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Bradyrhizobium sp. SUTN9-2 is a broad host range strain capable of nodulating
with various legume hosts. This strain was selected with the specific purpose to
examine the role of the type IV secretion system (T4SS) in the symbiotic process
between Bradyrhizobium and legumes. This is due to the chromosome of
Bradyrhizobium sp. SUTN9-2 which carries 2 copies of T4SS containing the tra/trb
operon and a unique gene arrangement of the copgG, traG, and virD2 gene cluster
was discovered within both operons. A traG gene phylogenetic tree analysis revealed
evidence of horizontal gene transfer of the traG gene in T4SS between the genera
Bradyrhizobium and Mesorhizobium. However, the virD2 gene was not found in
Mesorhizobium, except for a specific case in M. opportunistum WSM2075. This finding
suggested an arrangement of the copG, traG, and virD2 gene cluster that is unique to
the Bradyrhizobium genus. Phylogenetic analyses of copG, traG, and virD2 of
Bradyrhizobium sp. SUTN9-2 showed that copies 1 and 2 of these genes grouped in
different clades within genus Bradyrhizobium. Interestingly, T4SS copy 1 (T4SS;) of
Bradyrhizobium sp. SUTN9-2 exhibited significant similarity to two important
Bradyrhizobium strains including B. diazoefficiens USDA110, a commercial soybean
inoculant, and B. yuanmingense, the primary rhizobia species associated with Vigna
unguiculata and V. radiata plants in subtropical regions. As a result, this study aimed
to investicate the role of T4SS1 in the symbiotic interactions between
Bradyrhizobium sp. SUTN9-2 and leguminous plants. To achieve this, the
construction of T4SS1 (copG;, traG;, and virD2; genes) deletion and their
complementation (T4SS;omp) Were performed and tested with the representative
legumes from the Dalbergioids, Millettiods, and Genistoids. The results demonstrated
a positive effect of T4SS; on nodulation, as in the deletion of T4SS,, both nodule
number and nitrogenase activity were reduced. In contrast, nodulation efficiency was

successfully restored by T4SS,mp resembling levels observed in the wild type (WT).



These findings emphasize the important role of T4SS in the symbiotic interaction
between Bradyrhizobium sp. SUTN9-2 and its leguminous hosts.

Furthermore, the role of each copG, traG, and virD2 genes within T4SS1
fragment of Bradyrhizobium sp. SUTN9-2 was further investigated. Mutants were
constructed and tested on V. radiata cv. SUT4. It was discovered that AtraG; and
AvirD2; reduced infection efficiency in the early stage of infection, but they regained
their invasion abilities over time. As opposed to AcopG; which exhibited a complete
loss of the ability in nodule organogenesis and nitrogenase activity, highlighting the
critical role of the copG; gene in symbiotic interactions. Although the AcopG,
showed a slightly negative effect on nodulation by increasing nodule numbers but
lower nitrogenase activity when compared to the WT. Moreover, the expression of
nodulation genes (nodD2, nodA, and nodC) were not detected in the AcopG;, while
high expression levels of T4SS; structural genes including traG; and trbE; were
observed. These results suggested that the copG; gene played multiple crucial roles
in the symbiotic interaction, including contributing to bacterial viability, involvement
in nodulation and most likely acting as a repressor for T4SS structural genes.
Meanwhile, traG; and virD2; were essential in the early stages of symbiotic
interaction between Bradyrhizobium sp. SUTN9-2 and leguminous plants. This novel
approach might create opportunities for future research on the role of copG; and its
interactions with other genes and other pathways involved in symbiosis. Furthermore,
the research underscores the importance of T4SS in the symbiotic interaction
between Bradyrhizobium sp. SUTN9-2 and lesuminous hosts, deepening our
understanding of successful legume-Rhizobium symbiosis. This understanding has the
potential to be applied in agriculture, improving nodulation efficiency and nitrogen
fixation in legume crops leading to enhanced agricultural productivity and

sustainability.
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CHAPTER |
INTRODUCTION

1.1 Significances of study

Bradyrhizobium is a type of Gram-negative soil bacteria that belongs to the
alpha-proteobacteria group. It forms a symbiotic relationship with plants which
involves the exchange of signaling molecules. This symbiosis leads to the
development of specialized structures called nodules. Inside these nodules, there
are bacteroids that have the ability to convert atmospheric dinitrogen (N,) into
ammonia (NH;) through nitrogen fixation. This conversion allows nitrogen to be
incorporated into organic molecules making it accessible for plant growth
(Stevenson, 1965). Typically, Bradyrhizobium requires nod factors (NFs) to establish
symbiosis with various leguminous plant hosts using a mechanism known as nod
factor (NF)-dependent symbiosis. The symbiotic process is initiated by plants through
the secretion of flavonoids or phenolic compounds which diffuse across the rhizobial
membrane and bind to a specific protein called NodD. This binding activates NodD,
thereby triggering the expression of nodulation (nod) genes including the common
nodABC genes in rhizobia. The nodABC genes are responsible for synthesizing NFs
which are lipochitooligosaccharides (LCOs) serving as crucial signaling molecules.
These NFs play a crucial role in initiating the symbiotic relationship and facilitating
the organization of nodules (Rhijn & Vanderleyden, 1995).

Although NFs are commonly involved in the symbiotic relationship between
rhizobia and legumes. There are exceptions in Aeschynomene-bradyrhizobium
symbiosis, especially in photosynthetic bradyrhizobia (PB) including Bradyrhizobium
sp. BTAil and Bradyrhizobium sp. ORS278 which capable of nodulating
Aeschynomene cross-inoculation (Cl) group 3 without the presence of nodABC genes,
a phenomenon referred to as NF-independent which limited to a very few host
plants. These PB strains may use an alternative mechanism for invasion into host

plant, brarhizobia enter the roots through crack entry rather than via the traditional



pathway (Giraud et al,, 2007; Noisangiam et al.,, 2012). Despite this different entry
pathway, the nodulation process still occurs using similar downstream signals that
are present in NF-dependent nodulation (Bonaldi et al, 2011). An intriguing
observation is that Bradyrhizobium sp. ORS285 harbors plasmid-borne nod genes
and T3SS on its chromosome. Interestingly, the nodB derivative of Bradyrhizobium
sp. ORS285 loses the ability to nodulate in Cl group 2 but retains nodulation ability
in Cl group 3. These findings suggest that Bradyrhizobium sp. ORS285 can establish a
nitrogen-fixing symbiosis with Aeschynomene plants through both NF-dependent and
NF-independent mechanisms depending on the Aeschynomene species (Giraud et
al., 2007).

In addition to NFs, the signal exchange between bradyrhizobia and legumes
during symbiosis also involves secretion systems. Various rhizobia have been found
to possess three types of secretion systems similar to those used by pathogenic
bacteria including type Ill, IV and IV secretion systems (T3SS, T4SS and T6SS). These
systems are involved in symbiotic interactions and play a crucial role in delivering
virulence factors, effector protein or macromolecules directly into the cells of the
host organism (Sugawara et al., 2013). There are many reports about T3SS and T6SS
in  symbiosis process of rhizobia. T3SS has been identified in Rhizobium,
Sinorhizobium, Mesorhizobium, and Bradyrhizobium, and its effects on symbiosis
with the host can vary either positive, negative, or neutral (Hubber et al.,, 2004;
Fauvart & Michiels, 2008; Lopez-Baena et al,, 2008; Okazaki et al., 2009; Kimbrel et
al., 2013; Okazaki et al,, 2013). While, The T6SS has been identified and studied in
several species of rhizobia, including R. leguminosarum, B. japonicum, M. loti, S.
saheli, and S. fredii (Nelson & Sadowsky, 2015; Sousa et al., 2021). Additionally, the
impact of symbiotic interactions has been observed in R etli Miml and
Bradyrhizobium sp. LmicA16 depending on the host plant. The T6SS is also crucial
for competitiveness in Azorhizobium caulinodans ORS571 (Salinero-Lanzarote et al,,
2019). Similar to T3SS and T6SS, the T4SS in some species has been found to impact
symbiotic interactions. However, there has been relatively less research conducted
on the effects of T4SS in the bradyrhizobia genus (Hubber et al., 2004; Hubber et al.,
2007; Jones et al., 2007). Interestingly, PB strains lack a T3SS except Bradyrhizobium
sp. ORS285. ORS285 T3SS mutant revealed that the T3SS can have both positive and



negative effects on the interaction with NF-dependent but not necessary for the
interaction with any NF-independent Aeschynomene species tested. These findings
suggest that legumes can establish two types of NF-independent symbiotic
processes with rhizobia, one involving the T3SS and another utilizing an unknown
mechanism (Okazaki et al., 2016).

Bradyrhizobium sp. SUTN9-2 is a Gram-negative soil bacteria isolated from A.
americana in Thailand, which demonstrates an impressive ability to nodulate a wide
range of legume species and acts as a rice endophyte (Piromyou et al, 2015).
Bradyrhizobium sp. SUTN9-2 also serves as a valuable model for studying the
symbiotic relationship between Vigna radiata and bradyrhizobia, as this particular
strain has demonstrated the ability to form symbiotic nodules with a wide range of
tested V. radiata cultivars (Piromyou et al.,, 2019). While the nodulation process of
Bradyrhizobium sp. SUTN9-2 generally relies on NF-dependent pathway for nodule
organogenesis in legsume plants, its interaction with Aeschynomene symbiosis is
particularly intriguing (Noisangiam et al,, 2012; Hashimoto et al., 2019). This is
because Bradyrhizobium sp. SUTN9-2 can nodulate even Aeschynomene Cl group 3,
which typically only interacts with PB through an NF-independent process
(Noisangiam et al,, 2012). Within the chromosome of Bradyrhizobium SUTN9-2
harbors two secretion systems namely, T3SS and T4SS which actively participate in
symbiotic interactions (Piromyou et al., 2015; Hashimoto et al., 2020). The impact of
the T3SS on symbiotic interactions in Bradyrhizobium SUTN9-2 is influenced by the
specific plant species involved A. americana exhibits a neutral response to the T3SS,
while V. radiata, Macroptilium atropurpureum, and Lotus spp. experience a strong
negative effect. Notably, the T3SS has been found to have a positive effect
exclusively in V. radiata CN72 (Piromyou et al., 2019; Jiménez-Guerrero et al., 2022).
On the other hand, there is no reported evidence of T4SS in Bradyrhizobium species
during symbiotic interactions with legumes.

In the genome of Bradyrhizobium sp. SUTN9-2, two distinct clusters of T4SS
have been identified. These clusters are situated in different regions on the
chromosome and belong to the tra/trb operon, which shares homology with the
T4SS found in Agrobacterium. T4SS cluster 1 exhibits similarity with the T4SS of

B. diazoefficiens USDA110, a non-PB that acts as an endosymbiont in Glycine max



(soybean). On the other hand, T4SS cluster 2 displays similarity with the T4SS of
Bradyrhizobium sp.BTAi1, which is a PB that nodulates with Cl group 3 and acts as an
endophyte in rice (Piromyou et al., 2015). Moreover, there is no reports regarding the
role of T4SS of bradyrhizobia symbiosis. To elucidate the role and function of the
T4SS in Bradyrhizobium sp. SUTN9-2 is of particular interest due to it have ability to

nodulate with a wide range of legume species.

1.2 Research objectives
To investigate the function and impact of T4SS in the symbiotic relationship

between Bradyrhizobium sp. SUTN9-2 and legume.



CHAPTER I
LITERATURE REVIEWS

2.1 Biological nitrogen fixation (BNF)

The demand for nitrogen (N) in crop production has significantly increased since
the mid-twentieth century. This increase is due to advancements in the productivity
of major food crops like wheat, rice, and maize which are important for a substantial
portion of the global population's staple diet (Ladha et al.,, 2022). Nitrogen plays a
crucial role in various essential biochemical compounds within living cells. These
compounds include nucleotide phosphates, amino acids, proteins, and nucleic acids,
which are necessary for cellular processes and functions (Rascio & Rocca, 2013).

Despite being the most abundant element in Earth's atmosphere, constituting
around 79% of its composition nitrogen primarily exists in an inaccessible form that
cannot be directly utilized by biological systems (Grzyb et al,, 2021). As a result,
organisms, including plants, rely on soil microorganisms to convert atmospheric
nitrogen (N,) into an accessible form before it can be assimilated (Vitousek & Matson,
2012). In modern times, the primary sources of N supply are biological nitrogen
fixation (BNF) and nitrogen fertilizers produced through the Haber-Bosch processes
(Ladha et al, 2022). These sources play pivotal roles in meeting the nitrogen
requirements across diverse domains including agriculture and industrial applications.
The BNF is accomplished by diazotrophs, which utilize the enzyme nitrogenase to
catalyze the essential process of biological nitrogen reduction. Nitrogenase is
responsible for facilitating the conversion of N, into a biologically usable form
ammonia (NH3), thus enabling the incorporation of nitrogen into organic molecules
(Stevenson, 1965). BNF has served as the predominant source of reactive nitrogen

utilized in agriculture. The reaction for BNF can be represented as follows:

N, + 8H" + 8e + 16ATP — 2NH; + H, + 16ADP + 16Pi



In this reaction, N, combines with 8 protons (H"), 8 electrons (e), and the
energy from 16 molecules of adenosine triphosphate (ATP) to yield 2 molecules of
ammonia (NHs), 1 molecule of hydrogen gas (H,), and the corresponding products of
ATP hydrolysis: 16 molecules of adenosine diphosphate (ADP) and 16 inorganic
phosphate (Pi). This process represents the reduction of atmospheric nitrogen to
produce ammonia, which can then be utilized by living organisms for various
biological processes (Biology of the Nitrogen Cycle, 2007). The nitrogenase complex
encoded by the nifHDK genes is composed of two primary components. The first
component is a homodimeric iron metalloprotein (Fe) that binds two molecules of
adenosine triphosphate (ATP). The second component is a tetrameric metalloprotein
that contains a molybdenum-iron (Mo-Fe) complex. These components work in
conjunction within the nitrogenase complex to facilitate the enzymatic process of
nitrogen fixation (Rascio & Rocca, 2013). Nitrogenase is carried out by a diverse group
of prokaryotes known as nitrogen-fixing or diazotrophic microorganisms. These
microorganisms are widely distributed in various ecosystems and can exist as free-
living organisms or form symbiotic associations with different plant species (Biology of
the Nitrogen Cycle, 2007). The symbiotic association between legumes and
diazotrophic microorganisms ensures a consistent provision of carbon sources and a
regulated supply of oxygen, establishing the necessary conditions for highly efficient
N, fixation. In contrast, free-living N, fixing microorganisms primarily utilize the fixed
nitrogen for their own biomass and its availability to plants occurs indirectly through

the subsequent mineralization of this biomass (Shin et al., 2016).

2.2 The Rhizobium-legume symbiosis plays a crucial role in the

process of biological nitrogen fixation

In the realm of agriculture, the symbiotic BNF exhibited by legumes holds
significant recognition as the foremost and highly impactful source of biologically
fixed N (Kennedy & Islam, 2001). The symbiotic associations between N, fixing
bacteria, specifically Rhizobium species and leguminous plants play a crucial role in
ecological systems. These associations are ecologically significant due to their

widespread occurrence and their ability to provide a substantial supply of nitrogen to



ecosystems. Approximately 90% of lesuminous plants are capable of forming
symbiotic associations with aerobic diazotrophic Gram-negative bacteria known as
rhizobia including Rhizobium, Azorhizobium, Mesorhizobium, Sinorhizobium, and
Bradyrhizobium. Different species of rhizobia establish symbiotic relationships with
specific legume plant species, contributing to the diversity and specificity of these
interactions (Rascio & Rocca, 2013). The BNF has a global impact, annually
contributing an estimated 139-170 million tons of N to arable soils. Microorganisms in
symbiotic systems are responsible for fixing the majority, around 70-80%, of this N,
with non-symbiotic microorganisms fixing the remaining 20-30% (Grzyb et al., 2021).
Within the symbiotic association between Rhizobium sp. bacteria and legumes, a
substantial amount of N, ranging from 100 to 200 kg per hectare per year, is
contributed to the soil. In contrast, free-living bacteria fix N at a significantly lower
rate, typically less than 10 kg per hectare per year. This disparity can be attributed to
the limited timeframe during which free-living diazotrophs actively engage in N,
fixation, primarily during their growth phase (Schulze & Mooney, 1993; Babik & Elkner,
2002). Overall, the symbiotic associations between N, fixing bacteria and leguminous
plants are fundamental for nitrogen supply in ecosystems, highlighting their
ecological importance and their role in maintaining soil fertility and ecosystem

productivity.

2.3 Nodulation mechanisms
2.3.1 Rhizobial and nodulation process
2.3.1.1 Nod factor-dependent

Rhizobia are a group of Gram-negative bacteria and classified to
alpha-proteobacteria which consisting of the genera Allorhizobium, Azorhizobium,
Bradyrhizobium, Mesorhizobium, Rhizobium, and Sinorhizobium play a crucial role in
symbiosis (Berkum et al., 1998). The Rhizobium-legume symbiosis depends on the
exchange of signals between the partners to generate specialized structures called
nodules. During the initiation of nodulation, flavonoids and isoflavonoids secreted by
legume roots activate the nodulation protein (NodD). NodD proteins belong to the
LysR family of transcriptional regulators to stimulate the expression of nod genes by

binding to specific DNA motifs known as nod boxes which located upstream of the



nod operons (Fisher et al., 1988; Kamboj et al.,, 2010). This activation triggers the
synthesis of lipochito-oligosaccharide (LCO) compounds called nod factors (NF)
(Oldroyd et al,, 2011). NF acts as signal molecules that interact with nod factor
receptors (NFR) present in the plant. This interaction triggers the activation of a plant
symbiotic signaling pathway by initiating cell division in the root cortex forming a
specialized structure where the rhizobia bacteria can reside and perform nitrogen
fixation. Inside the nodules containing the rhizobia differentiate into bacteroids which
can convert atmospheric nitrogen into a form usable by the plant (Bladergroen &
Spaink, 1998; Oldroyd et al., 2011).
2.3.1.2 Nod factor-independent

The presence of NF is often referred to as an NF-dependent
mechanism (Figure 2.1). Some rhizobia belonging to the photosynthetic bradyrhizobia
(PB) group form a symbiotic relationship with Aeschynomene plants and lack the
canonical nodABC genes which are responsible for encoding LCO signal molecules
(Giraud et al., 2007). These PB strains have evolved an alternative infection process
known as crack entry or intercellular infection (Figure 2.1) (Bonaldi et al., 2011; Okubo
et al,, 2012; Guha et al,, 2022). Generally, the crack-entry infection process has been
extensively studied in Arachis hypogea (lbanez & Fabra, 2011) and has been
observed in the Aeschynomene-photosynthetic bradyrhizobia symbiosis such as
Bradyrhizobium sp. ORS285 and Bradyrhizobium sp. BTAil (Giraud et al,, 2007,
Okazaki et al., 2016). This mechanism allows them to invade the host plant through
gaps between axillary root hairs penetrating the cortical cells by invaginating the host

cell wall so, this mechanism called NF-independent (Bonaldi et al., 2011).
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Figure 2.1 Rhizobial invasion can happen through two pathways including a.) root
hair invasion via nod-dependent pathway and b.) crack/intercellular

invasion via NF-independent pathway (Sharma et al., 2020).

2.4 Comparison of Nod factor-independent Nitrogen Fixation and the

Symbiotic Secretion System
2.4.1 Bacterial secretion systems
Bacterial secretion systems are complex nanomachines that facilitate
the transport and delivery of a wide range of molecules across bacterial cell
membranes. These systems play a crucial role in various biological processes
including intercellular communication, nutrient acquisition, pathogenesis and

environmental adaptation (Green & Mecsas, 2016).
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2.4.1.1 Classification of bacterial secretion systems

Currently, bacterial secretion systems can be classified into
various types based on their structure and mechanism of action. The presence of a
wide range of secretion systems in bacteria, ranging from type | secretion system
(T1SS) to T11SS has been identified in prokaryotic organisms (Figure 2.2) (Pena et al,,
2019; Grossman et al,, 2021; Filloux, 2022). The secretion system can be classified
into several groups based on mechanisms and functions. Firstly, there is the protein
translocation group, which includes T1SS, T2SS, T5SS, T9SS, and T10SS (Desvaux et
al., 2009; Gawarzewski et al., 2013; Palmer et al., 2021). These systems are primarily
involved in transporting proteins and compounds from inside the bacterial cell to the
external environment including eukaryotic cells. They play a key role in facilitating
the export of molecules outside the cell. Secondly, there are the effector delivery
groups which are crucial for bacterial survival, pathogenicity, and symbiotic
interactions including T3SS, T4SS and T6SS (Nelson & Sadowsky, 2015). These
secretion systems enable bacteria to deliver effector molecules that manipulate host
cellular processes, evade immune responses, establish colonization, and promote
successful interactions with their hosts. Lastly, T7SS is involved in the secretion of
enzymes and factors required for extracellular matrix formation (Kengmo Tchoupa et
al., 2020). This enables bacteria to construct biofilms, which are structured
communities of bacterial cells embedded in a self-produced matrix. Biofilms provide
advantages such as increased resistance to antibiotics, protection from host immune
defenses, and enhanced colonization of surfaces (Bowman & Palmer, 2021; Zhou et
al,, 2022). The latest addition to the secretion systems is the T11SS which has been
recently proposed. This system is composed of proteins from the DUF560 family and
is responsible for transporting periplasmic cargo across the outer membrane

(Grossman et al., 2021, Grossman et al., 2022; Filloux, 2022).
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Figure 2.2 The diversity of bacterial protein secretion systems from type 1 to type

11 secretion systems (Trivedi et al., 2022).

2.4.2 The secretion system required for plant-microbe interaction
2.4.2.1 Pathogenicity

Numerous pathogenic bacteria have been observed to employ
dedicated secretion systems for the purpose of releasing virulence factors from the
bacterial cytosol into host cells or the surrounding host environment (Green &
Mecsas, 2016).

2.4.2.1.1 Agrobacterium harboring the Tumor inducing (Ti)

plasmid.

Agrobacterium spp. is a Gram-negative plant pathogenic
bacterium which known for inducing crown gall disease through direct transformation
of host plant cells (White & Winans, 2007). A. tumefaciens infection induces
significant physiological alterations in plant tissues. Tumor organogenesis primarily
occurs at the site of infection and originates from the cambium layer. Within the
cambium undifferentiated cells undergo transformation resulting in the loss of their
ability to differentiate into the usual phloem and xylem vessels. As a result, the
transport of water and nutrients is adversely affected (Otten et al, 2008). This
bacterium carries a significant plasmid called the tumor-inducing plasmid (Ti
plasmid), which plays a pivotal role in transferring and integrating DNA into the

genome of infected plant cells (Kado & Hooykaas, 1991; Beijersbergen & Hooykaas,
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1994). In Agrobacterium spp., the Ti plasmid can indeed be classified based on the
opine type produced by the bacterium. Opines are small molecules produced by the
transformed plant cells infected by Agrobacterium. They serve as a source of
nutrients for the bacterium and play a role in the establishment of the infection
(Cascales & Christie, 2003). There are several types of opines associated with
Agrobacterium infections including octopine, nopaline, succinamopine, and
leucinopine (Moore et al., 1997). The ability to produce specific opines is determined
by the presence of the corresponding Ti plasmid in the Agrobacterium. In A
tumefaciens C58, which serves as a crucial model for investigating the relationship
between plants and bacteria, two distinct types of Ti plasmids have been discovered
including octopine and nopaline types (Figure 2.3). Normally, the Ti plasmid consists
of five key components essential for T-DNA transformation including the T-DNA
region, as well as vir, rep, tra and trb regions (Engler et al., 1981). The components
consist of, i). T-DNA region: the T-DNA region is flanked by specific border sequences,
the left border (LB) and right border (RB), which serve as recognition sites for transfer
(Kleinboelting et al., 2015). This region carries genes encoding phytohormones
(auxins, cytokinins) and opines which act as major carbon and nitrogen sources and
play a significant role in the interaction between Agrobacterium and plants (Kérber et
al,, 1991 Baek et al,, 2003; Flores-Mireles et al., 2012). ii). Virulence genes (vir) region:
the virulence genes region encodes components of the T4SS responsible for the
infection process and transfer of T-DNA from bacteria to the host cytoplasm (Shirasu
et al, 1990, Thompson et al., 1988). iii). Replication (rep) region: the Ti plasmid
encompasses rep genes (repABC) crucial for vegetative replication and partitioning of
the plasmid to ensure maintenance within Agrobacterium (Tabata et al., 1989; Pinto
et al,, 2012). iv). tra and trb gene regions: the Ti plasmid harbors two gene regions,
tra and trb, which contribute to important functions in Agrobacterium. The tra genes
encode a transcriptional regulator involved in DNA replication and transformation,
while the trb gene region (trb cluster and traG) encodes proteins required for Ti
plasmid conjugation. This system facilitates the formation of mating pairs and
enables the transfer of genetic material between Agrobacterium and host cell. v).
Opine uptake and catabolism: A. tumefaciens C58 has the ability to uptake and

catabolize opines which are compounds produced by infected plant cells in
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response to Ti plasmids. Specific transporters and enzymes facilitate the uptake and
breakdown of opines providing a source of carbon and nitrogen for the bacterium.
Opine uptake and catabolism play a significant role in the interaction between
Agrobacterium and plants contributing to the pathogenicity and survival of the
bacterium (Vladimirov et al.,, 2015). These components collectively contribute to the
success of T-DNA transformation and the establishment of the Agrobacterium-plant

interaction.
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Figure 2.3 The schematic of the octopine-type Ti plasmid illustrates the gene
locations responsible for various functions in Agrobacterium tumefaciens

(Gordon & Christie, 2014).

2.4.2.1.2 The T4SS of Agrobacterium spp.

The T4SS of A. tumefaciens C58 is responsible for
delivering the T-DNA into the plant cells and conjugation processes (Hwang et al,,
2017). Notably, three distinct types of T4SSs have been identified in A. tumefaciens
(58, characterized by the presence of vir, avh and trb genes (Sugawara et al., 2013).

The virB operon plays a crucial role in facilitating the transfer of DNA to the plant
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host, while the trb system are necessary for the conjugal transfer of the Ti plasmid
between Agrobacterium and plant host (Bodman et al.,, 1989). On the other hand,
the avh cluster of pAtC58 plasmid encode a minimum of 10 proteins, namely AvhB2
through AvhB11. Remarkably, seven of these proteins demonstrate substantial
similarity to the corresponding VirB proteins, which are associated with virulence on
the Ti plasmid (Chen et al., 2002). While, the Trb system shares amino acid sequence
similarities with 6 of the VirB proteins despite having different gene arrangements and
this gene cluster required for conjugal transfer (Li et al., 1998).

Based on A. tumefaciens C58 TA4SS, it has been observed that the majority of
Gram-negative bacteria with T4SS possess a set of 12 structural proteins which
include VirB1-B11 and VirD4. These proteins collaborate to form a multi-protein
envelope-spanning transport apparatus serving as a multi-protein transport system.
The T4SS apparatus can be categorized into three groups based on their functions
including the energy subcomplex, core subcomplex and T pilus subcomplex (Figure
2.4) (Waksman & Orlova, 2014). Energy subcomplex consisting of VirD4, VirB4, and
VirB11 proteins that act as an ATPase for T4SS. ATPases are enzymes that hydrolyze
adenosine triphosphate (ATP) molecules releasing energy that can be used for
various cellular processes. Here, ATPase activity of VirD4, VirB4, and VirB11 proteins
provides the energy required for the proper functioning of the secretion apparatus,
enabling the transport of substrates across cell membranes (Atmakuri et al., 2004).
Beside ATPase function, VirD4 also plays a crucial role in connecting the cytoplasmic
ATPases (such as VirB4) with the outer membrane components of the T4SS. It bridges
the inner membrane-associated ATPases and the outer membrane channel proteins,
facilitating the transfer of substrates across the cell membranes (Redzej et al., 2017).

The core subcomplex consists of several proteins, including VirB6é, VirB7, VirB8,
VirB9, and VirB10. These proteins play essential roles in the assembly and
stabilization of the T4SS apparatus. VirB6 is transmembrane protein involved in the
formation of a channel or pore through which substrates are transported during
(Jakubowski et al., 2004). VirB7 and VirB9 form a stable complex in the outer
membrane of the bacterial cell. While, both VirB8 and VirB10 proteins play crucial
roles in the assembly, stability and functioning of the T4SS. They contribute to the

formation of a translocation channel and facilitate the movement of substrates
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through the secretion apparatus (Das & Xie, 2000; Waksman & Orlova, 2014). The T
pilus subcomplex comprises VirB2 and VirB5 proteins which serve as the major and
minor components of the T4SS pilus. These proteins function as adhesins, facilitating

host-cell targeting by binding to specific receptors on the (Backert et al., 2008).
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Figure 2.4 The structure of T4SS. This image has been adapted from Alvarez et al.,
2020.

2.4.2.1.3 Agrobacterium utilizes a T4SS to induce crown
gall disease.

The Agrobacterium-plant interaction is a intricate
process that can be dissected into multiple functional stages to induce crown gall in
plants. They required two elements for gall disease development including T-DNA
transformation and tumorigenesis (Winans, 1990, 1991; Escobar & Dandekar, 2003;
White & Winans, 2007;). The overall process can summarize as following steps (Figure
2.5).

— Recognition of plant wound signals: When plant tissues are wounded,
specific chemical signals are released. A. tumefaciens detects these signals
through the VirA protein, which acts as a sensor kinase located on the

bacterial cell membrane.
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Activation of VirA/VirG system: binding of the wound signals, such as
acetosyringone, to VirA triggers autophosphorylation of VirA at a histidine
residue. The phosphoryl group is then transferred from VirA to the

response regulator VirG, activating.

Transcriptional activation of vir genes: activated VirG binds to specific DNA
sequences called "vir-boxes" in the promoter regions of the vir genes. This
binding leads to the transcriptional activation of vir genes, which encode

the Vir proteins required for T-DNA transfer.

Assembly of T4SS apparatus: the VirB and VirD4 proteins, encoded by the
vir genes, form the core components of the T4SS apparatus. The VirD4
protein acts as a coupling protein that connects the T-DNA processing

complex to the T4SS.

T-DNA processing: the VirD2 endonuclease nicks the T-DNA at specific
border sequences, generating a 5" phosphate and a 3' hydroxyl group at
each end. The VirD2 protein remains covalently bound to the 5' ends of

the T-DNA, protecting it from degradation.

Formation of T-pilus and T-complex: the VirB proteins assemble into a
translocation channel called the T-pilus, which extends from the
bacterium to the plant cell. The VirD2-T-DNA complex is recognized by the
VirD4 protein, which facilitates its transfer to the T-pilus, forming a T-

complex.

Transfer and integration of T-DNA: The T-complex is translocated through
the T-pilus and delivered into the plant cell. Once inside the plant cell,
the VirD2 protein aids in nuclear import of the T-DNA. The T-DNA integrates

into the plant genome, usually via a site-specific recombination event.

Expression of T-DNA genes: After integration, the T-DNA genes can be
transcribed and translated in the plant cell. These genes may include
oncogenes (such as auxin and cytokinin biosynthesis genes) and other
genes that manipulate plant cell physiology, leading to the formation of

characteristic tumor-like galls.
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Figure 2.5 A comprehensive model is proposed to illustrate the Agrobacterium-

mediated transformation (Gelvin, 2003).

2.4.2.2 The secretion systems associated with symbiosis process

The symbiotic relationship between rhizobia and legumes can
undergo a pathogenic shift if the lesumes fail to regulate the total number of
nodules formed or if the rhizobia produce non-nitrogen-fixing nodules. The existence
of these secretion systems in evolution indicates that while rhizobia and legumes
have co-evolved a mechanism for establishing and sustaining symbiosis, there has
also been a co-evolution of a relationship resembling that of a pathogen interacting
with a plant (Nelson & Sadowsky, 2015). The specific microbial-plant relationship
exhibits variability influenced by external factors, such as environmental changes as
well as intrinsic factors inherent to both organisms. Communication between the
host and microbe plays a pivotal role in both pathogenic and mutualistic
interactions, predominantly relying on signal exchange as a fundamental mechanism
(Tseng et al,, 2009). In addition to nod factor mechanisms, some of rhizobia employ
a secretion system that shares homology with those found in bacterial pathogens to
initiation symbiosis mechanism with their host (Deakin & Broughton, 2009a). Rhizobia

have been found to possess multiple secretion system mechanisms, including T3SS,
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T4SS, and T6SS, symbiotic plasmids (pSym) or within symbiotic islands located on
the chromosome (Figure 2.6). They have ability to translocated protein pass through
both the inner membrane (IM) and outer membrane (OM) in one step, without
forming stable intermediates in the periplasmic space (Fauvart & Michiels, 2008). In
addition, these systems play a crucial role in symbiosis by facilitating the
translocation of effector proteins during the symbiotic process (Sugawara et al., 2013;

Nelson & Sadowsky, 2015).

Target Cell

VGrG/PAAR

Contractile #
sheath R

Figure 2.6 Bacterial secretion systems associated with symbiosis interaction between
rhizobium and plant host. Various secretion systems are capable of
directly injecting proteins, effectors, or toxins into target cells (Filloux,

2022).

2.4.2.2.1 The role of T3SS in symbiotic interactions
The T3SS is a complex structure composed of
several subunits, approximately 20 bacterial proteins which can secrete bacterial
proteins into the extrabacterial environment (Galan & Collmer, 1999). The T3SS
system is typically associated with pathogenic bacteria and plays a critical role in
host-pathogen interactions. Pathogenic bacteria utilize this system to directly inject
effector proteins from the bacteria into host cells, crossing the cellular membrane in

the process (Ghosh, 2004). Pathogenic bacteria employ the system to deliver a class
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of proteins known as T3SS effectors (T3Es) (Buttner & Bonas, 2003). In rhizobia, the
core machinery genes responsible for secretion are referred to as rhc (Rhizobium
conserved) family which encode the key component including needle-like structure,
transmembrane basal body, export apparatus and effector protein called nodulation
outer proteins (Nops). These effector proteins modulate plant cell processes and
signaling pathways, promoting the formation of nitrogen-fixing nodules on legume
roots (Viprey et al,, 1998; Deakin & Broughton, 2009). The production of NF can
impact the expression of rhizobial T3SS. NodD, acting as an activator triggers the
expression of the tts/ gene. Tts/ serves as a transcriptional activator that is
responsible for coding the T3SS apparatus and T3Es (Marie et al., 2004; Jiménez-
Guerrero et al,, 2022). T3SS is a well studied secretion system found in many
rhizobia, the interaction between rhizobium and legume symbiosis was first identified
in symbiotic plasmid of Sinorhizobium sp. NGR234 (Viprey et al., 1998) which is a
broad host range nodulates more than 110 genera of legumes as well as the non-
legume Parasponia andersonii (Broughton et al.,, 1986). The influence of T3SS and
T3SEs on symbiotic phenotypes in lesumes is highly dependent on the specific
legume species and the corresponding rhizobia involved. The outcome can range
from positive facilitation of symbiosis to neutral effects or even negative interference
with the symbiotic relationship (Jiménez-Guerrero et al., 2022). For example,
Bradyrhizobium ORS285 represent positive effect on A. afraspera but have neutral
effect on A. evenia (Okazaki et al,, 2015). However, the roles of the T4SS and T6SS in
symbiosis are less well studied than those of the T3SS.
2.4.2.2.2 The role of T4SS in symbiotic interactions

Beside T3SS, some of rhizobia deriver molecules via
T4SS during symbiosis process. The T4SS is a pathogenic machinery extensively used
by A. tumefaciens C58 which purposes of conjugation (Cascales & Christie, 2003).
T4SS belong to virB/D4 complex have been identified in several rhizobia including
Sinorhizobium spp. (Lloret et al.,, 2007; Sugawara et al,, 2013; Nelson et al,, 2017),
Mesorhizobium sp. (Hubber et al.,, 2007), Rhizobium sp. and Bradyrhizobium sp.
(Nelson & Sadowsky, 2015). In rhizobia, the T4SS has been identified in both plasmids
and chromosomes, and it shows homology to the T4SS found in A. tumefaciens.

There are two main types of T4SS found in rhizobia including the virB/D4 and tra/trb
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clusters which responsible for effector protein translocation and conjugative transfer
(Hubber et al,, 2007; Paco et al, 2019). These T4SS clusters are typically located
within a genomic region known as the symbiosis island, which is a region of the
genome that contains genes involved in symbiotic interactions with plants. The
virB/D4 T4SS has been extensively studied and is known to play a crucial role in the
symbiotic interaction between rhizobia and plants. It is responsible for the transfer of
various symbiotic signals such as Nod factors, into the plant cells (Hubber et al,
2007). In the symbiosis interaction T4SS represent both positive negative and neutral
effect on nodulation (Nelson & Sadowsky, 2015). During symbiosis, M. (oti RTA used
T4SS to transport effector proteins, which in turn has a host dependent impact on
the symbiotic interaction (Hubber et al,, 2007). The deletion mutant of T4SS in S.
meliloti KH46c and S. medicae M2 exhibited distinct nodulation patterns when
interacting with various Medlicago host plants. Interestingly, the impact of T4SS on
symbiosis varied depending on the host, demonstrating both positive and negative
effects. These findings strongly suggest that T4SS in Sinorhizobium likely plays a
crucial role in determining host specificity (Sugawara et al., 2013). Furthermore, the
deletion of the TA4SS apparatus in S. meliloti KH46c resulted in reduced
competitiveness when co-inoculated with wild type strain. The first identified T4SS
effector protein in Sinorhizobium spp., TfeA, is crucial for the establishment of
symbiosis with Medicago truncatula (Nelson et al., 2017). In contrast, T4SS have no
effector for symbiosis interaction between S. meliloti 1021 and alfalfa (Jones et al,,
2007).

On the other hand, the tra/trb T4SS operon in rhizobia has been less studied in
the context of symbiosis. The induction of traG expression suggests that the tra/trb
T4SS may be involved in the communication and interaction between M.
mediterraneum Ca36T and the chickpea plant during the early stages of nodule
formation. Moreover, traG gene also associated horizontally transferred together with
the symbiosis genes (Paco et al., 2019). While, T4SS systems are commonly found in
various bacteria and can have important roles in symbiosis, the specific involvement
and significance of the T4SS in Bradrhizobium sp. symbiosis have not been reported

or well-studied so far.
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2.4.2.2.3 The role of T6SS in symbiotic interactions

The structure of the T6SS has primarily been studied
in plant and animal pathogens (Shneider et al., 2013). T6SS functions as a contractile
nanosyringe, bearing similarities to inverted phage puncturing tails, and acts as an
efficient machinery for translocating proteins and DNA across lipid membranes into
target cells (Leiman et al.,, 2009). The structural biosynthesis of the T6SS consist of
the Tss (type six secretion) gene cluster which responsible for encoding 13 core
structural proteins known as TssA-M. Additionally, the system utilizes tag (type six
accessory gene) to encode accessory proteins that contribute to the overall
functionality of the T6SS (Silverman et al, 2012). T6SS has been identified and
characterized in in five different species of rhizobia including R. leguminosarum, B.
japonicum, M. loti, S. saheli, and S. fredii (Nelson & Sadowsky, 2015; Sousa et al.,
2021). The role of T6SS in the symbiotic interaction between R. etli Mim1 and
common beans has been investigated, as this strain is known for its ability to
generate effective nodules. Deletion of T6SS in R. etli Mim1 resulted in a reduction in
nodule size and plant dry weight, highlighting the significance of T6SS in this process
(Salinero-Lanzarote et al., 2019). As same as Bradyrhizobium sp. LmicA16 (A16) plays
a critical role in establishing efficient nodulation with Lupinus micranthus and L.
angustifolius. A mutant verG gene, which encodes a component of the T6SS
nanostructure exhibited reduced nodule formation and smaller plant size compared
to the wild type strain. Moreover, during coinoculation with the wild type strain, the
verG mutant demonstrated decreased competitiveness (Tighilt et al, 2022). In
contrast, the absence of the T6SS in Azorhizobium caulinodans ORS571 does not
impact symbiotic competition, as evidenced by similar nodule phenotype, nodule
size, and nitrogenase activity compared to the wild-type strain (Lin et al., 2018). This
finding suggest that T6SS is essential for symbiotic performance and competitiveness

depending on rhizobia species and plant host.
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2.5 Bradyrhizobium sp. SUTN9-2
Bradyrhizobium sp. SUTN9-2, a strain known for its broad host range was first
isolated from the A. americana (Thai) cultivar in the northern part of Thailand
(Noisangiam et al,, 2012). It has been observed that Bradyrhizobium sp. SUTN9-2
exhibits rice endophytic properties (Piromyou et al,, 2015). Typically, Bradyrhizobium sp.
SUTN9-2 requires NFs for infection and nodulation to establish symbiotic interactions.
Based on legsumes, in Aeschynomene species which exhibit the capacity to form both
nitrogen-fixing root nodules and stem nodules in association with Bradyrhizobium.
Interestingly, certain legume species can establish symbiotic interactions with specific
strains of Bradyrhizobium that do not produce the common NF. Aeschynomene
species are categorized into three distinct cross-inoculation (Cl) groups based on their
symbiotic characteristics including Cl group 1: root nodulation by non-photosynthetic
bradyrhizobia containing NF (ex. A. americana and A. uniflora), Cl group 2: stem and
root nodulation by both non-photosynthetic strains and photosynthetic which
lacking NFs (ex. A. afraspera and A. nilotica), Cl group 3: stem and root nodulation by
only photosynthetic bacteria (ex. A. evenia and A. indica) (Mornico et al.,, 2011,
Chaintreuil et al., 2013). Interestingly, Bradyrhizobium sp. ORS285, a photosynthetic
bacterium, contains nod genes and is capable of nodulating both Cl Group 2 and Cl
Group 3 legumes. However, when the nod genes are absent in Bradyrhizobium sp.
ORS285, it loses the ability to nodulate Cl Group 2 legumes while still maintaining its
nodulation ability on CI Group 3 legumes (Mornico et al., 2011). While, Bradyrhizobium sp.
SUTN9-2 displayed the ability to form nodules in all three CI groups, including A.
americana (Cl Group 1), A. afraspera (Cl Group 2), and A. indica (Cl Group 3). Notably,
Cl Group 3 is typically limited to photosynthetic bacteria and lacks NFs. This
discovery suggests that Bradyrhizobium sp. SUTN9-2 may employ an alternative
mechanism to establish symbiotic interactions with A. indica (Noisangiam et al,
2012). For the secretion systems, Bradyrhizobium sp.
2.5.1 The secretion systems of Bradyrhizobium sp. SUTN9-2
SUTN9-2 possesses symbiotic secretion systems, namely T3SS and T4SS,
along with nodulation genes on its chromosome. Interestingly, the impact of T3SS on
symbiosis varies, as it has been observed to have positive, negative, and neutral

effects. Specifically, T3SS does not affect the original hosts A. americana (Thai) and



23

Viena radiata (V4718, V4758, and V4785). However, it exhibits negative effects on
several cultivars of V. radiata (KPD2, SUT4), M. atropurpureum, and Lotus spp.
Conversely, a positive effect is observed in V. radiata CN72 (Piromyou et al.,, 2015;
Piromyou et al,, 2019; Hashimoto et al.,, 2020; Jiménez-Guerrero et al., 2022). These
findings suggest that T3SS plays a role in restricting the host specificity of
Bradyrhizobium sp. SUTN9-2.

However, the role of T4SS in Bradyrhizobium sp. SUTN9-2 and its interaction
with legume symbiosis have not been reported. Interestingly, Bradyrhizobium sp.
SUTN9-2 possesses two T4SS clusters belonging to the tra/trb operon (Piromyou et
al,, 2015). The tra/trb operon has been found to be crucial for the conjugative
transfer of the Ti plasmid in A. tumefaciens C58 (Paco et al., 2019). Cluster 1 T4SS of
Bradyrhizobium sp. SUTN9-2 exhibits significant similarities in amino acid sequences
and gene organization with B. diazoefficiens USDA110, while cluster 2 shows high
similarity to the T4SS of Bradyrhizobium sp. BTAil which belong to non-
photosynthetic and photosynthetic Bradyrhizobium, respectively (Piromyou et al,,
2015). Therefore, the objective of this study is to investigate the role of T4SS in

Bradyrhizobium sp. SUTN9-2 and its potential impact on legume symbiosis.
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CHAPTER Il
The type IV secretion system (T4SS) mediates symbiosis
between Bradyrhizobium sp. SUTN9-2 and legume

3.1 Introduction

Typically, rhizobia stimulate the nodulation process using Nod factors (NF), to
communicate with Nod factor receptors (NFRs) in host plants and lead to nodule
formation. However, some rhizobia lack nodulation (nod) gene encoding for NF
production; they use an alternative mechanism to form nodules known as secretion
systems (Okazaki et al., 2016). Many pathogenic and symbiotic bacteria translocate
the compounds, such as virulence genes, effector proteins, DNA, and DNA
complexes into their host via secretion systems with similar signaling molecules
(Deakin & Broughton, 2009). The secretion system involves bacterial membrane-
embedded nanomachines translocating effector proteins into the cytoplasm of the
host eukaryotic cells (Cascales & Christie, 2003). Rhizobia genera such as Rhizobium,
Mesorhizobium, Sinorhizobium, and Bradyrhizobium, contain genes encoding for
secretion systems located on both their chromosome and plasmid, depending on
the species. The type of secretion system in rhizobia involved in symbiosis has been
identified as type Il (T3SS), IV (T4SS), and VI (T6SS) secretion systems (Sugawara et al.,
2013; Nelson & Sadowsky, 2015). In rhizobia-legume symbiosis, T3SS is important for
plant immune response and nodulation (Okazaki et al., 2013; Nelson & Sadowsky,
2015). T3SS has both positive and negative effects on symbiotic interactions,
depending on the host (Okazaki et al., 2013a; Piromyou et al., 2019). T3SS and T4SS
are injecting machine related to symbiotic interactions in several rhizobia. T4SS is
well characterized in Agrobacterium and is a standard model for T4SS localization,
structural components, and gene arrangement in bacteria (Aguilar et al, 2010).
Typically, A. tumefaciens C58 transfers T-DNA, effector proteins, and virulence genes
to plant cells via T4SS machinery in the pTi (tumor-inducer) plasmid. The pTi

plasmid carries several T4SS genes, including virulence (vir), avirulence homolog
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(avh), and trb genes. The trb genes are annotated for conjugal transfer, while vir and
avh are essential for T-DNA transfer (Sugawara et al.,, 2013; Christie et al., 2014).

Gene encoding for T4SS in Rhizobium, Mesorhizobium, Sinorhizobium, and
Bradyrhizobium have been found on chromosomes and plasmids. Most rhizobia
contain virB/D4 and tra/trb operons that encode the putative proteins involved in
secretion apparatus production. In addition, T4SS is important to symbiotic
relationships and host specificity. For example, the vir gene mutant strains of M. (oti
R7A and MAFF303099 displayed decreased and increased nodule formation
depending on the host (Hubber et al, 2004) Similarly, the host-dependent
nodulation was observed in S. meliloti KH46c and S. medicae M2 (Sugawara et al.,
2013). The S. meliloti KH46c T4SS mutant strains showed less competition for
nodulation when co-inoculated with wildtype strain in equal cell numbers on
Medicago truncatula (Nelson et al., 2017). In contrast, the T4SS of S. meliloti 1021 is
unnecessary for symbiosis but required for conjugation (Kobayashi et al., 2007).
Interestingly, most bradyrhizobia containing T4SS components harbored tra/trb
operon on the chromosome, such as Bradyrhizobium sp. SUTN9-2 (Piromyou et al.,
2019), B. diazoefficiens USDA110, and B. japonicum USDA6 (Kaneko et al.,, 2011),
while vir operon was found on symbiotic plasmids of Bradyrhizobium sp. DOA9
(Okazaki et al., 2015) and Bradyrhizobium sp. BTAi1 (Cytryn et al., 2008).

Here, Bradyrhizobium sp. SUTN9-2 that was isolated from Aeschynomene
americana was focused. Bradyrhizobium sp. SUTN9-2 is a broad host range strain
establishing symbiotic nodule with several legume genera. Based on 16S rRNA and
housekeeping gene (dnaK, recA, and ¢lnB) phylogenetic trees, Bradyrhizobium sp.
SUTN9-2 belongs to the same clade as B. yuanmingense (Noisangiam et al., 2012).
Furthermore, the secretion systems of Bradyrhizobium sp. SUTN9-2, including T3SS
and T4SS, were observed on the chromosome. T3SS of Bradyrhizobium sp. SUTN9-2
plays a negative effect on Vigna radiata and Macroptilium atropurpureum symbiosis
while having no effect on the original host, A. americana (Piromyou et al., 2015). This
phenomenon implied that T3SS is one of the symbiosis determinants for
Bradyrhizobium sp. SUTN9-2 (Piromyou et al., 2019). In contrast, the information on
T4SS in most species of Bradyrhizobium, including Bradyrhizobium sp. SUTN9-2, is

still unclear. In this study, 2 copies of T4SS were identified on the chromosome of
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Bradyrhizobium sp. SUTN9-2 with different location. Both T4SS belong to the tra/trb
operon. The T4SS copies 1 and 2 (T4SS; and T4SS,) of Bradyrhizobium sp. SUTN9-2
showed high similarity with B. diazoefficiens USDA110 and Bradyrhizobium sp. BTAi1,
respectively (Piromyou et al.,, 2015). As a result, this study specifically investigated
T4SS, in Bradyrhizobium sp. SUTN9-2, a strain closely similar to B. yuanmingense. In
subtropical region, B. yuanmingense is the main rhizobia associated with V.
unguiculata and V. radiata plants (Zhang et al., 2008).

The evidence for the evolution of T4SS using gene comparison and
phylogenetic tree analyses was demonstrated. Moreover, the role of T4SS in the
symbiotic interaction of Bradyrhizobium sp. is elucidated in this study for the first
time. The function of T4SS in Bradyrhizobium sp. SUTN9-2 was explored by gene
mutation and complementation, and then investigated for nodulation efficiency in
representative legumes belonging to Dalbergioids (Aeschynomene americana),

Genistoids (Crotalaria juncea), and Millettiods (V. radiata cv. SUT4).

3.2 Materials and methods
3.2.1 Bacterial strains and growth conditions
The bacterial strains used in this study are listed in Table 3.1.
Bradyrhizobium sp. SUTN9-2 was cultured on Arabinose-Gluconate (AG) medium
(Sugawara et al, 2010) at 28°C, and Escherichia coli strains were cultured in
Luria-Bertani (LB) medium at 37°C. The media were supplemented with antibiotics at
following concentrations (in pg/ml): streptomycin (sm), 200, nalidixic acid (nal), 20,
kanamycin (Km), 50 and cefotaxime (cefo), 20.
3.2.2 Plasmid construction, gene deletion, and complementation
AUl primers used in this study are listed in Table 3.2. The scheme for
T4SS mutation and complementation of Bradyrhizobium sp. SUTN9-2 is displayed in
Figure 3.1. The construction of T4SS deletion mutants was achieved by double
crossing over. Briefly, the fragments corresponding to the upstream and downstream
flanking region of T4SS; (up-1049 bp and down-804 bp) were amplified and merged
by overlapped extension PCR and cloned into the pNTPS129 plasmid harboring the
sacB gene details provided in Appendix B.2 (Tsai & Alley, 2000), namely

PNTPS129-T4SS,;. Then, a cefotaxime and streptomycin/spectinomycin resistance
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cassette was introduced between the upstream and downstream flanking regions at
the Hindlll and BamHI sites of pNTPS129-T4SS;. The resulting plasmids were
transferred into Bradyrhizobium sp. SUTN9-2 via triparental mating using pRK2013 as
a helper plasmid (Ditta et al., 1980). The single recombinant mutants were selected
on AG agar supplemented with nal, 20, cefo, 20 and verified by PCR using two primer
pairs amplifying the upstream and downstream flanking target genes. The
double-crossed mutants were selected for on AG medium containing 10% sucrose
supplemented with cefo, 20 for T4SS;. The transconjugant colonies appearing on
selective media were verified by PCR. The mutant was screened on antibiotic plates
(cefo, 20) and verified by PCR using the primers described in Table 3.2. The
complementation of AT4SS; was performed by introduced a 5,069 bp fragment
contained T4SS; and its candidate promoter into pMG103-npt2-sp/sm at the Xbal
and EcoRl sites. The constructed plasmid was transferred into ATA4SS; using
triparental mating and the transconjugant was confirmed by antibiotic resistant and
PCR verification. The derivative mutant and complementation strains were further
investigated for nodulation efficiency in various legumes.
3.2.3 Nodulation test and acetylene reduction assay (ARA)

The legume plants used in this study include Aeschhynomene
americana (Shyleaf), Viena radiata cv. SUT4 (Mung bean) and Crotalaria juncea
(Brown hemp) for Dalbergioids, Millettiods, and Genistoids, respectively. All seeds
were sterilized as previously described (Teamtisong et al., 2014), and then rinsed and
soaked with sterilized water overnight at room temperature. The germinated seeds
were placed on 0.85% water agar plates and incubated at 28°C for 1-2 days. After 1
week, seedlings were transferred into Leonard’s jars containing sterilized vermiculite
and inoculated with 1 ml bacterial cultures adjusted with sterilized distilled water to
ODgoo = 0.8. Plants were harvested 7, 14, and 21 days post inoculation (dpi) for
nodule number evaluation and acetylene reduction assay (ARA). The nodules were
incubated in 50 ml (Mung bean and Brown hemp) and 20 ml (Shyleaf) test tubes.
Then, the air was withdrawn and replaced with pure acetylene at 10% (v/v). The
samples were incubated for 1 h at 25°C. The conversion of acetylene (C,H,) to
ethylene (C,Hg) was measured by injecting 1 ml into Gas Chromatography (GC) using

a PE-alumina-packed column at an injection temperature of 150°C and oven



38

temperatures of 200°C and 50°C for flame ionization detection (FID) (Renier et al,,

2011). The nitrogenase activity is presented as nmol ethylene/h/plant dry weight

(Somasegaran & Hoben, 1985).

Table 3.1 Bacterial strains and plasmids used in this study.

Strain or plasmid

Relevant characteristics

Reference or

source
Strain
Bradyrhizobium sp.
SUTN9-2 , _ Noisangiam
A. americana nodule isolate (paddy crop)
et al,, 2012
ATASS, SUTN9-2 derivative, T4SS; (copG, traG, and This study
virD2)::Cefo; Cefo'
Escherichia coli
DH5Q supEd44d AlacU169 hsdR17 recAl endAl gyrA96 Toyobo Inc.
thi-1 relA1
Plasmid
pRK2013 ColE1 replicon carrying RK2 transfer genes; Km'; Ditta et al,,
Helper plasmid 1980
pNTPS129 Cloning vector harboring sacB gene under the Tsai & Alley,
control of the constitutive npt2 (Appendix B.2) 2000
promoter; Km'
PNTPS129-AT4ASS;  pNTPS129-npt2-sacB  containing the flanking This study
region of T4SS copy 1 (T4SS,)
pMG103-npt2-cefo  Complementation vector harbors a cefotaxime Giraud E, IRD,
resistance gene under the control of the France
constitutive npt2 promoter; Cefo (Appendix B.4)
pPMG103-npt2- Complementation vector harbors a Q) cassette; This study
sm/sp sm', Spr resistant genes under the control of
constitutive npt2 promoter; sm', Spr modified
from pMG103-npt2-cefo (Giraud E, IRD, France),
insert () cassette at Hindlll site (Appendix B.3)
pPMG103-npt2- PMG103-npt2- sm/sp-npt2-gfp carrying 5,069 bp This study
sm/sp-T4SS, T4SS copyl (T4SS;) fragment ; Smr, Spr
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Table 3.2 Primers and cloning strategies in this study.

Target genes Primer names Primer sequence (5°—3’) References
Deletion
Upstream fragment ACC CAG TCT AGA GAT AAC GCT CGA
Up.F.T4SS, . Xbal This study
of the AT4SS, CCAACT CTCA
CTG CGT AAG TTC GAA GCT TTC TCT
Up.R.T4SS;.overl This study

TCATCC GCT TCT GGC T

Downstream
GCG GAT GAA GAG AAA GCT TCG

fragment of the Dw.F.T4SS,.overl This study
AAC TTA CGC AGT TCG AC

ATASS,

CAG AAT GGG ATC CAT CAT TTC CGC
Dw.R.T4SS;.BamHI This study
TTC ATC GTC TC

Complementation

T4SS1 CGC TGG TCT AGA ATC AGA TCC TCC This
Compl.T4SS,.Xbal.F
complementation GTC GCT GCT study
(quslcompl)
ACG ACA GGA ATT CTC GCA GCC ATC
Compl.T4SS, .EcoRIR This study
GTC CCT TT
Gene expression
Nodulation (nod)
S9-2.nodA.F GTT CAATGC GCA GCC CTTTGA G This study
gene
S9-2.nodA.R ATT CCG AGT CCT TCG AGA TCC G This study
S9-2.nodC.F ATT GGC TCG CGT GCA ACG AAG A This study
S9-2.nodC.R AAT CAC TCG GCT TCC CAC GGA A This study
Structural T4SS,
This study

gene 59-2.traG.F TTC TCG ATC TGG TTC AGC GAC TG
59-2.traG.R TTG ACC GAG GAT CTT CAG GCC A This study
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AT4SS, ( Copy 1)

56,052 bp

T4SS cluster 1
(69.7 kb)
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Bradyrhizobium sp. SUTN9-2
7.887214 bp

T3Ss

Figure 3.1 Scheme of T4SS mutation of Bradyrhizobium sp. SUTN9-2. The grey
area represents the fragment of AT4SS; (copy 1) and the dark blue bars
under copG, traG, and virD2 genes show the amplified region to
complementation AT4SS,. The candidate promoter of T4SS copy 1 is

indicated with a red arrow.

3.2.4 Microscopy
Nodule phenotypes were investigated under a stereomicroscope (LEIGA
EZ4). The Nikon Inverted Eclipse Ti-E Confocal Laser Scanning Microscope
investigated nodule development and live/dead cell bacteroids in symbiosomes. For

this purpose, nodules were embedded in agarose (5%) and then sectioned at 40-50
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um by VT1000S vibratome (Leica Nanterre, France). Nodule sections were imaged
under a compound microscope (CARL ZEISS/PRIMO STAR HD) and then stained with
fluorophore SYTO9 (5 uM)/PI (30 uM) of live/dead cells staining for 30 min and
stained with 1x calcofluor white stain in 1X PBS buffer for 20 min. Calcofluor was
detected at 460-500 nm emission, while SYTO9 and Pl were detected at 510-570 nm
and 600-650 nm, respectively.
3.2.5 Gene annotation, Phylogenetic tree construction, CGView map, and
integrative conjugative element (ICE) analysis
Two phylogenetic trees including traG/trb operon and copG, traG and
virD2 genes cluster were constructed by the Maximum Likelihood method at a
confidence level of 1,000 replicates using MEGA X,10.0.5 versions (Kumar et al,,
2018). Bradyrhizobium sp. SUTN9-2 genomes sequence and other bacterial strains
were retrieved from the NCBI database (https://www.ncbi.nlm.nih.gov) and Genoscope
(https://mage.genoscope.cns.fr). The circular CGView map of Bradyrhizobium  sp.
SUTN9-2 was generated by Proksee Genome Analysis (https://proksee.ca) (Stothard
et al, 2019). Integrative and conjugative elements (ICEs) were identified with
ICEfinder online program (https://bioinfomml.sjtu.edu.cn/ICEfinder/ICEfinder.html)
(Goncalves et al., 2022).
3.2.6 Bacterial induction
Mid-log phase bacterial cultures of SUTN9-2 (WT), and ATA4SS; strains
(ODggo=0.4) were induced by 20 UM genistein (Sigma-Aldrich, USA) at 28°C for 24 h.
Bacterial cells were collected by centrifugation (4,000 xg, at 4°C) for further total RNA
isolation.
3.2.7 RNA isolation and quantification of gene expression by qRT-PCR
Total RNA was isolated from bacterial pellets using RNeasy® Protect
Cell Mini Kit (Qiagen, Chatsworth, CA, U.S.A.) according to the manufacture’s
instruction. Total RNA was treated with RNase-free DNase | (NEB, USA) for 30 min at
37°C. Complementary DNA (cDNA) was synthesized from 500 ng of total RNA using
iScript reverse transcription Supermix (Bio-Rad, USA) according to the manufacturer’s
protocols. Fifty nanograms of cDNA was subjected to real-time PCR using specific

primers for N-acyltransferase nodA, N-acetylglucosaminyltransferase nodC and
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conjugal transfer gene traG. All primer sets used in the expression analysis are listed
in Table 3.2.

For gRT-PCR, cDNA from each sample was briefly mixed with Luna® Universal
gPCR Master Mix (NEB, USA) following the manufacturer’s protocol, and thermal
cycling was conducted in a QuantStudio™ 3 Real-Time PCR System (Thermo Fisher,
USA). gPCR amplification was performed under the following cycling conditions: hold
stage: 95 °C for 2 min; PCR stage: 40 cycles of 95°C for 15 sec and 60°C for 30 sec;
melting curve stage: 95°C for 15 sec and 60°C for 1 min; and a final step of 95°C for
15 sec. Relative gene expression was analysed by the comparative Ct method
(-AACT) and normalized to the endogenous 16S rRNA housekeeping gene. Three
biological replicates were pooled and analysed. At least three replicates of PCR
amplification were performed for each sample.

3.2.8 Statistical analysis

For statistical analyses, one-way analysis of variance (ANOVA) followed
by post hoc tests (Tukey’s tests at P < 0.05) were performed using IBM SPSS Statistics
22.0 software.

3.3 Results
3.3.1 Gene annotation of the type IV secretion system (T4SS) of the
tra/trb operon in Rhizobia and Agrobacterium
The tra/trb operon was identified in several genera in the rhizobia
group, such as Bradyrhizobium, Rhizobium, Sinorhizobium, Mesorhizobium, and
Agrobacterium. The tra/trb complex could be observed in both chromosome and
plasmid depending on bacterial strain. The tra/trb operon was found on the
chromosome of Bradyrhizobium sp. SUTN9-2, B. diazoefficiens USDA110 and
Bradyrhizobium sp. BTAil, which is the same as in Mesorhizobium. The gene
annotation of T4SS in the rhizobia group was compared with A. tumefaciens C58,
which is widely recognized as a plant crown gall disease causative agent via T4SS.
Interestingly, bradyrhizobia’s traG gene is usually and uniquely flanked with the
copG and virD2 genes. Two copies of gene encoded for tra/trb operons on

chromosome with different gene arrangement were observed in Bradyrhizobium sp.
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SUTN9-2 (Figure 3.2). Copy 1 was inserted in gene fragment sizes ~56 kb between trb
operon and traG gene (Figure 3.3). While both M. loti RTA and M. loti MAFF303099
lacked virD2 gene on their chromosomes. Although the tra/trb operon of Rhizobium
and Sinorhizobium were found on their plasmids, as in Agrobacterium. This suggests
that the tra/trb operon in rhizobia differs from the conjugative function of the tra/trb

operon in Agrobacterium.

Sinorhizobium fredii NGR234

S & & & & S&

& > S & & ¢
p———— T . | cmm’ (s

Figure 3.2  Genetic organization of T4SS clusters in strain  Bradyrhizobium: — T4SS
genes organization of Bradyrhizobium sp. SUTN9-2, Bradyrhizobium
diazoefficiens USDA110 and Bradyrhizobium sp. BTAil; Mezorhizobium:
Mesorhizobium japonicum RTA and M. japonicum MAFF 303099; Rhizobium:
Rhizobium etli CFN 42 (plasmid p42a), R. etli bv. mimosae str. Miml
(pRetNIM1c); Sinorhizobium: Sinorhizobium fredlii HH103 (pSfHH103), S. fredii
NGR234 (pNGR234a), Agrobacterium: Agrobacterium tumefaciens C58
(pTiC58). Orthologous T4SS structural genes are in the same color and in

white are the surrounding genes.
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Figure 3.3 T4SS copy 1 full cluster containing ~56 kb inserted genes.
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3.3.2 The phylogenetic tree of the T4SS structural gene (traG/trb
operon)

To examine the evolutionary history of the two copies of traG/trb
operon, the phylogenetic relationships of traG/trb operon homologous were
constructed with various genera in the rhizobiaceae family, including Bradyrhizobium,
Rhizobium, Sinorhizobium, Mesorhizobium, and Agrobacterium. Cuprividus taiwanensis
LMG19424 was used as the outgroup strain. The phylogenetic tree could be divided
into two clades (Figure 3.4). In clade 1 Bradyrhizobium, T4SS structural genes were
genetically closely related to their homologous Mesorhizobium members. Both
Bradyrhizobium sp. SUTN9-2 T4SS; and T4SS, were also located in this clade.
Interestingly, at least one copy of the T4SS structural genes were found in
bradyrhizobial strains, but Bradyrhizobium sp. SUTN9-2 contains two copies, which is
unusual in Bradyrhizobium. Copy 1 showed similar sequences with B. yuanmingense
BRPO9 (copy 3), closely related to B. japonicum, B. diazoefficiens, and B. elkanii
USDA61 (B1 clade). B. elkanii SEMIA938 and B. . yuanmingense BRP09 (copy 1) were
closely related to copy .2Rhizobium, Sinorhizobium, and Agrobacterium members
were included in cluster 2. Of note, Bradyrhizobium and Mesorhizobium were
separated from other genera in the rhizobiaceae family, which implied that both
T4SS of bradyrhizobia and mesorhizobia may have originated from the same
ancestor. Thus, we hypothesized that the T4SS gene in bradyrhizobia evolved

together with mesorhizobia upon horizontal gene transfer.
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Figure 3.4 Phylogenetic tree of T4SS clusters. Maximum-likelihood phylogenetic tree based on traG gene sequences of Bradyrhizobium sp.
SUTN9-2 with other reference strains of Bradyrhizobium, Rhizobium, and Agrobacterium bacteria. Cupriavidus taiwanensis

LMG19424 was used as an outgroup. The phylogeny was inferred using the maximum likelihood method. Scale bar indicates

0.1 substitutions per site.
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3.3.3 The phylogenetic tree of bradyrhizobia regarding copG, traG, and
virD2

Phylogenetic tree analysis of concatenate the sequences of T4SS
structural gene (traG) and T4SS-related genes (copG and virD2) of Bradyrhizobium sp.
SUTN9-2 was constructed and compared with other T4SS containing Bradyrhizobium
strains. The phylogenetic trees of each traG, copG, and virD2 combination gene was
generated using the same set of strains (Figure 3.5). Given that the Ta4SS of
Bradyrhizobium sp. SUTN9-2 was identified in two clusters on the chromosome, and
two copies of each gene were analyzed. As expected, the phylogenetic trees based
on sequences of the traG, copG, and virD2 combination gene showed similar
topologies. The phylogenies were separated into two groups with different copies of
the T4SS gene of Bradyrhizobium sp. SUTN9-2. The traG, copG, and virD2 in copy 1
revealed a close evolutionary relationship with similar genes found in B. yuanmingense
BRPO9 (copy 3), B. japonicum E109, B. japonicum J5, B. elkanii USDA61, B.
diazoefficiens USDA110, USDA122, and SEMIA5080. This copy was closely related to
B. yuanmingense BRP09 (copy 3) with high bootstrap values. Copy 2 was closer to
Bradyrhizobium sp. MOS004, B. yuanmingense P10 130, B. elkanii SEMIA938,
Bradyrhizobium sp. Rc2d, B. ottawaense 1.2 and closely similar with B. yuanmingense
BRPO9 (copy 1). These results reflect that Bradyrhizobium has higher T4SS gene
sequence similarity among Bradyrhizobium than other genera in the rhizobia group.

3.3.4 Bradyrhizobium sp. SUTN9-2 contains chromosomal integrative
conjugative elements (ICEs)

This study aimed to identify the putative ICEs on chromosome of
Bradyrhizobium sp. SUTN9-2. The 243 proteins were explored in putative ICE which
containing integrase, T2SS, T4SS, transposase, and relaxase genes, among others. The
putative ICE was located between 744 to 167,491 nucleotides (length 166,748 bp)
with a GC content of approximately 59.45%. The putative ICE was located between
nucleotides 774 and 167,491 and its insertion was facilitated by the site-specific DNA
recombinase (SUTN92 v1 10001). The ICE was flanked with the conserved
attachment (att) site, including attL (location: 774-758) and attR (location:
167,477-167,491) (Figure 3.6), Interestingly, the transposase, relaxase, and integrase

were not observed T4SS, area. In addition, the putative ICE with different patterns
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and numbers of elements were observed in other bradyrhizobia including B.
yuanmingense CCBAU10071, B. yuanmingense CCBAUO05623, B. yuanmingense 3051,
B. diazoefficiens USDA 110, Bradyrhizobium sp. TSA, Bradyrhizobium sp. BTAi1, and
Bradyrhizobium sp. OSR285 (Table 3.3).

Bradyrhizobium japonicum J5. (CP17637)
Bradyrhizobium diazoefficiens USDA110 (BA000040)
Bradyrhizobium elkanii USDA61 (AP013103)
Bradyrhizobium japonicum E109 (CP10313)

100

100

Bradyrhizobium sp. SUTN9-2 (LAXE01000001) copy 1

100 L ptvrhizobium yuanmingense BRP09 (JADYWB000000000) copy 3

Bradyrhizobium sp. MOS004 (PYFV01000008)
150 Bradyrhizobium yuanmingense P10 130 (SATS03000008)
E Bradyrhizobium elkanii SEMIA938 (SZZP00000000)
1 Bradyrhizobium sp. Re2d (FNCU01000001)

99 Bradyrhizobium yuanmingense BRP09 (JADYWB000000000) copy 1

L S Bradyrhizobium sp. SUTN9-2 (LAXE01000001) copy 2

Bradyrhizobium ottawaense L2 (NWTF01000031)

Mesorhizobium opportunistum WSM2075 (CP002279)

Figure 3.5 Phylogenetic relationship of copG, traG and virD2 genes cluster. The tree
was constructed by the maximum-likelihood method using MEGA10
software. The accession numbers are shown in brackets. Mesorhizobium
oppotunistumWSM2075 was used as an outgroup. Bars: 0.10 estimated

substitutions.
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Figure 3.6 Integrative and conjugative element (ICE) identification on chromosome

of Bradyrhizobium sp. SUTN9-2.
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Table 3.3 Putative integrative and conjugative element (ICE) analysis in
bradyrhizobia.
. Number of . GC content
Strain element Name Location Length/bp (%) Type
Bradyrhizobium sp. SUTN9-2 1 744 -
! ) Regionl 167491 166748 59.45 Putative ICE with T4SS
2300382
Regionl 2736784 436403 61.10 Putative ICE with T4SS
6393092
Bradvrhizobium yuanmingense CCBAU 10071 4 Region2 6454383 61292 58.38 Putative ICE with T4SS
6661095
Region3 7028779 367685 62.30 Putative ICE with T4SS
8162440
Region4 8170535 8096 55.47 Putative IME
7182470
Bradyrhizobium yuanmingense CCBAU 05623 3 Regionl 7254080 71611 62.86 Putative ICE with T4SS
7679783
- Putative ICE without
Region2 7716441 36659 61.49 identified DR
3398971
Regionl 3698968 299998 60.70 Putative ICE with T4SS
4882546
Bradyrhizobium yuanmingense 3051 4 Region2 5135807 253262 64.76 Putative ICE with T4SS
6613477
Region3 6685484 72008 61.85 Putative ICE with T4SS
7830618
Region4 8045295 214678 64.10 Putative ICE with T4SS
5819 -
Regionl 103921 98103 61.70 Putative ICE with T4SS
Bradyrhizobium diazoefficiens USDA 110 2 2049053
Region2 2310150 261098 59.24 Putative ICE with T4SS
1169945
Regionl 1202372 32428 60.18 Putative ICE with T4SS
1479038
Bradyrhizobium sp. TSAL 4 Region2 1633542 154505 64.48 Putative ICE with T4SS
3366004
= Putative IME without
Region3 3387901 21898 61.53 identified DR
6321081
Region4 6488853 167773 62.29 Putative ICE with T4SS
434291 -
Regionl 482263 47973 62.76 Putative IME
1490463
Region2 1665320 174858 61.08 Putative ICE with T4SS
6855606
Bradyrhizobium sp. BTAIL 5 Region3 6914635 59030 63.60 Putative IME
7660819
Region4 7687258 26440 62.16 Putative IME
8090405
Region5 8210585 120181 61.49 Putative ICE with T4SS
284497 -
Regionl 323900 39404 63.39 Putative ICE with T4SS
2838212
- Putative IME without
Region2 2843244 5033 63.90 identified DR
Bradyrhizobium sp. ORS285 4 6483013
Region3 6636866 153854 62.23 Putative ICE with T4SS
7086172
- Putative IME without
Region4 7099953 13782 61.19 identified DR

CE = Integrative and Conjugative Element

IME = Integrative and Mobilizable Elements (IMEs)

DR = Directed repeats (attL and attR)



51

3.3.5 The T4SS of Bradyrhizobium sp. SUTN9-2 is involved in symbiotic
interaction
To examine the pivotal role of the T4SS in promoting nodulation in
various leguminous plants, the nodulation-related organogenesis organs were
determined at 7,14, and 21 dpi. The nodule formation of Shyleaf (original host) by
Bradyrhizobium sp. SUTN9-2 was observed in the early stage of the nodulation
process (7 dpi), while AT4SS; formed nodule-like structures (Figure 3.7a), and the
nitrogenase activity was lower than WT. In the case of mung bean, the plant
inoculated with ATA4SS; showed drastically retarded nodulation (primordia formation)
at 7dpi (Figure 3.6a), and nodule formation was recovered at 14 dpi (Figure 3.8b).
However, the nodule number and nitrogenase activity was decreased compared with
WT. As in mung bean, brown hemp generated nodules, which were quantified after
inoculation with AT4SS; at 14 dpi (Figure 3.9b). The dead bacteroid cells of AT4SS,
in the middle symbiosome at 7 dpi were observed, The WT generated the highest
nodule number while AT4SS; showed lower numbers of nodules; the nitrogenase
activity level at 21 dpi was not much different among all treatments (Figure 3.9i).
Interestingly, the numbers of nodules and ARA activity were decreased under
inoculation of AT4SS; when compared to the WT strain in all plants tested. The and
the bacterial infection was lower than WT Nevertheless, the derivative bacteroides
derived by AT4SS; become to multiply and increase live cells at 14 dpi. This result
demonstrated that T4SS; represents a strong positive effect on nodulation, nitrogen
fixation, and cell survival.

Previous results showed ATA4SS; decreased both nodule numbers and
nitrogenase activity in plants tested. To ensure the function of T4SS;, the T4SS,
complementation (T4SS;,mp) Was constructed and inoculated into legume plants
(Figures. 3.7, 3.8, and 3.9). Nodulation efficiency was restored by T4SS;compl,
resembling those observed in WT depending on the host plant. In shyleaf at 7 dpi
(Figure 3.7a), nodules were observed, and the nodule number of T4SS;comp Was
similar to WT. At 14 (Figure 3.7b) and 21 dpi (Figure 3.7¢), nodule numbers
descending order as follows WT, T4SS; ., and ATA4SS;. However, the nitrogenase
activity of T4SS;,mp Was detected at 14 dpi (Figure 3.7h), which is near to WT, while

the activity of nitrogenase was lower than WT at 21 dpi (Figure 3.7i). Young nodules



52

were formed on mung bean inoculated with T4SS;, at 7 dpi (Figure 3.8a), and the
nodule number was higher than that of plants nodulated by AT4SS; but lower than
WT. The efficiency of nitrogenase activity was decreased in this complemented
strain. It was the same trend at 7, 14, and 21 dpi (Figures 3.8¢, 3.8h, and 3.8i). As in
shyleaf and mung bean, nodule formation of T4SS;,mp Was observed at 7dpi in
brown hemp, while AT4SS, formed the pseudo-nodules (Figure 3.9a). Nitrogenase
activity was detected at 14 dpi (Figure 3.9h), which was higher than AT4SS; but still
lower than WT. However, at 21 dpi (Figure 3.9i), the nitrogenase activity level was the
lowest. Since the T4SS; .o generates effective nodules on the host plant similar to
WT, the ARA activity of each legume corresponded to the nodule phenotype.
Confocal microscopy was performed to detect live/dead cells of bacteroids inside
nodules. The results showed more living cells of T4SS;,n, than dead cells in
symbiosome when compared with AT4SS; at 7 dpi (Figures. 3.7a, 3.8a, and 3.9a).
Dead cells were present in mature nodules of T4SS; ;o but still less than in T4SS,
inoculation. In order to determine whether the secretion occur in the beginning
when Nod factor is produced or later time when nodule is developed. The gene
expression of nodulation genes (nodA and nodC) and T4SS gene (traG) in
Bradyrhizobium sp. SUTN9-2 was conducted. The result showed that nod genes
were expressed under genistein induction at 24 h (Figures 3.10a and 3.10b). However,
traG was not induced under genistein induction but it was also expressed at 24 h
(Figures 3.10c). In contrast, the expression of nod genes in AT4SS; was less expressed
than those of WT under genistein induction (Figures 3.10a and 3.10b). Therefore, it
confirms that both of nod and T4SS genes were expressed at the early stage of
nodulation. These results again indicate that T4SS in Bradyrhizobium sp. SUTN9-2

plays an important role in symbiotic interaction.
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Figure 3.7 The symbiotic phenotype of Aeschynomene americana (Thai) inoculated
with  Bradyrhizobium sp. SUTN9-2, AT4SS; and complementation
(T4SSicompy) Strains. Plant growth, nodule phenotype, and bacteroid
viability determined by live/dead staining of nodule section and confocal
microscopy (a, b, ¢) nodule number (d, e, f) and nitrogenase activity (g, h,
i) at 7, 14, and 21 days post inoculation (dpi). Scale bar white = 200 pm
(10X) and yellow = 50 um (40X). Error bar, mean (n =5) + standard
deviation. Different letters above bars indicate significant differences (p <

0.05) using Tukey’s test.
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Figure 3.8 The symbiotic phenotype of Vigna radiata cv. SUT4 inoculated with
Bradyrhizobium sp. SUTN9-2, AT4SS; and complementation (T4SS;omp)
strains. Plant growth, nodule phenotype, and bacteroid viability
determined by live/dead staining of nodule section and confocal
microscopy (a, b, ¢), nodule number (d, e, ), and nitrogenase activity (g,
h, i) at 7, 14, and 21 days post inoculation (dpi). Scale bar white = 200
um (10X) and yellow = 50 um (40X).  Error bar, mean (n = 5) + standard
deviation. Different letters above bars indicate significant differences

(p<0.05) using Tukey’s test.
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Figure 3.9 The symbiotic phenotype of Crotalaria juncea inoculated with

Bradyrhizobium sp. SUTN9-2, AT4SS; and complementation (T4SS;comp)
strain.  Plant growth, nodule phenotype, and bacteroid viability
determined by live/dead staining of nodule section and confocal
microscopy (a, b, ¢) nodule number (d, e, f) and nitrogenase activity (g,

, ) at 7, 14, and 21 days post inoculation (dpi). Scale bar white = 200
pum (10X) and yellow = 50 pm (40X). Error bar, mean (n =5) + standard
deviation. Different letters above bars indicate significant differences (p

< 0.05) using Tukey’s test.
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Figure 3.10 Relative expression of N-acyltransferase nodA (a), N-acetylglucosaminyl
transferase  nodC (b) and T4SS structural gene traG (c) of
Bradyrhizobium sp. SUTN9-2 and T4SS; mutant strains (AT4SS;) after
induced with 20mM genistein for 24 h (+Gen) comparing with
non-induction cells. (-Gen). Data are expressed as means +SD. Different
letters above the error bars indicate  significant differences at P<0.05

and ns = not significantly different.
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3.4 Discussion

The genes encoding for T3SS and T4SS of Bradyrhizobium sp. SUTN9-2 are
located on the chromosome, whereas T6SS components were unidentified. We
further investicated the role of T4SS of in Bradyrhizobium sp. SUTN9-2
controlling symbiosis with various leguminous plants. Typically, the pTi plasmid
of Agrobacterium is the best study model for T4SS (Cao et al, 2018). The
pTiC58 plasmid of A. tumefaciens C58 contains three types ofT4SS genes, vir,
avh, and trb, which are required for effector protein translocation and DNA
conjugal transfer (Chen et al.,, 2002; Sugawara et al., 2013). The virB/D4 and
tra/trb operons are important for protein transfer and conjugation processes
that enable translocating protein, DNA, or protein DNA complex into eukaryotic
host cells (Kregten et al., 2009; Aguilar et al., 2010; Lang & Faure, 2014). These
operons are associated with symbiotic interaction effector protein translocation,
limiting immune response and host specificity in eukaryotic host plants
(Jaboulay et al, 2021). Besides the Agrobacterium genus, T4SS has been
identified in some rhizobia (Hubber et al., 2004; Cytryn et al., 2008; Noisangiam
et al,, 2012; Nelson & Sadowsky, 2015; Okazaki et al., 2015). Moreover, the
effector proteins of T4SS have been reported in some rhizobia that represent
the effect on symbiosis, for example, the Msi059 and MsiO61effector proteins of
M. loti R7A (Hubber et al., 2004). Likewise, TfeA is a similar protein in
Sinorhizobium spp. that exhibits 59% amino acid homology with the Msi061
protein from M. (oti RTA and 25% identity with VirF protein of A. tumefaciens
C58 (Nelson et al., 2017). Previous works reported that the T4SS belonging to
virB/D4 operon was regulated by NodD, which is the main regulator of nod gene
expression (Hubber et al., 2004; Hubber et al., 2007). This assumes that T4SS is
associated with the early steps of the legume-rhizobia symbioses (Soto et al,,
2006; Deakin & Broughton, 2009), but nodD expression was not observed on the
tra/trb operon (Paco et al., 2019). The tra/trb operon was also observed on the
pTiC58 plasmid of A. tumefaciens C58 (Cho & Winans, 2007), and the gene
organization was closely similar to tra/trb operon on a symbiotic plasmid
(pSym) of Rhizobium and Sinorhizobium. The trbH and trbK genes were not

observed on the T4SS cluster of Mesorhizobium, and trbH was also not found in
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Bradyrhizobium (Figure 3.2a). Moreover, several Bradyrhizobium possess T4SS in
the tra/trb operon on the chromosome (Banerjee et al., 2019). Bradyrhizobium
with the tra/trb operon is often found on a broad range of host strains, such as
Bradyrhizobium sp. SUTN9-2 (Piromyou et al., 2015), B. diazofficiens USDA110
(Kaneko et al., 2011), B. japonicum CPAC 15, and B. diazoefficiens CPAC 7 (Siqueira et
al,, 2014). In contrast, virB/D4 operon was observed only in the plasmid of
Bradyrhizobium strains without virD2 (Banerjee et al., 2019), such as Bradyrhizobium sp.
BTAi1 (Cytryn et al., 2008) and Bradyrhizobium sp. DOA9 (Okazaki et al., 2015).

Interestingly, the gene arrangement of T4SS structural (traG) and
T4SS-related genes (copG and virD2) presented a unique characteristic of the
Bradyrhizobium genus (Figure 3.2a). Although the gene arrangement of the T4SS
structural gene of Bradyrhizobium sp. SUTN9-2 are conserved well with
bradyrhizobia, mesorhizobia, rhizobia, sinorhizobia, and agrobacteria, but
T4SS-related genes (copG and virD2) represent a unique characteristic of
Bradyrhizobium genes (Figure 3.2a). However, copG and virD2 genes arrangement
inside the T4SS cluster was slightly diverse among bradyrhizobial group. The T4SS
apparatus appears to have the same evolutionary origin as other rhizobia.
Therefore, a unique T4SS gene organization (copG, traG, and virD2) may have
evolved independently.

Likewise, the phylogenetic tree of copG, traG, and virD2 gene cluster
indicated that the coevolution of T4SS structural and T4SS-related genes might
be specific to bradyrhizobia (Figure 3.5). Based on 16S rRNA gene sequence
similarity, Bradyrhizobium sp. SUTN9-2 was phylogenetically closely related to B.
yuanmingense (Appendix B.1) (Noisangiam et al., 2012; Piromyou et al., 2015). Our
results from the phylogenetic analysis of T4SS (copG, traG, and virD2) in copy 1
were mainly congruent with the phylogenetic tree relationship of the 16S rRNA
gene. T4SS; was similar to B. yuanmingense BRP09 (copy 3) while T4SS, was
similar to B. yuanmingense BRP09 (copy 1) with different clade. The
Mesorhizobium sp. traG gene is a substrate receptor for T4SS expressed in early
nodule formation generated by M. mediterraneum Ca36' . Perhaps, the T4SS
belonging to tra/trb operon is important for the mutualistic and symbiotic

interaction (Paco et al.,, 2019). In addition, it was also found that the evolution of
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rhizobia involved lifestyle diversity that depended on bacteria-host interaction
and eukaryotic host diversity. The genes associated with bacterium-host
interactions, such as T3SS, T4SS, and TéSS, were derived in a lineage-specific form
(Wang et al., 2020).

As in the Mesorhizobium genus, the traG gene could horizontally be
transferred between strains because they could establish nodules with the same
plant. The TraG protein is also associated with the efficiency of symbiosis gene
transfer among strains in this genus (Paco et al., 2019). Based on the T4SS structural
genes phylogenetic tree of the rhizobia group, including Bradyrhizobium,
Mesorhizobium, Sinorhizobium, Rhizobium, and Agrobacterium demonstrated that
the T4SS structural genes of Bradyrhizobium may have evolved from the same
ancestor with Mesorhizobium, while Sinorhizobium and Rhizobium were closely
similar with Agrobacterium (Figure 3.2b). These results corresponding to the
hypothesis that Bradyrhizobium might be the ancestor of all rhizobia genera. This
hypothesis has been confirmed by a molecular study, which concluded that
Bradyrhizobium’s \arge genome acted as a broad host range strain responsible for
effective nodules in several legumes (Green & Mecsas, 2016). Moreover,
Bradyrhizobium also have the ability to generate nodules on primitive non-legume
Parasponia plants (Ormefio-Orrillo & Martinez-Romero, 2019).  Similarly, Mesorhizobium
has the ability to nodulate the chickpea, a primitive legume, and limit the plant host
that restricts rhizobia infection (Laranjo et al., 2008). Thus, the presence of T4SS in
Bradyrhizobium sp. SUTN9-2 could be a tool to overcome plant host inhibition and
effectively nodulate and fix N, in several legumes.

Integrative and conjugative elements (ICEs) are mobile genetic elements
that can integrate into the bacterial chromosome and transfer themselves to
other bacteria through horizontal gene transfer. In the Gram-negative bacteria
conjugation machinery encoded by T4SS (Gongalves et al., 2022), the ICEs consist
of the core gene associated with conjugation and excision components (Ramsay
et al,, 2022). Moreover, the ICEs are able to spread large gene clusters, which
provide competitive advantages to a particular group (Guglielmini et al., 2011).
Normally, the symbiosis genes were observed on a large symbiotic plasmid of

Rhizobium and Sinorhizobium while, in Mesorhizobium, Azorhizobium and
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Bradyrhizobium were found in ICEs called ICEsym (Tang & Capela, 2020). In
rhizobia species, ICEs were first described in Mesorhizobium spp. carried genes
required for symbiosis, such as M. loti R7A, was explored ICEMlSymR7A.
ICE/\/IlSymR7A was transferred to non-symbiotic mesorhizobia in New Zealand soils
and can convert non-symbiotic into symbiotic Lotus corniculatus (Sullivan &
Ronson, 1998; Colombi et al., 2021). In this study, we identified one putative ICE
on a chromosome of Bradyrhizobium sp. SUTN9-2 (1CE™” ™) with low CG content
containing 243 proteins, such as T2SS, T4SS, relaxase, transposase, and integrase
proteins, essential for gene transfer (Figure 3.6). Interestingly, T4SS; was a part of
ICE™"™? which is a core conjugative element. At least one of the large ICEs were
found in the agent of bradyrhizobia species (Table 3.3). Based on copG, traG, and
virD2 gene cluster phylogenetic tree (Figure 3.5), B. yuanmingense was closely
similar to Bradyrhizobium sp. SUTN9-2 and ICEs in a similar pattern were found
on the chromosomes of both strains. Therefore, these results demonstrated that
the horizontal gene transfer of Bradyrhizobium sp. SUTN9-2 is most likely
performed by an ICE specific to B. yuanmingense group. Therefore, T4SS; was
transferred by horizontal gene transfer together with ICE.

Plants inoculated with Bradyrhizobium sp. SUTN9-2 AT4SS; at 7dpi showed
delayed nodulations in mung bean and brown hemp while shyleaf formed small
nodules on root (Figure 3.7, 3.8, and 3.9). This displayed similar patterns as in the
T4SS (vir cluster) mutant of M. loti R7A with L. corniculatus when compared with WT
that consist of the secreted proteins facilitating host infection (Hubber et al., 2004).
In addition, the dead cells in the AT4SS; symbiosome were observed even in the
original host, indicating the survival of cells within host plants associated with T4SS
Bradyrhizobium sp. SUTN9-2. Although, when AT4SS; was restored, nodules were
generated after 7 dpi but the nitrogenase activity was lower than WT. T4SS of M. (oti,
which suggests a symbiotic relationship with the eukaryotic host. Moreover, the M.
loti RTA T4SS mutant positively affected L. corniculatus and negatively affected L.
leucocephala (Hubber et al, 2004). Taken together, these findings support that
T4SS; had a positive effect via symbiotic interactions with legume plants. However,
the effect of T4SS on symbiosis depends on the species of the host plant. Moreover,

T4SS of Bradyrhizobium sp. SUTN9-2 may affect cells' survival during infection, which
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is important for host specificity of the symbiotic interaction. As in M. mediterraneum
Ca36T, the traG gene was expressed in early infection and symbiotic interaction
(Hubber et al., 2004).

The different gene organizations of T4SS; and T4SS, were explored. The
T4SS,, trb operon, and traG genes were inserted with ~56 kb fragment consisting
of 84 genes (Figure 3.3), such as putative T2SS, transposase, peptidase, permease,
tyrosine-type recombinase/integrase, and hypothetical proteins (Table 3.3). In
addition, the replication A (repA) gene was found in the upstream copG, tragG,
and virD2 cluster, while T4SS, contains complete tra/trb operon gene
organization. Interestingly, a lower GC content and fewer transposase elements
were found in the T4SS clusters, especially in the T4SS; cluster. This is one
possible reason for the variation of genes in this region being more diverse than
other regions and making different gene organization of both T4SS. To ensure the
efficiency of T4SS; on symbiosis, we constructed T4SS; complement strain
(T4SS1compV) and tested it as in previous experiments (Figure 3.7, 3.8, and 3.9). This
result confirmed that, besides nod factors and T3SS, Bradyrhizobium sp. SUTN9-2
used the T4SS pathway to establish symbiosis with several host plants. However,
many aspects of T4SS’s involvement in symbiotic interactions remain unknown.
For example, the function of the copG, traG, and virD2 genes warrant further

investigation in legumes.
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CHAPTER IV
The influence of the copG gene in T4SS cluster of
Bradyrhizobium sp. SUTN9-2 during symbiotic interaction

4.1 Introduction

Bradyrhizobium and legume symbiosis required signal exchange during
symbiosis interaction between partners (Dénarié et al, 1996; Hanin et al,, 1997).
Nodulation mechanism was generated by two different mode including nod factor
(NF)-dependent and NF-independent. For NF-dependent required NF to trigger
nodule organogenesis (Geurts & Bisseling, 2002). While NF-independent, bradyrhizobia
was penetrated host cells via crack-entry which found in Aeschynomene spp. and
Arachis hypogaea (Madsen et al., 2010; Okubo et al, 2012; Guha et al, 2022).
However, some of bradyrhizobia used an alternative mechanism to deliver the
effector molecules directly to their host, called the secretion system (Okazaki et al.,
2013). The secretion systems including type lll, type IV and type VI (T3SS, T4SS and
T6SS) secretion system have been identified rhizobia genera and involved in
symbiosis interaction during infection process (Sugawara et al., 2013). Both positive
effect, negative effect or no effect of T3SS were observed on Bradyrhizobium
symbiosis interaction depending on host plant. In T6SS of Bradyrhizobium sp.
LmicA16 (A16), Lupinus micranthus and L. angustifolius inoculated with vgrG mutant
(T6SS component gene) were decreased nodule number and nodulation competitive
efficiency comparing to wild type (Tighilt et al., 2022).

While, less study about the role of T4SS of Brayrhizobium on symbiosis process
have been reported. Bradyrhizobium sp. SUTN9-2, a broad host range strain
possesses multiple secretion systems involved in symbiotic interactions (Noisangiam
et al,, 2012; Piromyou et al, 2015). In its genome, two types of secretion systems
have including T3SS and T4SS. The role of the T3SS in symbiosis interactions has
recently been examined, revealing distinct effects on different host plants.

Interestingly, it has a neutral effect on the original host, A. americana, positive effect
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on V. radiata cv CN72. On the other hand, it has a negative effect on most of
Bradyrhizobium sp. SUTN9-2 nodulating legumes. Another secretion system known as
T4SS is also present in two copies on the chromosome of Bradyrhizobium sp. SUTN9-
2 and these copies are located at different positions. Both T4SS copies belong to the
tra/trb operon and exhibit a unique gene arrangement specific to the bradyrhizobia
genera. Based on a phylogenetic tree analysis, it was observed that the two copies of
the T4SS in Bradyrhizobium sp. SUTN9-2 are categorized into distinct groups within
the bradyrhizobia genus. Indeed, an intriguing observation in Bradyrhizobium sp.
SUTN9-2 is the gene arrangement of T4SS,, where a gene fragment of approximately
56 kb is inserted between the trb operon and the traG gene. In contrast, copy 2 of
the T4SS represents the complete T4SS cluster without any gene fragment insertion.
This distinction in gene arrangement highlights the genetic diversity and complexity of
the T4SS in this strain. The T4SS of bradyrhizobia show a distinctive gene
arrangement characterized by the presence of copG, traG, and virD2 genes within the
T4SS cluster. This unique gene arrangement suggests that these T4SSs in
bradyrhizobia have a specific organization. A deletion mutant referred to as AT4SS,
was generated in Bradyrhizobium sp. SUTN9-2 by removing a specific portion of the
copG, traG, and virD2 genes from copy 1 (copG;, traG;, and virD2,). This mutant was
inoculated into different legume species including Dalbegioids (A. americana),
Millettiods (V. radiata cv. SUT4), and Genistoids (Crotalaria juncea). Similar to the
T3SS, the T4SS in AT4SS; did not show any significant impact on the symbiotic
interaction with the original host, A. americana. However, a notable positive effect of
the T4SS was observed in V. radiata cv. SUT4 and C. juncea with delayed nodulation
at first week after inoculation (Wangthaisong et al., 2023). To further explore the roles
of copG;, traG;, and virD2; in symbiotic interactions, individual deletions of these
genes were generated in Bradyrhizobium sp. SUTN9-2. The impact of each gene
deletion on symbiotic interactions was assessed using V. radiata cv. SUT4 as a plant
model. These investigations could provide a better understanding of the functional
significance of these genes in the context of symbiosis and their impact on plant-

microbe interactions.
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4.2 Materials and Methods

4.2.1 Bacterial strains, plasmids and growth conditions

The bacterial strains and plasmids used in this study are listed in Table
4.1. Bradyrhizobium sp. SUTN9-2 was grown in Arabinose-Gluconate (AG) medium
details provided in Appendix A.1 (Sadowsky et al., 1987). The derivative mutants
AcopG;, AtraG; and AvirD2; were supplemented with streptomycin 200 pg per
milliliter (sm 200 pg/ml). Escherichia coli strains were grown at 37°C in Luria—Bertani
medium (LB) details provided in Appendix A.2. Antibiotic was added to the medium
as required following concentrations: kanamycin (km), 50 pg/ml, nalidixic acid (nal),
30 yg/ml and streptomycin (sm), 200 pg/ml.

4.2.2 Plasmid construction, gene deletion and complementation

The deletion mutant of copG;, copG,, traG; and virD2; genes in
Bradyrhizobium sp. SUTN9-2 (GeneBank accession number LAXE00000001) were
obtained as follow. The upstream and downstream regions of copG; (up-575 bp, dw-
841 bp) , copG, (up-874 bp, dw-1,043 bp), traG; (up-1,060 bp, dw-921 bp) and virD2,
(up-944 bp, dw-738 bp) genes were obtained by PCR using primer listed in Table 4.2.
The target deletions genes in Bradyrhizobium sp. SUTN9-2 were obtained by double
crossing-over. PCR fragments corresponding to the upstream and downstream
flanking regions gene of interest were merged by overlap extension and introduced
into pNTS129 plasmid, harboring the sacB gene (Tsai & Alley, 2000). Then, a Q
casstte fragment (spectinomycin/streptomycin resistance gene) from pHP45 (omega)
(Blondelet-Rouault et al., 1997) was introduced between upstream and downstream
flanking region which already cloned into pNTS129. The restriction site for antibiotic
insertion was Hindlll for copG; and BamHI for copG;, traG; and virD,, respectively.
Subsequently, the resulting plasmids were transferred into Bradyrhizobium sp.
SUTN9-2 by triparental mating using pRK2013 as a helper plasmid (Ditta et al., 1980)
as previously described (Wangthaisong et al.,, 2023). Single recombinant clone was
obtained by antibiotic selection and PCR verification. Double recombinant clones
were selected by cultured on AG supplemented with 10% sucrose and 200 pg/ml
sm. Candidate clones were verifying the loss of sacB gene from pNTPs129 and the
replacement of Q) cassette was verified by PCR. In order to complementation of

copG; mutant, a DNA fragment of 510 bp containing copG; gene was amplified by
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PCR with primers as listed in Table 4.2 and cloned into pMG103-npt2-cefo generating
PMG103-copG;. Conjugation of pMG103-copG; to AcopG; was performed by
triparental mating. All mutant strains were further investigated for nodulation
efficiency in V. radiata cv. SUT4.

4.2.3 Nodulation test and acetylene reduction assay (ARA)

Viena radiata cv. SUT4 seeds were surface-sterilized and germinated as
previous described (Teamtisong et al., 2014) and placed on 0.85% water agar at 28°C
for overnight. One-day-old, germinated seedlings were transferred into Leonard’s jars
containing sterilized vermiculite and liquid Buffered Nodulation Media (BMN) details
provided in Appendix A.3 (Ehrhardt et al, 1992). Seven days after gemination,
seedlings were inoculated with bacterial suspension 1 ml per seedling of
Bradyrhizobium sp. SUTN9-2 or mutants (adjusted to ODgy=0.8). The symbiotic
phenotypes and nitrogenase activity using acetylene reduction assay (ARA) at 7, 14
and 21 days post inoculation (dpi). To evaluate the nitrogenase activity by acetylene
reduction assays (ARA) method, the root sample was transferred into test tubes and
closed with a plastic stopper. Then, the samples were incubated with 10% (v/v) pure
acetylene instead of the air that withdrawn for 1 h at room temperature. 1 ml of
sample was injected into Gas Chromatography (GC) using a PE-alumina-packed
column to measure the conversion of acetylene (C,H,) to ethylene (C,Hg). The
detector was detected at an injection temperature of 150°C and oven temperatures
of 200°C and 50°C for flame ionization detection (FID) (Renier et al, 2011). The
experiment was done with five biological replicates for minimum. The nitrogenase
activity is presented as nmol ethylene/h/plant dry weight (Somasegaran & Hoben,
1985). The symbiotic profiles of AcopG; comparing to Bradyrhizobium sp. SUTN9-2
was performed with several leguminous plants including; Aeschynomene americana
cv. Thai, Arachis hypogaea cv. Thainan-9, A. hypogaea cv. Khonkaen 5, Crotalaria
juncea, Indigofera tinctoria, Macroptilium atropurpureum, V. radiata cv. SUT1, V.
radiata cv. CN72, V. radiata cv. KUML4, V. radiata cv. CN36, V. radiata cv. KPS1, V.
mungo cv. U thong 2 and V. subterranean with growth pouch test. Seeds were
surface-sterilized and germinated as previous described (Teamtisong et al.,, 2014,
Phimphong et al.,, 2023). Pouches were prepared (Somasegaran & Hoben, 1994) and

supplemented with BMN medium. Seedlings were grown two plants per pouch and
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inoculated with 1 ml per plant of a suspension containing ODg=0.8. The symbiotic
phenotypes were examined at 21 dpi.
4.2.4 Microscopy

The nodule phenotypes and cross sections of representative nodules
generated by WT or mutants were examined under stereomicroscope (LEIGA EZ4). In
situ live/ dead cell staining, the nodules (Haag et al,, 2011) were harvested and
embedded with 5% agarose. Nodules section of 40-50 pm were prepared with a
VT1000S vibratome (Leica Nanterre, France) and incubated with live/dead staining
solution (5 uM SYTO9 and 30 uM Pl in PBS pH 7.0 buffer) for 30 min, then staining
with 1X calcofluor white stain for 20 min. Sections were washed from staining
solution and mounted in 10% slycerol in 1X PBS buffer. Nodules after live/dead
staining were observed by confocal microscopy using a Nikon Inverted Eclipse Ti-E
Confocal Laser Scanning Microscope. Calcofluor was detected at 460-500 nm
emission, while SYTO9 and Pl were detected at 510-570 nm and 600-650 nm,
respectively.

4.2.5 Bacterial induction, RNA isolation and gRT-PCR analysis of gene

expression

For bacterial induction, mid-log phase of bacteria culture including
Bradyrhizobium sp. SUTN9-2 and AcopG; (ODgyp=0.4) were induced by 10 uM
naringenin at 28°C for 24 h. Then, bacterial pellets were collected by centrifugation
(4,000 xg, at 4°C) for further total RNA isolation. Total RNA was isolated from bacterial
pellets using RNeasy® Protect Cell Mini Kit (Qiagen, Chatsworth, CA, U.S.A.) according
to the manufacture’s instruction. Total RNA was treated at 37°C for 30 min with
RNase-free DNase | (NEB, USA). cDNA was synthesized by iScript™ Reverse
Transcription Supermix for RT-gPCR (Bio-Rad Laboratories, Inc.) according to the
manufacturers’ protocols. The cDNA concentration, 50 ng/ml was subjected to real-
time PCR using specific primers for nodulation genes including nodD1, nodD2, nodA
and nodC, T4SS structural genes including traG; and trbE; (Table 4.2). For gRT-PCR
reactions were performed with Luna® Universal gPCR Master Mix (NEB, USA)
following the manufacturer’s protocol, and thermal cycling was conducted in a
QuantStudio™ 3 Real-Time PCR System (Thermo Fisher, USA). The reactions were

operated in triplicate for each of the three biological replicates. Relative gene
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expression was analysed by the comparative Ct method (-AACT) and 16S rRNA was

used as a reference gene. Three biological replicates were pooled and analyzed.

Table 4.1 Bacterial strains and plasmids used in this study.

Strain or Relevant characteristics Reference
plasmid or source
Strain

Bradyrhizobium sp.

SUTN9-2 A. americana nodule isolate (paddy crop)
SUTN9-2 derivative containing an Q cassette .
AcopG; , , . ) ¢ ¢ This study
insertion at Hindlll site, copG copy 1:sm/sp; Sm, Sp
SUTN9-2 derivative containing an Q cassette .
AcopG;, ) ] | ¢ ¢ This study
insertion at BamHl site, copG copy 2:sm/sp; Sm', Sp
SUTN9-2 derivative containing an Q cassette .
AtraG, ) ] j ¢ _ ¢ This study
insertion at BamHl site, traG copy 1:sm/sp; Sm, Sp
) SUTN9-2 derivative containing an Q cassette .
AvirD2, ) ] ) ) ¢ ¢ This study
insertion at BamHl site, virD2 copy 1:sm/sp; Sm, Sp
Escherichia coli
supE44 AlacU169 hsdR17 recAl endAl gyrA96 thi-1
DH5Q Toyobo Inc.
relAl
Plasmid
ColE1 replicon carrying RK2 transfer genes; Km'; Ditta et al,,
pRK2013 ,
Helper plasmid 1980
Cloning vector harboring sacB gene under the .
o r Tsai & Alley,
PNTPS129 control of the constitutive npt2 promoter; Km 2000
(Appendix B.2)
pPNTPS129- PNTPS129-npt2-sacB containing the flanking region of ,
This study
AcopG; copG copy 1
pPNTPS129- PNTPS129-npt2-sacB containing the flanking region of .
This study
AcopG; copG copy 2
PNTPS129- PNTPS129-npt2-sacB containing the flanking region of ,
This study
AtraG; traG copy 1
PNTPS129- PNTPS129-npt2-sacB containing the flanking region of ,
This study

AvirD2, virD2 copy 1

Complementation vector harbors a cefotaxime )
pMG103- ) o Giraud E, IRD,
resistance gene under the control of the constitutive
npt2-cefo r ) France
npt2 promoter; Cefo (Appendix B.4)
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4.2.6 Bioinformatics
Bradyrhizobium sp. SUTN9-2 genome sequences were obtained from
NCBI database (https://www.ncbi.nlm.nih.gov) and Genoscope (https://mage.
genoscope.cns.fr). Multiple Sequence Alignments were determined by CLUSTALW
(2.1) (https://www.genome.jp/tools-bin/clustalw). The annotation features and whole
genome sequences were analyzed by SnapGene Viewer version 6.2.1 (https://www.
snapgene.com).
4.2.7 Statistical analysis
All data were received from experiments performed in triplicated. For
statistical analyses, one-way analysis of variance (ANOVA) followed by post hoc tests
(Tukey’s tests at P < 0.05) were performed using IBM SPSS Statistics 22.0 software and

GraphPad Prism statistical software (version 9.0).

Table 4.2 Primers used in this study.

Name Sequences (5'-3") Describe
Up.copG;.Xbal.F CCT TGA GAT CTA GAT GTA GTC TGC  The deletion of copG; gene of
CCC GAA GTA GC Bradyrhizobium sp. SUTN9-2

Up.copG;.overlHindllLlR  GAG GCG GAC ATG AAA GCT TAA TGA
AGG CGG ACG GCC ACT AG

Dw.copG;.overl.Hindlll.F GTC CGC CTT CAT TAA GCT TTC ATG
TCC GCC TCA CAG TCC GA

Dw.copG;.EcoRI.R AGA TCG GGA ATT CGT TGA CCG AGG
ATC TTC AGG CCA

Up.copG,.Xbal.F GCC GTT TCT AGA ATT GCG ACA ACG  The deletion of copG, gene of
GAC CAG GGC AA Bradyrhizobium sp. SUTN9-2
Up.copG,.overlHindllLlR  GCG CGA CCG AAT GAA GCT TAA GCT
GGT CAC GCT ATCGGC T
Dw.copG,.overlHindlllLF GCG TGA CCA GCT TAA GCT TCA TTC
GGT CGC GCA TAT TGC C
Dw.copG,.EcoRI.R CTG TCC GAA TTC ATG TCG TTC CTC
GGG TTG TAC C
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Name

Sequences (5'-3")

Describe

Up.traG;.Xbal.F

Up.traG;.overl.BamHlI

Dw.traG1.overl.BamHI

Dw.traG1.EcoRl

TTC GGG TCT AGA TGT AGT CTG CCC
CGA AGT AGC

TCC CTC CAA TCA CGG ATC CAT CCT
GGT GAC GAT CTC GGA C

TCG TCA CCA GGA TGG ATC CGT GAT
TGG AGG GAT CGT TCA CAG

CCG GCT GAA TTC CTT GGA AAG CCT
TGG TCT CG

The deletion of traG; gene of
Bradyrhizobium sp. SUTN9-2

Up.virD2,;.Xbal.F

Up.virD2;.overl.BamHI

Dw.virD2,.overl.BamHI

Dw.virD2;.EcoRlI

ACC GGC TTC TAG AAG ATG CGC AGT
CCG CAT CAT C

GAG GAG AAG GAA TGG ATC CTG
AAC GAT CCC TCC AAT CAC CG

GAG GGA TCG TTC AGG ATC CAT TCC
TTC TCC TCA GCC ATG GC

CCA TCG GAA TTC TTG TCG ATG CGG
AGG AGG CAT C

The deletion of virD2, gene of
Bradyrhizobium sp. SUTN9-2

SUTN9-2.nodA.F
SUTN9-2.nodA.R

GTT CAA TGC GCA GCC CTT TGA G
ATT CCG AGT CCT TCG AGA TCC G

nodA gene expression primer
designed from Bradyrhizbium

sp. SUTN9-2 chromosome

SUTN9-2.nodC.F
SUTN9-2.nodC.R

ATT GGC TCG CGT GCA ACG AAG A

AAT CAC TCG GCT TCC CAC GGA A

nodC gene expression primer
designed from Bradyrhizbium

sp. SUTN9-2 chromosome

SUTN9-2.nodD1.F
SUTN9-2.nodD1 R

SUTN9-2.nodD2.F

SUTN9-2.nodD2 R

ATT CGT CTC CTC AGA CCG TGC T
TTC ATG TCG AGT GCG CAC CCT A

TGC TTA ACT GCA ACG TGA CCC

ATG AGC ACG AGG AGC TTC TC

nodD1 gene expression primer
designed from Bradyrhizbium
sp. SUTN9-2 chromosome

nodD2 gene expression primer
designed from Bradyrhizbium

sp. SUTN9-2 chromosome

SUTN9-2.trbE.F

SUTN9-2.trbE, R

GAT TGC AGG AGA ACC GTG AGG C

AAC AGC GCC GAG GAT TCAGTC T

trbE;, gene expression primer
designed from Bradyrhizbium

sp. SUTN9-2 chromosome

SUTN9-2.traG,.F

SUTN9-2.traG;.R

TTC TCG ATC TGG TTC AGC GAC TG

TTG ACC GAG GAT CTT CAG GCC A

traG; gene expression primer
designed from Bradyrhizbium

sp. SUTN9-2 chromosome

16S.F

16S.R

ATT ACC GCG GCT GCT GG

ACT CCT ACG CGA GGC AGC AG

165 rRNA gene  expressio

primers
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4.3 Results
4.3.1 Symbiotic properties of AcopG;, AtraG; and AvirD2, on Vigna

radiata cv. SUT4 symbiosis

From previous result of AT4SS; was deficient in nitrogen fixation and
nodulation on A. americana, M. atropurpureum and V. radiata cv. SUT4. The
nodulation was retarded in all plants tested at 7 dpi and the nodulation efficiency
was recovered after 14 dpi, due to AT4SS; mutant was deleted a part of gene
covered copG;, traG; and virD2; (Wangthaisong et al., 2023). In order to determine the
role of copG;, traG; and virD2; on symbiosis interaction, mutation of these genes was
constructed by gene deletion using a Q cassette resistance gene. Differences between
Bradyrhizobium sp. SUTN9-2, WT and mutants were observed in nodulation and
nitrogenase activity in V. radiata cv. SUT4 (Figure 4.1). The AtraG; and AvirD2,
induced a higher nodule number on plant tested than WT at 7 dpi (Figure 4.1m). The
dead cells were monitored in sectioned nodules inoculated with AtraG; and AvirD2,
at symbiosome area (Figure 4.1c and 4.1d). However, nodule number at 21 dpi was
not different in AtraG; , AvirD2; and WT (Figure 4.1n). The nitrogenase activity was
different in each mutant, AvirD2; represent low nitrogen fixation while, AtraG; was
not different from WT (Figure 4.10). Interestingly, nodulation was abolished by
AcopG; in V. radiata cv. SUT4 (Figure 4.1f) and all Bradyrhizobium sp. SUTN9-2
nodulating legumes (Table 4.3). Although, nodule organogenesis was not observed in
plant inoculated with AcopG; but live and dead cells were determined in cortex and
vascular tissue instead (Figure 4.1j). The result indicated that AcopG; was able to
infect to plant cell, but they lost ability to survive in host cells. Since, we found the
cell density in cortex was less than vascular tissues especially, viable cells (data not

shown). However, the nodule formation was not observed in the host plant.
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Figure 4.1 Symbiotic phenotype of Bradyrhizobium sp. SUTN9-2 and mutant strains
including AcopG;, AtraG;, and AvirDZ2; during symbiosis with Vigna radiata
cv. SUT4. The nodule number at 7 dpi (m) and 21 dpi (n). Nitrogen
fixation activity determined by the acetylene reduction assay on whole
roots of nodulated plants infected with the indicated bacterial mutants at
21 dpi (0). Nodule phenotype at 21 dpi generated by Bradyrhizobium sp.
SUTN9-2, WT (e), AcopG; (f), AtraG; (¢) and AvirD2; (h). Confocal
microscopy was observed section of nodule infection with Bradyrhizobium
sp. SUTN9-2, WT (a, i), AcopG; (b, j), AtraG; (c, k) and AvirD2; (d, )
staining with PIl, SYTO9 and calcofluor white at 7 dpi and 21 dpi,
respectively. scale bars are indicated 1 mm. Values represent
mean + standard deviation (n = 5). P Value are based on one-way ANOVA,

Tukey’s test (ns, P > 0.05,%, P < 0.05,*** P < 0.001).
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Table 4.3 Nodulation pouch test inoculated with Bradyrhizobium sp. SUTN9-2 and

AcopG; mutant in various legumes.

Nodulation °

Plants
SUTN9-2 AcopG;
Papilionoideae

Genistoids
Crotalaria juncea (+) )

Dalbergioids
Aeschynomene americana cv. Thai (+) S
Arachis hypogaea cv. Thainan-9 (+) S
A. hypogaea cv. Khonkaen 5 (+) S

Millettioids
Indigofera tinctoria (+) )
Macroptilium atropurpureum (+) ¢
Vigna radiata cv. SUT1 (+) )
V. radiata cv. CN72 (+) )
V. radiata cv. KUML4 (+) ¢
V. radiata cv. CN36 (+) ¢
V. radiata cv. KPS1 (+) ¢
V. mungo cv. U thong 2 (+) )
V. subterranean (+) )

° (+), positive effect for nodulation; (-), negative effect for nodulation

4.3.2 The cop@G; gene is involved in nodulation efficiency of Bradyrhizobium sp.
SUTN9-2

Bradyrhizobium sp. SUTN9-2 carries two copies of copG gene where

located at downstream of traG and virD2 gene. copG gene function as a helix-turn-

helix transcriptional regulator. In Bradyrhizobium sp. SUTN9-2 genome, copG; and

copG, were located in different regions. These two genes, copG; (152 amino acids)

and copG, (141 amino acids) have a relatively low similarity of 51.77% in terms of



79

amino acid identity (Figure 4.2) with differences observed in both the N-terminal and
C-terminal regions. Through in silico analysis, it was discovered that the copG; gene in
Bradyrhizobium sp. SUTN9-2 does not show similarity to other strains and remains
uncharacterized. On the other hand, copG, demonstrates a high similarity to the copG
gene of B. diazoefficiens. This study, AcopG, mutant was inoculated into V. radiata
cv. SUT4 and compared with AcopGy, copGicompr and WT (Figure 4.3). The results
were collected at 7, 14 and 21 dpi. Unlike AcopG;, both AcopG, and WT were
capable of inducing nodule formation within the first week inoculated. The AcopG,
exhibited the highest number with small pink nodules (Figure 4.3c). However, upon
confocal microscopy examination, it was observed that the AcopG, sectioned
nodules contained dead cells within the symbiosome, in contrast to the WT (Figure
4.3e). Furthermore, when compared to the WT, the AcopG, displayed a statistically
significant decrease in nitrogenase activity (Figure 4.3j and 4.31). Despite this reduction
in nitrogenase activity, the AcopG, showed a higher number of nodules and this

trend was consistent at 14 and 21 dpi (Figure 4.3i and 4.3k).

CLUSTAL 2.1 multiple sequence alignment

copG1l MTAPKRKAQMSVYLDPDVMKALSAFAARREQSLSLIAEAAIASFLSPDSDERREAAIAKR
copG2 —————MRDRMNVYFPPELLKQISELADRKKLSRSAIVEAAVASFLSPDGADRREAAFTRR
ToIsk.kok: oRIDIck sk Ik skino ook ok sk, skskok Iskekolokokokok . §dkoKskokok D DIk
copG1l LDQIDRRIARLERDVGISVETIALFIRFWLTTTPPLPEPAAKAARAQAGARYDNFVAALG
copG2 LDRLSRQMQRLERDLGLTAETLALFIRFWLTITPPLPNDAQAAAQAKGRERFEGFVEALG
kDD LKI D KoK IKI . okok Ddolokskokokolokok  Skokckokoke s sk skokIdk: . kI llckok kokk
copG1l RRLSQGPKLRQEIPDDVESVQFSPETMKADGH
copG2 RRLQKGQSFLREIPEDIRSQEPVEET——————
kKK, 1K o1 IdRKINKILK D kK

Sequence format is Pearson
Sequence 1: copG; 152 aa
Sequence 2: copG, 141 aa
Sequences (1:2) Aligned score: 51.773

Figure 4.2 CLUSTALW (2.1) Multiple Sequence Alignments of copG; and copG;
amino acid sequences in Bradyrhizobiumm sp. SUTN9-2. The definitions
of the consensus colors are shown in black for identical sequences and

red for not similar sequences. The protein sequences alignments were

“Kxn “.»

represented as; , conserved sequences (identical), “:”, conservative

“_o»
.

mutation, , semi-conservative mutation and “—”.gap.
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Figure 4.3 The derivative copG gene mutants of Bradyrhizobium sp. SUTN9-2
represent different symbiotic interaction with Vigna radiata cv. SUTA4.
Nodule phenotypes induced by Bradyrhizobium sp. SUTN9-2, WT (a),
AcopG; (b), AcopG, (c) and copGieomp, (d). Live/dead cells of section
nodule infection with WT (e), AcopG; (f) and AcopG (g) and copGicomp (h)
at 14 dpi were observed under confocal microscopy, the bacteroids were
staining with PI, SYTO9 and calcofluor-white. The nodule number at 14
dpi () and 21 dpi (j). Nitrogen fixation activity determined by the
acetylene reduction assay on whole roots of nodulated plants infected
with the indicated bacterial mutants at 14 (k) and 21 dpi (1. Scale bars
are indicated 1 mm. Values represent mean + standard deviation (n = 5).
P Values are based on one-way ANOVA, Tukey’s test,*, P <0.05**, P <
0.01 *** P < 0.001,**** P < 0.0001).
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4.3.3 The nod genes production was abolished in AcopG;

The gene expression of nodD regulatory and nod factors genes was
investigated (Figure 4.4). To examine the impact of 10 UM naringenin treatment, the
relative expression of nodD1, nodD2, and representative nod factors (nodA and nodC)
was analyzed. The gene expression of nodD2, nodA and nodC were decreased in
AcopG; which is unable to initiate nodulation on V. radiata cv. SUT4 (Figure 4.4b,
4.4C and 4.4d). It should be noted that nodDI acts as a constitutive expression in
Bradyrhizobium sp. SUTN9-2 and therefore, statistically significant changes in
expression were not observed for the nodD1 gene (Fig 4.4a). However, the expression
level was slightly decreased in AcopG; when compared with WT. Interestingly,
despite the lack of the copG; gene, the expression levels of nodD2, nodA, and nodC
genes were not significantly affected even when induced with 10 uM naringenin. The
findings indicate that copG; plays a role in the regulation of nodD2, nodA, and nodC
expression, which are crucial for nodulation, while its absence does not directly
impact the expression levels of these genes even under naringenin induction. In

terms of the nod genes expression was not found in copGcomp as expected.
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Figure 4.4 gRT-PCR analysis of expression of nod genes from Bradyrhizobium sp.
SUTN9-2, WT and AcopG; grown in absence and presence of naringenin.
(10 uM). The expression of regulatory gene ; nodD1 (a), nodD2 (b) and
structural genes; nodA (c), and nodC (d) Data were normalized in relation
to the endogenous control (16S rRNA). Values represent mean + standard
deviation (n = 3). P Values are based on one-way ANOVA, Tukey’s test (ns,

P> 0.05* P < 0.05** P < 0.01,*** P < 0.001).

4.3.4 Bradyrhizobium sp. SUTN9-2 copG; is involved in the repression of T4SS

structural genes, traG; and trbE; genes

In addition to the loss of nodulation ability observed in the tested plants and
the absence of nod gene expression in AcopGj, further investigations were conducted
to explore the relationship between the copG; gene and the T4SS. The copG; gene
was found to be located downstream of the traG; gene, which is a T4SS structural
gene present in both T4SS clusters. To gain a better understanding of the T4SS and
its relationship with the copG; gene, gene expression fold changes were analyzed.
The results revealed that representative T4SS genes including trbE; and traG;
exhibited higher expression levels in the absence of copG; compared to the WT
(Figure 4.5a and 4.5b). Notably, the expression level of traG; was particularly elevated
in the absence of the copG; gene (Figure 4.5b). These findings indicate that the copG;

gene may function as a repressor of T4SS gene expression, specifically in relation to
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the traG; gene located upstream of copG;. Therefore, it can be inferred that the
copG; gene plays a regulatory role in the expression of T4SS genes and its absence
leads to increased expression of traGl and potentially other T4SS components. This
suggests a possible relationship between the copG; gene and the regulation of the

T4SS machinery in Bradyrhizobium sp. SUTN9-2.
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Figure 4.5 Bradyrhizobium sp. SUTN9-2 copG; gene act as a repressor of T4SS.
Relative expression of representatives T4SS structural genes trbE; gene (a)
and traG; gene (b) in WT and AcopG;. The expression level of various
genes was determined by gRT-PCR. The 16S rRNA gene was used as an
internal control. Values represent mean + standard deviation (n = 3). P

values were based on Student's t-test (*,P < 0.05).

4.4 Discussion

Bradyrhizobia containing T4SS on chromosome belong to tra/trb operon were
represented a unique gene arrangement of copG, traG and virD2 cluster. Based on
phylogenetic relationship of copG, traG and virD2 genes cluster T4SS copy 1 (T4SS;)
and 2 (T4SS,) were separated in two clades with different bradyrhizobia group. T4SS,
was similar with B. yuanmingense BRP09 which is main rhizobia associated with V.

unguiculata and V. radiata plants in subtropical region (Zhang et al,, 2008). The
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deletion of copG, traG and virD2 copy 1 fragment of Bradyrhizobium sp. SUTN9-2 was
constructed , named AT4SS;. The ATA4SS; was decreased the symbiosis efficiency
both nodulation and nitrogen fixation in V. radiata cv. SUT4 and M. atropurpureum.
The AcopG;, AtraG; and AvirD2; were constructed and tested with V. radiata cv.
SUT4. The V. radiata cv. SUT4 inoculated with AtraG; was increased the nodule
formation while AvirD2; showed not significantly different nodule number with WT
(Figure 4.1m). However, under confocal microscopy of sectioned nodules of 7 dpi,
the symbiosome spcace elicited by AtraG; and AvirD2; were smaller than WT and
dead cells were observed at symbiosome within infected nodules (Figure 4.1c and
4.1d).

The traG gene, commonly found in conjugative plasmids, plays a crucial role in
horizontal gene transfer between bacteria. It encodes the TraG protein, which acts as
a coupling receptor and is involved in binding translocation substrates such as DNA or
effector proteins through the T4SS channel (Fronzes et al., 2009; Cascales et al,
2013; Christie et al., 2014). Previous studies have demonstrated the importance of
TraG in DNA transfer during bacterial conjugation and its induction by root exudates
and early nodules in Mesorhizobium spp., indicating its role in mutualistic symbiosis
(Schroder et al., 2002; Paco et al.,, 2019). In the case of Bradyrhizobium sp. SUTN9-2,
the AtraG; did not prevent nodule formation on V. radiata cv. SUT4, but the
resulting nodules were smaller than those formed by the WT. Interestingly, the
mutant nodules exhibited the presence of dead cells of bacteroids within the
symbiosome, which was not observed in the WT nodules. However, as time
progressed, the bacteroids within the mutant nodules showed a remarkable ability to
recover. These findings suggest that the traG; gene may contribute to nodule size
regulation and potentially play a role in maintaining symbiotic stability during early
nodule development. Furthermore, in silico analysis of the TraG protein using the
SMART database revealed specific domains, including Pfam:T4SS-DNA _transfer and
Pfam:TraG-D. Pfam:T4SS-DNA _transfer are essential for bacterial DNA transfer, while
Pfam:TraG-D is based on conserved TraG protein sequences. Additionally, TraD,
another member of the TraG family of coupling proteins, was found to interact with

relaxosome components through its C-terminal region (Figure 4.6a).



85

VirD2 gene in Bradyrhizobium sp. SUTN9-2 was classified as a relaxases/
mobilisation protein which were required for horizontal transfer of genetic
information contained on plasmids that occurs during bacterial conjugation in
Agrobacterium (Byrd & Matson, 1997). virD2 gene encoded the VirD2 protein of T4SS.
In Agrobacterium sp., required VirD2 for translocation and integration of T-strands into
recipient plant cells (Ramsay et al., 2006). However, domain analysis presented VirD2
in Bradyrhizobium sp. SUTN9-2 possess a part of domain of unknown function 3363
(DUF3363) overlaped with relaxase domain (Figure 4.6b). A part of DUF in VirD2 was
not required for transformation in Agrobacterium (Kregten et al., 2009). The deletion
of virD2 gene in Bradyrhizoibium sp. SUTN9-2 was not retard the nodulation as
ATASS, but dead cells were monitored at early nodulation process and symbiosome
spaces were smaller than WT. These results assumed that Bradyrhizobium sp. SUTN9-
2 may require traG; and virD2; genes for symbiosis interaction at the early infection
stage. In contrast to AtraG; and AvirD2;, the AcopG; exhibited reduced nodulation
efficiency and nitrogenase activity in V. radiata cv. SUT4. CopG was found in several
bacteria such as Pseudomonas aeruginosa (Hausrath et al., 2020), Streptococcus
agalactiae (Gomis-Ruth, 1998), Vibrio cholerae (Marrero et al., 2012), Bradyrhizobium
sp. and Mesorhizobium sp. (Wangthaisong et al,, 2023). CopG protein is a small
transcriptional repressor containing a helix-turn-helix motif domain, which shares
structural similarities with regulatory repressors such as Mnt, Arc, and MetJ (Costa et
al., 2001). This protein was first characterized in streptococcal plasmid pMV158 act as
a transcriptional repressor, CopG protein binds to the promoter region of copG-repB
and regulates plasmid replication by influencing the activity of RepB which controlled
plasmid copy number pMV158 (Gomis-Ruth, 1998; del Solar et al.,, 2002). In addition,
copper resistance was also demonstrated to be influenced by CopG in P. aeruginosa
and V. cholerae (Marrero et al.,, 2012; Hausrath et al., 2020). The CopG protein in P.
aeruginosa plays a crucial role in copper resistance by regulating the redox properties
of its structure to facilitate copper reduction (Hausrath et al.,, 2020). While, under
anaerobic conditions, copG in V. cholerae was also demonstrated to play a significant
role in copper resistance. Moreover, CopG also act as an antitoxin which a member of
the type Il toxin-antitoxin (TA) system that is prevalent in bacteria and archaea. In

particular, the majority of antitoxins encoded by the relBE and parDE loci belong to
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the MetJ/Arc/CopG family of dimeric proteins, which possess DNA-binding capabilities
through N-terminal ribbon-helix-helix (RHH) motifs (Gerdes et al., 2005). A typical type
Il TA system comprises two genes located in an operon that encodes a stable toxin
and a labile antitoxin. In addition, TA systems plays a role in coordinating the
replication of both plasmids and chromosomes by facilitating the interaction
between the antitoxin and the plasmid origin of replication (ori) (Ni et al., 2021). The
number of plasmids present in bacteria can change throughout their life cycle, and
the ability to regulate this number is crucial for conjugative plasmids to maintain a
harmonious relationship with their host bacteria (Del Solar & Espinosa, 2002). In
Bradyrhizobium sp. SUTN9-2 was observed two copies of copG (named, copG; and
copG,) gene in genome with unknown function. The CopG; protein was classified as
uncharacterized conserved protein (Figure 4.6¢), while CopG, was Pfam;RHH 1 (Figure
4.6d). The deletion of both copG gene of Bradyrhizobium sp. SUTN9-2 showed
different nodulation efficiency. In the AcopG; abolished nodule formation in V.
radiata cv. SUT4, contrast to the AcopG, showed a significantly higher nodule
number albeit smaller in size compared to the WT. However, despite the lack of
nodulation, the AcopG; retained its ability to infect plants, as evidenced by the ability
to monitor both live and dead cells within plant tissues. Intriguingly, living cells were
predominantly observed in the vascular bundle tissue, resembling the behavior of
endophytic bacteria. These findings suggest that copG; is potentially essential for
Bradyrhizobium sp. SUTN9-2 in protecting the survival of bacterial cells within the
host plant. To investigate the impaired nodulation phenotype of the AcopG; in V.
radiata, we examined the expression of nod genes including nodD2, nodA and nodC.
Strikingly, our analysis revealed that nodD2, nodA, and nodC were not expressed
even in induction of flavonoids, while copG; have no effect on nodD1 expression.
These results indicated that nodD2 may require copG; gene for stimulate nod factors
production that important for early step of nodule organogenesis in legume. These
results indicated that copG; gene may mediate a positively regulate the expression of
nodD2 by binding to nod box to stimulate nod factor production that is important in

early step of nodule organogenesis in legume.
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Figure 4.6 Domain architecture analysis using SMART program of TraG; (a), VirD2; (b),

CopG; (c) and CopG;, (d) protein sequences.

4.5 References

Blondelet-Rouault, M.-H., Weiser, J., Lebrihi, A., Branny, P., & Pernodet, J.-L. (1997).

Antibiotic resistance gene cassettes derived from the TT interposon for use in E.

coli and Streptomyces. Gene, 190(2), 315-317.



88

Byrd, D. R, & Matson, S. W. (1997). Nicking by transesterification: the reaction
catalysed by a relaxase. Molecular Microbiology, 25(6), 1011-1022.

Cascales, E., Atmakuri, K., Sarkar, M. K., & Christie, P. J. (2013). DNA substrate-induced
activation of the Agrobacterium VirB/VirD4 type IV secretion system. Journal of
Bacteriology, 195(11), 2691-2704.

Christie, P. J., Whitaker, N., & Gonzalez-Rivera, C. (2014). Mechanism and structure of
the bacterial type IV secretion systems. Biochimica et Biophysica Acta (BBA) -
Molecular Cell Research, 1843(8), 1578-1591.

Costa, M., Sola, M., del Solar, G., Eritja, R., Hernandez-Arriaga, A. M., Espinosa, M.,
Gomis-Ruth, F. X., & Coll, M. (2001). Plasmid transcriptional repressor CopG
oligomerises to render helical superstructures unbound and in complexes with
oligonucleotides. Journal of Molecular Biology, 310(2), 403-417.

Del Solar, G., & Espinosa, M. (2002). Plasmid copy number control: an ever-growing
story. Molecular Microbiology, 37(3), 492-500.

del Solar, G., Hernandez-Arriaga, A. M., Gomis—Ru-"ch, F. X, Coll, M., & Espinosa, M.
(2002). A genetically economical family of plasmid-encoded transcriptional
repressors involved in control of plasmid copy number. Journal of
Bacteriology, 184(18), 4943-4951.

Dénarié, J., Debellé, F., & Promé, J. C. (1996). Rhizobium lipo-chitooligosaccharide
nodulation  factors:  signaling molecules mediating recognition and
morphogenesis. Annual review of biochemistry, 65, 503-535.

Ditta, G., Stanfield, S., Corbin, D., & Helinski, D. R. (1980). Broad host range DNA cloning
system for Gram-negative bacteria: construction of a gene bank of Rhizobium
meliloti. Proceedings of the National Academy of Sciences, 77(12), 7347-
7351.

Ehrhardt, D., Atkinson, E., & Long. (1992). Depolarization of alfalfa root hair membrane
potential by Rhizobium meliloti Nod factors. Science, 256(5059), 998-1000.
Fronzes, R., Christie, P. J., & Waksman, G. (2009). The structural biology of type IV

secretion systems. Nature Reviews Microbiology, 7(10), 703-714.
Gerdes, K., Christensen, S. K., & Lgbner-Olesen, A. (2005). Prokaryotic toxin—antitoxin

stress response loci. Nature Reviews Microbiology, 3(5), 371-382.



89

Geurts, R., & Bisseling, T. (2002). Rhizobium Nod factor perception and signaling. The
Plant cell, 14 Suppl(Suppl), S239-5249.

Gomis-Ruth, F. X. (1998). The structure of plasmid-encoded transcriptional repressor
CopG unliganded and bound to its operator. The EMBO Journal, 17(24), 7404-
7415.

Guha, S., Molla, F., Sarkar, M., Ibafiez, F., Fabra, A., & DasGupta, M. (2022). Nod factor-
independent ‘crack-entry’ symbiosis in dalbergoid legume Arachis hypogaea.
Environmental Microbiology, 24(6), 2732-2746.

Haag, A. F., Baloban, M., Sani, M., Kerscher, B., Pierre, O., Farkas, A., Longhi, R,
Boncompagni, E., Hérouart, D., Dallangelo, S., Kondorosi, E., Zanda, M,
Mergaert, P., & Ferguson, G. P. (2011). Protection of Sinorhizobium against host
cysteine-rich antimicrobial peptides is critical for symbiosis. PLoS biology, 9(10),
e1001169.

Hanin, M., Jabbouri, S., Quesada-Vincens, D., Freiberg, C., Perret, X., Prome, J. C,
Broughton, W. J., & Fellay, R. (1997). Sulphation of Rhizobium sp. NGR234 Nod
factors is dependent on noef, a new host-specificity gene. Molecular
microbiology, 24(6), 1119-1129.

Hausrath, A. C., Ramirez, N. A,, Ly, A. T., & McEvoy, M. M. (2020). The bacterial copper
resistance protein CopG contains a cysteine-bridged tetranuclear copper cluster.
Journal of Biological Chemistry, 295(32), 11364-11376.

Lu, J., Wong, J. J. W., Edwards, R. A., Manchak, J., Frost, L. S., & Glover, J. N. M. (2008).
Structural basis of specific TraD-TraM recognition during F plasmid-mediated
bacterial conjugation. Molecular Microbiology, 70(1), 89-99.

Madsen, L. H., Tirichine, L., Jurkiewicz, A., Sullivan, J. T., Heckmann, A. B., Bek, A. S,
Ronson, C. W., James, E. K, & Stougaard, J. (2010). The molecular network
governing nodule organogenesis and infection in the model lesume Lotus
Jjaponicus. Nature Communications, 1(1), 10.

Marrero, K., Sanchez, A., Gonzalez, L. J., Ledon, T., Rodriguez-Ulloa, A., Castellanos-
Serra, L., Pérez, C, & Fando, R. (2012). Periplasmic proteins encoded by
VCA0261-0260 and VC2216 genes together with copA and cueR products are
required for copper tolerance but not for virulence in Vibrio cholerae.

Microbiology, 158(8), 2005-2016.



90

Ni, S., Li, B., Tang, K, Yao, J., Wood, T. K., Wang, P., & Wang, X. (2021). Conjugative
plasmid-encoded toxin—-antitoxin system PrpT/PrpA directly controls plasmid
copy number. Proceedings of the National Academy of Sciences, 118(4),
e2011577118.

Okazaki, S., Kaneko, T., Sato, S., & Saeki, K. (2013). Hijacking of leguminous nodulation
signaling by the rhizobial type Il secretion system. Proceedings of the National
Academy of Sciences, 110(42), 17131-17136.

Okubo, T., Fukushima, S., & Minamisawa, K. (2012). Evolution of Bradyrhizobium-
Aeschynomene mutualism: Living testimony of the ancient world or highly
evolved state?. Plant & cell physiology, 53(12), 2000-2007.

Paco, A, Da-Silva, J. R, Eliziario, F., Brigido, C., Oliveira, S., & Alexandre, A. (2019). TraG
gene is conserved across Mesorhizobium spp. able to nodulate the same host
plant and expressed in response to root exudates. BioMed Research
International, 2019, 3715271.

Phimphong, T., Sibounnavong, P., Phommalath, S., Wongdee, J., Songwattana, P,
Piromyou, P., Greetatorn, T., Boonkerd, N., Tittabutr, P., & Teaumroong, N.
(2023). Selection and evaluation of Bradyrhizobium inoculum for peanut,
Arachis hypogea production in the Lao People’s Democratic Republic. Journal
of Applied and Natural Science, 15(1), 137-154.

Ramsay, J. P., Sullivan, J. T., Stuart, G. S., Lamont, I. L., & Ronson, C. W. (2006).
Excision and transfer of the Mesorhizobium (oti R7A symbiosis island requires an
integrase IntS, a novel recombination directionality factor RdfS, and a putative
relaxase RIXS. Molecular Microbiology, 62(3), 723-734.

Renier, A., Maillet, F., Fardoux, J., Poinsot, V., Giraud, E., & Nouwen, N. (2011).
Photosynthetic  Bradyrhizobium — sp. strain  ORS285  synthesizes 2-O-
methylfucosylated  lipochitooligosaccharides for nod  gene-dependent
interaction with Aeschynomene plants. Molecular plant-microbe interactions
: MPMI, 24(12), 1440-1447.

Sadowsky, M. J,, Tully, R. E., Cregan, P. B., & Keyser, H. H. (1987). Genetic diversity in
Bradyrhizobium japonicum serogroup 123 and its relation to genotype-specific
nodulation of soybean. Applied and environmental microbiology, 53(11),

2624-2630.



91

Schroder, G., Krause, S., Zechner, E. L., Traxler, B., Yeo, H. J., Lurz, R., Waksman, G., &
Lanka, E. (2002). TraG-like proteins of DNA transfer systems and of the
Helicobacter pylori type IV secretion system: inner membrane gate for exported
substrates?. Journal of bacteriology, 184(10), 2767-2779.

Somasegaran, P., & Hoben, H. J. (1985). METHODS IN LEGUME-RHIZOBIUM
TECHNOLOGY * NifTAL and MIRCEN are acronyms for Nitrogen fixation in
Tropical Agricultural Legumes and Microbiological Resources Center,
respectively.

Somasegaran, P., & Hoben, H. J. (1994). Handbook for Rhizobia. Springer New York.

Sugawara, M., Epstein, B., Badgley, B. D., Unno, T., Xu, L., Reese, J., Gyaneshwar, P.,
Denny, R., Mudge, J., Bharti, A. K., Farmer, A. D., May, G. D., Woodward, J. E.,
Médigue, C., Vallenet, D., Lajus, A., Rouy, Z., Martinez-Vaz, B., Tiffin, P., ...
Sadowsky, M. J. (2013). Comparative genomics of the core and accessory
genomes of 48 Sinorhizobium strains comprising five genospecies. Genome
Biology, 14(2), R17.

Teamtisong, K., Songwattana, P., Noisangiam, R., Piromyou, P., Boonkerd, N., Tittabutr,
P., Minamisawa, K., Nantagij, A., Okazaki, S., Abe, M., Uchiumi, T., & Teaumroong,
N. (2014). Divergent Nod-containing Bradyrhizobium sp. DOA9 with a
megaplasmid and its host range. Microbes and Environments, 29(4), 370-376.

Tichilt, L., Boulila, F., De Sousa, B. F. S., Giraud, E., Ruiz-Argleso, T., Palacios, J. M.,
Imperial, J., & Rey, L. (2022). The Bradyrhizobium sp. LmicA16 type VI secretion
system is required for efficient nodulation of Lupinus Spp. Microbial Ecology,
84(3), 844-855.

Tsai, J.-W., & Alley, M. R. K. (2000). Proteolysis of the McpA chemoreceptor does not
require the Caulobacter major chemotaxis operon. Journal of Bacteriology,
182(2), 504-507.

van Kregten, M., Lindhout, B. I., Hooykaas, P. J, & van der Zaal, B. J. (2009).
Agrobacterium-mediated T-DNA transfer and integration by minimal VirD2
consisting of the relaxase domain and a type IV secretion system translocation
signal. Molecular plant-microbe interactions : MPMI, 22(11), 1356-1365.

Wangthaisong, P., Piromyou, P., Songwattana, P., Wongdee, J., Teamtaisong, K,

Tittabutr, P., Boonkerd, N., & Teaumroong, N. (2023). The Type IV Secretion



92

System (T4SS) Mediates symbiosis between Bradyrhizobium sp. SUTN9-2 and
legumes. Applied and environmental microbiology, 89(6), e0004023.

Zhang, Y. F., Wang, E. T,, Tian, C. F., Wang, F. Q., Han, L. L., Chen, W. F., & Chen, W. X.
(2008).  Bradyrhizobium  elkanii,  Bradyrhizobium  yuanmingense  and
Bradyrhizobium japonicum are the main rhizobia associated with Vigna
unguiculata and Vigna radiata in the subtropical region of China. FEMS

Microbiology Letters, 285(2), 146-154.



CHAPTER V
CONCLUSION

Prior to understand the role of T4SS in Bradyrhizobium-legume symbiosis, first
phylogenetic trees of the gene involved in T4SS were constructed. A unique
arrangement of the copG, traG, and virD2 gene cluster was found in T4SS specific to
the Bradyrhizobium group. The phylogenetic trees implied that the horizontal
transfer of T4SS genes was restricted to the rhizobia group. The symbiotic interactions
between Bradyrhizobium sp. SUTN9-2 and legume plants were performed using T4SS
deletion strains. The results showed ATA4SS; reduced nodule number, nitrogenase
activity, and delayed nodulation in V. radiata cv. SUT4 and C. juncea but not in A.
americana. In addition, dead cells were observed during the early stage of infection
with AT4SS,. The result indicated that T4SS may be important for cell survival within
plant host that associated with host specificity. This is the first report to demonstrate
that the T4SS of Bradyrhizobium sp. SUTN9-2 represents another mechanism for
symbiotic interaction with leguminous plants. Moreover, within the T4SS cluster, a
distinctive gene arrangement comprises copgG, traG, and virD2 genes in T4SS copy 1.
Among these genes traG; and virD2; play a crucial roles in the early stages of
symbiosis in contrast to copG;. Nodulation efficiency was compromised in the
AcopG; mutant with no detectable expression of nod genes (nodD2, nodA, and
nodC), while T4SS; genes (traG; and trbE;) were repressed in the presence of the
copG; gene. These findings suggest that T4SS genes, including traG; and virD2;, are
associated with early nodulation processes. Moreover, the copG; could potentially
act as an alternative factor in facilitating the nodulation mechanism in the symbiosis
between Bradyrhizobium sp. SUTN9-2 and legume plants. Notably, copG; also plays a

role as a repressor for T4SS structural genes.






APPENDIX A
Growth medium and Buffered Nodulation Media (BMN)



Appendix A.1 Arabinose-Gluconate (AG) medium (Sugawara et al., 2010)

Constituents per liter;

i HEPES 1.3 g
2 MES-Buffer 1.1 g
3 Yeast Extract 1.0 g
4. L-Arabinose 1.0 g
5 Sodium-Gluconate 10 ¢
solution
i Na,SOq (12.5 g/100ml) 2.0 ml
2 CaCl, » 2H,0 (0.65 g/100ml) 20 ml
5 FeCl; » 6H,0 (0.433 ¢/100ml) 2.0 ml
4. MgSo, » 7TH,0 (9 g/100ml) 20 ml
5 Na,HPO, (6.25 ¢/100ml) 2.0 ml
6 NaCl (15 ¢/100ml) 2.0 ml
: Distilled Water up to 1 liter
Adjust the pH to 6.8 with 5 N NaOH.
Appendix A.2 Luria-Bertani (LB) medium (Bertani, 1951)
Constituents per liter;
1 Tryptone 100 ¢
2 NaCl 100 ¢
G Yeast Extract 5.0 g
4. Distilled Water up to 1 liter

Adjust the pH to 7.0 with 5 N NaOH.



g

Appendix A.3 Buffered Nodulation Media (BMN) (Ehrhardt et al., 1992).

Constituents per liter;

1 CaCl, » 2H,0 0344 ¢

4 MES-Buffer 0.390 ¢

3 1000X Nod major salts 1.0 ml
q, 1000X Nod minor salts | 1.0 ml
5 1000X Nod minor salts |l 1.0 ml
6 1000X Fe-EDTA 1.0 ml
7 Distilled Water up to 1 liter

Adjust the pH to 6.5-6.8 with 2N KOH

Solution stock (500 ml) for BMN

1000X Nod major salts

L. KH,PO, 340 ¢

. MgSo, « 7TH,0O 610 ¢
1000X Nod minor salts |

L. ZnSOqs THO 3.68 ¢

p H3BO4 248 g

% MnSO, » H,0 6.80 ¢
1000X Nod minor salts I

1 Na,MoQg+ 2H,0 1250 mg

2 CuSO, * 5H,0 8.0 mg

5 CaCl2 6.9 mg
1000X Fe-EDTA (0.01M)

1 NaFe-EDTA 9.176 mg

or
i Na,EDTA 9.325 mg

2. FeSO4 « 7H,O 6.950 mg



APPENDIX B
Phylogenetic tree, Bradyrhizobium sp. SUTN9-2 and Plasmid

map for molecular cloning



29

Bradyrhizobium elkanii (U3500)
98 - Bradyrhizobium elkanii USDA46 (AF208516)
Bradyrhizobium elkanii SEMIA (AF234890)
Bradyrhizobium elkanii USDAG61 (AP013103)
73| Bradyrhizobium sp. ORS375 (EU781683)
Bradyrhizobium sp. ORS285 (LT859959)
Bradyrhizobium sp. ORS278 (CU234118)
Bradyrhizobium oligotrophicum S58 (AP012603)
Bradyrhizobium sp. BTAil (CP000494)
Bradyrhizobium cosmicum S23321 (AP012279)
Bradyrhizobium nitroreducens TSA (LFJC010000003)
Bradyrhizobium vignea ORS3257 (LS3998110)
Bradyrhizobium guandongense CCBAU 51649 (C0030051)
Bradyrhizobium diazoefficiens NK6 (AP014685)
Bradyrhizobium diazoefficiens SEMIA 50080 (ADOU02000007)
Bradyrhizobium diazoefficiens USDA122 (CP013127)
Bradyrhizobium sp. LCT2 (CP034432)
Bradyrhizobium diazoefficiens USDA110 (BA000040)

78 _{ Bradyrhizobium yuanmingense LMTR28 (AF485365)
Bradyrhizebium sp. SUTN9-2 (LAXE01000001)

Bradyrhizobium sp. DOA9 (JN578816)

Bradyrhizobium liaoningense 22281 (NR041785)

W Bradyrhizobium sp. DOA1 (JXJM01000001)

Bradyrhizobium liaoningense CCBAU43298 (EF394149)

l— Bradyrhizobium oftawaense 0099 (NR133988)

Bradyrhizobium japonicum J5 (CP017637)

Bradyrhizobium japonicum USDAG (AP012206)

Bradyrhizobium japenicum E109 (CP007569)

7\ Bradyrhizobium japonicum SEMIA 5079 (CP007569)

65 Rhodopseudomonas palustris BisB18 (CP0000301)

Rhodopseudomonas palustris BisA53(CP000463)
28 Rhodopseudomonas palustris ELI1980 (NZMVOD01000011)

Mesorhizobium loti MAFF303099 (BA000012)
Mesorhizobium opportunistum WSM2075 (BA002279)
Mesorhizobium japonicum R7A (CP051772)
Mesorhizobium javisii ATCC33669 (D1451)

93| Rhizobium etli bv. mimosae str. Mim1 (CP005950)
Rhizobium etli CFN 42 (CP000133)
Rhizobium etli CIAT 652 (CP001074)
Rhizobium tropici CIAT 899 (NR102511)
Sinorhizobium meliloti 1021 (AL591688)
Sinorhizobium fredii USDA257 (CP003563)
Sinorhizobium fredii HH103 (HE616890)
63— Sinorhizobium fredii NGR234 (NR102919)
Cupriavidus taiwanensis LMG19424 (CU633749)

0.02

Appendix B.1 Maximum  Likelihood. tree based on 165 rRNA gene sequences of
rhizobia. Percentage of bootstrap support (1000 replicates) is
indicated on internal branches. Cupriavidus taiwanensis LMG19424
was used as an outgroup. Scale bar indicates 0.2 substitutions per

site.
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Appendix B.2 The genome structure of Bradyrhizobium sp. SUTN9-2.
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(3551) Pasl
(3548) ST

Appendix B. 4 Plasmid map of

complementation.
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pMG103-npt2-cefo.MCS
6414 bp

103

SbII (16)
/ sall (18)
Accl (19)

_Xbal (24)
" BamHI (30)
- Aee5T (39)
"~ Kpnl (43)
-~ EcoS3KI (47)
e e SBCL (49)
T e EOORY. (51}

o= CulI - SeXAI* (399)
s o= TRQIL {493)
Peil (591)

ApalLI (505)

PaeR7I - PspXI - Xhol (1323)
~ -~ EcOD109Y (1388)

CPAMI (2208)

BstBI (2755)
Pfol (3043)
AVFII - Bsal (3106)
SnaBI (3137)
pMG103-npt2-cefoMCS  (Size 6,414 bp) for
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