were exposed to root exudates from A. indica
plants and the resulting transcriptome was obtained. The transcriptomes of two conditions,
BTAil exposed to root exudate and BTAil not exposed to root exudate, were compared to one
another and genes that were up-regulated were reviewed for potential signal molecule
characteristics. Among the top 3 up-regulated (Table 4-1), Bbta p0110 was initially selected due
to its proposed function as a putative exported protein and positive fold change value of 6.76
while the other top up-regulated genes were hypothetical or already characterized as
metabolically significant. The reasoning behind this selection was such that if we are looking for
a signal molecule produced by the bacteria in response to the host plant root exudates (containing

flavonoids), then we expect such a molecule to be exported and recognized by the host plant.

Comparison of growth kinetics between the wild type and mutant (Ap0110). Growth curve
analysis conducted between wild type and the ApO110 mutant demonstrate that while this gene
was up-regulated in response to host plant root exudates, it plays no significant role in the growth
of this organism under normal conditions (Figure 4-1). Being responsible for the transcription of
a putative exported protein, this gene may not play a role in general metabolic processes with

BTAIl and might be specified more towards cell-to-cell signaling or host-symbiont interactions.

Nodule formation. In A. indica plants inoculated with Bbta p0110 disrupted BTAil cells

(Ap0110), total nodule counts were significantly decreased with only a 2 out of more than 40

162



plants forming functioning pigmented nodules, non-nitrogen fixing pale nodules, or pigmented
lateral root emergence sites. For total nodule dry weights, Ap0110 inoculated plants had an
average mass of 0.058 (£0.01) mg while wild type inoculated plants had an average mass of 0.6
(£0.07) mg, an almost 10-fold difference (Figure 4-2A). The number of pigmented nodules of
Imm or larger in size formed in Ap0O110 inoculated plants averaged to be less than 1 at 0.04
(£0.02) and 3.5 (£0.5) in wild type inoculated plants (Figure 4-2B). Similarly, Ap0110 inoculated
plants averaged 0.6 (£0.1) pale nodules while wild type displayed an average of 2.6 (+0.3) pale
nodules (Figure 4-2C). Additionally, pigmented initial colonization sites, or emerging later roots,
were lower in ApO110 inoculated plants, average of 0.09 (£0.06), compared to wild type
inoculated plants with an average of 1.6 (£0.5) (Figure 4-2D). The distinct differences in root
phenotypes among the two plant treatment groups can be seen in Figure 4-3, depicting root

systems from both groups.

Host plant biomass. After inoculation with either bacterial strain, total plant dry weights were
recorded. The average plant dry masses were recorded before the nodules were excised for
nodule numeration analysis. 4. indica plants inoculated with Ap0110 BTAil have an average
mass of 10.03 (+£0.35) mg whereas wild type inoculated plants had an average mass of 22.39
(+4.05) mg (Figure 4-4A). The wild type inoculated plants had an average mass more than twice

that of those inoculated with p0110 deficient BTAil cells.

Nitrogenase activity. The enzymatic ability of nitrogenase from wild type and p0110 deficient
BTAII strains was determined through an acetylene reduction assay of the entire root systems for
either plant treatment group harvested at 40 days of growth. Root nodules formed on
Aeschynomene indica plants, even at full maturation, are small (1-2mm diameter) so to

accurately measure the nitrogenase activity of the nodules without harming their structural
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integrity, the entire root system is used in this analysis. As mentioned, Ap0110 BTAil inoculated
plants did not form a comparable amount of pigmented, nitrogen fixation capable nodules.
However, to ensure the bacteria were not supplying or readily fixing atmospheric nitrogen, these
root systems were analyzed through this technique. The average nitrogenase activity in
converting ethylene to acetylene across two hours for wild type inoculated plants was found to
be 0.417 (£0.07) ethylene pMoles/nodule weight (g)/minute and an average rate of -1.081
(£0.19) ethylene pMoles/nodule weight (g)/minute in Ap0110 BTAil inoculated plants,

consistent with the natural rate of ethylene degradation in nature (Figure 4-4B).

NF-independence and pathway to cross-crop nodulation. Nodulation is an integral part of the
utilization of leguminous crops as a method of nutrient acquisition and cycling in the effort to
reduce dependence on costly synthetic nitrogenous fertilizers (Stagnari et al., 2017). The
unfortunate perspective of this relationship is that it is restricted only to crops of the Fabaceae
family, in the agricultural aspect (Triplett & Sadowsky, 1992). These leguminous crops and their
endosymbionts responsible for nitrogen fixation are restricted and highly dependent on the
production of NF signal molecules and the nodules these induce (Vijn et al., 1993). The
discovery of and potential insights gained through studying the mechanisms behind this
symbiotic relationship, with or without these NF signal molecules, could lead to revolutionary
agricultural practices such as the induction of nodulation or growth promotion on non-nodule
forming cash crops such as corn, canola, cotton, etc. (Marsh et al., 2007; Prithiviraj et al., 2003).
Investigations into NF-independent nodulation hold high hopes of providing methods for
transferring this nodulation ability across plant families due to the simplistic method of

endophyte introduction to plant tissues coupled with the ability to fix atmospheric nitrogen and
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produce a more robust crop in a natural way (Guha et al., 2022; Okazaki et al., 2016; Patra &

Mandal, 2022).

Bradyrhizobium sp. BTAil model for NF-independent nodulation. Tropical legumes such as
Aeschynomene and their endosymbionts are being studied for this exact reason (Bonaldi et al.,
2011). One such endosymbiont, Bradyrhizobium sp. BTAil provides an excellent model for
studying this NF-independent nodulation system particularly because it has a plasmid that, if
housing symbiosis related genes, could be transformed to other potentially endophytic species,
allowing for a more diverse arsenal of molecular mechanisms to be utilized benefiting the host
plant in growth, yield, defense, and survivability under various abiotic stressors (Cytryn et al.,
2008; Giraud et al., 2007). In this study, the plasmid located gene Bbta p0Il10 in
Bradyrhizobium sp. BTAil was selected for disruption and consequential nodulation
morphology, due to its upregulation in response to 4. indica root exudates. This gene encodes a
putative, uncharacterized exported protein that may play a role in the induction of the host
immune response required for nodule formation. Determining the role of this gene could play a
key part in unlocking the pathway to nodule formation abilities in non-nodule forming bacteria
through plasmid transformation. Additionally, understanding this relatively primitive nodulation
mechanism will provide insights into how we can one day induce nodulation in non-leguminous

crop plants.

Bbta p0110 directed regulation of NF-independent nodulation and nitrogen fixation in A4.
indica plants. The Bbta p0110 gene was disrupted with a kanamycin resistance gene, allowing a
look into the resulting A. indica nodulation and BTAil nitrogenase behaviors that follow, in the
absence the synthesized p0110 protein. To ensure the disruption of the p07170 gene did not have

an inhibitory effect on the growth of BTAil, a growth curve was completed and demonstrated
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almost no difference in growth rate between the two strains (Figure 4-1). After inoculation with
p0110 disrupted BTAil cells, 4. indica plants displayed a severe inhibition of root nodule
formation and a decrease in total plant biomass by half. Total nodule formation, in terms of dry
mass, was reduced by 10-fold in the mutant treatment group as compared to treatment with the
wild type train (Figure 4-2A). This includes the mass of all nodule types (pale & pigmented) as
well as the removal of pigmented lateral root emergence points if present. Additionally, the
occurrence of pale and pigmented nodules was drastically reduced in plants treated with Ap0110
cells (Figures 4-2B&C) as compared to the wild type. Interestingly, the plants in this treatment
group still had the ability to form pale nodules (Figure 4-2D), albeit at a lower rate than that of
the wild type. In contrast to this and most importantly, pigmented nodule formation was
extremely rare, only cropping up on a couple out of more than 40 plants treated with the Ap0110
mutant strain. There was also a distinct lack of pigmented points of emerging lateral roots along
the tap root even though the bacteria were able to penetrate into cortical tissues and persist at
least temporarily, clearly indicated by the pale nodule formation (Figure 4-2C). There was also
an absence of nitrogenase activity in root systems inoculated with p0110 disrupted BTAil as
compared to the wild type, as would be expected considering the lack of pigmented nodule
formation, typically housing the nitrogen-fixation reaction (Figure 4-4B). The decrease in
ethylene across the two-hour measured time frame indicates the natural decomposition of
ethylene not being overcome by nitrogenase activity. This suggests that even if the p0110
disrupted BTAI1 cells are able to temporarily colonize the rhizosphere and enter the subdermal
tissue layers, they are not able to properly establish an anoxic, energy rich environment
conducive to the fixation of atmospheric acetylene to ethylene. However, the fact that very little

pigmentation, resulting from leghemoglobin produced by the plant in response to endosymbiosis
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establishment, indicates that while Ap0110 BTAil may penetrate to the cortical tissues and

initiate nodule primordium development, successful proliferation of the bacteria was halted.

Role of molecular regulation in NF-independent nodulation. It is known that nodules
typically form as a result of a complex, modified immune response geared toward forming
symbiotic nodule organs to facilitate the nitrogen-fixation process. While the initial steps of
rthizosphere colonization are similar no matter to nodulation method (NF-dependent vs NF-
independent), wherein soil dwelling or seed deposited bacteria are attracted to the root surface
through detection of plant released root exudates during growth, the location of colonization and
proliferation differ (Barbour et al., 1991; Gaworzewska & Carlile, 1982; Lopes et al., 2016;
Mills & Baver, 1985). In the preferred method employed for the NF-independent nodulation
system, bacteria congregate along the root system at points of lateral root emergence (Alazard,
1985; Arora, 1954; Yatazawa et al., 1984). These bacteria may then enter through micro fissures,
crack entry, intracellularly making their way to the cortical tissues (Boogerd & van Rossum,
1997; Eaglesham & Szalay, 1983). Therefore, the first signs of potential nodulation would
include increased microbial populations in the subdermal layers surrounding an emerging lateral
root (Alazard & Duhoux, 1988; Loureiro et al., 1995; Yatazawa et al, 1984). If the invading
bacteria do not progress beyond this point, they will instead proliferate in these subdermal
tissues, resulting in pigmentation from leghemoglobin to assist in the nitrogen fixation process in
response to endosymbiont presence (Appleby, 1984; Chihaoui et al., 2022; Navascues et al.,
2012). These first steps, if never extended further into the cortical tissues, could provide insight
into the initial evolutionary steps to develop the processes behind this symbiotic relationship by
drawing a clear distinction between endophytes capable or incapable of penetration beyond the

outer most subdermal tissue layers. Those that are able to penetrate further into the root cortex
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but do not successfully invade nodule primordial tissues or cannot establish a growing
population within these spaces would not be assimilated and passed on to primordial nodule
daughter cells, resulting in pale, non-nitrogen fixing nodules. However, if successful penetration
and further distribution into dividing primordial nodule cells is achieved, the result is mature,
pigmented nodules capable of nitrogen fixation (Bonaldi et al., 2011). This whole process is
completed in the absence of the canonical signal molecules, NFs, under the NF-independent
system. However, it is still believed that there must be some signal molecule produced by these
bacteria to elicit the required immune response of initial cortical cell death and primordia
infection, though it may not be as complex of a system as the formerly mentioned NF-dependent

mechanisms.

Role of Bbta p0110 in successful root colonization and nodule formation. The obtained
results, after knocking out the Bbta p0110 gene function, demonstrated a clear inability for
Ap0110 BTAIl cells to (1) establish a successful and growing population neither within the
subdermal tissue layers nor on the root surface (2) fully assimilate within nodule primordia cells.
The mutant was not able to perpetuate its root colonization as indicated by the decreased lateral
root emergence sites (Figure 4-2D). However, they clearly were able to penetrate to the inner
cortical tissues and induce the early stages of root nodule formation as indicated by the
appearance, although diminished amounts, of pale nodules. The steps that would typically follow
this root nodule primordia formation would be the successful assimilation of the bacteria into the
resulting nodule daughter cells. This crucial step in nodule organogenesis did not occur, as
indicated by the distinct lack of pigmented nodule formation that would arise with successful
endosymbiont establishment in nodule primordial tissue (Figure 4-2B). These results support the

hypothesis that the hypothetical, putative exported protein synthesized from Bradyrhizobium sp.
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BTAIil’s Bbta p0110 gene plays a role in nodule formation within the host plant Aeschynomene
indica. While the bacteria were able to initially colonize the root surface and penetrate to the
inner cortical layers to start the very early stages of nodule primordia formation, they were not
able to successfully assimilate within primordial cells and drive nodule maturation, leaving only
small, pale nodules behind. Furthermore, the Ap0110 BTAI1 cells were not able to maintain their
colonization of the root surface or subdermal layers as indicated by the lack of nitrogenase
activity that would otherwise be expected from these organisms (Figure 4-4B). With all the
obtained observations and data, one pertinent question remains: what happened to the bacteria? If
they were able to initialize colonization but it did not persist, where did they go? To answer this
question, be reminded that studies have shown plants will participate, such as ones grown in
these conditions, will participate in rhizophagy and actively destroy and absorb endophytic
bacteria as supplemental nutrient sources. These plants are grown strictly in a nitrogen free
environment to encourage the formation of this symbiotic relationship else they suffer
nutritionally (Figure 4-4A). However, if the bacteria are unable to participate in this relationship
through nodule formation, the plant has no other option than to destroy and consume the
microscopic inhabitants, taking in the only nutritional source available to them. Further studies
need to be completed to fully claim the nodulation role of the Bbta p0110 gene, such as
transformation of the plasmid housing this gene to a non-nodulating endophyte and observing the
resulting nodulation response. Additionally, from the plant perspective, studies involving the
plant gene expression when exposed to p0110 protein should be conducted to better understand

the host immune response involved in this relationship.

The complex dynamics involved in plant-microbe interactions are fascinating and only

further show just how intricate the roles in nature have become since the beginning. Bacteria and
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plants are in constant communication, interacting with one another in the natural world. These
interactions have led to the development of remarkable pathways and relationships that either
support or hinder one another. The findings obtained from this study indicate that Bbta p0110
certainly plays a significant role in the assimilation and further distribution of Bradyrhizobium
sp. BTAil cells throughout nodule tissues. While this gene may not the be only signal used in
this NF-independent nodulation system, understanding its function helps shed light on the
potential molecular cascade involved in this symbiotic relationship. Additionally, the results
obtained suggest an interesting and complex battle for survival by both the host plant and
endosymbiont with a relationship that could be broken at any time should the host find it is not
receiving the required nutritional support. Understanding these amazingly complex and diverse
endophyte/plant interactions will undoubtedly lead to new discoveries and advancements to our
current agricultural systems. The global population is growing, environmental conditions are
becoming more hostile, and we need to use the tools already available to us to combat and

overcome these challenges.
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Table 4-1. Top 3 up regulated unique gene expression of BTAil exposed to root exudate from A. indica plants.

GenelD GeneName log2FC p-adj FC Function

640555469 Bbta 0450 3.95 0.05 15.43 fructose-bisphosphate aldolase (EC 4.1.2.13)
640539027 Bbta p0110 2.76 0.05 6.76 putative exported protein of unknown function
640555536 Bbta 0522 0.65 0.05 1.56 hypothetical protein
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Table 4-2. List of bacterial strains and plasmids used in this study.

Strain or Plasmid

Genotype or phenotype

Reference

Escherichia coli
strains

DH5a

Bradyrhizobium
Sp. strains

BTAil

Ap0110 mutant
Plasmids

pKD4

pKD78

pRK2013
pJQ200SK
pJQ200SK-p0110
pKD78-pJQ200SK-
p0110-h
pKD78-pJQ200SK-
p0110-Km

supE44 AlacU169 (®80lacZAM15) hsdR17 recAl endAl gyrA96 thi-1
relAl F' (traD36, proAB+ laclq, A(lacZ)M15) endA1 recAl hsdR17 mcrA
supE44) gyrA96 relAl

CmR Wild type

CmRKm®R p0110 :: Km

Km® expression vector

CmR® Lambda Red recombinase expression plasmid

Km® cloning vector

GmR sacB suicide vector

GmR® suicide vector containing p0110 gene

Gm® Cm® suicide vector containing p0/10 gene with Lambda Red
recombinase expression plasmid

Gm® Km® suicide vector containing p0110 gene substituted with kanamycin

cassette

Bethesda Research Laboratories

(Giraud et al.)
This work

(Datsenko and Wanner 2000)
(Datsenko and Wanner 2000)
(Ditta et al.1980)

(Quandt and Hynes 1993)
This work

This work

This work
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Figure 4-1. Growth of Bradyrhizobium sp. BTAil (wild type)( e symbol) and Ap0110 mutant
(A symbol) strains over 7 days. Each time point represents the average ODeoo value for three

replicates.
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Figure 4-3. Dissection microscopy images depicting root systems of 4. indica inoculated with

(A & B) wild type Bradyrhizobium sp. BTAil or (C & D) Ap0110 Bradyrhizobium sp. BTAi1.
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Figure 4-4. Average total plant dry weights (A) and average changes in ethylene (B) observed in
A. indica plants inoculated with either wild type or Ap0110 Bradyrhizobium sp. BTAil bacteria

after 40 days
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CHAPTER 5

CONCLUSIONS

Endophytic bacteria confer many beneficial characteristics to host plants including, but
not limited to, nutrient acquisition, antibiotic production for disease suppression, and overall
plant growth and survivability. The formation of nodule organs is one of the most notable results
of an endophytic symbiotic relationship, allowing for the fixation of atmospheric nitrogen into
forms usable by the host plant. This unique relationship has been incorporated into agricultural
systems in the form of crop rotation as means of natural nutrient cycling independent of synthetic
chemical fertilizers. Such fertilizers are expensive to produce, and these costs are transferred to
the farmers and subsequently the consumers of their products. Additionally, these compounds
often leach into the surrounding environment, devastating most often to marine life.
Understanding and weaving the special symbiotic relationship between plants and
microorganisms into modern agricultural practices will lead to decreased food costs, increased
crop production, and reduced negative environmental impacts. While soybean may be the most
well-known leguminous crop to utilize such a relationship, there are other, lesser-known plants
like Aeschynomene that are used as green manure to return nutrients to soil and improve crop
production. These plants are particularly special due to their stem nodules and their formation
independently of Nod Factor signal molecules. This discovery has lead researchers on a mission
to understand and translate this unique relation to non-nodule forming crop plants in hopes of

achieving complete independence from synthetic chemical fertilizers.

Using these plants as a model host for NF-independent nodulation, we set out to explore

the biogeographical dependencies regarding a host plant’s response to endophytic bacteria even

187



if the host species remains the same. The origin of seeds and how this plays a role in host
plant/bacterial inoculant symbiosis is important to understanding how tailor-made crop inoculum
might succeed or fail in particular regions of cultivation. Upon inoculation with known NF-
independent nodulating bacteria that have formed symbiotic relationships with host 4. indica
plants from Africa and South Korea, we saw a clear difference in how Texas and South Korean
plants react to the bacteria. Additionally, there were marked differences in Texas and South
Korean plant reactions to Texas native stem nodule isolates, particularly regarding the
Paenibacillus sp. isolate. Nodule formation is the result of a highly evolved immune response,
and the survival and subsequent successful colonization of an endophytic organism depends on

their adaptations to the specific host plant.

A total of 4 unique stem nodule isolates were obtained from Texas native 4. indica plants
and were tentatively identified as Bacillus megaterium (TSN1), Leifsonia shinshuensis (TSN2),
Streptomyces sp. (TSNS5), and Paenibacillus sp. (TSN7) through 16S rRNA sequencing. All
obtained isolates are known plant symbionts and are documented as promoting plant growth
through the production of phytohormones, nutrient acquisition, abiotic stress tolerance, and
disease suppression. Of those identified, TSN1 and TSN2 demonstrated the most consistent and

notable benefits regarding nodule promotion.

After further investigation, TSN2 was identified as a novel L. species through whole
genome sequencing. Additionally, the whole genome analysis of this organism revealed a total of
106 plant growth promoting genes with 21 of these being involved in the remediation of heavy
metal pollutants such as cadmium, cobalt, copper, arsenic, mercury, zinc, and nickel. There were
21 genes identified that are involved in salt and drought stress tolerance for plants as well as 19

genes for cytochrome production, aiding in other abiotic stress mitigation. This stem nodule
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isolate shows great potential for future use as a co-inoculant for the plant growth promotion of
legumes in hostile, nutrient poor conditions. Further analysis of the beneficial symbiotic
characteristics of this organism must be conducted, particularly on non-leguminous crop plants
such as corn or cotton under detrimental environmental conditions to evaluate its role as a
potential crop inoculant. Additionally, investigation in the the potential function of the
unidentified genetic island unique to TSN2 and not found in the two closest relatives, L.
shinshuensis and L. aquatica is currently underway. It is postulated that this unique genomic
region may play an important role in NF-independent nodulation and plant-microbe symbiosis in

Aeschynomene indica plants.

In addition to the isolation and characterization of new NF-independent stem nodule
endophytic bacteria, we also worked to better understand the molecular mechanisms involved in
this unique nodulation system. There are many NF-independent rhizobia that have been isolated
from Aeschynomene plants around the world that are used as model organisms for studying this
symbiotic relationship. One such NF-independent symbiont, Bradyrhizobium sp. BTAil was the
subject of study for this work to identify bacterial genes involved in NF-independent nodule
formation. Our results from plant growth experiments using a Bbta p0I10 disrupted mutant
demonstrated the significance in this gene regarding NF-independent nodulation in 4. indica
plants. Further experiments must be done to characterize the protein encoded by this gene to
better understand the exact mechanisms involved. Results from the experiments suggest a role of
this gene involved in the colonization and distribution of the bacteria within nodule primordia.
This gene may play a role in the cell death and uptake of the bacteria into the initial nodule

tissues and thus the subsequent assimilation of these bacteria into mature nodule organs.
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Interestingly, this gene was not identified within the genome of the Texas native A. indica
stem nodule isolate, TSN2, despite the elevated pigmented nodule formation stimulated by this
organism independently of NF signal molecules. With crack entry being such a simplistic
method of endophytic colonization within host corticial tissues, it is possible that throughout the
evolutionary history of these symbiotic relationships, the bacteria have developed unique
methods of communication with the host that is independent from one another. While these
nodulation mechanisms occur in the absence of NF signal molecules, there most likely are other
signal molecules being produced and released by the bacteria that, at some point, allows them to
gain entry to the host plant nodule primordia or perhaps even interact with the pericycle, from
which the cortical cells arise. These NF independent nodulation mechanisms are relatively new
and have not yet been fully characterized. They provide a wealth of interesting research subjects
that, in the end, will help to further our understanding of and enhance our current agricultural

practices.

If we want to elevate our current agricultural methods through biological means, it is
imperative that we understand how microorganisms can be incorporated as means of crop
enhancement. Bacteria play important metabolic roles in every single documented niche around
the world. There have even been suggestions of these microorganisms thriving in extraterrestrial
environments as well. With mankind quickly advancing towards the colonization of celestial
objects, such as the Moon or Mars, it would be an impossible feat with our current agricultural
practices. Not only can bacteria improve our current, Earth-bound crop cultivation, perhaps they
could also be the key to supporting and sustaining agricultural systems and terraforming

practices outside of this planet.
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APPENDIX

Table A-1. Significant gene expression report for BTAil exposed to A. indica root

exudates.

GenelD log2FC  p-adj FC  Function

640555469  3.95 0.05 15.43  fructose-bisphosphate aldolase (EC 4.1.2.13)
640539027  2.76 0.05 6.76  putative exported protein of unknown function
640559454  2.44 0.05 5.44  hypothetical protein

640559545  1.66 0.00 3.16  hypothetical protein

640560691  1.07 0.00 2.11  Methanol dehydrogenase large subunit
640561915 1.03 0.05 2.04  hypothetical protein

640555536  0.65 0.05 1.56  hypothetical protein

640555143  -0.76 0.05 -1.69  putative small heat shock protein

640560236  -1.21 0.05 -2.32  putative exported protein of unknown function




Figure A-1. Examples of nodule morphology observed through the course of this study. (A & C)
Depicting pigmented emergent lateral root (ELR) sites. (B) Depicting one pale (left) nodule
compared to two neighboring pigmented nodules. (D) Opened pigmented nodule demonstrating

the inner nodule organ with pink leghemoglobin color.



