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SOYBEAN/MUNG BEAN/CO-INOCULATION/Bradyrhizobium/PGPR

Plant growth promoting rhizobacteria (PGPR) are naturally occurring soil bacteria
that aggressively colonize plant roots and benefit plants by providing growth promotion.
Co-inoculation of soybean plants with PGPR strain and Bradyrhizobium altered plant
growth parameters and significantly improved nodulation. However, the effects of co-
inoculation need to be analyzed in more detail. The objectives of this research were to
evaluate PGPR and its supernatant influence on promoting nodulation and N»-fixing
efficiency of soybean (Glycine max cv. CM60) and mung bean (Vigna radiate cv. SUT4)
by co-inoculation with Bradyrhizobium. Co-inoculation between Bacillus sp. S141 and
Bradyrhizobium with soybean and mung bean resulted in enhancing nodulation, size of
nodule, No-fixing efficiency and increasing soybean and mung bean production. Besides,
co-inoculation of supernatant of S141 with Bradyrhizobium produced the same results by
using cells of S141. SDS-PAGE and protein identification suggested that S141 might
facilitate the induction of numerous compounds which were strong attractants stimulating
chemotactic response and metabolism, resulting in the enhanced nodulation and N2-fixing
efficiency. In order to better understand these complex Bradyrhizobium-PGPR-plant
interactions, the whole genome of the typical S141 was analyzed. The genome of S141 is
categorized in Bacillus velezensis/amyloliquefaciens and comprises a 3,974,582 bp long
circular chromosome that consists of 3,817 protein-coding genes. Based on genomic

analysis, auxin and cytokinin functionally related genes in the genome of S141 were



discovered. The disruption of putative genes related to IAA biosynthesis pathway revealed
the IAA reduction in S141AdhaS, S141AyhcX and S141AIPyAD suggested that all of S141
IAA related mutant strains are related with 1AA biosynthesis. Moreover, co-inoculation of
Bradyrhizobium diazoefficiens USDA110 with S141AyhcX also reduced nodule number of
L size nodules. This was the first time it was reported that yhcX may play a major role in
IAA biosynthesis in Bacillus velezensis as well as provide a major impact on soybean
growth promotion. The disruption of genes related to cytokinin biosynthesis pathway
including: IPT and IPI genes and co-inoculation of USDA110 with S141AIPI reduced the
nodule number of VL size nodules, it appears that IPI might play an important role in
nodule size of soybean-Bradyrhizobium symbiosis. However, it was possible that not only
IAA and cytokinin but also some other substrates secreted from S141 facilitate
Bradyrhizobium to trigger bigger nodule formation resulting in the higher efficiency of N»-
fixation. Therefore, the efficiency to enhance soybean and mung bean N»-fixation by S141
with Bradyrhizobium co-inoculation strategy could be developed for supreme soybean and

mung bean inoculants.
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CHAPTER I

INTRODUCTION

1.1 Significance of this study

With around 18,000 species, Leguminosae are considered as the largest plant family
and play an important role in the earth ecosystem. By developing nitrogen-fixing root
nodules, legumes have established a symbiotic relationship with specific soil bacteria are
known as rhizobia. Rhizobia are Gram-negative soil bacteria belonging to genera
Rhizobium,  Sinorhizobium, Mesorhizobium, Phylorhizobium, Azorhizobium and
Bradyrhizobium. They have the capacity to live either as free-living bacteria or as nitrogen-
fixing bacteroids inside a specialized root organ of Leguminosae called nodules to establish
a reciprocal profitable metabolic exchange with its host plant (Brewin, 2004; Peter et al.,
1996). Whereas bacteroids convert atmospheric dinitrogen (N2) into ammonia for the
benefit of the host, leguminous plants in turn supply microsymbionts with photosynthate
(Cooper, 2007; Prell and Poole, 2006). Bradyrhizobium diazoefficiens USDA110 and
Bradyrhizobium sp. SUTN9-2 is a symbiotic nitrogen-fixing soil bacteria that induce root
nodules formation in legume soybean (Glycine max) (Vauclare et al., 2013) and mung bean
(Vigna radiata) (Piromyou et al., 2017), respectively.

Plant growth-promoting rhizobacteria (PGPR) are naturally occurring soil bacteria
that aggressively colonize plant roots and benefit plants by providing growth promotion

(Saharan and Nehra, 2011). Some PGPR strains, from a range of genera, enhance legume

growth, nodulation and nitrogen fixation when coinoculated with rhizobia. Examples of

these are Azospirillum (Remans et al., 2008), Azotobacter (Wu et al., 2012), Bacillus,



Pseudomonas (Atieno et al., 2012; Zahir et al., 2011), Serratia (Pan et al., 2002; Zahir et
al., 2011) and Streptomyces (Tokala et al., 2002). As they share common microhabitats in
the root—soil interface, rhizobia and PGPR must interact during their processes of root

colonization. The effect of Rhizobium—PGPR coinoculation has been observed in different
symbiotic and plant growth parameters. In the last few years, Aung et al. (2013) found that
PGPR co-inoculation with either B. japonicum CB1809 or B. diazoefficiens USDA110
gave high nodule number, increased nodule dry weight and significantly increased seed
yield over single inoculation. On the other hand, PGPR co-inoculation with B. japonicum
CB1809 in nutrient-poor soil condition showed low nodule dry weight and biomass dry
weight per plant when compared with PGPR co-inoculation with B. diazoefficiens
USDA110 at 70 days after inoculation. Moreover, Prakamhang (2013) suggested the first
observations that demonstrate the mechanism of PGPR strains Bacillus subtilis and
Staphylococcus sp. on Bradyrhizobium-soybean symbiosis. The co-inoculation with B.
diazoefficiens USDA110 and PGPR leads to an increased number of the most active
nodules and plant yield, therefore, to a greater nitrogen fixation. Inoculation modes of
PGPR and rhizobia may result in variable effects on legume growth, nodule morphology
and this may depend on the phase of the process modified by PGPR. However, the effect of

biological molecules produced via co-inoculation process on soybean and mung bean-

bradyrhizobial symbiosis are needed to analyze in more detail.

1.2 Hypothesis

The overall nitrogen fixing efficiency and efficacy of the soybean and mung bean-
bradyrhizobial symbiosis could be enhanced via co-inoculation with supernatant of PGPR

strain. The biological molecules elicited the interactions between PGPR and



Bradyrhizobium co-inoculated in soybean and mung bean-bradyrhizobial symbiosis,
resulting in better nodulation, nitrogen fixation, nodule morphology, growth and yield.
Therefore, the aim of this study was to examine some determinants derived from PGPR

affect on Bradyrhizobium co-inoculation that can enhance symbiosis.

1.3 Research objectives

1.3.1 General objectives

The general objectives of this research were to evaluate the biological
molecules secreted from PGPR. The biological molecules that had the interactions between
PGPR and Bradyrhizobium co-inoculated in soybean and mung bean-bradyrhizobial
symbiosis, resulting in better nodulation, nitrogen fixation, nodule morphology, growth and

yield.

1.3.2 Specific objectives

1. To evaluate the Bacillus sp. S141 and its supernatant influence on promoting
nodulation and No-fixing efficiency of soybean (Glycine max) and mung
bean (Vigna radiata) by co-inoculation with Bradyrhizobium diazoefficiens

USDA110 and Bradyrhizobium sp. SUTN9-2, respectively

2. To reveal the whole genome of PGPR for better understanding the
complexity of Bradyrhizobium-PGPR-plant interactions using Illumina

MiSeq platform

3. To demonstrate the effect of biological molecules secreted from Bacillus sp.
S141 on soybean and mung bean-bradyrhizobial symbioses and the possible
combination of biological molecules between PGPR, Bradyrhizobium and

plants



4. To determine the genes involved in biological determinant biosynthesis of

PGPR

1.4 Scope and limitation of the study

The biological molecules and interaction mechanisms of biological molecules
between PGPR and Bradyrhizobium co-inoculation in soybean and mungbean that could
enhance nodulation, nitrogen fixation, nodule morphology, growth and vyield were
determined. The whole genome of PGPR was revealed by Illumina MiSeq platform. In
addition, some genes involved in biological determinant biosynthesis of PGPR were

investigated.



CHAPTER II

LITERATURE REVIEW

2.1 Soybean

Soybean [Glycine max (L.) Merrill] belongs to the family Leguminosae, subfamily
Papilionideae. Soybean is a leguminous vegetable of the pea family that grows in tropical,
subtropical, and temperate climates, the optimal temperature range for soybean growth is
25 - 30°C (Zhang et al., 1996). Soybean is relatively resistant to low and very high
temperatures but growth rates decrease above 35°C and below 18°C (FAO, 2019a).
Soybean is one of the world's most economically important legume crops (Prakamhang,
2013), with important roles in human and animal nutrition, besides broad industrial
applications. The high protein content of its grains about 40% represents a nutritionally
important part of the diets of humans and domestic animals. In addition, other seed

products have broad industrial and pharmaceutical applications.

The United States and South American countries account to most of the world grain
production (Hungria and Mendes, 2015). In 2017, the total area cropped to soybean was
estimated at 130 million hectares, with a total production of 366 million metric tons, the
three major producers are the United States, Brazil and Argentina. Soybean production in
Thailand is reduced mostly due to the not cost effective (more expensive than import) and
seed production problems. In 1982-1985 the area for soybean production between 800,000-
1,000,000 rai that why USDA support loan fund for producing large scale inoculant
production at DOA. The total area cropped to soybean in 2017 was account 3,100 hectares,

with a total production of 54,000 metric tons (MT) (FAO, 2019b). The United States



Department of Agriculture (USDA) (2019) reported that soybean production in Thailand is
forecast to decline slightly to 52,000 MT in Marketing Year (MY) 2019/20 due to no
inoculant available for farmers area, low yields and unattractive returns when compared to
competing crops like corn and off-season rice. The government still bans domestic
cultivation of all transgenic or biotech plants, including soybeans. Due to low domestic
production, Thailand depends almost entirely on imported soybeans to meet domestic
demand for animal feed, vegetable oil, and food. Soybean imports are forecast to increase
by 2 percent in MY2019/20 in line with anticipated total domestic consumption growth.
Imports in MY2018/19 are anticipated to grow sharply by 27 percent from MY2017/18 due
to a need to replenish depleted stocks and increased domestic consumption. Nearly all
domestic soybean production is used to produce food products such as soybean milk, tofu,
soybean sauces, and other soy food products. As a result, food-grade soybean imports are
currently estimated at 200,000 MT. Canada and the United States are the only two foreign
suppliers for this market segment. The food industry prefers domestic soybeans over
imported soybeans due to their freshness and biotech-free status. However, due to growing
demand and decreased domestic production, processors are increasingly relying on
imported soybeans to meet their needs.

Soybean cultivars are also known to influence nodulation competition among
Bradyrhizobium strains (Triplett and Sadowsky, 1992). In Thailand, soybean is grown in a
variety of locations, cropping patterns, land types, and seasons. Many soybean cultivars
have been developed with characteristics appropriate for different geographical areas. The
examples of recommended Thai soybean cultivars are SJ1, SJ2, SJ4, SJ5, Nakorn Sawan 1
(NW1) and Chaing Mai 60 (CM60) (Boonkerd, 2002). The crop can be grown on a wide
range of soils except those which are very sandy. Optimum soil pH is 6 to 6.5. The
fertilizer requirements are 15 to 30 kg per hectare P and 25 to 60 kg per hectare K (FAO,

2019a). Soybean plants are able to facilitate biological nitrogen fixation (BNF) through a



symbiosis with soil bacteria, commonly called “rhizobia.” This relationship results in the
formation of novel root organs, called nodules, which are critical for establishing an
environment suitable for symbiotic nitrogen fixation (Lin et al., 2012). Soybean plants are
able to fix 100-200 kg per hectare per year of atmospheric nitrogen (Smith and Hume,
1987). However, a starter dose of 10 to 20 kg per hectare nitrogen is beneficial for good
early growth. In a survey of quantifications of BNF by agricultural legumes, soybean was
rated as the highest among the grain producers, with contributions of up to 450 kg nitrogen
per hectare, surpassed only by the fodder crops bitter lupin (Lupinus mutabilis Sweet) and
alfalfa (Medicago sativa L.), with up to 527 and 470 kg nitrogen per hectare, respectively
(Ormefio-Orrillo et al., 2013). Numerous studies have investigated significant contributions
of atmospheric N> fixation to soybean nutrition and growth (Bai et al., 2003; Morel et al.,
2012). Most estimation show that soybean derives between 25 and 75% of its N from

fixation (McNeil, 2010).

2.2 Mung bean

The mung bean [Vigna radiata (L.) Wilczek], alternatively known as the green gram,
is a fast growing warm-season legume species belonging to the papilionoid subfamily of
the Fabaceae (Kang et al., 2014). Mung bean is such a minor crop that dryland smallholder
farmers can use to break the downward spiral, and increase the profitability and
sustainability of their farms. It is a nutritious warm season legume crop. The grains are rich
in protein, minerals, and vitamins (Pataczek et al., 2018). Mung bean is widely grown in
Asia, but also in parts of Africa and Australia. The mung bean is mainly cultivated in East
Asia, Southeast Asia and Indian subcontinent. Nowadays, almost 90% of the mung bean
production is found in Asia, where India, China, Pakistan and Thailand are among the most
important producers (Lambrides and Godwin, 2007). Integration of mung bean in cropping

systems, in Thailand intercropping with cassava were shown good for weed control,



additional nitrogen and organic matter (OM) and addition of income, and particularly in
Central and South Asia, may increase the sustainability of dryland production systems.
Diversification of local production systems through inclusion of mung bean as a catch crop
provides additional income to farmers and has the potential to improve soil fertility
(Pataczek et al., 2018). The United States Department of Agriculture (USDA) (2014)
reported that mung bean production will likely continue to increase mainly due to acreage
expansion. Farmers will likely replace off-season rice cultivation with mung bean due to
attractive farm-gate prices. Mung bean farm-gate prices have increased significantly from
the same period in 2013. In addition, the Royal Irrigation Department have warned farmers
to avoid cultivating off-season rice due to possible water shortages in Thailand’s northern
and central regions. Moreover, the suspension of the MY2014 Off-Season Rice Paddy
Pledging Program makes the second off-season rice crop less attractive. Mung bean
consumption is expected to trend upward in anticipation of a stronger economy in the latter
half of 2014. The Thai food processing industries are also likely to expand their production
capacity to meet growing demand for diversified products such as vermicelli, bean flour,
bean sprouts, and various confectionary items. The use of mung bean in the feed industry
remains marginal due to its uncompetitive prices compared to other grains. MY2014 mung
bean exports declined to 25,755 metric tons, down 37 percent from the previous year due to
limited exportable supplies caused by growing domestic demand from the food processing
industry. Meanwhile, MY2014 mung bean imports increased to 27,912 metric tons, mainly
from Myanmar, which accounts for approximately 90% of total imports. Mung bean
exports are expected to decline significantly to around 20,000 metric tons. The increase in
mung bean production is likely to be offset by domestic consumption. In 2017, the total
area cropped to mung bean in Thailand was account 166,576 hectares, with a total

production of 313,596 metric tons (MT) (FAO, 2019c).



Mung bean is one of the important crops with the ability to improve soil fertility
through N2 fixation by symbiotic association with rhizobia present in root nodules (Ali and
Gupta, 2012). Like other legumes, mung bean also possesses the ability to establish a
symbiotic relationship with the nitrogen-fixing soil bacteria generally known as rhizobia,
which is a term used for a broad range of microsymbionts from «- and p-Proteobacteria
that establish symbiosis with leguminous plants for BNF. Mung bean is a promiscuous host
that can be nodulated with a broad range of rhizobial species belonging to four different
bacterial genera: Bradyrhizobium, Ensifer (formerly known as Sinorhizobium),
Mesorhizobium and Rhizobium (Lu et al., 2009; Risal et al., 2012; Yang et al., 2008).
Nevertheless, the successful nodulation of mung bean by the isolates showed that strains of
both the genera Bradyrhizobium and Ensifer (Sinorhizobium) can be used for production of
inoculum (Hakim et al., 2018). Mung bean can fix approximately 37-83 kg per hectare of

nitrogen through nodule symbiotic association (Mohammad et al., 2010).

2.3 Biological nitrogen fixation; BNF

BNF accounts for roughly two-thirds of the nitrogen fixed globally, whereas the
remaining portion is mostly contributed by the industrial Haber-Bosch process. BNF was
firstly discovered by the German agronomist Hermann Hellriegel and Dutch microbiologist
Martinus Beijerinck (Paracer and Ahmadjian, 2000). BNF is performed, generally at mild
temperatures, by diazotrophic microorganisms, which are widely distributed in nature
(Raymond et al., 2004). Most BNF is carried out by the activity of the molybdenum
nitrogenase, which is found in all diazotrophs. In addition to the molybdenum nitrogenase,
some diazotrophic microorganisms carry alternative vanadium and/or iron-only
nitrogenases (Masepohl et al., 2002). BNF occurs when atmospheric nitrogen is converted
to ammonia by nitrogenase enzyme (Postgate, 1998). Nitrogen fixation is catalyzed by the

complex enzyme nitrogenase. The molybdenum nitrogenase enzyme complex has two
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component proteins (Bulen and LeComte, 1966) including component | (also called
dinitrogenase, or Fe-Mo protein), an alpha2beta2 tetramer encoded by the nifD and nifK
genes, and component Il (dinitrogenase reductase, or Fe protein) a homodimer encoded by
the nifH gene (Rubio and Ludden, 2008; Zehr et al., 2003). Both component proteins are
very oxygen-labile. Until now three different forms of nitrogenase have been reported
(Rangaraj et al., 2000). All three different nitrogenases share similar structural properties
but differ in the heterometal present in the active site of the dinitrogenase unit. The most
widespread nitrogenase contains iron molybdenum cofactors at the active site and is
encoded by the nif gene family. Vanadium containing and vnf encoded (vanadium-
dependent nitrogen fixation) nitrogenase exhibits an iron vanadium cofactor. A third so-
called “alternative” nitrogenase contains an iron-only cofactor (FeFe-co) and is anf-
encoded (alternative nitrogen fixation). The reaction catalyzed by nitrogenase involves the
Mg-ATP-dependent reduction of nitrogen gas to yield two molecules of ammonia. Many
legumes (alfalfa, clover, lupins, peas, beans, lentils, soybeans, peanuts and others) contain
symbiotic bacteria called rhizobia within nodules of their root systems. These bacteria have
the special ability of fixing nitrogen from atmospheric, molecular nitrogen (N2) into

ammonia (NHz3). The chemical reaction is:

N + 8H" + 16MgATP + 8¢ — 2NH3 + Hz + 16MgADP + 16 Pi

The ratio of hydrogen to ammonia produced can vary and is increased when
conditions are not optimal for enzyme reaction and when the enzyme is inhibited. Some
diazotrophs possess a so called uptake hydrogenase to regain energy lost by hydrogen
evolution by the reduction of hydrogen and the generation of ATP and H>O (Stacey et al.,
1992). Ammonia is then converted to another form, ammonium (NH4"), usable by (some)

plants by the following reaction:
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NHsz+ H"— NH4*

This arrangement means that the root nodules are sources of nitrogen for legumes,

making them relatively rich in plant proteins.

2.4 Bradyrhizobium

Bradyrhizobium species are Gram-negative bacilli (rod shaped) with a single
subpolar or polar flagellum. They are a common soil dwelling microorganism that can form
symbiotic relationships with leguminous plant species where they fix nitrogen in exchange
for carbohydrates from the plant. Like other rhizobia, they have the ability to fix
atmospheric nitrogen into forms readily available for other organisms to use. They are slow
growing in contrast to Rhizobium species, which are considered fast growing rhizobia. In a
liquid media broth, it takes Bradyrhizobium species 3-5 days to create a moderate turbidity
and 5-7 hours to double in population size. They tend to grow best with pentoses as a
carbon source (Somasegaran and Hoben, 1994). The genus of bacteria can form either
specific or general symbioses (Somasegaran and Hoben, 1994). This means that one
species of Bradyrhizobium may only be able to nodulate one legume species, whereas other
Bradyrhizobium species may be able to nodulate several legume species. Bradyrhizobium
species as B. betae was isolated from tumor like root deformations on sugar beets, B.
elkanii, B. liaonigense establish symbiosis with soybeans, B. japonicum nodulates
soybeans, cowpeas, mung beans, and siratro, B. yuanmingense nodulates Lespedeza, B.
canariense nodulates Genistoid legumes, Lupin and Serradella nodule. Some strains (for
example, USDA 6 and CPP) are capable of oxidizing carbon monoxide aerobically.
Ribosomal RNA is highly conserved in this group of microbes, making Bradyrhizobium
extremely difficult to use as an indicator of species diversity. DNA-DNA hybridizations

have been used instead and show more diversity (Rivas et al., 2009). Among rhizobia, B.
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japonicum or B. diazoefficiens is the most agriculturally important species because it has
the ability to form root nodules on soybeans.

B. diazoefficiens USDA110 (TAL 102, BCRC 13528, JCM 10833, 311B110, ACCC
15034), was isolated in 1959 from a nodule of a soybean grown in Florida, USA (Keyser
and Griffin, 1987) and broadly used in commercial inoculants. The strain has been used
since then in several commercial inoculants in the USA, Europe, Asia and Africa. (Hungria
and Mendes, 2015). Symbiotic tests under both field (Caldwell, 1969) and greenhouse
conditions (Israel, 1981) have demonstrated that strain USDAZ110 is superior at symbiotic
nitrogen fixation compared with other strains. Strain USDA110, has been widely used for
the purpose of molecular genetics, physiology, and ecology, because of its superior
characteristics regarding symbiotic nitrogen fixation (Mathis et al., 1997). Kaneko et al.,
(2002) was determined the complete nucleotide sequence of the genome of a symbiotic
bacterium B. diazoefficiens USDA110. The genome of B. diazoefficiens was a single
circular chromosome 9,105,828 bp in length (Figure 1.) with an average GC content of
64.1%. No plasmid was detected. The chromosome comprises 8317 potential protein-
coding genes, one set of rRNA genes and 50 tRNA genes. Fifty-two percent of the potential
protein genes showed sequence similarity to genes of known function and 30% to
hypothetical genes. The remaining 18% had no apparent similarity to reported genes.
Thirty-four percentage of the B. diazoefficiens genes showed significant sequence
similarity to those of both Mesorhizobium loti and Sinorhizobium meliloti, while 23% were
unique to this species. A presumptive symbiosis island 681 kb in length, which includes a
410-kb symbiotic region. Six hundred fifty-five putative protein-coding genes were
assigned in this region, and the functions of 301 genes, including those related to symbiotic
nitrogen fixation and DNA transmission, were deduced. A total of 167 genes for
transposases/10* copies of insertion sequences were identified in the genome. It was

remarkable that 100 out of 167 transposase genes are located in the presumptive symbiotic
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island. DNA segments of 4 to 97 kb inserted into tRNA genes were found at 14 locations in
the genome, which generates partial duplication of the target tRNA genes. Recently, strains
belonging to B. japonicum have been split into two species, B. japonicum and B.

diazoefficiens. USDA110 now belongs to B. diazoefficiens, and the type strain for this new

species is USDA 110T (Delamuta et al., 2013).
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Figure 1. Circular representation of the chromosome of B. japonicum USDA110

(Kaneko et al., 2002).

B. japonicum CB1809 (USDA 136, 311b136, TAL 379, SEMIA 585, serogroup 122)
is now reclassified as B. diazoefficiens (Delamuta et al., 2013). CB1809 was isolated in

USA and sent to Australia, where it was characterized as exceptionally efficient, and thus
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commercially recommended by the Commonwealth Scientific and Industrial Research
Organization (CSIRO) since 1968. The strain is a subculture of USDA 136, which was
derived from USDA 122 (Dr. Peter van Berkum, personal communication). Dr. Don Norris
sent the strain from Australia to Dr. Johanna Ddébereiner in Brazil in 1966, where its good
symbiotic performance was confirmed (Hungria and Mendes, 2015), and it was then
recommended for uing in commercial inoculants in 1977. However, poor nodulation with
cultivar 1AC-2, which was broadly used at that time, led to withdrawal of this
recommendation in the following year (Hungria et al., 2006). CB1809 come from NifTAL
(Nitrogen fixation for Tropical Agricultural Legumes) are used in rhizobial inoculant
production for soybean-bradyrhizobial symbiosis (Aung, 2012). The great variability in
nodule efficiency among strains of B. japonicum CB1809 and B. elkanii, CB1809 is one of
the most efficient of them (Neves et al.,, 1985). In addition, Neves et al. (1985)
distinguished two groups of soybean rhizobial strains for N> fixation, those with higher
efficiency (CB1809, DF383 and 965) and those with lower efficiency (29W, DF395 and
SM1b). Plants inoculated with the more efficient strains had higher ureide content of xylem
sap, and higher relative efficiency (less Hz evolved per N2 fixed) than the others. The best
strains increased yield by up to 30%. Strain CB1809 normally produces few nodules, has
high nodule efficiency and high N accumulation averaged over cultivars, while 29W
produces a large number of nodules, and has low nodule efficiency and low nitrogen
accumulation in the plant. The superiority of CB1809 has also been confirmed in field
experiments. Four decades of soybean cultivation in South Africa has resulted in the
establishment of populations of bradyrhizobia against which the recently introduced
inoculants strain CB1809 must compete (Botha et al., 2004).

Bradyrhizobium sp. SUTN9-2 was isolated in 2012 from a nodule of a Aeschynomene
americana L. which is a leguminous weed found in rice fields of Thailand (Noisangiam et

al., 2012). SUTN9-2 can form symbiotic relationships (nodule) with mung bean where they
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fix atmospheric nitrogen in exchange for carbohydrates from the mung bean. Moreover,
SUTN9-2 can establish themselves in rice tissues act as rice endophytic bradyrhizobia (is
colonized in intercellular spaces), it can produce IAA, ACC deaminase and have a nitrogen

fixation ability during symbiosis inside rice tissues (Piromyou et al., 2017).

2.5 Molecular basis of rhizobium-legume symbiosis

2.5.1 Rhizobial colonization
The establishment of symbiosis between legumes and rhizobia involves the
activation of genes in both the host and the symbiont (Geurts and Bisseling, 2002) and an
elaborated exchange of signals. The formation of a root nodule, the specialized organ from
a plant host that contains the symbiotic nitrogen-fixing rhizobia, involves two simultaneous
processes: infection and nodule organogenesis. The initiation of a root nodule is shown in

Figure 2.
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Figure 2. Rhizobial attachment and colonization of legume roots (Poole et al., 2018).



16

Colonization of roots likely requires bacterial motility and chemotaxis.
Rhizobia are attracted towards legume roots by chemoattractants in root exudates. Once
rhizobia are in close proximity to root hairs, flavonoids from the root hair induce bacterial
nodulation (Nod) genes. This leads to the production of lipochitooligosaccharides (LCOs;
also known as Nod factors). The transcriptional regulator nodulation protein (NodD)
detects plant-derived flavonoids, inducing nod expression and the synthesis of LCOs. The
pathway for the synthesis of the common core chitooligosaccharide is encoded by nodABC,;
nodlJ encodes an ABC export system for LCOs, and other nod genes are responsible for
decorating the LCO core. (Poole et al., 2018). Production by the bacteria, Nod factors
behave in many regards like plant hormones: They are diffusible signals that activate
diverse developmental processes in the plant (Oldroyd and Downie, 2008). Nod factors that
can recognized by the plant, binding of LCOs to lysine motif (LysM) receptors on root
hairs initiates early signalling events, leading to calcium oscillations, initially in epidermal
cells but later also in cortical cells preceding their colonization. Plant inducers in root
exudates trigger the transfer of integrative and conjugative elements (ICEs) or plasmids to
compatible rhizobia. It is unclear whether rhizobia first attach to the root elongation zone
(REZ) or root epidermis and then to root hairs or whether they attatch directly to root hairs.
At acidic pH, rhizobial polar glucomannan binds to plant lectin on the root hair tip.
Rhizobia on the root surface and REZ or on the root hair form a biofilm with Rhizobium-
adhering proteins (Raps), extracellular polysaccharides (EPSs) and cellulose fibrils. The
biofilm structure on the root hair is called a root hair cap. There is probably strong
induction of flavonoid and LCO signalling when rhizobia are attached to root hairs, which
leads to root hair curling and entrapment of the rhizobia (Poole et al., 2018).

Rhizobia gain entry into the plant root by root hair cells that grow around the
bacteria attached at the root surface, trapping the bacteria inside a root hair curl. Infection

threads are invasive invaginations of the plant cell that are initiated at the site of root hair
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curls and allow invasion of the rhizobia into the root tissue. The nucleus relocates to the
site of infection, and an alignment of ER and cytoskeleton, known as the pre-infection
thread, predicts the path of the infection thread. Nodules initiate below the site of bacterial
infection and formed by de novo initiation of a nodule meristem in the root cortex. The
infection threads grow towards the emergent nodules and ramify within the nodule tissue.
In some cases, the rhizobia remain inside the infection threads, but more often, the bacteria
are released into membrane-bound compartments inside the cells of the nodule, where the

bacteria can differentiate into a nitrogen-fixing state (Oldroyd, 2013).

2.5.2 Symbiotic signaling
Arbuscular mycorrhiza (AM) fungi produce lipochitooligosaccharides
structurally closely related to rhizobial Nod factors that induce lateral root formation in
plants. It is thus conceivable that production of LCOs by rhizobia was a key step during the
evolution of the root nodule symbiosis. This infection is preceded by signal transduction
through a so-called ‘common symbiosis pathway’ (Kistner and Parniske, 2002) shared by

Root Nodule Symbiosis (RNS) and AM (Figure 3).



18

NFR1 NFR5 SYMRBK NFRS like receptor Extracellular space

Plasma membrane

[s]
SINA
SYMREM Cytoplasm

NUP133, NUP85
NENA

Nuclear pore
complex
I/

- 3 - ( >/‘D Transcription factors
=N (& o~

Symbiosis-associated
gene expression

DT DEHDLT DT DT

Nucleoplasm

Inner membrane
Perinuclear space
Outer membrane

Current Opinion in Plant Biclogy

Figure 3. Symbiotic signal transduction in plant root cells (Singh and Parniske, 2012).

Symbiotic signal transduction starts with the percepting of rhizobial Nod
factors (NFs) at the plasma membrane (PM) (Haney and Long, 2010). Plants detect LCOs
with a heteroduplex of lysine motif (LysM) receptorsis; for example, LYK3-NFP (LysM
domain receptor-like kinase 3-serine/threonine receptor-like kinase NFP) in Medicago
truncatula and Nod-factor receptor 1 (NFR1)-NFR5 in Lotus japonicus (Oldroyd et al.,
2011). Mycorrhizal signalling and plant immunity probably use similar LysM receptors and
may share some receptors with the Nod pathway (Poole et al., 2018). An NFR5-like
receptor may mediate perception of an AM fungus-derived ‘Myc factor’ (MF) (Parniske,
2008). PUBL.: plant U-box protein 1 of M. truncatula, is an E3 ubiquitin ligase interacting
with the kinase domain of LYKS3, and exerts a negative regulatory role on nodulation

signaling (Mbengue et al., 2010). SINA: the SEVEN IN ABSENTIA homolog SINA4
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interacts with the kinase domain of SYMRK and mediates its relocalization and
degradation (Den Herder et al., 2012). The symbiotic receptors at the PM interact with
SYMREM1, a remorin protein specifically upregulated during nodulation and required for
infection thread (IT) formation (Lefebvre et al., 2010; Téth et al., 2012). Within minutes,
LCOs perception at the PM, the LysM receptors transmit the signal through the common
symbiosis (SYM) pathway. This leads to calcium oscillations in the nucleus, which are
decoded by a calcium and calcium/calmodulin-dependent serine/threonine protein kinase
(CCaMK). This steps bring about to a sustained nuclear Caz*-spiking response.
Downstream of this, the signals diverge between mycorrhizal and nodulation pathways; the
generation, decoding and transduction of which is mediated by components common to
both types of symbioses (Oldroyd, 2013). These are genetically positioned upstream
(SYMRK/DMI2, CASTOR/POLLUX/DMI1, NUP85, NUP133, NENA) or downstream
(CCaMK/DMI3, CYCLOPS/IPD3) of the Cax"-spiking response. Several transcription
factors including NSP1/2, NIN and others have been implicated in symbiosis-related gene
expression (Kouchi et al., 2010). The observation that autoactive CCaMK does not restore
epidermal IT formation in nfr mutants suggests the existence of a common SYM gene-
independent pathway (Hayashi et al., 2010). MCAB8: nuclear-membrane localized calcium

ATPase pump (Capoen et al., 2011).

2.5.3 Legume symbiosis and root nodulation
For successful nodulation, plants must also initiate a nodule meristem, which
contains dividing cells. As the nodule develops, the infection threads branch and carry
rhizobia into the developing nodule. Eventually, bacteria are released and engulfed by plant
cells in a process that requires vesicle SNAREs (v-SNARES) (Ivanov et al., 2012). At this
stage, bacteria differentiate into N»-fixing bacteroids that are surrounded by symbiosome

membranes. The symbiosome is the engine of fixation; the bacteroids are supplied with
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dicarboxylates as carbon sources and they secrete ammonium to the plant (Udvardi and

Poole, 2013). The legume symbiosis and root nodulation is shown in Figure 4.
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Figure 4. Legume symbiosis and root nodulation (Poole et al., 2018).

Nodules can be either determinate, as in beans, soybeans and Lotus japonicus,
or indeterminate, as in alfalfa, peas and clover. In indeterminate nodules, the meristem
persists, which leads to development zones in nodules. The distal zone | contains the
nodule meristem, in which new plant cells are produced; zone Il contains infection threads
full of bacteria; in the interzone between zone Il and Ill, bacteria are released from
infection threads and engulfed by plant cells; zone Ill contains the mature, N»-fixing
bacteroids; and in zone 1V, bacteroids senesce (Poole et al., 2018). Several nodulation-
specific transcription factors (TFs), such as two GRAS-type TFs Nodulation Signaling
Pathway 1 (NSP1), NSP2 and an AP2 family TF Ethylene Response Factor Required for
Nodulationl (ERN1) (Hirsch et al., 2009; Cerri et al., 2012), function downstream of the

nodulation signaling pathway to stimulate cortical cell division and formation of the nodule
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primordium development into mature nodules. Two types of nodules, indeterminate and
determinate nodules, form in legume plants. Indeterminate nodules, which have a sustained
nodule meristem, first mitotically activate inner cortical and pericycle cells, whereas nodule
meristems originate from the third cortical layer, or the inner cortical layers in M.
truncatula (Xiao et al., 2014), alfalfa and pea. Determinate nodules initiate from the
outermost one or two layers of cortical cells and do not maintain a nodule meristem
(Calvert et al., 1984), such as L. japonicus and soybean. Both types of nodule formation are

tightly regulated by plant hormones (Oldroyd, 2013).

2.5.4 Hormone modulation of legume-rhizobial symbiosis

Auxin was the first identified phytohormone that plays essential roles to
regulate diverse aspects of cell proliferation and differentiation (Chapman and Estelle
2009). In recent decades, more studies have focused on the role of auxin in regulating
legume-rhizobium interactions. Libbenga et al. (1973) reported that when treated with both
auxin and cytokinin, the cell proliferation pattern in explants from root-cortex tissue from
pea was similar to the initial proliferative stage in nodule formation, which suggests both
auxin and cytokinin are required for nodule organogenesis. The level of auxin is regulated
spatio-temporally in the infective roots during nodulation (Liu et al., 2018). Inoculation of
white clover with rhizobia induced a rapid, transient and local downregulated expression of
GH3::p-glucuronidase (GUS), which is an auxin responsive reporter construct, during
nodule initiation followed by upregulated reporter gene expression at the site of nodule
initiation (Mathesius et al., 1998). The highly active synthetic auxin-responsive element
DR5 has been used in combination with a nuclear-localized green fluorescent protein (GFP)
as a reporter to examine auxin response patterns during L. japonicus nodule development
(Suzaki et al. 2012). It seems that decreasing the auxin levels locally, at the time of

nodulation, is important to allow initiation to proceed in indeterminate nodules. However,
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auxin is needed for nodule development just shortly after initiation. The MtLAX genes for
Medicago truncatula-like AUX1 genes of Arabidopsis thaliana encode auxin import
carriers and play pleiotropic roles related to auxin uptake. In primary roots, the MtLAX
genes are expressed preferentially in the root tips, particularly in the provascular bundles
and root caps. During lateral root and nodule development, the genes are expressed in the
primordia, particularly in cells that were probably derived from the pericycle. At slightly
later stages, the genes are expressed in the regions of the developing organs where the
vasculature arises (central position for lateral roots and peripheral region for nodules).
These results are consistent with MtLAX being involved in local auxin transport and
suggest that auxin is required at two common stages of lateral root and nodule
development: development of the primordia and differentiation of the vasculature (de Billy
et al., 2001). LjTAR1 encodes an enzyme to produce indole-3-pyruvic acid (IPA), an IAA
precursor. LJTARL is transiently increased after inoculation with rhizobia (Suzaki et al.
2012). Recent studies indicated the critical role of auxin signaling pathways in root nodule
symbiosis. GmARF8a/b-RNAI plants exhibited less nodule development in soybean (Wang
et al. 2015). The miR167-GmARF8 module also positively regulated nodulation efficiency
under low microsymbiont density, a condition often associated with environmental stress.
The regulatory role of miR167 on nodule initiation was dependent on the Nod factor
receptor GmMNFR1a, and it acts upstream of the nodulation-associated genes. miR167 also
promoted lateral root numbers. Collectively, this findings establish a key role for the
miR167-GmARF8 module in auxin mediated nodule and lateral root formation in soybean
(Wang et al. 2015). The overexpressing auxin receptor GmTIR1/GmAFB3 genes, in
soybean, significantly increased infection foci and eventual nodule number (Cai et al.
2017). Taken together, these findings indicated that the auxin signaling pathway is required

for both infection thread formation and nodule development (Liu et al., 2018).
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New molecular, genetic, biochemical and genomic approaches, scientists have
uncovered the critical role of cytokinin signaling in root nodule symbiosis. It has been
shown that rhizobia can produce cytokinin, which was proposed to be important for nodule
formation (Sturtevant and Taller, 1989). Cooper and Long (1994) showed that rhizobium
strain expressing the tzs gene, which encodes an isopentenyl transferase that catalyzes the
rate-limiting step in the biosynthesis of two naturally occurring cytokinins, isopentenyl-
adenine (iPA) and zeatin (ZT), could stimulate development of nodule-like structures,
inducing normal periclinal mitoses in the innermost cortical cell layers and MSENOD?2
expression in the roots of alfalfa (Cooper and Long, 1994). Interestingly, cytokinin
treatment can elicit expression of some nodulin genes, such as Early nodulin 40
(ENODA40), NIN, NSP1 and NSP2 in alfalfa, M. truncatula and L. japonicus (Heckmann et
al., 2011; Lee et al., 2007; Plet et al., 2011), which behaves as a NFs treatment (van Zeijl et
al., 2015). In L. japonicus, NFs and Mesorhizobium loti induce a cytokinin
oxidase/dehydrogenase CKX3 during the early stage of nodule initiation. ckx3 knockout
mutants show reduced nodule number and infection thread formation (Reid et al., 2016).
However, ectopic expression of AtCKX3 or ZmCKX1 in L. japonicus significantly reduced
nodule numbers (Lohar et al., 2004). Consistent with the role of cytokinin in nodulation,
MtLOG1 and MtLOG2, which encode cytokinin riboside 50-monophosphate
phosphoribohydrolase to activate cytokinin, were also upregulated during nodulation. Both
MtLOG1 overexpressing and MtLOG1-RNAI lines show significantly reduced nodule
numbers (Mortier et al., 2014), suggesting that an appropriate level of cytokinin is required
for nodule development (Liu et al., 2018). Hormones regulate nodulation at different stages

as shown in Figure 5.
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Figure 5. Hormones regulate nodulation at different stages (Liu et al., 2018).

Legumes release flavonoids to trigger rhizobia to produce Nod factors (NFs).
NFs are detected by two LysM domain receptor-like kinases and initiate the symbiosis
signaling pathway in plants. Calcium spiking and root hair deformation are early responses
in host plants to NFs. Curled root hair entraps the rhizobia, which enters the root tissue of
host plants through a specific path, called an “infection thread”. Auxin signaling initiates
this infection thread and cytokinin signaling is required for infection thread elongation.
Abscisic acid (ABA), ethylene, gibberellic acids (GA) and jasmonic acid (JA) all
negatively regulate calcium spiking and infection thread formation. This symbiotic signal
induces cortex cell division and initiates nodule organogenesis. Auxin and cytokinin are
key regulators of cortical cell proliferation and differentiation and are essential for further
nodule development. However, ethylene, GA, JA, ABA and brassinosteroids (BRs)
suppress nodule formation and development. Interestingly, salicylic acid (SA) and BRs
have opposite effects on the formation of determinate and indeterminate nodules (Liu et al.,

2018).
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2.5.5 Nodule organogenesis to senescence
Nodules can be either determinate, as in mung beans and soybeans, or
indeterminate, as in alfalfa, peas and clover. In determinate nodules, the meristem dies,
with all cells at the same development stage, and nodules grow larger by cell expansion,
usually with several bacteroids enclosed by a single symbiosome membrane. In determinate

nodules, the succeeding development stages are demonstrated in Figure 6.

(a)

Figure 6. Nodule organogenesis to senescence (Prakamhang, 2013; Modified from

Schumpp and Deakin (2010)).

Rhizobia can exist as saprophytes that feed on organic debris and compounds

released from roots (Morgan et al., 2005).

(a) Rhizobia also react specifically to flavonoids released by legumes, resulting
in NF synthesis and release, which triggers nodule development in the macro-symbiont
(Broughton et al., 2000)

(b) Rhizobia attach to root hairs, NF simultaneously induce root-hair curling,
allow the bacteria to enter the plants within the curls and provoke differentiation of cortical
cells into meristematic primordial. Then, the plasma membranes of root hairs invaginate,

forming the infection thread, dedicated to the transport of rhizobia to the developing
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primordia (stages 1). When it reaches the center of the future nodule, the infection thread
ramifies and rhizobia are enveloped by a plant derived membrane (symbiosome) and
released into the cytosol of plant cells (stages 2). Alternatively, but not shown, rhizobia can
also penetrate legume roots through disruptions in the epidermal layer. Rhizobial cells then
multiply to form infection pockets and proceed intercellularly before infecting root cells.
Rhizobia then enlarge, and differentiate into bacteroids that fix nitrogen. In parallel,
infected plant cells undergo several cycles of endo-reduplication (Mergaert et al., 2006),
resulting in large polyploid cells hosting thousands of symbiosomes (stages 3). After a
period of active nitrogen fixation whose duration depends on the developmental stage of
the plant and environmental conditions, the nodules senesce (stages 4).

(c) Decay of nodules releases bacteroids which dedifferentiate into free-living
rhizobia and return to a saprophytic lifestyle (Muller et al., 2001). However a fraction of
undifferentiated rhizobia from within the nodule remains, is able to divide and thus resume

the free living life-style in the rhizosphere (Ratcliff et al., 2008).

2.5.6 Bacteroid development and root nodule metabolism

The nodules are colonized by the bacteria which then differentiate into a
bacteroid that is capable of fixing nitrogen. This nitrogen, now in usable form, is provided
to the plant in exchange for nutrients. The transformation of Rhizobium cells from
vegetative bacteria into nitrogen-fixing bacteroids involves an alteration of cell fate,
presumably with an underlying developmental pathway. The differentiation into bacteroids
is accompanied by large changes in the transcriptome and proteome: N-fixation genes are
induced, but most genes required for growth, including those encoding ribosomal proteins
and involved in DNA replication and amino acid biosynthesis, are repressed (Karunakaran
et al., 2009; Pessi et al., 2007). Nodule cysteine-rich (NCR) peptides expression is highly

spatially resolved from proximal to distal parts of M. truncatula nodules (Guefrachi et al.,
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2014). They induce bacterial cell swelling and genome endoreduplication and increase the
permeability of the cell membrane, which causes terminal differentiation (Mergaert et al.,
2006). Peptide NCR247 upregulates the master two-component sensor-regulator systems
that control exopolysaccharide and cyclic glucan synthesis. It perturbs the cell cycle of S.
meliloti and inhibits the master cell cycle transcriptional regulator CtrA and cell cycle
components, including cell division protein FtsZ (Penterman et al., 2014). Inhibition of
CtrA causes cell cycle arrest, swelling and branching in cultured bacteria (Pini et al., 2015).
NCR247 occurs in three different oxidized regioisomers and a reduced form, which differ
in their effects. Blocking secretion of NCR peptides prevents bacteroid formation in M.
truncatula (Wang et al., 2010). NCR247 localizes to punctate regions in the cytoplasm and
interacts with several proteins in S. meliloti: the main GroEL chaperonin, 60 kDa
chaperonin 1 (Cpn60; also known as GroEL1), which is essential for bacteroid
development (Bittner et al., 2007), FtsZ, pyruvate dehydrogenase (PDH) and nitrogenase
(Farkas et al., 2014). The morphological changes characteristic for bacteroids in the
legumes involve elongation of the bacteria from the free-living size of 1-2 pm to 5-10 pum
and often the formation of Y-shaped branched cells that are packaged individually into
peribacteroid membranes (PBMs) (lvanov et al., 2010). These bacteroids have a highly
amplified genome content that is condensed into multiple nucleoids of variable size
(Mergaert et al., 2006). The polyploidy of these bacteroids and the induction of bacteroid-
like cells by genetic or physiological interference with the rhizobial cell cycle (Van de
Velde et al., 2010) suggested that the bacterial cell cycle is modified when the rhizobia
differentiate into bacteroids, resulting in multiple rounds of DNA replication without
cytokinesis. Bacteroids isolated from the nodules do not form colonies, as they have lost
their reproductive capacity. Therefore, bacteroid differentiation is irreversible and terminal.
The morphological and cytological changes are independent of the process of nitrogen

fixation itself since mutants in the fixLJ regulatory genes or in the nitrogenase encoding
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genes also exhibit terminal bacteroid differentiation (Maunoury et al., 2010). Bacteroids are
fully differentiated when they commence the reduction of N2 to ammonia through the
nitrogenase enzyme complex. The main factor controlling N fixation in bacteroids is O2

tension as shown in Figure 7
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Figure 7. Nutrient exchange and regulation of bacteroid development (Poole et al., 2018).

O2 is the main signal that regulates bacteroid development through two
signalling circuits. The first involves FixLJK in S. meliloti and probable transcriptional
activator (FnrN) in R. leguminosarum, which induce the expression of fixNOQP, and the
second is Nif-specific regulatory protein (NifA), which induces nifHDK (encoding
nitrogenase) and autoinduces fixABCX-nifAB. These circuits seem to be completely
separate in R. leguminosarum but partly overlap in S. meliloti with weak induction of

fixABCX-nifAB by N2 fixation regulation protein FixK. FixABCX is an electron bifurcating
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complex, probably donating electrons to either ferredoxin or to flavodoxin and CoQ.
Pyruvate dehydrogenase (PDH), the tricarboxylic acid (TCA) cycle and 2-oxoglutarate
dehydrogenase might form a complex with FixABCX to achieve this, or, possibly,
NAD(P)H provides electrons directly. FixNOQP (also known as CBB3) is a high-affinity
terminal electron acceptor needed in O»-limited cells. Low O limits the TCA cycle,
causing acetyl-CoA to be used to produce lipids and polyhydroxybutyrate (PHB), this
polyester storage reserve of carbon and reductant is considered to be an important source of
oxidizable substrates to help maintain the respiratory demand of bacteroids and support
nitrogen fixation when the supply of photosynthate from the host is reduced, as may occur
during extended periods of low light intensity or pod filling (Bergersen et al., 1991). The
peptidase HrrP is speculated to change host specificity by degrading nodule cysteine-rich
(NCR) peptides. The HrrP-NCR peptide interactions in the figure are hypothetical and
whether the shown peptides are important targets or in the correct compartment (for
example, cytoplasm, symbiosome space or division septum) is unclear. The major
chaperonin in bacteroids is 60 kDa chaperonin 1 (Cpn60). It can interact with multiple

proteins, including PDH.

2.6 Plant growth-promoting rhizobacteria; PGPR

Plant growth-promoting rhizobacteria (PGPR) was firstly defined by Kloepper and
Schroth (Kloepper and Schroth, 1978) to describe soil bacteria that colonize the roots of
plants following inoculation onto seed and that enhance plant growth. The following are
implicit in the colonization process: ability to survive inoculation onto seed, to multiply in
the spermosphere (region surrounding the seed) in response to seed exudates, to attach to
the root surface and to colonize the developing root system (Kloepper and Metting Jr,
1992). PGPR are naturally occurring soil bacteria that aggressively colonize plant roots and

benefit plants by providing growth promotion (Saharan and Nehra, 2011). In the last few
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years, the number of PGPR that have been identified has seen a great increase, mainly
because the role of the rhizosphere as an ecosystem has gained importance in the
functioning of the biosphere. Various genera of bacteria like Pseudomonas, Azospirillum,
Azotobacter, Klebsiella, Enterobacter, Alcaligenes, Arthrobacter, Burkholderia, Bacillus
and Serratia have been reported to enhance the plant growth (Joseph et al., 2007).
Examples of the commercialized PGPB strains include; Agrobacterium radiobacter,
Azospirillum brasilense, A. lipoferum, Azotobacter chroococcum, Bacillus spp., B. fimus, B.
licheniformis, B. megaterium, B. mucilaginous, B. pumilus, B. subtilis, B. subtilis var.
amyloliquefaciens, Burkholderia cepacia, Delfitia acidovorans, Paenobacillus macerans,
Pantoea agglomerans, Pseudomonas aureofaciens, P. chlororaphis, P. fluorescens, P.
solanacearum, Pseudomonas spp., P. syringae, Serratia entomophilia, Streptomyces spp.,
S. griseoviridis, S. lydicus. There are several PGPR inoculants currently used that seem to
promote growth through at least one mechanism; suppression of plant disease (termed
Bioprotectants), improved nutrient acquisition (Biofertilizers), or phytohormone production
(Biostimulants) (Saharan and Nehra, 2011). However, PGPR inoculated crops represent
only a small fraction of current worldwide agricultural practice (Glick, 2012). Generally,
PGPR promote plant growth by exploiting either of direct or indirect mechanism. The
direct mechanisms of plant growth promotion by PGPR include production of metabolites
that is phytohormones or enhanced availability of nutrients, facilitating resource acquisition
or modulating plant hormone levels (Glick, 2012). Briefly, the direct mechanism of plant
growth promotion involves the production of substances by bacteria and its transport to the
developing plants or facilitates the uptake of nutrients from the recipient environment. The
direct growth promoting activity of PGPR includes N fixation (Wani et al., 2007),
solubilization of insoluble phosphorus (Khan et al., 2007), sequestering of iron by
production of siderophores (Wani et al., 2007), production of phytohormones such as 1AA,

auxins, cytokinins, gibberellins and lowering of ethylene concentration by ACC deaminase
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activity (Glick et al., 2007). On the contrary, the indirect mechanism of plant growth
promotion by PGPR includes antibiotic production, depletion of iron from the rhizosphere,
synthesis of antifungal metabolites and production of fungal cell wall lysing enzymes,
competition for sites on roots and induced systemic resistance (Glick, 2012). The indirect
promotion of plant growth takes place when PGPR lessen or prevent the injurious effects of
plant pathogens by synthesizing inhibitory substances or by increasing the natural
resistance of the host to the pathogens. A briefly schematic illustration of the plant growth-

promoting mechanism from rhizobacteria is presented in Figure 8.
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2.6.1 Augmentation of nutrients supplied

Rhizobacteria have the ability to enhance plant growth in the absence of
potentially pathogenic microorganisms. One way in which they can enhance plant growth
is by solubilizing normally poorly soluble nutrients with either bacteria siderophores or
lowering the pH by secreting acidic organic compounds (Van Loon, 2007). Plants acquire
phosphorus from soil as phosphate anion. It is the least mobile element in plant in contrary
to other macronutrients (Bhattacharyya et al., 2016). Phosphorous is a major macronutrient
needed for plants, but is not easily up taken due to its reactive nature with iron, aluminum,
and calcium; these common reactions result in the precipitation of phosphorous, thus
making it unavailable to plants (Yang et al., 2009). Phosphorus solubilizing
microorganisms (PSMs) play an essential role in phosphorus nutrition by enhancing its
availability to plants through release of organic and inorganic soil phosphorus pools by
solubilization and mineralization (Sharma et al., 2013; Walpola and MinHo, 2012).
Lowering of soil pH by microbial production of organic acids and mineralization of organic
phosphorus by acid phosphatase are the essential mechanisms usually involved during
phosphorous solubilization (Bhattacharyya et al., 2016). Alcaligenes, Acinetobacter,
Arthrobacter,  Azospirillum,  Burkholderia, ~ Bacillus, Enterobacter,  Erwinia,
Flavobacterium, Pseudomonas, Rhizobium and Serratia, these bacteria solubilize
phosphate through the production of acids, and by some other mechanism and are termed
as phosphate solubilizing bacteria (PSB) (Chen et al. 2006). Some PGPR can convert
phosphorous into a more plant attainable form, such as to orthophosphate (Rai, 2006;
Vessey, 2003). Iron is also another essential nutrient, but it is scarce in soil. PGPR, can
produce compounds called siderophores, which acquire ferric iron (Fe®*), root cells can

then take this up by active transport mechanisms (Ashraf et al., 2013).
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2.6.2 Phytohormones

A wide range of microorganisms found in the rhizosphere are able to produce
substances that regulate plant growth and development. PGPR produce phytohormones
such as auxins, cytokinins, gibberellins and ethylene can affect cell proliferation in the root
architecture by overproduction of lateral roots and root hairs with a subsequent increase of

nutrient and water uptake (Arora et al., 2013).

2.6.2.1 Auxin

Microbial synthesis of the phytohormone auxin (indole-3-acetic Acid,;
IAA) has been known for a long time (Ahemad and Kibret, 2014). It is reported that 80%
of microorganisms isolated from the rhizosphere of various crops possess the ability to
synthesize and release auxins as secondary metabolites (Patten and Glick, 1996). Generally,
IAA secreted by rhizobacteria interferes with the many plant developmental processes
because the endogenous pool of plant IAA may be altered by the acquisition of IAA that
has been secreted by soil bacteria (Glick, 2012; Spaepen et al., 2007). Evidently, IAA also
acts as a reciprocal signaling molecule affecting gene expression in several
microorganisms. Consequently, IAA plays a very important role in rhizobacteria-plant
interactions (Spaepen and Vanderleyden, 2011). Most IAA is synthesized from the amino
acid tryptophan present in plant root exudates at varying low concentrations based on the
plant’s genotype (Olanrewaju et al., 2017). IAA appears to be synthesized by at least three
different biosynthetic pathways with each pathway being named for a key intermediate
within the pathway. These pathways include: the indole pyruvic acid (IPyA) pathway, the
indole acetamide (IAM) pathway, the indole acetaldoxime (IAOx)/indole acetonitrile (IAN)
pathway (Duca et al., 2014), the indole acetaldehyde (IAH) pathway, and the tryptamine
pathway. It should be noted that various PGPB can have one, two or even three functional

IAA biosynthesis pathways suggesting that the synthesis of 1AA is clearly very important
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in the life and functioning of the bacterium. A schematic representation of bacterial IAA

biosynthesis from tryptophan is shown in Figure 9.
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Figure 9. Tryptophan-dependent pathways of bacterial indole-3-acetic acid (IAA)

synthesis (Modified from Idris et al. (2007)).

The chromosome or the plasmid of the auxin biosynthetic genes and this
difference in hosts affects the IAA level with plasmid found in many copies. A case study
is that observed between P. savastanoi pv. savastanoi and P. syringae pv. syringae where
the genes are located on the plasmid and chromosomal DNA, respectively (Aragén et al.,
2014). The 1AM pathway is majorly attributed to phytopathology, while the IPA pathway is
connected to epiphytic and rhizosphere fitness. The ipdC gene which is one of the genes
involved in IAA synthesis in PGPB are regulated by the amount of IAA produced which
serve as a positive feedback in up-regulating the expression of the gene (Spaepen and
Vanderleyden 2011). This positive feed-back was reported in A. brasilience Sp245 as the
first PGPB to show this observation (Broek et al. 2005). Idris et al. (2007) presented
additional evidence for the existence of a tryptophan-dependent pathway as the main route

of IAA biosynthesis in B. amyloliquefaciens FZB42. However, minor tryptophan-
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independent pathways for IAA biosynthesis may exist in FZB42, because I1AA biosynthesis
was not abolished completely in the trp, ysnE, and yhcX mutant strains. Double mutants
might be useful to prove the presence of alternative Trp-independent pathways. 1AA is
actively involved in its biosynthetic genes as it determines the activation, inactivation, over
expression or under expression of these genes. Other regulatory mechanisms of IAA
synthesis are reported in the work of Glick (2015).

The phytohormone auxin is a major regulator of plant growth and
development. Many aspects of these processes depend on the multiple controls exerted by
auxin on cell division and cell expansion. The specific roles of auxin at the various phases
of the cell cycle in dividing cell suspension cultures has been hampered by the fact that
auxin is required at the initial step of cell-cycle entry and thus its effects cannot easily be
dissociated from this initial and critical step. The mechanisms by which auxin affects the
cell cycle machinery are still far from being elucidated but recent data suggest that auxin
acts on multiple targets and affects transcriptional regulation as well as protein turnover of
core cell-cycle regulators. The understanding of auxin action on the cell cycle is still
extremely fragmentary; primary evidence indicates that auxin acts on multiple targets,
influencing directly or indirectly both transcriptional and posttranscriptional regulation

(Perrot-Rechenmann, 2010) as shown in Figure 10.
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Auxin and the G1/S transition, the cell cycle is divided into four phases:

DNA replication (S), mitosis (M), and two Gap phases (G1 and G2, between M/S, and

S/M, respectively). The cycle starts in G1. During this phase, expression of D-type cyclins

and cyclin-dependent kinase (CDKA) is induced by various signals including auxin

(Doerner et al., 2000). In Arabidopsis, CYCD3;1 was reported to be a rate-limiting factor

for G1/S transition (Menges et al., 2006). Expression of CYCD3;1 is regulated by the

availability of nutrients but also by cytokinin, brassinosteroids, and auxin (Dewitte and

Murray 2003). The CDKA/CYCD complex is activated by phosphorylation but can still be

blocked by CDK inhibitors (KRP). Auxin was reported to reduce the expression of some

KRPs. Expression of KRP1 and KRP2, encoding two of the CDK inhibitors, was reported
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to be down-regulated after auxin treatment at least in specific root cells (Himanen et al.,
2002; Richard et al., 2001). The active CDK/CYCD complex provokes phosphorylation of
the transcriptional repressor retinoblastoma-related protein (RBR) thus promoting
expression of genes essential for the beginning of the S phase under the control of the
E2FA/B and DPA complex (Jurado et al., 2008). Auxin was shown to stabilize these
transcriptional regulators. Later in S phase, E2FC and DPB repress expression of S phase
genes. Degradation of these proteins is under the control of the E3 ubiquitine ligase
SCFSKP2 and auxin was shown to increase the degradation of the F-box SKP2, thus
indirectly stabilizing E2FC and DPB (Perrot-Rechenmann, 2010).

Cell expansion is an increase in cell size accompanying the process of
plant growth. Cells leaving meristematic zones often enlarge to involve or thousands of
times their original size. This increase in size usually results from the combination of two
processes: The increase in cell ploidy level by endoreplication (successive rounds of DNA
replication with no mitosis), and the complex process of cell expansion, which is driven by
internal turgor pressure and restricted by the ability of cell walls to extend. Endoreplication
occurs when the cell cycle is truncated such that either mitosis or cytokinesis is skipped
between rounds of DNA replication. The result is the formation of cells with increasing
ploidy. In most Arabidopsis shoot tissues, a positive correlation was reported between the
degree of ploidy and cell size. Conversely in roots, such correlation has not been observed
however the switch from mitotic cycles to endocycles is coupled with the transition
between the root meristem and cell differentiation (Beemster et al., 2002; Ishida et al.,
2009). By modulating the levels of cell-cycle regulators that are involved in both the
mitotic cycle and the endocycle, auxin is likely to play amajor role in the regulation of
endoreplication. In roots, the mitotic to endocycle transition was recently proposed to be
regulated by auxin and cytokinin, the combination of low auxin and increased cytokinin

facilitating the switch from mitotic cells to endocycle and differentiation (loio et al., 2008).
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Plant cell expansion requires uptake of water, which is then stored in vacuoles, and
irreversible extension of the cell wall, which includes wall loosening and deposition of new
wall material. Auxin is one of the major stimuli affecting these mechanisms but it is
essential to keep in mind that cell expansion is also under the control of many other stimuli,
such as blue light and most of the other phytohormones. Auxin-dependent cell expansion
follows a dose-response curve in which high concentrations are inhibitory (Barbier-Brygoo
et al., 1991; Evans et al., 1994). Auxin regulation of cell expansion and elongation is

presented in Figure 11.
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Auxin-induced cell wall loosening and expansion. The scheme
represents the cell wall, plasma membrane and cytoskeleton continuum with the
consequences of auxin action. Auxin is perceived by the auxin receptor ABP1, which
interacts with unknown membrane-associated proteins at the plasma membrane (such as the
putative candidate GPI-anchored protein CBP1) (Shimomura, 2006). This activates the
proton pump ATPase, provoking the acidification (H") of the extracellular space, the
activation of cell wall proteins such as expansins and xyloglucan
endotransglycosylase/hydrolases (XTH), which mediate cell wall loosening by acting on
the cell wall polysaccharide network. Polysaccharides forming the cell wall are cellulose
microfibrils, cross-linked hemicelluloses, and pectins. Activation of the H" ATPase also
induces hyperpolarization of the plasma membrane and activation of K* inward rectifying
channels, essential for the uptake of water sustaining cell expansion. Auxin also enhances
these effects by inducing the expression of genes encoding plasma membrane ATPase, K*
channels, expansins, and cell wall remodelling enzymes and promotes exportation of new
cell wall material. Auxin is likely to act on actin microfilaments and microtubules via the
modulation of ROP GTPases. Auxin produced by PGPR’s is a class of plant hormones
important in the promotion of lateral root formation increase root growth and length,
modifying the plant (morphological functions), increased lateral root formation leads to an
enhanced ability to take up nutrients for the plant (Saharan and Nehra, 2011) and uptake
more nutrients from the soil (Das et al., 2013).

2.6.2.2 Cytokinin

Cytokinins are widely distributed in algae, bacteria, and higher plants;
however, relatively little information is available on the roles of bacteria-produced
cytokinins (Olanrewaju et al., 2017). Phytohormones including cytokinins were detected in
the culture medium of several bacteria including Halomonas desiderata, Proteus mirabilis,

P. wvulgaris, Klebsiella pneumoniae, Bacillus megaterium, B. cereus, B. subtilis and
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Escherichia coli (Arkhipova et al., 2005; Karadeniz et al., 2006). Different cytokinins are
detected not only in the biomass of microorganisms (in free state or bound to certain
tRNAs) but also in the culture medium in the form of either adenine derivatives,
isoprenylated at N°® position or their ribosides, such as 6-benzyladenine, N©-
isopentenyladenosine, zeatinriboside (Serdyuk et al., 2003). Transzeatine has also been
found in the culture of Agrobacterium tumefaciens (Krall et al., 2002). Not surprisingly
therefore, the ipt-gene coding for isopentenyltransferase (an enzyme controlling synthesis
of cytokinins from adenine derivatives) was initially discovered in A. tumefaciens (tumour
stimulating bacteria) (Nester et al., 1984) Not only bacteria, this gene also detected in plant
genome (Kakimoto, 2001). Ryu et al. (2003) reported that cytokinin from bacterial origin
improve growth in Arabidopsis. Inoculation of plant with bacteria producing cytokinin has
been shown to stimulate shoot growth and reduce root/shoot ratio in droughted plants
(Arkipova et al., 2007).

Cytokinins are important regulators of cell proliferation and
differentiation in plant development (Mens et al., 2018). Cytokinin hormones are a class of
structurally similar N°-substituted adenine derivatives with a central role in plant growth
and development. Since their discovery in cell proliferation and differentiation, several
other functions have been attributed to this class of phytohormones, including maintenance
of the shoot apical meristem, branching, organogenesis, delay of senescence, long-distance
communication of nutritional status and the plant’s response to biotrophic pathogens
(Kamada-Nobusada and Sakakibara, 2009). Like auxins, they can act both locally and as
long-distance messengers. Natural cytokinins are classified into aromatic and isoprenoid
cytokinins, the latter are most prevalent in higher plants and include trans-zeatin (tZ), cis-
zeatin (cZ), dihydrozeatin (DZ) and N°®-(A%-isopentenyl)-adenine (2-iP). Cytokinins show
further variation through the addition of side chains, which seem to confer receptor

specificity.
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Isopentenyl transferases (IPTs) carry out the first and rate limiting step
in cytokinin biosynthesis, where an isopentenyl group is transferred to either AMP, ADP or
ATP (Kakimoto, 2001). Recently, IPT3 was shown to be required for nodule development
in the model legume L. japonicus (Chen et al., 2013; Reid et al., 2017). It has also been
proposed that LjIPT3 could have a role in the synthesis of cytokinin molecules that act as
the shoot-derived inhibitory factor in autoregulation of nodulation (AON) (Sasaki et al.,
2014). LjIPT2 is thought to be responsible for the initial cytokinin build-up required for
nodulation initiation, alongside LjLOG4 and independent of the LHK1 receptor (Reid et al.,
2017). Interestingly, IPT encoding genes are also differentially expressed following
treatment with certain nitrogen sources (Miyawaki et al., 2004), with nitrogen promoting
plant development, but also inhibiting nodule organogenesis. In addition, 17 IPT genes
were identified in the soybean genome and genetically characterized. Of these genes, the
tandem duplicates GmIPT3 and GmIPT15 were upregulated in the root upon nitrate
treatment, indicating a role for these genes in nitrate response. Upon rhizobia inoculation,
GmIPT5 (a soybean ortholog of LjIPT3) was significantly upregulated in the shoot
following rhizobia inoculation of the root. Upregulation of GmIPT5 occurred in both the
root and shoot in wild-type and GmNARK mutant plants (nts382), indicating that it
functions in the leaf and root in response to nodulation, but likely does not have a role in
the AON pathway (Mens et al., 2018). However, it is important to remember that in
addition to synthesis, posttranscriptional processing and degradation are also important to
maintaining homeostasis of biologically active cytokinins.

2.6.2.3 Gibberellins

There is little information regarding microorganisms that produce
gibberellins, although it is known that symbiotic bacteria existing within nodules in
leguminous plants to fix nitrogen (rhizobia) are able to produce gibberellins, auxins and

cytokinins in very low concentrations when the plant is forming the nodule and there is a
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high cell duplication rate (Atzorn et al., 1988). However, the production of gibberellins by
PGPR is rare, with only two species being documented that produce gibberellins, B.
pumilus and B. licheniformis. These bacteria were isolated from the rhizosphere of Alnus
glutinosa and have shown a capacity to produce large quantities of gibberellins GA1, GAs,
GA4 and GA2 in vitro. These types of hormones are the largest group of plant regulators,
including more than 100 different molecules with various degrees of biological activity.
The common structure of these diterpenic growth regulators is a skeleton of 19-20 carbon
atoms, and there is a clear relationship between structure and biological effect. The reason
for the pronounced effect of gibberellins is that these hormones can be translocated from
the roots to the aerial parts of the plant. The effects in the aerial part are notable and more
so when the bacteria also produce auxins that stimulate the root system, enhancing the
nutrient supply to the sink generated in the aerial part. The first report of gibberellin
characterization in bacteria using physico-chemical methods was by Atzorn et al. (1988),
who demonstrated the presence of GA1, GA3, GA4 and GAZ20 in gnotobiotic cultures of R.
meliloti. Apart from Azospirillum sp. and Rhizobium sp., production of gibberellin-like
substances has also been claimed in numerous bacterial genera, production of gibberellins
has been confirmed in Acetobacter diazotrophicus, Herbaspirillum seropedicae and
Bacillus sp. (Jha and Saraf, 2015).
2.6.2.4 Ethylene

Ethylene is a significant phytohormone, ethylene in low levels has been
observed to promote plant growth, but excess secretion of ethylene will lead to root curling
and shortening, even it can result in plant death under extreme conditions (Das et al., 2013).
In plants, 1-aminocyclopropane-1-carboxylate (ACC) and 5’-deoxy 5’methylthioadenosine
(MTA) is converted to ACC by ACC synthase (Glick et al., 2007). A number of plant
growth-promoting bacteria have been found to contain the enzyme ACC deaminase, ACC

deaminase activity of PGPR helps plant combat abiotic stress by hydrolyzing ACC, the
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precursor of ethylene, to alpha-ketobutyrate and ammonia, and encourages plant growth
under stress environment (Das et al., 2013; Saharan and Nehra, 2011). Thus lowers the
level of ethylene in a developing or stressed plant (Glick et al., 2007). The presence of
PGPR thereby moderates concentration of ACC so that it does not reach a level where it

begins to impair root growth.

2.6.3 Nitrogen fixation

Nitrogen is one of the important nutrients essential for the growth of all living
organisms including plants and bacteria. The observation of nitrogen deficiency in soil has
led to the use of large amounts of nitrogenous fertilizers in order to make up for the
necessary plant requirements to achieve maximum plant yield in most soils (Zhang et al.,
2015). Nitrogen availability has become one of the yield-limiting factors in plant growth
due to rainfall and mineral leaching into ground water (Mantelin and Touraine, 2004).
Although the nitrogen presents 78 % of the atmosphere, this form of gaseous nitrogen [N2
(9)] remains unavailable to the plants (Gupta et al., 2015), it is not suitable for plant
assimilation until it is first converted to ammonia (Baas et al. 2014). This conversion to
ammonia requires a significant amount of energy because of the stability of the triple bond
in N2 (g). This energy may be provided at the expense of fossil fuels, through biological
nitrogen fixation at the expense of ATP, and through other mechanisms of nitrogen input in
terrestrial systems (Olanrewaju et al., 2017). Regrettably no plant species is capable for
fixing atmospheric dinitrogen into ammonia and expend it directly for its growth. Thus the
atmospheric nitrogen is converted into plant utilizable forms by biological nitrogen fixation
(BNF) which changes nitrogen to ammonia by nitrogen fixing microorganisms using a
complex enzyme system known as nitrogenase (Gaby and Buckley, 2012). PGPR have the
ability to fix atmospheric nitrogen and provide it to plants by two mechanisms: symbiotic

and non-symbiotic. Symbiotic nitrogen fixation is a mutualistic relationship between a
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microbe and the plant. The microbe first enters the root and later on form nodules in which
nitrogen fixation occurs (Ahemad and Kibret, 2014). There are a number of PGPR, which
are able to fix atmosphere nitrogen (N2) and make it more accessible to plants. Broad range
of nitrogen fixing bacteria have been identified including a number of organisms that fix
nitrogen symbiotically with specific plants (mostly legumes). Examples of symbiotic
nitrogen fixers are Rhizobium, Sinorhizobium, Azorhizobium, Allorhizobium,
Mesorhizobium, Bradyrhizobium, Frankia, Azoarcus, Achromobacter, Burkholderia, and
Herbaspirillum (Babalola 2010; Pérez-Montafio et al. 2014; Turan et al. 2016). On the
other hand, non-symbiotic nitrogen fixation is carried out by free living diazotrophs and
this can stimulate non-legume plants growth such as radish and rice. Non-symbiotic
Nitrogen fixing rhizospheric bacteria belonging to genera including: Burkholderia,
Enterobacter, Gluconacetobacter, Pseudomonas, Azospirillum, Cyanobacteria, Azoarcus,
Azotobacter and Acetobacter, these bacteria are free living nitrogen fixation that is capable
for fixing atmospheric dinitrogen into ammonia (Bhardwaj et al., 2014; Das et al., 2013;
Vessey, 2003). Although PGPR have the ability to fix nitrogen, they are not able to provide
a sufficient amount to sustain the plants. Due to their effect on shoot elongation and
stimulation of nitrate (NO3z") transport systems, they are able to greatly increase the intake
of nitrogen by the plants, despite not fixing enough nitrogen on its own for sustenance
(Mantelin and Touraine, 2004). Inoculation by biological nitrogen fixing plant growth
promoting rhizobacteria on crop provide an integrated approach for maintain the nitogen

level in agricultural soil.

2.6.4 Induced systemic resistance
Induced resistance may be defined as a physiological state of enhanced
defensive capacity elicited in response to specific environmental stimuli and consequently

the plant’s innate defenses are potentiated against subsequent biotic challenges (Avis et al.,
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2008). Biopriming plants with some plant growth promoting rhizobacteria can also provide
systemic resistance against a broad spectrum of plant pathogens. Diseases of fungal,
bacterial, and viral origin and in some instances even damage caused by insects and
nematodes can be reduced after application of PGPR (Naznin et al., 2013). PGPR are able
to control the number of pathogenic bacteria through microbial antagonism, which is
achieved by competing with the pathogens for nutrients, producing antibiotics, and the
production of anti-fungal metabolites (Bloemberg and Lugtenberg, 2001). Besides
antagonism, certain bacteria-plant interactions can induce mechanisms in which the plant
can better defend itself against pathogenic bacteria, fungi and viruses (Compant et al.,
2005). This is known as induced systemic resistance (ISR) and was firstly discovered by
Van Peer et al. (1991). The inducing rhizobacteria triggers a reaction in the roots that
creates a signal that spreads throughout the plant which results in the activation of defense
mechanisms, such as, reinforcement of plant cell wall, production of antimicrobial
phytoalexins and the synthesis of pathogen related proteins (Van Loon, 2007). Components
of bacteria that can activate ISR includes lipopolysaccharides (LPS), flagella, salicylic acid,
sideophores (Lugtenberg and Kamilova, 2009), cyclic lipopeptides, homoserine lactones, 2,
4-diacetylphloroglucinol and volatiles like, acetoin and 2, 3-butanediol (Doornbos et al.,
2012). Moreover, induced systemic resistance involves jasmonate and ethylene signaling
within the plant and these hormones stimulate the host plant’s defense responses against a
variety of plant pathogens (Glick, 2012). During root colonization, fluorescent
pseudomonads produce antifungal antibiotics, elicit induced systemic resistance in the host

plant or interfere specifically with fungal pathogenicity factors as present Figure 12.
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Figure 12. Interactions between biocontrol plant growth-promoting rhizobacteria (PGPR),

plants, pathogens and soil (Haas and Défago, 2005).

2.6.5 Application of PGPR as biofertilizer
Agriculturally, the beneficial bacteria can be used as inoculants for crops and
plants (Vessey, 2003). Microbial biofertilizers are the best modern tools in agriculture
(Bhardwaj et al., 2014). The additional advantages of biofertilizers include longer shelf life
causing no adverse effects to ecosystem (Sahoo et al., 2014). Biofertilizers keep the soil
environment rich in all kinds of micro- and macro-nutrients via nitrogen fixation,

phosphate and potassium solubalisation or mineralization, release of plant growth
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regulating substances, production of antibiotics and biodegradation of organic matter in the
soil (Sinha et al., 2010). In term of biofertilizer, which is a substance that contains living
microorganisms and when applied to seeds, plant surfaces or soil inoculants, it promotes
growth by increasing the supply or availability of primary nutrients to the host plant
(Bhattacharyya and Jha, 2012; Vessey, 2003) and/or they multiply and participate in
nutrient cycling and benefit crop productivity (Singh et al., 2011). In general, the total
applied fertilizer is lost and the remaining 10% to 40% is taken up by plants. In this regard,
microbial inoculants have paramount significance in integrated nutrient management
systems to sustain agricultural productivity and healthy environment (Adesemoye and
Kloepper, 2009). Biofertilizer is different from organic fertilizers, which contains organic
compounds that increase soil fertility either directly or as a result of their decay. Not all
PGPR are considered as a biofertilizer; if they control plant growth by control of
deleterious organisms, they are instead regarded as biopesticides. Biofertilizers must
contain living microorganisms that promote plant growth by improving the nutrient status
of the plant.

PGPR has become increasingly important in the agricultural production of
certain crops. However the commercialization and utilization of PGPR has been currently
limited due to the fact that there have not been consistent responses in different host
cultivars and at different field sites (Vessey, 2003). Additionally, their effects have been
used in environmental application, such as promoting re-vegetation in eroded deserts
(Bashan et al., 2008; Compant et al., 2005). Although the use of PGPR in agriculture and
solving environmental problems seems promising, there is not enough knowledge about
these bacteria for them to be put into use. A lot more research needs to be investigated
before they can be proven as useful to mankind. However, scientific preparation and
application of microbial formulation is important while developing the agriculture in a

sustainable way.
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2.7 Co-inoculation of PGPR and Rhizobium for legume production

A recent response by Kiers et al. (2013) highlights the potential problems of single-
strain inoculation experiments, and argues that variation in nodulation speed confounds
symbiotic competitive ability and host fitness. Most studies of beneficial plant-microbe
interactions focus on a single plant-microbe partnership at a time (Benito et al., 2017).
Inoculating with a single strain, in keeping with the long tradition of reductionism, is a
straight forward way to conclusively ascribe an effect on the host to the action of that
strain. Single-strain inoculation provides information about the potential benefit conferred
by that strain, without the complications of non additive interactions between strains
(Friesen and Heath, 2013). In some cases, multiple strains are synergistic for plants
(Egamberdieva et al., 2016; Icgen et al., 2002), while in others, mixed inoculations result in
plants that perform worse than predicted (Heath and Tiffin, 2007). Studying ways to
augment plant productivity through the use of beneficial microbes will increase our
knowledge of plant-microbe interactions, which has deep implications for agriculture and
biotechnology (Benito et al., 2017). As the moving from the monoculture-based approach
of traditional agriculture into the realism of complex communities of plants and microbes,
the urgently need to integrate ecologically grounded experiments with mathematical
frameworks provided by statistical genetics and community ecology (Friesen, 2012;
Friesen and Heath, 2013).

Enhancement of legume nitrogen fixation by co-inoculation of rhizobia with some
PGPR is a way to improve nitrogen availability in sustainable agriculture production
systems. Moreover, simultaneous infection with rhizobia and a number of other bacteria
also present in nodules enhances nodulation and plant growth in a wide variety of legumes.
Some PGPR strains, from a range of genera, enhance legume growth, nodulation and
nitrogen fixation when co-inoculated with rhizobia. Examples of these are Azospirillum

(Askary et al., 2009; Aung et al., 2013; Cassan et al., 2011; Chibeba et al., 2015; de Souza
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et al., 2017; Ferri et al., 2017; Groppa et al., 1998; Hungria et al., 2013; Hungria et al.,
2015; Puente et al., 2018; Remans et al., 2008; Rodrigues et al., 2016; Vicario et al., 2016),
Azotobacter (Hadi et al., 2010; Wu et al., 2012), Bacillus (Atieno et al., 2012; Bai et al.,
2003; Li and Alexander, 1988; Masciarelli et al., 2014; Mishra et al., 2009a; Mishra et al.,
2009b; Qureshi et al., 2011; Santos et al., 2018a; Santos et al., 2018b; Shehata et al., 2012;
Subramanian et al., 2015; Xue et al., 2011; Yuttavanichakul et al., 2012), Pseudomonas
(Afzal et al., 2010; Argaw, 2011; Li and Alexander, 1988; Kaur et al., 2015), Serratia (Pan
et al., 2002; Zahir et al., 2011) and Streptomyces (Gregor et al., 2003; Htwe et al., 2018;
Htwe and Yamakawa 2015; Santos et al., 2018a; Soe and Yamakawa 2013; Tokala et al.,
2002). As they share common microhabitats in the root soil interface, rhizobia and PGPR
must interact during their processes of root colonization. The effect of Rhizobium—PGPR
co-inoculation has been observed in different symbiotic and plant growth parameters.
Compared to single Rhizobium inoculation, co-inoculation of Rhizobium spp. and
Azospirillum spp. can enhance the number of root hairs, the amount of flavonoids exuded
by the roots and the number of nodules formed (Remans et al., 2008). The beneficial
influence of PGPR on nodulation of legumes by Rhizobium has been variously attributed to
their ability to produce phytohormones (Schmidt, 2008), toxins (Zaidi et al., 2012),
antibiotics (Yuttavanichakul et al., 2012), or antioxidant response (Santos et al., 2018a), as
well as by other unidentified mechanisms (Paulucci et al., 2012). For example, Argaw
(2011) demonstrated that some Pseudomonas strains colonized the root and increased
nodule number and acetylene reduction in soybean plants inoculated with B. japonicum.
Current data suggest that although Micromonospora species do not induce nodules or fix
nitrogen in association with a host plant, they provide many benefits to the plant by
increasing the number of nodules, enhancing aerial growth and nutrient uptake (Martinez-
Hidalgo et al., 2014; Solans et al., 2009; Trujillo et al., 2014). Moreover, complex

interactions and competition between the three microorganisms (B. japonicum, A.
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canadense and Glomus irregular) were also induced differential growth and nodulation
responses, which can be linked to metabolic changes (Juge et al., 2012). Considering the
co-inoculation of symbiotic nitrogen fixers and PGPR on legumes response was

summarized in Table 1.



Table 1. Co-inoculation of symbiotic nitrogen fixers and PGPR on legumes response.

Symblo_tlc nitrogen Co-inoculating leguminous Legumes response to the co-inoculation References
fixers PGPR plants
Bradyrhizobium spp.  Bacillus subtilis Soybean Increasing the nodulation, shoot dry matter and N- Shehata et al. (2012)
content.
P.fluorescens Soybean Salient superiority in suppressive disease.
Bradyrhizobium spp. A. brasilense Soybean Promotion of early nodulation and increase in nodule Chibeba et al. (2015)
biomass.
Bradyrhizobium spp.  A. brasilense Soybean Co-inoculation improves soybean yield. Hungria et al. (2015)
Bradyrhizobium sp.  Bacillus sp. Soybean Increasing the number of nodules, nodule dry weight, Xue etal. (2011)
Phyllobacterium sp. plantdry weight and total N and P contents.
Bradyrhizobium sp.  Pseudomonas sp. Soybean Increasing grain yield in pot and field experiment and Afzal et al. (2010)
increasing survival efficiency of Bradyrhizobium.
B. japonicum Azomonas agilis Soybean Enhancing nodulation and ARA but P. fluorescens Chebotar et al.
A. lipoferum decreased the nodule number and ARA. (2001)
P. fluorescens
B. japonicum Azospirillum sp. Soybean Co-inoculation effects on competitive nodulation and Aung et al. (2013)
rhizosphere eubacterial community structures of soybean
under rhizobia-established soil conditions.
B. japonicum A. brasilense Soybean Increasing number of the most active nodules, therefore, Groppa et al. (1998)
to a greater nitrogen fixation and assimilation.
B. japonicum A. brasilense Soybean Increasing soybean yield and improved nodulation under Hungria et al. (2013)
Common bean field experiment.
B. japonicum A. chroococcum Soybean Increasing the number and fresh weight of nodules and Hadi et al. (2010)

seedling dry weight under drought stress.
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Table 1. Co-inoculation of symbiotic nitrogen fixers and PGPR on legumes response (continued).

Symblo_tlc nitrogen Co-inoculating leguminous Legumes response to the co-inoculation References
fixers PGPR plants
B. japonicum B. subtilis Soybean Increasing the yield and nodule occupancy using the Atieno etal. (2012)
liquid and granule-based formulation type.
B. japonicum B. subtilis Soybean Enhanced soybean plant growth and soybean production Bai et al. (2003)
B. thuringiensis systems in short growing season regions.
B. japonicum B.thuringiensis Soybean Provided the highest and most consistent increase in Mishra et al. (2009b)
nodule number, shoot and root weight, root volume and
total biomass.
B. japonicum Bacillus sp. Soybean Enhancing nodule number, pod formation, yield and Liand Alexander
S. griseus seed weight. (1988)
B. japonicum S. proteamaculans Soybean There are no additional improvements in nodulation and Pan et al. (2002)
S.liquefaciens nitrogen fixation by using PGPR pre-incubated with
genistein.
B. japonicum S. kanamyceticus Soybean Increasing in nodule occupancy varied from 0% to Gregor et al. (2003)
S. coeruleoprunus 18.3% and shoot nitrogen composition.
S. rimosus
Streptomyces sp.
B. japonicum B. megaterium Soybean Increasing in nodule number, nodule activity which was Subramanian et al.
M. oryzae measured in terms of nodule leghemoglobin content, (2015)
nodulated root ARA and total plant nitrogen content.
B. japonicum P. putida Soybean Improvement of soybean salt tolerance through altering Egamberdieva et al.

root system architecture facilitating nitrogen and
phosphorus acquisition and nodule formation.

(2017a)
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Table 1. Co-inoculation of symbiotic nitrogen fixers and PGPR on legumes response (continued).

Symblo_tlc nitrogen Co-inoculating leguminous Legumes response to the co-inoculation References
fixers PGPR plants
B. japonicum A. brasilense Soybean Increasing the nodule number, nodule dry weight, shoot Ferri et al. (2017)
dry biomass and shoot N content.
B. japonicum B. Soybean Enhancing the capacity of the latter to colonize plant Masciarelli et al.
amyloliquefaciens roots and increase the number of nodules. (2014)
B. japonicum Stenotrophomonas Soybean Promoting plant growth, nutrient uptake and fitness of Egamberdieva et al.
rhizophila hydroponically ~grown soybean under salt stress (2016)
condition.
B. japonicum A. brasilense Soybean Increasing nodule weight, total plant and root length, Puente etal. (2018)
aerial and root dry weight, number of nodules on the
primary root and increased in the symbiosis with B.
japonicum.
B. elkanii S. griseoflavus Soybean Increasing N2 fixation, plant growth, nodulation, N Htwe et al. (2018)
uptake and shoot growth.
B. elkanii S. griseoflavus Soybean Increasing nitrogenase activity, root dry weight and Htwe and
B. japonicum promoted plant growth. Yamakawa (2015)
B. yuanmingense S. griseoflavus Soybean Increasing the nodule number, nodule dry weight and Soe and Yamakawa

Rhizobium sp.

R. tropici

R. tropici

B. megaterium
P. polymyxa

A. brasiliense

Bradyrhizobium sp.

Common bean

Common bean

Common bean

seed yield.

Increasing nodule weight and shoot dry weight.

Increasing of nodule number, nodule dry weight, root
dry weight and shoot dry weight.

Plants produced more nodules, accumulated more shoot
dry biomass and nitrogen.

(2013)
Korir et al. (2017)

de Souza et al.
(2017)

da Conceicdo Jesus
et al. (2018)
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Table 1. Co-inoculation of symbiotic nitrogen fixers and PGPR on legumes response (continued).

Symblo_tlc nitrogen Co-inoculating leguminous Legumes response to the co-inoculation References
fixers PGPR plants
R. tropici A. brasilense Common bean Increasing nodule number. Rodrigues et al.

Bradyrhizobium sp.

Bradyrhizobium sp.

Mesorhizobium sp.
M. ciceri

R. leguminosarum

Actinomadura sp. Cowpea

Paenibacillus

graminis

Streptomyces sp.

Bacillus sp.

Bacillus sp. Cowpea

Pseudomonas sp. Chickpea

B. subtilis Chickpea

B. thuringeinsis Pea
Lentil

Lowering  hydrogenperoxide  content, increasing
superoxide dismutase, catalase and phenol peroxidase
activities in nodulesexposed to salt stress.

Lowering  hydrogenperoxide  content, increasing
superoxide dismutase, catalase and phenol peroxidase
activities in nodulesexposed to salt stress.

Increasing catalase activity in plants.

Indution of positive responses for coping with salt-
induced oxidative stress in cowpea nodules.

Providing better symbiotic performance, mitigating the
deleterious effects of salt stress.

Improvement in symbiotic parameters and yield.

Decrease H»O, concentrations and increased proline
contents indicating an alleviation of adverse effects of
salt stress and reduced the infection rate of rootrot in
chickpea caused by F. solani

Providing the highest and most consistent increase in
nodule number, shoot weight, root weight and total
biomass.

(2016)
Santos et al. (2018a)

Santos et al. (2018b)

Kaur et al. (2015)

Egamberdieva et al.
(2017b)

Mishra et al. (2009a)
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Table 1. Co-inoculation of symbiotic nitrogen fixers and PGPR on legumes response (continued).

Symblo_tlc nitrogen Co-inoculating leguminous Legumes response to the co-inoculation References
fixers PGPR plants
Bradyrhizobium sp.  A. brasilense Peanut Increasing the nodule number, nodule dry weight, shoot Vicario et al. (2016)
dry weight and pod yield dry weight in field experiments
S. meliloti Delftia sp. Alfalfa Production of some molecules positively affects the Morel et al. (2015)
microbe-plant association, increasing alfalfa shoot and
root matter,
Rhizobium sp. P. polymyxa Mung bean 25 percent nitrogenous and phosphatic fertilizer of the Tarafder et al.
recommended dose can be substituted by seed co- (2016)
inoculation with phosphate solubilizing bacteria and
rhizobia without affecting the yield compared to 100 per
cent RDF.
R. phaseoli P. syringae Mung bean ~ PGPR containing ACC deaminase and rhizobia Ahmad et al. (2011)
P. fluorescens enhanced plant growth, reducing the inhibitory effect of
salinity.
R. phaseoli B. megaterium Mung bean  Enhancing the mungbean growth, nodulation and yield.  Qureshi et al. (2011)
Bradyrhizobium sp.  B. subtilis Mung bean  Improve nodulation and grain yield of the mung bean. Tariq et al. (2012)
Rhizobium sp. Pseudomonas sp. Mung bean  Promoting growth of green gram plants. Kumar et al. (2015)
Rhizobium sp. Pseudomonas sp. Mung bean  Increasing grain yield and its components in mungbean Hosseini et al.
Azospirillum sp. plant (2014)
B. diazoefficiens B. subtilis Soybean Promoting N2-fixation, nodule number, nodule Prakamhang et al.

B. japonicum

Staphylococcus sp.

and plant dry weight with both of the commercial
bradyrhizobial strains

(2015)

GS
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Many PGPR secrete phytohormones, such as cytokinins, gibberellins, auxin and
ACC deaminase and influence plant growth and functions (Vessey, 2003). They are also
capable of alleviating drought stress by promoting root growth and hampering stomatal
conductance (Vessey, 2003; Gray and Smith, 2005). It has been also shown that presence
of ACC deaminase enzyme in PGPR enhanced the nodulation of mung bean up on co-
inoculation with Bradyrhizobium (Ahmad et al., 2011). The possibility that metabolites
other than phytohormones, such as siderophores, phytoalexins, and flavonoids which
enhanced nod gene expression, might enhance nodule formation has also been proposed
(Daayf et al., 2012; Piccoli and Bottini, 2013), but this hypothesis has not been verified.
Phytomicrobiome members synthesize and excrete a range of inter-organismal signal
compounds that defend their host plant against pathogens and abiotic stresses: broad-
spectrum antibiotics, lytic enzymes, organic acids and other metabolites, proteinaceous
exotoxins and antimicrobial peptides (bacteriocins) (Smith et al., 2015). In addition, an
increase in soil enzymatic activities (phosphatase, B-glucosidase and dehydrogenase) and
of auxin production around PGPR inoculated roots could also be involved in the PGPR
effect on nodulation-dependent (Bargaz et al., 2013; Krey et al., 2011; Turan et al., 2012).
Some of the most intimate beneficial interactions between plants and microbes, and
between different microbes take place on the surface of the root (Bolafios et al., 2004;
Chebotar et al., 2001). In 2015, Prakamhang et al. proposed model for the effect of single
inoculation of B. japonicum and co-inoculation of B. japonicum and PGPR on soybean was

demonstrated in Figure 13.



S7

A / Nod factor g = T ———
> o Malats
B / Noduls 1.«-\<;m>\
\ [T T R ——, GniAten
- L LT ~v v
&5 == 3, | -
- (B (] L an UL
e oAb lgﬁ.‘r | 0
- ” netd)} AsnCyFCon
- —-> ?\_?\_K v P symtmane ooy
ad 4 AN - T Ao e o L I T
- - > r‘IL / N\
¥ <‘ 2 TCA v |
if P oetaskerar
Il - -
== -
as . o} ‘ o LA —t S
G w AT “ I =
¥ Llicuien thivad nifze
progrestisa
5 T T e—— elmgaeren
G NENS N v
\ - Nosic /J
s nvtluup'—v::/ St "o
g Nod factor o o —
B. oo N s — e
. i tater : =
- . - o Nodule devalarprmest
bt b <2 q@ 4 ‘L"";:’\"'" treroparn Comrtrnt
| =2 ,g i o Bocvasit e
f e
w T2 Test. gwmes i | UDP O
nnts T . ey & Loy
— + vrg-& | N . - . :7|
A / v N\, o
= - - ANANNAANAN ‘ f\-: v/ N N et Tiohabose-t-51 -
) - — rFaN / v
e N\ Co™ spthagy AL Y'Y / NN \l
e ¥ A ] =
pOPR & A ! y PHIL ) «
| deadt, ipec? - FHB  pHE
e
wCaMAs T Batectsom thre vt — e o N
Vv oy Prvaremion s T
SDw dwr ow \
s S Nudwie

Figure 13. Proposed model for the effect of single inoculation of B. japonicum (A) and
co-inoculation of B. japonicum and PGPR (B) on soybean (Prakamhang et al.,

2015).

Co-inoculation of B. japonicum with PGPR, the up-regulation of PGPR mode of
action related genes, iaaH and ipdC genes were up-regulated. Some genes involved in
symbiosis were also performed up-regulated. Nod factor perception (nodD1) was induced
and affected to the increasing of Ca" spiking and a set of transcriptional regulators and
nodule inception (GmNINL1), resulting increased infection thread progression/elongation
and nodule organogenesis. During nodule formation, a higher percentage of genes were
related to primary metabolism, cell-wall modifications. The GmMyb gene expression was
induced, this indicated that this gene was expressed specifically in developing nodules but
not in the late mature nodules which might be involved in bacterial infection or in
controlling the first steps of nodule development. The co-inoculation seems to influence the

expression of dctA gene especially during the bacteroid differentiation into the fully
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differentiated bacteroids. Moreover, the dctA gene could be consistent with an increased
need for transport of C4-dicarboxylic acids by the nitrogen-fixing bacteroids. In trehalose
biosynthetic pathways, trehalose 6-phosphate synthase encoded by otsA gene plays an
important role as a protectant during periods of physiological stress. Gene expression
analysis reported here demonstrated that the trehalose biosynthesis gene otsA was induced
by co-inoculation with PGPR that caused an increase in trehalose accumulation levels.
Furthermore, the accumulation of carbon source and PHB granules were also induced. The
co-inoculation with B. japonicum and PGPR forced accumulation of PHB during symbiosis
does not appear to have a negative effect on plant yield, PHB synthesis during symbiosis
may not be the sole contributor to symbiotic performance. The accumulation of trehalose
represented an increase in PHB accumulation and could be prolonged nodule senescence.
Moreover, the expression level of nifH gene was strongly induced by the co-inoculation
with B. japonicum and PGPR. Taken together indicated that the co-inoculation approachs
are able to enhance the nodulation and nitogen fixation in soybean, resulting increased
soybean yield (Prakamhang et al., 2015).

A variety of complex microbial interactions might be anticipated across the diversity
of environments created in the plant rhizosphere. It is unlikely that any one rhizobacterium
would be predominant and effective in all environments and hence mixtures of compatible
strains might be more significant than a single bacterial species in promoting plant growth.
Indeed, many of the positive effects of PGPR on plant growth seem to involve activation of
plant response systems. Understanding the mechanisms and consequences of signal
interactions occurring between the PGPR and host plants and development of methods to
manipulate these interactions for increased plant growth, is an important challenge for this

century.



CHAPTER 111

METERIALS AND METHODS

3.1 Materials

3.1.1 Bacteria

3.1.1.1 Bradyrhizobium diazoefficiens strain USDA110 is commercially used in
rhizobial inoculants production for soybean in Thailand was obtained from the Department
of Agricultural (DOA), Bangkok, Thailand.

3.1.1.2 B. diazoefficiens strains CB1809 was supplied by Department of
Agricultural Research (DAR), Myanmar.

3.1.1.3 Bradyrhizobium sp. SUTN9-2 was sourced from Applied Soil
Microbiology Laboratory, School of Biotechnology, Institute of Agricultural Technology,
Suranaree University of Technology, Nakhon Ratchasima, Thailand.

3.1.1.4 Bacillus velezensis S141 was kindly provided by Dr. Janpen
Prakamhang, was sourced from Applied Soil Microbiology Laboratory, School of
Biotechnology, Institute of Agricultural Technology, Suranaree University of Technology,
Nakhon Ratchasima, Thailand.

Other bacterial strains used in this study are listed in Table 2.



Table 2. Bacterial strains used in this study.

Bacterial strains

Relevant genotype or description

Source or references

Bradyrhizobium diazoefficiens USDA110
B. diazoefficiens CB1809
Bradyrhizobium sp. SUTN9-2

B. diazoefficiens GUS-tagged USDA110
Bradyrhizobium sp. dsRed-tagged SUTN9-2
Bacillus subtilis 168:ytsJ:gfp

B. subtilis TSUO077

B. subtilis TMO310

B. subtilis TMO311

B. subtilis YNB100

Bacillus velezensis S141

B. velezensis S141:GFP

B. velezensis S141AdhaS

Wild type
Wild type
Wild type
marked with mTn5SSgusA20 (pCAM120); Sm" Sp'
marked with mTn5SSgusA20 (pCAM120); Sm' Sp'
ytsJ::gfp::erm'
trpC2, epr::PrpsO-dam (Phle)
trpC2 aprE::(spc lacl Pspac-mazF)
trpC2 aprE::(kan lacl Pspac-mazF)
trpc2 aprE::kan yhcT::(oriTLS20-F erm) pLS20catAoriT
Wild type
tuf::gfp::phle”

dhaS deletion, AdhaS::erm"

DOA
DAR
Noisangiam et al. (2012)
Aung et al. (2013)
Piromyou et al. (2015)
Kobe University
Kobe University
Morimoto et al. (2009)
Morimoto et al. (2009)
Miyano et al. (2018)
Prakamhang et al. (2015)
This study

This study
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Table 2. Bacterial strains used in this study (continued).

Bacterial strains

Relevant genotype or description

Source or references

B. velezensis S141AyhcX
B. velezensis S141AIPyAD
B. velezensis S141Aipt

B. velezensis S141Aipi

yhcX deletion, AyhcX::kan"
IPYAD deletion, AIPyAD::spm"
IPT deletion, Aipt::phle”

IPI deletion, Aipi::kan"

This study
This study
This study

This study

19
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3.1.2 Leguminous plants

3.1.2.1 Soybean [Glycine max (L.) Merrill] cultivar Chaing Mai 60 (CM®60) is a
recommended commercial line for use under Thai field condition.

3.1.2.2 Soybean [Glycine max (L.) Merrill] cultivar Enrei is a reference for
Japanese domestic soybean cultivars.

3.1.2.3 Mung bean [Vigna radiata (L.) Wilczek] cultivar SUT4 was sourced
from SUT farm, Institute of Agricultural Technology, Suranaree University of Technology,

Nakhon Ratchasima, Thailand.

3.1.3 Primers

Primers or oligonucleotides used for combining the contigs in whole genome
sequence of B. velezensis S141 were summarized in Appendix 6. Primers used for Sanger
sequencing method to closed gaps between the contig in whole genome sequence were
documented in Appendix 7. Primers used for confirm the transconjugants of B. velezensis
S141 were documented in Appendix 8 and primer used for construction of bacterial strain

in this study were summarized in Table 3.

3.1.4 Instruments

Autoclave: Hiclave HA-3000M1V, Hirayama, Japan.

Automated Agilent 2100 Bioanalyzer, USA.

electrophoresis:

Balance: Precisa 205A, Precisa Instruments, Switzerland.

Precisa 3000C, Precisa Instruments, Switzerland.



Centrifuge machine:

Deep freezer -80 °C:

Fluorometer:

Freezer -20 °C:

Gel Document set:

Gel electrophoresis

apparatus:

Heat Box:

Next Generation

Sequencer:

Incubator shaker:

63

Thermoscientific, Sorvall legend XTR centrifuge, USA.
Eppendrof centrifuge 5810 R, Eppendrof, USA.

Eppendrof minispin plus, wiswspin® feedback control digital

timer function, Eppendrof, USA.

Thermo Sciencetific, forma 900 series, USA.

Qubit 2.0 Fluorometer, Invitrogen, USA.

Heto, HLLF 370, Denmark.

Haier, China.

White/Ultraviolet Transilluminator GDS7500, UVP, USA.
Digital Graphic Printer UP-D890, Sony, Japan.

Mini Protean® 3 cell, BioRad, USA.

HB1, Wealtee Corp., USA.

[llumina MiSeq, Illumina, Inc., San Diego, USA.

Innova 4230 refrigerated incubator shaker, New Brunswick

Scientific, USA.

Innova® 42 incubator shaker series, USA.



Incubator:

Laminar hood:

Microcentrifuge:

pH meter:

PCR machine:

Rotator:

Shaker:

Sonicator:

Spectrophotometer:

Stirrer:

Thermomixer:

Vortex:

Memmert, BE 500, WTB Binder BD115, Germany.

Thermo Scientific 1300 series A2, USA.

BH 2000 Series Classll Biological Safety Cabinets.

BHA120 & BHA180, Clyde-Apac.

Mini spin plus, Eppendrof, USA.

Eppendorf 54154, Eppendorf, Germany.

Ultra Basic pH meter, Denver Instruments, Germany.

DNA Engine PTC 200 peltier Thermal cycler,

MJ Research, USA.

Certomat TCC, B. Braun Biotech International, Germany.

Innova 2300 platform shaker, New Brunswick Scientific, UK.

Certomat TC2, B. Braun Biotech International, Germany.

Waken GE100 Ultrasonic processor, Japan.

Ultrospec 2000, Pharmacia biotech, UK.

Variomag Electronicriihrer Poly 15, Germany.

Magnetic stirrer MSH300, USA.

Thermomixer compact, Eppendrof, USA.

Vortex-Genie 2 G506, Scientific Industries, USA.
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3.2 Methods

3.2.1 Co-inoculation effect of S141 on soybean and mung bean-Bradyrhizobium

symbiosis

3.2.1.1 Bacterial cells preparation
Bradyrhizobial strains (B. diazoefficiens USDA110, B. diazoefficiens
CB1809 and Bradyrhizobium sp. SUTN9-2) were cultured in yeast extract mannitol (YEM)
medium broth at 28°C for 6 days to obtain bacteria cell numbers of 10%-108 CFU ml™. The
early stationary phase of bradyrhizobial cultures were centrifuged at 4,000 rpm for 10 min
and washed with sterilized 0.85% (w/v) NaCl to remove the excess media, and the cell
pellet was resuspended in 0.85% (w/v) NaCl solution. Cultures were adjusted with 0.85%

(w/v) NaCl solution to a final concentration of 10° CFU mI™ prior to inoculate into plants.

Bacillus velezensis strain S141 was grown in Luria-Bertani (LB)
medium broth for 48 h at 30°C to obtain bacteria cell numbers of 10%-108 CFU ml. The
early stationary phase of S141 was centrifuged at 4,000 rpm for 10 min and washed with
sterilized 0.85% (w/v) NaCl to remove the excess media, and the cell pellet was
resuspended in 0.85% (wi/v) NaCl solution. Culture was adjusted with 0.85% (w/v) NaCl

solution to a final concentration of 106 CFU ml prior to inoculate into plants.

3.2.1.2 Leonard’s jar experiment
The soybean and mung bean cultivar tested in this experiments
including: soybean cultivar Chiang Mai 60 is recommending lines for using under Thai
field condition, Soybean cultivar Enrei is a reference for Japanese domestic soybean
cultivars and mung bean cultivar SUT4.
Seeds of soybean and mung bean were cultivated in growth chambers
using modified Leonard’s jar assemblies (Blauenfeldt et al., 1994). Seeds of soybean and

mung bean were surface sterilized by full immersion in 70% ethanol for 30 sec, followed
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by rinsing five times with sterilized water. Unless otherwise, the seeds were sown in
sterilized grade-2 vermiculite in modify Leonard’s jars. The early stationary phase of S141
and Bradyrhizobium culture were centrifuged (4,000 rpm for 10 min) and washed with
sterilized 0.85% (w/v) NaCl to remove the excess media, and the cell pellet were
resuspended in 0.85% (w/v) NaCl solution. The Leonard’s jar experiment was conducted to
evaluate the co-inoculation effects of S141 with B. diazoefficiens on soybean and S141
with Bradyrhizobium sp. SUTN9-2 on mung bean. For the single inoculation, the seedlings
were inoculated separately with 1 ml of 10° CFU mlI* of S141 or Bradyrhizobium and
mixed in a ratio of 1 : 1 for co-inoculation treatment. In the control treatment, the cell
suspensions were replaced by distilled water. Plant growth conditions in laboratory were
controlled using a 16-h-day/8-h-night cycle at 28°C/23°C, respectively. During the
experiment, the plants were watered regularly with N-free nutrient solution (Zhang et al.,
1996). The experiment was laid out with ten replicates for each treatment. Plants were
grown for 45 days after inoculation (DAI), when they were then harvested for scoring the
nodule number, nodule dry weight, shoot and root dry weight and detection of nitrogen-
fixing activity by Acetylene Reduction Assay (ARA) were measured (Somasegaran and
Hoben, 1994). Plant dry weights were recorded. The tissue were placed in an oven at 65°C

for 4 days prior to weighing.

3.2.2 Co-inoculation effect of S141 and biological molecules secreted from S141
on soybean-Bradyrhizobium symbiosis
3.2.2.1 Bacterial cells and supernatant preparation
Bacterial cells preparation were followed as mention in 3.2.1.1. For
supernatant preparation, culture medium for 48 h at 30°C were filtrated through 0.22 um
polytetrafluoroethylene (PTFE) membrane. The culture filtrate was used for single

inoculation and co-inoculation treatments or stored at -80°C for further experimentation.
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3.2.2.2 Leonard’s jar experiment
The Leonard’s jar experiment was followed as mention in 3.2.1.2. The
experiment was conducted to evaluate the co-inoculation effects of B. diazoefficiens with
cells or supernatant of S141 on soybean. For the single inoculation, the seedlings were
inoculated separately with 1 ml of 10® CFU ml? of S141 or B. diazoefficiens or 1 ml of
supernatant of S141 and mixed in a ratio of 1 : 1 for co-inoculation treatment. In the control
treatment, the cell suspensions were replaced by distilled water. Plant growth conditions in

laboratory were followed as mention in 3.2.1.2.

3.2.3 Effect of co-inoculation dose of Bradyrhizobium with biological molecules
secreted from S141 on soybean-Bradyrhizobium symbiosis
Soybean cultivar CM60 (as recommended used for soybean cultivation in
Thailand) seedlings co-inoculated with cells or supernatant of S141 at 10° cells/seed were
mixed in a ratio of 1 : 1 with B. diazoefficiens at six inoculum doses; 10%, 104, 10°, 10°, 10’
and 108 CFU mlIt. B. diazoefficiens cells or supernatant of S141 culture were used 1 ml
seed™ in a full dose for single inoculation or in a half dose in co-inoculation treatment. In
the control treatment, the cell suspensions were replaced by sterilized distilled water. The
plants cultivated in growth chambers using modified Leonard’s jar assemblies and
harvested at 45 DAI. The nodule number, nodule dry weight, shoot and root dry weights
and detection of nitrogen-fixing activity by Acetylene Reduction Assay (ARA) were

measured (Somasegaran and Hoben, 1994).

3.2.4 Co-inoculation effect of S141 on Bradyrhizobium competition
The soybean and mung bean cultivars tested are recommended lines for using
under Thai field condition. Seeds of soybean cultivar Chiang Mai 60 and mung bean

cultivar SUT4 were cultivated in pot. Seeds were surface sterilized and gnotobiotically
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germinated on wet tissue paper (Somasegaran and Hoben, 1994). Bradyrhizobial strains (B.
diazoefficiens GUS-tagged USDA110, and Bradyrhizobium sp. dsRed-tagged SUTN9-2)
were cultured in yeast extract mannitol (YEM) medium broth supplemented with
antibiotics: 100 ug ml? streptomycin and 100 ug ml™* spectinomycin at 28°C for 6 days to
obtain bacteria cell numbers of 10°-108 CFU ml™.

The early stationary phase of S141 and bradyrhizobial strains (B. diazoefficiens
GUS-tagged USDA110, and Bradyrhizobium sp. dsRed-tagged SUTN9-2) cultures were
centrifuged (4,000 rpm for 5 min) and washed with sterilized 0.85% (w/v) NaCl to remove
the excess media, and the cell pellet was resuspended in 0.85% (w/v) NaCl solution. The
pots experiment with local soil collected from fields on the basis of cropping history were
conducted to evaluate the co-inoculation effects of S141 with B. diazoefficiens GUS-tagged
USDA110, and Bradyrhizobium sp. dsRed-tagged SUTN9-2 on soybean and mung bean,
respectively. The chemical characteristics of the soil are listed in Appendix 9. For the
single inoculation, the seedlings were inoculated separately with 1 ml of 108 CFU mI! of
S141 or Bradyrhizobium and mixed in a ratio of 1 : 1 for co-inoculation treatment. In the
control treatment, the cell suspensions were replaced by distilled water. Plants were grown
in greenhouse condition. During the experiment, the plants were watered regularly with tap
water. The experiment was laid out with five replicates for each treatment. Plants were
sampled at 45 DAI, the nodule formation of gus-marked B. diazoefficiens GUS-tagged
USDA110 strains were checked on soybean hosts by gus-staining method. Staining for
GUS activity, histochemical staining of plant material was performed as described
(Jefferson, 1987) with the following modifications. Intact or hard-cut sections of nodules
were incubated, without prior fixation, in 1 mM 5-bromo-4-cloro-3-indolyl-pB-D-glucuronic
acid (X-gluc), 50 mM Sodium phosphate buffer (pH 7.0), 0.2 % (w/v) sodium dodecyl
sulfate and 20 % (v/v) methanol. The explants were subjected to vacuum infiltration for 10

min before incubation of them overnight at 37°C. The nodulation competitiveness of
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inoculated Bradyrhizobium sp. dsRed-tagged SUTN9-2 strain was detected on mung bean
host by fluorescence compound microscope and the nodule number, nodule and plant dry

weight were recorded.

3.2.5 Extra/intracellular proteome of S141 or USDA110
3.2.5.1 Bacterial cells preparation

B. diazoefficiens strain USDA110 was grown in yeast extract mannitol
broth at 28°C for 6 days. S141 was grown in Luria-Bertani (LB) broth for 48 h at 28°C.
The early stationary phase of S141 was inoculated with 1 ml of 10x of supernatant of B.
diazoefficiens USDA110 (cell free) and for the B. diazoefficiens USDA110 was inoculated
with 1 ml of 10x of supernatant of S141 (cell free). In the control treatment, the inoculants
were replaced by distilled water. Cells culture were grown for 24 and 48 h after
inoculation, then harvested cells culture by centrifuge at 4,000 rpm at 4°C for 10-15 min
and immediately frozen in liquid nitrogen and store at -80°C until extraction.

3.2.5.2 Whole-cell protein extraction

Three milliliter of bacterial culture were centrifuged at 4,000 rpm, at
4°C and cells were added with protein extraction buffer containing 20 mM Tris HCI pH
8.0, 1.0 % Triton X-100, 400 pg ml? lysozyme and 40 pug mlt DNase (Appendix 10),
incubated at 37°C for 30 min. Bacterial cells were sonicated (100W, 40-60 second/time) on
ice for breakdown cell several times until completed (avoid the bubble), and then
centrifuged at 4,000 rpm at 4°C for 10-15 min to collect supernatant and stored in ultra-
freezer (-80°C) until analyses.

For total protein extraction, the solubilized proteins were quantified
using the Bradford protein assay (Bradford, 1976) with a bovine serum albumin (BSA)

standard curve (Rodrigues et al., 2012).
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3.2.5.3 One-dimensional gel electrophoresis and visualization

For separating the size of proteins, 35 pg of extracted protein were
separated using sodium dodesyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
The one dimension electrophoresis was performed in 5 and 12% polyacrylamide gel
electrophoresis. The components of 5% polyacrylamide gel including: 166 ul mI* of 30%
acrylamide solution (29:1; acrylamide:Bis-acrylamide); 250 ul ml* of 0.5 M Tris pH 6.8;
10 pl ml? of 10% SDS; 10 ul mI? of 10% APS and 1 pl mI*t of TEMED (Appendix 11),
and 12% polyacrylamide gel containing 400 ul mlI* of 30% acrylamide solution (29:1;
acrylamide:Bis-acrylamide); 250 pl mIt of 1.5 M Tris pH 8.6; 10 ul mI** of 10% sodium
dodesyl sulfate (SDS); 10 pl mI?* of 10% ammonium persulfate (APS) and 0.6 pl mIt of
TEMED (Appendix 12). The electrophoresis was carried out for 90 minutes at 100V.
Following electrophoresis, gels were stained with staining solution containing 1 g L of
Coomassie Brilliant Blue G-250, 400 ml L* of methanol and 100 ml L of glacial acetic
acid (Appendix 13), and then destained with destain solution containing 400 ml L? of
methanol and 100 ml L of glacial acetic acid (Appendix 14).

3.2.5.4 Protein identification

The protein of interested bands were extracted and digested according to
Yuan et al. (2006). Nano-liquid chromatography electrospray ionization quadrupole-time of
flight MS (nano-LC-ESI-MSMS) measurements were performed on a Bruker Ultraflex 111
TOF/TOF-MS (Bruker Daltonics, Bremen, Germany) equipped with a 337 nm wavelength
nitrogen laser working in reflectron mode. Peptide mass fingerprinting (PMF) were
performed using MASCOT v2.2.06 (Matrix Science, http://www.matrixscience.com). The
MASCOT search engine used MS data to identify the proteins from primary sequence
databases as described previously by Yuan et al. (2006). For protein identification by PMF,
peptide masses were searched from the publicly available NCBInr protein databases.

Among the proteins identified in the NCBInr database, proteins S141 were selected as the
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best hits from the lists of homologue proteins. All MS/MS ion database searches were
performed using MASCOT v2.2.06 on the freely accessible internet website
(http://www.matrixscience.com) against protein databases of NCBInr (v20100430, 10 927
723 sequences; 372 0794 783 residues of all bacteria). The homologue proteins from

databases of NCBInr were used to design primers.

3.2.6 Whole genome sequence of B. velezensis S141

Whole genome sequence of S141 was aimed to determine the genetic
background of its soybean growth-promoting capacity involving symbiotic N> fixation with
B. diazoefficiens USDA110. S141 genomic DNA was prepared using the Wizard Genomic
DNA purification kit (Promega, USA), and a genomic DNA library was constructed using
the NEBNext ultra DNA library prep kit for Illumina (New England BioLabs Inc., USA)
according to the manufacturer’s protocol. S141 genome sequencing was performed on an
[llumina MiSeq platform. After quality filtering, high quality paired-end reads (2X300 bp)
were assembled using CLC Genomics Workbench version 10.0.1 (Qiagen, USA). Total
read coverage was 300-fold. After trimmed (paired) assembly using the CLC Genomics
Workbench, a draft genome with number of scaffolds was obtained. Gaps between
scaffolds were closed using PCR and Sanger sequencing to obtain the complete sequence
of the circular chromosome. The genome sequence was automatically annotated using the
Microbial Genome Annotation Pipeline (MiGAP) (Sugawara et al., 2009). Based on 16S
rRNA gene analysis using BLAST searches, the highest sequence identities were identified.
Average nucleotide identity analysis using the Map Reads to Reference tool were indicated

the highest similarity species.
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3.2.7 Colonization of S141 on soybean-Bradyrhizobium symbiosis
3.2.7.1 Construction of the green fluorescent protein (GFP)

The green fluorescent protein (GFP) and phleomycin resistance gene
was activated in S141 by insertion to tuf promoter gene, as follows. Two DNA fragments,
each of which corresponded to upstream and downstream regions of tuf promoter, were
amplified by PCR using S141 chromosomal DNA as a template with primers tuf-uF/tuf-uR
for the upstream fragment and tuf-dF/tuf-dR for the downstream fragment (Table 3).
Another DNA fragment containing the phleomycin resistance gene of B. subtilis strain
TSUOQ77 (Table 2) was amplified using primers phl-F/phl-R (Table 3) and the green
fluorescent protein of strain 168:ytsJ:gfp (Table 2) was amplified using primers gfp-F/gfp-
R (Table 3). The four fragments were ligated by recombinant PCR using primers tuf-
uF/tuf-dR to sandwich the green fluorescent protein and phleomycin resistance gene
between the upstream and downstream regions of tuf promoter. The recombinant PCR
fragment was transformed into S141 conferring phleomycin resistance and yielding the
new strain, S141:GFP (tuf::gfp::phle"), which was used as the GFP-tagged strain for the

colonization on soybean-Bradyrhizobium symbiosis in this study.

3.2.7.2 Leonard’s jar experiment

The Leonard’s jar experiment was followed as mention in 3.2.1.2. The
experiment was conducted to reveal the colonization of S141 on soybean-Bradyrhizobium
symbiosis. S141:GFP was grown in Luria-Bertani (LB) medium broth supplemented with
phleomycin 8 ug mlt at 30°C for 48 h. For the single inoculation, the seedlings were
inoculated separately with 1 ml of 10° CFU ml* of S141::GFP or B. diazoefficiens and
mixed in a ratio of 1 : 1 for co-inoculation treatment. In the control treatment, the cell
suspensions were replaced by distilled water. Plant growth conditions in laboratory were

controlled using a 16-h-day/8-h-night cycle at 28°C/23°C, respectively. During the
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experiment, the plants were watered regularly with N-free nutrient solution (Zhang et al.,
1996). The experiment was laid out with five replicates for each treatment. Plants were
grown for 15 DAI, when they were then harvested for checked the colonization on soybean

hosts by fluorescence compound microscope.



Table 3. Primers used for construction of bacterial strain in this study.

Primer Sequences (5'—3')

tuf-uF CGTTGTATTTGTCAACAAAATGGACAAAATC

tuf-uR GTACCCTCGACTCTAGATCACCTTACTCAGTGATTGTAGAAACAACGCCTGAAC
tuf-dF GCAATCGCCCTAATATATGTGTTTCTACAATCACTGAGTAA

tuf-drR GCGCTTAAGAACATCACGAGGATCTTTC

afp-F GGTGATCTAGAGTCGAGGGTAC

gfp-R CCGAATAGCAAAAAACTGGCGGGCTGCACTAGTGCTCG

phl-F CCAGTTTTTTGCTATTCGG

phl-R CATATATTAGGGCGATTGC

dhaS_uF TACATCCTGAGAAATGCAGATGGTC

dhaS_uF_nest
dhaS_uR
dhaS_dF
dhaS_dR_nest

dhaS_dR

CGCGTAAATTTTTCTTCTCAGCATC

ATTTTAAGATACTGCACTATCAACACACTCCCACCTTGAAGATACGGTGACAAAC

GAAAGTTACACGTTACTAAAGGGAATGTAGGCGTCATTTAACACGATCGTATGGT

TAGGAAAACAGCTTGTCGATAAACG

CCCTTTTAAAAGGCGTGTTTTTTTC cont.

172



Table 3. Primers used for construction of bacterial strain in this study (continued).

Primer Sequences (5'—3')

Erm_F GAGTGTGTTGATAGTGCAGTATCTTAAAATTTTG

Erm_R CTACATTCCCTTTAGTAACGTGTAACTTTCC

yhcX_uF ATGATAGCCTTTCACTTTGTAATGG

yhcX_uF_nest TCAGCATATGACTGTCCTCAAATAA

yheX_uR TTTACTGGATGAATTGTTTTAGTACCTAGATTTCATTTCATATTGAATGACGCAG
yheX_dF CCAATTCACTGTTCCTTGCATTCTAAAACCAAGATTTACTCCTTCGAGGAATTTGC

yhcX_dR_nest
yhcX_dR
Kan_F

Kan_R
IPyAD_uF
IPyAD_uF_nest
IPyAD_uR

IPyAD_dF

ATAGTTCGGTGTCTGAAGTCGTCAC

TAAGCGGTGTCAATCTTTTTTTGTC

TCTAGGTACTAAAACAATTCATCCAG

GGTTTTAGAATGCAAGGAACAGTGAATTGG

ATTAAGAGATGAATCGGCTTGATGC

CTCTTTCTCCTATGCCGTTAATGGC

CTGTTCAATAAAGCTGACCGTTAGCGTTTAGGAAAAATTATTGAAACGCAAATTCC

ACGCTTTATTACTTTAATTTAGTGAAGCTTGATTTCAGCAGGATCAATATCGATATG

cont.

7



Table 3. Primers used for construction of bacterial strain in this study (continued).

Primer

Sequences (5'—3’)

IPyAD_dR_nest

IPyAD_dR
Spm_F
Spm_R
IPT_uF
IPT_uF_nest
IPT_uR
IPT_dF
IPT_dR_nest
IPT_dR
Phl_F

Phl_R
IPI_uF

IPI_uF_nest

TAATATGCCATTGTTGGATACACGG
AACGAGTGGAAAGATATCACACAGAAC
TAAACGCTAACGGTCAGCTTTATTG
AAGCTTCACTAAATTAAAGTAATAAAGCGTTCTC
CCCTTGGCAAAACATCACTT
TGATGAAATGCTGCTTGGAG
CCGAATAGCAAAAAACTGGGATTTCCGCATTCAGCATTT
GCAATCGCCCTAATATATGCAGGCGATCGGCTATAAAGA
AGCCGATTTCGTCTTCTTCA
AACCAAGGTTGCAGGAAATG

CCAGTTTTTTGCTATTCGG

CATATATTAGGGCGATTGC

ACTTGATGAAGCGCCTCTGT

TCAACAACCATCCCCATCTT

cont.

9/,



Table 3. Primers used for construction of bacterial strain in this study (continued).

Primer Sequences (5'—3")

IPI_uR CTGGATGAATTGTTTTAGTACCTAGACAAAAGACGCCTTTGGTCAT
IP1_dF CCAATTCACTGTTCCTTGCATTCTAAAACCTAAAAATCGGCGAACTGCTT
IP1_dR_nest TCCGGCAGTTCATGATACAA

IPI_dR GGAAATGAAGCGGATTCAAA

Kan_F TCTAGGTACTAAAACAATTCATCCAG

Kan_R GGTTTTAGAATGCAAGGAACAGTGAATTGG

LL
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3.2.8 Co-inoculation effect of S141 and plant growth hormone on soybean-
Bradyrhizobium symbiosis
Bacterial cells preparation was followed as mention in 3.2.1.1. The Leonard’s
jar experiments were followed as mention in 3.2.1.2. The experiment was conducted to
evaluate the co-inoculation effects of B. diazoefficiens with S141 or plant growth hormone
on soybean. For the single inoculation, the seedlings were inoculated separately with 1 ml
of 10° CFU ml* of S141 or B. diazoefficiens and mixed in a ratio of 1 : 1 for co-inoculation
treatment. In the control treatment, the cell suspensions were replaced by distilled water.
During the experiment, the plants were watered regularly with N-free nutrient solution
(Zhang et al., 1996). When necessary, the N-free nutrient solution was supplemented with
appropriate plant growth hoemone: 1 pg ml™! cytokinin; 6-Benzylaminopurine (Sigma-
Aldrich) (Hussain and Hasnain, 2009) and 10 pg ml!' auxin; Indole-3-Acetic Acid (Sigma-
Aldrich) (Gadallah, 2000; Spaepen et al., 2007). Plant growth conditions in laboratory were

followed as mention in 3.2.1.2.

3.2.9 Gene disruption related to plant growth homone biosynthesis pathway in
S141
3.2.9.1 Construction of gene related 1AA biosynthesis pathway
The putative gene related to IAA biosynthesis pathway including: dhas,
yhcX and IPyAD were disrupted. In order to replace the respective wild-type genes,
appropriate gene cassettes consisting of the antibiotics resistance determinant flanked by
the respective gene sequences were constructed.
The dhaS, yhcX and IPyAD genes of S141 were inactivated by
replacement with an erythromycin, kanamycin and spectinomycin resistance genes,
respectively. Two DNA fragments, each of which corresponded to upstream and

downstream regions of dhaS, yhcX and IPyAD were amplified by PCR using S141
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chromosomal DNA as a template with primers dhaS_uF/dhaS_uR, yhcX_uF/yhcX_uR and
IPyAD_uF/IPyAD_uR, respectively for the upstream fragment and dhaS_dF/dhaS_dR,
yhcX_dF/yhcX_dR and IPyAD_dF/IPyAD_dR, respectively for the downstream fragment
(Table 3). Another DNA fragment containing the erythromycin resistance gene of B.
subtilis strain YNB100, kanamycin resistance gene of B. subtilis strain TMO311 and
spectinomycin resistance gene of B. subtilis strain TMO310 (Table 2) were amplified using
primers Erm_F/Erm_R, Kan_F/Kan_R and Spm_F/Spm_R, respectively (Table 3). The
three fragments (upstream, downstream and antibiotic resistance gene) of each gene: dhasS,
yhcX and IPyAD were ligated by recombinant PCR using primers
dhaS_uF_nest/dhaS_dR_nest, yhcX uF_nest/yhcX_dR_nest and IPyAD_uF_nest/IPyAD
_dR_nest, respectively to sandwich each antibiotic resistance gene between the upstream
and downstream regions of dha$S, yhcX and IPyAD. The recombinant PCR fragment was
transformed into S141 conferring erythromycin, kanamycin and spectinomycin resistance
and vyielding the new strain, S141AdhaS (dhaS::erm"), S141AyhcX (yhcX::kan") and
S141AIPyAD (IPyAD::spm'), which were used as the mutant strains for the IAA

biosynthesis pathway in this study.

3.2.9.2 IAA production Assay

The IAA production of S141 and S141 IAA related mutant strains were
grown in LB medium broth supplement with 0.1% tryptophan for 48 h at 30°C. After
incubation, the IAA production were colorimetrically determined as described by

Costacurta et al., (1998). Pure indole-3-acetic acid (Sigma, USA) was used as standard.

3.2.9.3 Construction of gene related cytokinin biosynthesis pathway
In S141, the gene related to cytokinin biosynthesis pathway including:
IPT-gene coding for isopentenyl transferase and IP1-gene coding for isopentenyl isomerase

were disrupted. In order to replace the respective wild-type genes, appropriate gene
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cassettes consisting of the antibiotics resistance determinant flanked by the respective gene
sequences were constructed.

The IPT and IPI genes of S141 were inactivated by replacement with a
phleomycin and kanamycin resistance genes, respectively. Two DNA fragments, each of
which corresponded to upstream and downstream regions of IPT and IP1 were amplified by
PCR using S141 chromosomal DNA as a template with primers IPT_uF/IPT_uR and
IP1_uF/IPI_uR, respectively for the upstream fragment and IPT_dF/IPT_dR and
IP1_dF/IPI_dR, respectively for the downstream fragment (Table 3). Another DNA
fragment containing the phleomycin resistance gene of B. subtilis strain TSUO07 and
kanamycin resistance gene of B. subtilis strain TMO311 (Table 2) were amplified using
primers Phl_F/Phl_R and Kan_F/Kan_R, respectively (Table 3). The three fragments
(upstream, downstream and antibiotic resistance gene) of each gene: IPT and IPI were
ligated by recombinant PCR using primers IPT_uF _nest/ IPT_dR_nest and
IP1_uF_nest/IPI_dR_nest, respectively to sandwich each antibiotic resistance gene between
the upstream and downstream regions of IPT and IPI. The recombinant PCR fragment was
transformed into S141 conferring phleomycin and kanamycin resistance and yielding the
new strain, S141AIPT (IPT::erm") and S141AIPI (IPI::kan"), which were used as the

mutant strains for the cytokinin biosynthesis pathway in this study.

3.2.9.4 Leonard’s jar experiment
The Leonard’s jar experiments were followed as mention in 3.2.1.2. The
experiment was conducted to evaluate the co-inoculation effect of S141 and its mutant
strains on soybean-Bradyrhizobium symbiosis. S141 mutant strains were grown on LB
medium borth at 30 °C. When necessary, the medium was supplemented with appropriate
antibiotics: 1 pg mlI™! erythromycin, 10 pg ml™! kanamycin, 100 pg ml™! spectinomycin and
8 ug ml!' phleomycin. For the single inoculation, the seedlings were inoculated separately

with 1 ml of 10° CFU ml! of each strains and mixed in a ratio of 1 : 1 for co-inoculation
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treatment. In the control treatment, the cell suspension were replaced by distilled water.
Plant growth conditions in laboratory were controlled using a 16-h-day/8-h-night cycle at
28°C/23°C, respectively. During the experiment, the plants were watered regularly with N-
free nutrient solution (Zhang et al., 1996). The experiment was laid out with five replicates
for each treatment. Plants were grown for 30 DAI, when they were then harvested for
scoring the nodule number, nodule dry weight, shoot and root dry weight and detection of
nitrogen-fixing activity by Acetylene Reduction Assay (ARA) were measured
(Somasegaran and Hoben, 1994). Plant dry weights were recorded. The tissue were placed

in an oven at 65°C for 4 days prior to weighing.

3.2.10 The statistical analysis
Data from each experiment were first submitted to tests of normality and
homogeneity of variances for each variable and then to analysis of variance (ANOVA).
When confirming a statistically significant value in the F-test (p<0.05), a post hoc test
(Duncan’s multiple-range test at p<0.05) was used as a multiple comparison procedure

(Duncan, 1955) by SPSS® software for WINDOWS™, Version 14.0 (SPSS, Chicago, IL).



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Bacillus velezensis strain S141 as a plant growth promoting

rhizobacterium

S141 strain is a PGPR isolated from soybean rhizosphere soil in Thailand by
Prakamhang et al. (2015), and is closely related to B. subtilis GB03 based on 16S rRNA
gene sequencing. Strain S141 was isolated using LG N-free medium in order to obtain the
most abundant root adhering bacteria. Enhancement of nitrogen fixation is the ultimate goal
of any Rhizobium-legume symbiosis; therefore, all the experiments in this study were
carried out in N-free conditions, making nitrogen the limiting nutrient for plant growth and
PGPR might have more chances to persist and provide some nitrogen to plants than non-
nitrogen-fixing bacteria (Piromyou et al., 2011). In 2015, Prakamhang et al. reported that
S141 is capable of increasing soybean growth and yields via co-inoculation with
Bradyrhizobium diazoefficiens strains USDA110 and THAG in field experiments. We
hypothesized that the increasing in nodulation will promotes better root growth, nodule
occupancy by the rhizobial strain and subsequent nitrogen fixation resulted in the increased
plant growth parameters. The overall nitrogen-fixing efficiency and efficacy of the soybean
and mung bean-bradyrhizobial symbiosis could be enhanced via co-inoculation with cells
or supernatant of S141 strain. The biological molecules harbouring the interactions between
PGPR and Bradyrhizobium co-inoculated in soybean and mung bean-bradyrhizobial

symbiosis, resulting in better nodulation, nitrogen fixation, nodule morphology, growth and
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yield. Therefore, the aim of this study was to examine some determinant derived from

PGPR affect on Bradyrhizobium co-inoculation that can enhance symbiosis.

4.2 Co-inoculation of S141 enhanced N: fixation efficiency in soybean

and mung bean-Bradyrhizobium symbiosis

Bacillus velezensis S141 was tested for plant growth promotion using grown soybean
and mung bean in Leonard’s jar trails. S141 showed significantly capable of promoting one
or more plant parameters including nitrogen-fixing efficiency, nodule dry weight, root,
shoot and total plant dry weight when co-inoculated with strains of B. diazoefficiens
USDA110 and Bradyrhizobium sp. SUTN9-2 over the single inoculation of
Bradyrhizobium on soybean and mung bean at 45 and 30 DAI, respectively (P<0.05).
Variations in plant growth parameters of soybean [Glycine max (L.) Merrill] cultivar
Chaing Mai 60 (CM60) at 45 DAI as consequent of single inoculation and co-inoculation is
presented in Figures 14 and 15. The co-inoculation of S141 with USDA110 showed the
highest nitrogen-fixing efficiency, nodule dry weight, root dry weight and total plant dry
weight, which higher than single inoculation for 55.75%, 29.41%, 40.52% and 22.88%,

respectively.
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Acetylene Reduction Assay
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Figure 14. Plant growth and symbiotic parameters of soybean cultivar Chaing Mai 60 by
co-inoculation with S141 and USDA110 at 45 DAI: (a) nitrogenase activity
was determined using the acetylene reduction assay, (b) nodule numbers per
plant and (c) nodule dry weight, (e) root dry weight. Significance at P <0.05 is

indicated by mean standard error bars (n=8).
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Figure 15. Plant growth and symbiotic parameters of soybean cultivar Chaing Mai 60 by
co-inoculation with S141 and USDA110 at 45 DAI: (a) soybean cultivar
Chaing Mai 60 growth under Leonard’s jar experiments, (b) root dry weight
and (c) total plant dry weight. Significance at P <0.05 is indicated by mean

standard error bars (n=8).

Interestingly, co-inoculation of S141 with USDA110 did not showed significantly
different between single inoculation and co-inoculation of nodule number per plant, but
nodule dry weight showed significantly different that sizes of the nodule were indicated the
difference. The nodule could be classified into different sizes by diameter. There are 4

groups of nodule size as categorized (Table 4).



Table 4. Size of nodule
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Size

Diameter of nodule (mm)

Very large (VL)

Large (L)

Medium (M)

Small (S)

more than 4

3-4

2-3

Less than 2

The nodule sizes separation demonstrated significantly different between single

inoculation and co-inoculation (Figure 16). The co-inoculation of S141 with USDA110

showed the highest number of VL size nodule and L size nodule when compared with

single inoculation treatment whereas, the single inoculation of USDA110 showed the

highest number of S size nodule compared with co-inoculation treatment.
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Figure 16. The nodule sizes separation of soybean cultivar Chaing Mai 60 by co-
inoculation with S141 and USDA110 at 45 DAI. Significance at P <0.05 is

indicated by mean standard error bars (n=8).

The variations in plant growth and symbiotic parameters of soybean cultivar Enrei at
45 DAL as a consequent of single inoculation and co-inoculation was depicted in Figure 17.
The nitrogen-fixing efficiency and nodule dry weight showed the highest when drew a
comparison between co-inoculation of S141 with USDA110, single inoculation and
control. In addition, co-inoculation of S141 with USDA110 also did not show significantly
different between single inoculation and co-inoculation of nodule number per plant, but
nodule dry weight showed significantly different, indicated that sizes of the nodule are the

difference consistent with the result of CM60.
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Figure 17. Plant growth and symbiotic parameters of soybean cultivar Enrei by co-
inoculation with S141 and USDA110 at 45 DAI: (a) soybean cultivar Enrei
growth under Leonard’s jar experiments, (b) nitrogenase activity was
determined using the acetylene reduction assay, (c¢) nodule numbers per plant,
(d) nodule dry weight and (f) total plant dry weight. Significance at P <0.05 is

indicated by mean standard error bars (n=6).

The nodule sizes separation demonstrated significantly different between single
inoculation and co-inoculation as indicated in Figure 18. The co-inoculation of S141 with
USDA110 showed the highest number of VL size nodule, which increased to 45.67% when

compared with single inoculation treatment.
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Figure 18. The nodule sizes separation of soybean cultivar Enrei by co-inoculation with
S141 and USDA110 at 45 DALI. Significance at P <0.05 is indicated by mean

standard error bars (n=6).

The co-inoculation of B. velezensis S141 and Bradyrhizobium sp. SUTN9-2 was
tested for their plant growth promotion using grown mung bean [Vigna radiata (L.)
Wilczek] cultivar SUT4 in Leonard’s jar experiments. S141 performed significantly
capable of promoting plant growth and symbiotic parameters including nitrogen-fixing
efficiency, nodule dry weight, root dry weight, shoot dry weight and total plant dry weight
when co-inoculated with SUTN9-2 over the inoculation of SUTN9-2 alone on mung bean
at 30 DAI (P<0.05), which higher nitrogen-fixing efficiency, nodule dry weight, root dry

weight, shoot dry weight and total plant dry weight than single inoculation for 92.86%,
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125.00%, 47.13%, 45.20% and 48.42%, respectively. The results of single inoculation and
co-inoculation on plant growth and symbiotic parameters of mung bean at 30 DAI were
showed in Figure 19. The co-inoculation of S141 with SUTN9-2 showed the highest
nitrogen-fixing efficiency, nodule dry weight, root dry weight, shoot dry weight and total
plant dry weight when compared with single inoculation treatment and control. Just in case
of root dry weight, single inoculation of S141 demonstrated the highest result similarly
with co-inoculation of S141 with SUTN9-2 when compared with SUTNO9-2 single
inoculation treatment and control. Nevertheless, co-inoculation of S141 with USDA110 did
not showed significantly different between single inoculation and co-inoculation of nodule
number per plant, but nodule dry weight displayed significantly different, this indicated that
sizes of the nodule are the difference consistent with the results of soybean cultivars CM60
and Enrei. The nodule sizes separation also demonstrated significantly different between
single inoculation and co-inoculation (Figure 20). The co-inoculation of S141 with
SUTN9-2 showed the highest number of L size nodule when compared with single
inoculation treatment. On the other hand, the single inoculation of SUTN9-2 showed the
highest number of S size nodule when compared with co-inoculation treatment because of

not significantly different in nodule number per plant.
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Figure 19. Plant growth and symbiotic parameters of mung bean cultivar SUT4 by co-
inoculation with S141 and SUTN9-2 at 30 DAI: (a) nitrogenase activity was
determined using the acetylene reduction assay, (b) nodule numbers per plant,
(c) nodule dry weight, (d) root dry weight, (e) shoot dry weight and (f) total
plant dry weight. Significance at P <0.05 is indicated by mean standard error

bars (n=5).
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Figure 20. Mung bean plant growth and the nodule sizes separation of mung bean cultivar
SUT4 by co-inoculation with S141 and SUTN9-2 at 30 DAI: (a) mung bean
cultivar SUT4 growth under Leonard’s jar experiments, (b) photograph of
mung bean nodule and (c) nodule sizes separation of mung bean. Significance

at P <0.05 is indicated by mean standard error bars (n=5).

Taken together with the results of co-inoculation experiments between S141 with
USDA110 in soybean-Bradyrhizobium symbiosis and S141 with SUTN9-2 in mung bean-
Bradyrhizobium symbiosis, co-inoculation were significantly capable of promoting one or
more plant growth and symbiotic parameters including nitrogen-fixing efficiency, nodule
dry weight, root dry weight, shoot dry weight and total plant dry weight. In conclusion, all
of the co-inoculation enhanced soybean and mung bean-Bradyrhizobium symbiosis

rendering produced large size of nodules resulting in increasing nitrogen-fixing efficiency.
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4.3 Influence of biological molecules secreted from S141 on soybean-

Bradyrhizobium

The Leonard’s jar experiment was conducted to evaluate the co-inoculation effects of
B. diazoefficiens USDA110 with cells or supernatant of S141 on soybean cultivar Chaing
Mai 60. The strain S141 and its supernatant showed the ability to promote one or more
plant parameters including nitrogen-fixing efficiency, nodule dry weight, root, shoot and
total plant dry weight when co-inoculated with USDA110 over the single inoculation of
USDA110 on soybean at 45 DAI (P<0.05). Variations in plant growth parameters of
soybean at 45 DAI based on single inoculation and co-inoculation was illustrated in Figures
21 and 22. The co-inoculation either with cells or supernatant of S141 with USDA110
showed the highest nitrogen-fixing efficiency, nodule dry weight, root dry weight and total
plant dry weight when compared with single USDA110 inoculation treatments and control,
which higher than single inoculation for 20.26-41.18%, 16.67-33.33%, 24.14-40.52% and
15.71-27.14%, respectively. Meanwhile, co-inoculation of USDA110 with supernatant of
S141 showed not significantly different with single inoculation of USDA110 in terms of
nitrogen-fixing efficiency, nodule dry weight, root dry weight and total plant dry weight on
soybean-Bradyrhizobium symbiosis. The results revealed that co-inoculation of USDA110
with supernatant of S141 trend to increased nitrogen-fixing efficiency, nodule dry weight,
root dry weight and total plant dry weight on soybean-Bradyrhizobium symbiosis at 45

DAI.
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Figure 21. Plant growth and symbiotic parameters of soybean cultivar Chaing Mai 60 by

co-inoculation with cells or supernatant of S141 and USDA110 at 45 DAI: (a)
nitrogenase activity was determined by the acetylene reduction assay, (b)
nodule numbers per plant and (c) nodule dry weight. Significance at P <0.05 is

indicated by mean standard error bars (n=10).
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Figure 22. Plant growth parameters of soybean cultivar Chaing Mai 60 by co-inoculation
with cells or supernatant of S141 and USDA110 at 45 DAI: (a) root dry weight,
(b) shoot dry weight and (c) total plant dry weight. Significance at P <0.05 is

indicated by mean standard error bars (n=10).
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Figure 23. Soybean plant growth and the nodule sizes separation of soybean cultivar
Chaing Mai 60 by co-inoculation with cells or supernatant of S141 and
USDAI110 at 45 DAI: (a) soybean cultivar CM60 growth under Leonard’s jar
experiments, (b) photograph of soybean nodule and (c) nodule sizes separation
of soybean. Significance at P <0.05 is indicated by mean standard error bars

(n=10).

Moreover, co-inoculation of neither cells nor supernatant of S141 with USDA110
also showed significantly different between single inoculation and co-inoculation of nodule
number per plant, but nodule dry weight demonstrated significantly different which

indicated the sizes of the nodule are different, this was concurrence with the result of
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soybean cultivars Chaing Mai 60 and Enrei. The nodule sizes separation revealed
significantly different between single inoculation and co-inoculation in both cells and
supernatant of S141 (Figure 23). The co-inoculation of either cells or supernatant of S141
with USDA110 showed the highest number of VL size nodule and L size nodule, which
increased 150-300% and 140-170%, respectively when compared with single inoculation
treatment. Besides, the single inoculation of USDA110 showed the highest number of S
size nodules when compared with co-inoculation treatments because of not significantly
different in nodule number per plant.

Furthermore, S141 and its supernatant was tested for their plant growth promotion
using soybean by co-inoculation with B. diazoefficiens CB1809. CB 1809 has been selected
for higher efficiency of N> fixation and higher adaptation to tropical soils. CB 1809 is the
commercial strains that are broadly applied to soybean crops in the tropics, and known for
its high efficiency in fixing nitrogen, but less competitiveness. The strain has been used in
commercial inoculants in Brazil since 1992 (Siqueira et al., 2014). Leonard’s jar
experiment was conducted to evaluate the co-inoculation effects of CB1089 with cells or
supernatant of S141 on soybean-Bradyrhizobium symbiosis. S141 and its supernatant
performed the ability to promote one or more plant parameters including nodule dry
weight, root dry weight, shoot dry weight and total plant dry weight when co-inoculated
with CB1809 over the single inoculation of CB1809 on soybean at 45 DAI (P<0.05). The
variations in plant growth parameters of soybean at 45 DAI based on single inoculation and
co-inoculation were presented in Figures 24 and 25. The co-inoculation of either with cells
or supernatant of S141 with CB1809 showed the highest nodule dry weight, root dry
weight, shoot dry weight and total plant dry weight weight when compared with single
inoculation treatment and control. On the other hand, co-inoculation of CB1809 with
supernatant of S141 also showed not significantly different when compared with single

inoculation of CB1809 in terms of nodule dry weight, root dry weight, shoot dry weight



98

and total plant dry weight on soybean-Bradyrhizobium symbiosis. The results indicated that
co-inoculation of CB1809 with supernatant of S141 trend to increased nodule dry weight,
root dry weight and total plant dry weight on soybean-Bradyrhizobium symbiosis at 45
DA, but the results showed indistinctly when compared with co-inoculation of USDA110
with supernatant of S141. It is possible that supernatant of S141 can compatible with
USDA110 more than CB1809, and able to enhance soybean growth better than CB1809. In
some cases, multiple strains are synergistic for plants (icgen et al., 2002), while in others,
mixed inoculations result in plants that perform worse than predicted (Heath and Tiffin,
2007).

The co-inoculation of either cells or supernatant of S141 with CB1809 also did not
showed significantly different between single inoculation and co-inoculation in term of
nodule number per plant which was consistent with co-inoculation of cells or supernatant
of S141 with USAD110, but nodule dry weight showed significantly different, indicated
that sizes of the nodule are the difference. The nodule sizes separation demonstrated
significantly different between single inoculation and co-inoculation of both cells and
supernatant of S141 (Figure 26). The co-inoculation of either cells or supernatant of S141
with CB1809 showed the highest number of VL size nodule, which increased 59.25-
74.07% when compared with single inoculation treatment, while L, M and S size nodule of
co-inoculation between supernatant of S141 with CB1809 did not showed significantly

different when compared with single inoculation treatment.
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Figure 24. Plant growth parameters of soybean cultivar Chaing Mai 60 by co-inoculation
with cells or supernatant of S141 and CB1809 at 45 DAI: (a) nodule numbers
per plant and (b) nodule dry weight. Significance at P <0.05 is indicated by

mean standard error bars (n=8).
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Figure 25. Plant growth parameters of soybean cultivar Chaing Mai 60 by co-inoculation

with cells or supernatant of S141 and CB1809 at 45 DAI: (a) root dry weight,
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Figure 26. The nodule sizes separation of soybean cultivar Chaing Mai 60 by co-
inoculation with cells or supernatant of S141 and CB1809 at 45 DAI: (a)
photograph of soybean nodule and (b) nodule sizes separation of soybean.

Significance at P <0.05 is indicated by mean standard error bars (n=8).

Taken together these results of co-inoculation experiments between either cells or
supernatant of S141 with Bradyrhizobium in soybean-Bradyrhizobium symbiosis, co-
inoculation were significantly capable of promoting one or more plant growth and

symbiotic parameters including nitrogen-fixing efficiency, nodule dry weight, root dry
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weight, shoot dry weight and total plant dry weight. However, co-inoculation with
supernatant of S141 were trend to promote soybean growth by increasing nodule dry
weight. Furthermore, co-inoculation of either cells or supernatant of S141 enhanced
soybean-Bradyrhizobium symbiosis to produced large size of nodules as the result of

increasing nitrogen-fixing efficiency and promote soybean growth.

4.4 Effect of biological molecules secreted from S141 on inoculation dose

of Bradyrhizobium

The inoculation dose of Bradyrhizobium and S141 co-inoculation is an important
factor for the application of microbial inoculants to soybean. In addition, co-inoculation
with supernatant of S141 trend to promote soybean growth by increasing nodule dry
weight. To determine how the proportion of Bradyrhizobium strain in the inoculum
mixtures might affect soybean production, the possible combinations involving B.
diazoefficiens USDA110 and supernatant of S141 were used to co-inoculate soybean in six

different ratios under Leonard’s jar condition.

There were differences among USDA110 doses for all soybean growth parameters
including nodule numbers, nodule dry weight, root dry weight, shoot dry weight and total
plant dry weight (Figures 27, 28 and 29). The results of the single inoculation of USDA110
were not different when compared with co-inoculation in all inoculant doses tested (103-10®
CFU ml™) on soybean nodule numbers, root dry weight, shoot dry weight and total plant
dry weight. All inoculant doses tested (10%-108 CFU ml?) of single inoculation of
USDAL110 or co-inoculation treatments produced higher root dry weight, shoot dry weight
and total plant dry weight than those obtained from uninoculated control treatments. In case
of nodule dry weight, co-inoculation treatments of USDA110 at inoculant doses tested 10°-

108 CFU ml* produced higher nodule dry weight than 10%-10* CFU ml* indicated that co-
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inoculation can help the soybean to produced large size of nodules as the result of
increasing nitrogen-fixing efficiency.

Remarkably, the nodule sizes separation of co-inoculation treatments (Figures 30 and
31) with supernatant of S141 and USDA110 at inoculant doses tested 10°-10° CFU ml?
produced the highest number of L size nodule when compared with single inoculation
treatment in each inoculant doses tested, while increasing of inoculant doses tested 107-108
CFU ml?, the number of L size nodule did not showed significantly different when
compared with the numbers of nodule derived from single inoculation and co-inoculation
treatments. For the numbers of M size and S size nodules also showed no different when
compared with the numbers of nodule derived from single inoculation and co-inoculation
treatments in each inoculant doses tested. These results suggested that co-inoculation of
supernatant with S141 and USDA110 can promote soybean growth by enhancing
production of number of L size nodules as the result of increasing nitrogen-fixing
efficiency. Moreover, it implied that the concentration of cells of USDA110 can be reduced
when co-inoculated with supernatant of S141. This finding greatly effect on inoculant
production, by adding PGPR low number of rhizobia in inoculation could be sufficient for

nodulation.
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USDA110 on plant growth parameters of soybean cultivar Chaing Mai 60 at 45

DAI: (a) root dry weight, (b) shoot dry weight and (c) total plant dry weight.

The number at the x-axis symbolized the varied inoculation doses of USDA110
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indicated by mean standard error bars (n=5).
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Figure 29. Effects of inoculation dose between supernatant of S141 with various doses of
USDA110 on plant growth parameters of soybean cultivar Chaing Mai 60 at 45
DALI: (a) single inoculation with various doses of USDA110 on soybean growth
under Leonard’s jar experiments and (b) co-inoculation between supernatant of
S141 with various doses of USDA110 on soybean growth under Leonard’s jar

experiments.
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Figure 30. Photograph of soybean nodule sizes separation of single inoculation various

doses of USDA110 and co-inoculation of supernatant of S141 and various

doses of USDA110 on soybean cultivar Chaing Mai 60 at 45 DAL
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4.5 Co-inoculation effect of S141 on Bradyrhizobium competition

The important factor that a significant limitation to the agricultural use of improved
rhizobial inoculant strains is competition from the indigenous soil population. To
demonstrate the effect of co-inoculation of bradyrhizobial strains (B. diazoefficiens GUS-
tagged USDA110, and Bradyrhizobium sp. dsRed-tagged SUTN9-2) and S141 on legume-
Bradyrhizobium symbiosis competition, the competitive ability of inoculated and
indigenous Rhizobium or Bradyrhizobium spp. to nodulate and fix N2 in grain legumes
including soybean cultivar Chaing Mai 60 and mung bean cultivar SUT4 were investigated
in pots with local soils collected from fields on the basis of cropping history. Tap-root
nodules were harvested 45 days after planting, and nodule occupancies were determined for
the bradyrhizobial strains originally applied.

In soybean, there were differences among single inoculation and co-inoculation for
all soybean growth parameters including nodule numbers, root dry weight and shoot dry
weight (Figures 32 and 33). The results of co-inoculation of GUS-tagged USDA110 and
S141 showed significantly different in nodule numbers, root dry weight and shoot dry
weight compared with single inoculation treatments and control. Interestingly, co-
inoculation of GUS-tagged USDA110 and S141 demonstrated the highest of nodule
numbers, most of nodules were formed by GUS-tagged USDA110 when compared with
single inoculation, but the percentage of nodule occupancy did not show significantly
different when compared with single inoculation. These results suggested the co-
inoculation of GUS-tagged USDA110 and S141 consistently altered nodulation among
certain combinations of bradyrhizobia strains. This alteration typically reflected enhanced

nodulation by co-inoculation of S141 with GUS-tagged USDA110.
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Figure 32. Plant growth parameters of soybean cultivar Chaing Mai 60 by co-inoculation

with S141 and GUS-tagged USDA110 at 45 DAI: (a) nodule numbers per plant
and (b) percentage of nodule occupancy. Significance at P <0.05 is indicated by

mean standard error bars (n=5).
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Figure 33. Plant growth parameters of soybean cultivar Chaing Mai 60 by co-inoculation
with S141 and GUS-tagged USDA110 at 45 DAI: (a) root dry weight and (b)
shoot dry weight. Significance at P <0.05 is indicated by mean standard error

bars (n=5).

The nodule sizes separation indicated significantly different between single
inoculation and co-inoculation as presented in Figure 34. The co-inoculation of S141 with
GUS-tagged USDA110 performed the highest nodule number in all size of soybean

nodules when compared with single inoculation treatment, because co-inoculation of S141
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with GUS-tagged USDA110 showed significantly different of nodule numbers when

compared with single inoculation treatment.
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Figure 34. Soybean plant growth and the nodule sizes separation of soybean cultivar

Chaing Mai 60 by co-inoculation with S141 and GUS-tagged USDA110 at 45
DAI: (a) soybean cultivar CM60 growth under pot experiments, (b) photograph
of soybean nodule and (c) nodule sizes separation of soybean. Significance at P

<0.05 is indicated by mean standard error bars (n=5).

In mung bean, there were differences among single inoculation and co-inoculation

which was consistent with co-inoculation between GUS-tagged USDA110 and S141 in

soybean for all mung bean growth parameters including nodule numbers, root dry weight

and shoot dry weight (Figures 35 and 36). The results of co-inoculation of dsRed-tagged
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SUTNO9-2 and S141 performed significantly different in nodule numbers, root dry weight
and shoot dry weight when compared with single inoculation treatments and control. In
addition, co-inoculation of dsRed-tagged SUTN9-2 and S141 demonstrated the highest of
nodule numbers, most of nodules were occupied by dsRed-tagged SUTN9-2 when
compared with single inoculation, but the percentage of nodule occupancy did not show
significantly different when compared with single inoculation. These results also suggested
that co-inoculation of dsRed-tagged SUTN9-2 and S141 promote nodulation in mung bean.
This alteration typically reflected enhanced nodulation by co-inoculation of S141 with
dsRed-tagged SUTN9-2.

The nodule sizes separation indicated the significantly different between single
inoculation and co-inoculation as depicted in Figure 37. The co-inoculation of S141 with
dsRed-tagged SUTN9-2 showed the highest nodule numbers in VL size and L size nodule
of mung bean when compared with single inoculation treatment. Besides, the nodule
number in S size of mung bean did not show differences between single inoculation and co-
inoculation, because co-inoculation of S141 with dsRed-tagged SUTN9-2 indicated

significantly different of nodule numbers when compared with single inoculation treatment.
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These results indicated that co-inoculation of bradyrhizobial strains and S141 did not
affected nodulation competition among applied bradyrhizobial strains and indigenous
strains, co-inoculation of S141 cannot enhanced the competitiveness of Bradyrhizobium on
legumes nodulation. Nevertheless, co-inoculation of bradyrhizobial strains and S141 was
significant in capable of promoting legumes growth by enhancing legumes nodulation in
term of increasing nodule number and producing the large size of nodules rendering
increase of nitrogen-fixing efficiency and promote soybean growth. The effect of
Rhizobium—PGPR co-inoculation has been observed in different symbiotic and plant
growth parameters. Compared to single Rhizobium inoculation, co-inoculation of
Rhizobium spp. and Azospirillum spp. can enhance the number of root hairs, the amount of
flavonoids exuded by the roots and the number of nodules formed (Remans et al., 2008).
The beneficial influence of PGPR on nodulation of legumes by Rhizobium has been
variously attributed to their ability to produce phytohormones (Schmidt, 2008), toxins
(Zaidi et al., 2012), or antibiotics (Yuttavanichakul et al., 2012), as well as by other
unidentified mechanisms (Paulucci et al., 2012). For example, Argaw (2011) demonstrated
that some Pseudomonas strains, colonized the root and increased nodule number and

acetylene reduction in soybean plants inoculated with B. japonicum.

4.6 Extra/intracellular proteome of S141 or USDA110

Total cellular proteins from S141 were separated using SDS-PAGE as shown in
Figure 38. Total cellular protein pattern bands from S141 demonstrated different bands
when induced by supernatant of USDA110 and/or root exudates of soybean in both 24 and
48 hours. The protein pattern bands showed up and down expression after induced by
supernatant of USDA110 and/or root exudates of soybean in both 24 and 48 hours. The
polymorphic band in the size approximately 20-70 kDa were extracted and digested

according to Yuan et al. (2006) and analyzed using Nano-liquid chromatography
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electrospray ionization quadrupole-time of flight MS (nano-LC-ESI-MSMS), and proteins
identification by MASCOT search engine used MS data to identify the proteins from

primary sequence databases as described previously by Yuan et al. (2006).

S$141+ SN S141+ 8N
S141+SN  Si1dl+root USDALLO+
USDALLD exudates oot exudates

SH41+ SN Sldl+root  USDALIO+
kpa Ladder s USDA110 4 ront exnd Ladder S

Figure 38. Electrophoretic profile of total cellular proteins from S141 after induced by

supernatant and/or root exudates for 24 and 48 hour using 12% SDS-PAGE.

The results of protein identification after induced by supernatant of USDA110 and/or
root exudates of soybean for 24 hours (Table 5) and 48 hours (Table 6) demonstrated that
malate dehydrogenase was up-regulated in S141 after induced by supernatant of USDA110
and/or root exudates of soybean in both 24 and 48 hours, flagellin A and 1-pyrroline-5-
carboxylate dehydrogenase were down-regulated at 24 hours, but increasing the expression
after induced by supernatant of USDA110 and/or root exudates of soybean at 48 hours, 2,
3-bisphosphoglycerate-independent phosphoglycerate mutase and glucose-6-phosphate
isomerase were up-regulated in S141 after induced by supernatant of USDA110 for 24

hours, phosphopyruvate hydratase (enolase) was up-regulated after induced by root
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exudates of soybean for 24 hours, while up-regulation shown in all inductions at 48 hours.
Moreover, at 48 hours after induction by supernatant of USDA110 and/or root exudates of
soybean, ABC transporter substrate-binding protein and catalase were up-regulated.

The electrophoretic profile of total cellular proteins from S14land USDA110 after
induced by supernatant of S141 or USDA110 for 24 and 48 hours were analyzed as
depicted in Figure 39. Total cellular protein pattern bands from S141 and USDA110
displayed different with total cellular protein from S141 and USDA110 after induced by
supernatant of S141 or USDA110 for both 24 and 48 hours. The protein pattern bands were
up and down expressed after induced by supernatant of S141 or USDA110 for both 24 and
48 hours. The polymorphic band in the size approximately 10-150 kDa were extracted,

digested and analyzed.



Table 5. Protein expression of S141 after induced by supernatant of USDA110 and/or root exudates of soybean for 24 hours.

Protein expression of S141
when compare with control

No. Protein Prediction NCBI ID Organism
SN RE SN USDA110
USDA110 CM-60 and RE CM-6
1 1-pyrroline-5-carboxylate dehydrogenase down down down 0i|385147932 Bacillus sp. 5B6
2 flagellin A down down down 0i|549783040 B. subtilis group
3 malate dehydrogenase up up up gi|385150300 Bacillus sp. 5B6
4 2,3-bisphosphoglycerate-independent up same level up 0i|48924342 Bacillus

phosphoglycerate mutase

5 glucose-6-phosphate isomerase up same level up 0i|489243924 B. velezensis

6 phosphopyruvate hydratase (enolase) same level up same level 0i|489243426 Bacillaceae

SN; Supernatant and RE; Root exudates

0cT



Table 6. Protein expression of S141 after induced by supernatant of USDA110 and/or root exudates of soybean for 48 hours.

No. Protein Prediction

Protein expression of S141
when compare with control

NCBI ID

Organism

1 ABC transporter substrate-binding protein
2 1-pyrroline-5-carboxylate dehydrogenase
3 phosphopyruvate hydratase (enolase)

4 flagellin A

5 malate dehydrogenase

6 fructose-bisphosphate aldolase

7 catalase

8 glucose-6-phosphate isomerase

9 Hypothetical protein

SN RE SN USDA110
USDA110 CM-60 and RE CM-6

up up up

up same level up

up up up

up up up

up up up

up same level same level

up up up
same level up same level
same level up same level

gi[745765591
gi[387170925
0i[489277787
0i[14278900
0i[38515030
0i[48924289
0i[696298641
gi[489243924

0i|983385355

B. amyloliquefaciens
B. amyloliquefaciens
B. licheniformis
B. subtilis
Bacillus sp. 5B6
Bacillus
B. subtilis group
B. velezensis

B. velezensis

SN; Supernatant and RE; Root exudates

1¢T
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Figure 39. Electrophoretic profile of total cellular proteins from S141land USDA110 after
induced by supernatant of S141 or USDA110 for 24 and 48 hour using 12%

SDS-PAGE.

After induction of USDA110 by supernatant of S141 and induction of S141 by
supernatant of USDA110 for 24 hours and 48 hours, the results of protein expressions were
summarized in (Tables 7 and 8). The glutamate synthase (NADH), pyruvate carboxylase,

nucleotidyl transferase, elongation factor Tu and fructose-bisphosphate aldolase were
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down-regulated in S141 after induced by supernatant of USDA110 for 24 hours, and up-
regulation of 3-phosphoglycerate kinase, glyceraldehyde-3-phosphate dehydrogenase and
malate/lactate dehydrogenase were detected. In USDA110 after induced by supernatant of
S141 for 24 hours, down-regulation of glutamine synthetase, 50S ribosomal protein,
transcriptional regulatory protein and DNA biding proteins were detected, while malate
synthase, enoyl-CoA hydratase, ABC transporter substrate binding protein, outer membrane
protein and acetoacetyl-CoA reductase were up-regulated. In addition, acetyl-coenzyme A
synthetase was found more than one analog and up-regulated in USDA110. Furthermore, at
48 hours after induction by USDA110, down regulations of pyruvate carboxylase and
succinate dehydrogenase flavoprotein subunit were detected, while malate/lactate
dehydrogenase and putative intracellular protease/amidase were up-regulated in S141. On
the other hand, at 48 hours after induction by S141, down regulations of ABC transporter
substrate binding protein and glutamate synthase were presented, but putative outer
membrane protein, malate synthase, malate dehydrogenase, acetoacetyl-CoA reductase and
peroxiredoxin were up-regulated in USDA110.

Interestingly, malate synthase is up-regulated in USDA110, which is an enzyme that
catalyzes the acetyl-CoA, and glyoxylate to synthesize the malate and CoA, then malate
may secrete out of the cells. Beside, malate dehydrogenase (MDH) is up-regulated in S141,
which are components of the malate-aspartate shuttle, are present in the 20 um residue as
well as in the soluble fraction (which is mainly of plant origin) of the nodule homogenate
(Akkermans et al., 1981). After malate reaches, it is converted by malate dehydrogenase
into oxaloacetate, during which NAD" is reduced with two electrons to form NADH.
Oxaloacetate is then transformed into aspartate by aspartate aminotransferase. Since
aspartate is an amino acid, an amino radical needs to be added to the oxaloacetate. This is
supplied by glutamate, which in the process is transformed into alpha-ketoglutarate by the

same enzyme (Appels and Haaker, 1991). The presence of glutamate, aspartate, and
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dicarboxylic acids in appreciable concentrations in soybean seed and root exudates
indicated that these compounds likely represent natural chemoattractants for B. japonicum
(Barbour et al., 1991), may play a key role in enhancing nodulation as the result of high

nodule number in soybean-Bradyrhizobium symbiosis.

Table 7. Protein expression of S141 after induced by supernatant of USDA110 and

USDAU110 after induced by supernatant of S141 for 24 hours.

Protein

No. Protein prediction expression Organism

1  Glutamate synthase (NADH) large chain down S141

2 Pyruvate carboxylase down S141

3 Nucleotidyl transferase superfamily down S141

4 Elongation factor Tu down S141

5  3-Phosphoglycerate kinase up S141

6  Glyceraldehyde-3-phosphate dehydrogenase up S141

7 Fructose-bisphosphate aldolase down S141

8 Malate/lactate dehydrogenase up S141

9 Malate synthase up USDA110
10  Acetyl-coenzyme A synthetase up USDA110
11  Enoyl-CoA hydratase up USDA110
12 Acetyl-coenzyme A synthetase up USDA110
13 Acetyl-coenzyme A synthetase up USDA110
14 Glutamine synthetase down USDA110
15  ABC transporter substrate binding protein up USDA110
16  50S ribosomal protein L5 down USDA110
17 Outer membrane protein up USDA110
18  Acetoacetyl-CoA reductase up USDA110
19  Transcriptional regulatory protein down USDA110
20  DNA biding protein down USDA110
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Table 8. Protein expression of S141 after induced by supernatant of USDA110 and

USDA110 after induced by supernatant of S141 for 48 hours.

Protein

No. Protein prediction expression Organism
1 Pyruvate carboxylase down S141
5 SSLTES:]r;?te dehydrogenase flavoprotein down s141
3 Malate/lactate dehydrogenase up S141
4 Putative intracellular protease/amidase up S141
5 Putative outer membrane protein up USDA110
6 malate synthase up USDA110
7 ABC transporter substrate binding protein down USDA110
8 Malate dehydrogenase up USDA110
19  Glutamate synthase down USDA110
10  Acetoacetyl-CoA reductase up USDA110
11  peroxiredoxin up USDA110
12 50S ribosomal protein L7/L12 down USDA110

4.7 Genetics analysis of S141

Microbial whole-genome sequencing is an important tool for mapping genomes of

novel organisms, finishing genomes of known organisms, or comparing genomes across

multiple samples. Sequencing the entire microbial genome is important for generating

accurate reference genomes, for microbial identification, and other comparative genomic

studies. Whole genome sequence of S141 was aimed to determine the genetic background

of its soybean growth-promoting capacity involving symbiotic N. fixation with B.

diazoefficiens USDA110.



126

The whole genome of S141 was presented in Figure 40, S141 genome was identified
to comprise a 3,974,582 bp-long circular chromosome without a plasmid. Its genome
sequence encoding at least 3,817 proteins-coding genes. General information about the
genomes of S141 was showed 46.51% G+C content, 9 copies of ribosomal ribonucleic acid
(rRNA) and 86 transfer ribonucleic acid (tRNA). B. velezensis S141 genome sequence was
deposited in DDBJ/EMBL/GenBank under accession number AP018402 (Sibponkrung et

al., 2017).

S141

3,974,582bp

Figure 40. Circular representation of the chromosome of S141

Based on 16S rRNA gene analysis using BLAST searches, the highest sequence
identities (up to 100%) were identified with B. amyloliquefaciens, B. velezensis, B. subtilis,
and B. methylotrophicus, but blast data showed the highest score with B. amyloliquefaciens

subsp. plantarum NAU-B3 (Figure 41). Average nucleotide identity (ANI) analysis using
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the Map Reads to Reference tool indicated that among all related Bacillus species, the B.
methylotrophicus NAU-B3 (B. amyloliquefaciens subsp. plantarum NAU-B3) genome
sequence (Dunlap et al., 2015) showed the highest identity (96.44%) to that of strain S141.
Strain NAU-B3 was recently reclassified as B. velezensis (Dunlap et al., 2016), and thus we

decided to name strain S141 B. velezensis S141.

Description Max score  Total score Query cover Evalue Ident  Accession
Bacillus velezensis GH1-13, complete genome 2870 25759 100% 0 100% CP019040.1
Bacillus subtilis strain J-5, complete genome 2870 25770 100% 0 100%  CP018295.1
Bacillus velezensis 9912D, complete genome 2870 25815 100% 0 100%  CP017775.1

Bacillus amyloliquefaciens B15, complete

genome 2870 21453 100% 0 100% CP014783.1
S:ﬂ;'lzieag”;';’r:g“e‘cac'ens UMAF6614, 2870 25781 100% 0 100%  CP006960.1
Bacillus methylotrophicus B25 genome 0 0

assembly, chromosome : BAMMDL 2870 19698 100% 0 100% LN999829.1
gB:rtl:(l)lrlT:J; subtilis strain ATCC 19217, complete 2870 20023 100% 0 100% CP009749 1
Bacillus velezensis SQR9, complete genome 2870 20034 100% 0 100% CP006890.1
Bacillus amyloliquefaciens subsp. plantarum 2870 28567 100% 0 100%  HG514499.1
NAU-B3, complete genome —
Bacillus amyloliquefaciens subsp. plantarum 0 N

UCMB5036 complete genome 2870 26881 100% 0 100%  HF563562.1
Bacillus velezensis AS43.3, complete genome 2870 26560 100% 0 100% CP003838.1

Figure 41. Ribosomal RNA of S141 nucleotide BLAST in NCBI

Considering based on genomic analysis, the genomic of S141 annotation data were
used to categorized gene clusters responsible for the biosynthesis of numerous bioactive
metabolites by the Kyoto Encyclopedia of Genes and Genomes (KEGG) system, 80.90%
(3088 ORFs) of the ORFs of S141 comprise 16.94% of environmental information
processing, 16.71% of genetic information processing, 8.23% of carbohydrate metabolism,

7.42% of amino acid metabolism, 7.12% of cellular processes, 5.21% of metabolism of
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cofactors and vitamins, 3.89% of enzyme families, 3.79% of energy metabolism, 2.88% of

nucleotide and 2.82% lipid metabolism (Figure 42).

Environmental Information Processing < 16.94%

Genetic Information Processing & 16.71%
Unclassified < 13.34%
[ Carbohydrate metabolism + 8.23%
Amino acid metabolism & 7.42%
Cellular Processes & 7.12%
I Metabolism of cofactors and vitamins < 5.21%
Enzyme families 2 3.89%
I Energy metabolism < 3.79%
I Nucleotide metabolism > 2.88%
B Lipid metabolism & 2.82%

Figure 42. Gene functional annotation of B. velezensis S141 categorized using Kyoto

Encyclopedia of Genes and Genomes (KEGG) system.

The survival of many bacteria, including pathogenic species, depends on the ability to
synthesize the amino acid L-tryptophan whenever it is not available from the environment.
The pathway for L-Trp biosynthesis is typically organized in a single strictly regulated trp
operon and most often include trpE, trpG, trpD, trpC, trpB and trpA genes (Michalska et
al., 2017). The enzyme TrpC catalyzes the formation of Indole-3-glycerol phosphate (IGP)
from 1-(o-carboxyphenylamino) 1-deoxyribulose 5-phosphate as part of the tryptophan
biosynthesis pathway. Based on molecular phylogenetic analysis by maximum likelihood
method, trpC gene (Indole-3-glycerol phosphate synthase) was analyzed as shown in Figure
43. The result showed low similarity with NAU-B3 strain, while high similarity with
FZB42 strain. Moreover, Idris et al. (2007) presented additional evidence for the existence

of a tryptophan-dependent pathway as the main route of IAA biosynthesis in B.
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amyloliquefaciens FZB42. The production of IAA in tryptophan-dependent IAA

biosynthesis was dependent on tryptophan.

B subtilis J-5

64
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Figure 43. Molecular phylogenetic analysis of trpC gene (Indole-3-glycerol phosphate

synthase) by maximum likelihood method.

According to Prakamhang et al. (2015) reported that isolate S141 was produced
amounts of IAA into 19.33 ug/ml. Compared with another PGPR Bacillus strain, B.
velezensis FZB42 (B. amyloliquefaciens subsp. plantarum FZB42) (Dunlap et al., 2016),
S141 contains putative genes involved in indole-3-acetic acid (IAA) production were
summerized in Table 9, including IPyAD and dhaS encoding indole-3-pyruvate
decarboxylase and indole-3-acetaldehyde dehydrogenase, respectively, to synthesize 1AA
from indole-3-pyruvic acid; putative iaaH encoding indole-3-acetamide hydrolase to
synthesize IAA from indole-3-acetamide; and yhcX encoding nitrilase to synthesize 1AA

from indole-3-acetonitrile. Additionally, ysnE was, which putatively encodes I1AA
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transacetylase involved in the tryptophan-independent 1AA biosynthesis pathway.
Moreover, tryptophan transporter, Indole-3-glycerol phosphate and tryptophan-rich sensory
protein were found in S141 genome gain the upper hand of IAA biosynthesis pathway in B.
velezensis FZB42. Furthermore, not only IAA biosynthesis pathway was found in S141 but
also cytokinin biosynthesis pathway. The translated IPT gene products were predicted via
the genome database of S141 to possess a tRNA delta (2)-isopentenyl pyrophosphate (IPP)
transferase domain (protein_id BBA76310.1), which is critical for the enzyme’s function in
cytokinin biosynthesis. Isopentenyl transferases (IPTs) carry out the first and rate limiting
step in cytokinin biosynthesis, where an isopentenyl group is transferred to either AMP,
ADP or ATP (Mens et al., 2018). Besides, isopentenyl pyrophosphate isomerase (IPI)
(protein_id BBA76708.1) was also found in S141, is an isomerase that catalyzes the
conversion of the relatively un-reactive isopentenyl pyrophosphate (IPP) to the more-
reactive electrophile dimethylallyl pyrophosphate (DMAPP). This isomerization is a key
step in the biosynthesis of isoprenoids through the mevalonate pathway and the MEP
pathway (Kaneda et al., 2001). Thus, these results suggested that B. velezensis S141
possesses multiple genes that are functionally related to auxin and cytokinin biosyntheses

and play key roles in its ability to promote plant growth.



Table 9. Comparison of genes involved in indole-3-acetic acid (IAA) production between B. velezensis FZB42 with S141.

Gene in Bacillus velezensis S141

Gene in Bacillus velezensis FZB42 (Reference strain)

Gene name Gene description Gene name Gene description
menF Isochorismate synthase trpE Anthranilate synthase
dhbC Isochorismate synthase trpE Anthranilate synthase
trpA tryptophan synthase (alpha subunit) trpA Tryptophan synthase (alpha subunit)
trpB tryptophan synthase (beta subunit) trpB Tryptophan synthase (beta subunit)
trpF phosphoribosylanthranilate isomerase trpF Phosphoribosyl anthranilate isomerase
trpC indol-3-glycerol phosphate synthase trpC Indol-3-glycerol phosphate synthase
trpD Anthranilate phosphoribosyltransferase trpD Anthranilate phosphoribosyl transferase
trpE Anthranilate synthase trpE Anthranilate synthase
pabB para-aminobenzoate synthase subunit A trpE anthranilate synthase
NADP-dependent NADP-dependent glyceroldehyde 3-phosphate dhaS NADP-dependent indole-3-aldehyde

glyceroldehyde 3-phosphatedehydrogenase

dehydrogenase

dehydrogenase

cont.

T€T



Table 9. Comparison of genes involved in indole-3-acetic acid (IAA) production between B. velezensis FZB42 with S141 (continued).

Gene in Bacillus velezensis S141

Gene in Bacillus velezensis FZB42 (Reference strain)

Gene name Gene description Gene name Gene description

aldehyde dehydrogenase = NAD-dependent aldehyde dehydrogenase dha$S NADP-dependent indole-3-aldehyde
dehydrogenase

gbsA NAD-dependent aldehyde dehydrogenase dha$S Indole-3-acetaldehyde dehydrogenase

gabD NAD-dependent aldehyde dehydrogenase dha$S NADP-dependent indole-3-aldehyde
dehydrogenase

aldehyde dehydrogenase = NAD-dependent aldehyde dehydrogenase dhaS NADP-dependent indole-3-aldehyde
dehydrogenase

1-pyroline-5-carboxylate  NAD-dependent aldehyde dehydrogenase dha$S NADP-dependent indole-3-aldehyde

dehydrogenase dehydrogenase

methylmalonate- NAD-dependent aldehyde dehydrogenase dhaS NADP-dependent indole-3-aldehyde

semialdehyde

dehydrogenase

dehydrogenase

cont.

¢el



Table 9. Comparison of genes involved in indole-3-acetic acid (IAA) production between B. velezensis FZB42 with S141 (continued).

Gene in Bacillus velezensis S141

Gene in Bacillus velezensis FZB42 (Reference strain)

Gene name Gene description Gene name Gene description

AldX NAD-dependent aldehyde dehydrogenase dhaS NADP-dependent indole-3-aldehyde
dehydrogenase

ywdH Aldehyde dehydrogenase dhaS NADP-dependent indole-3-aldehyde
dehydrogenase

1-pyroline-5-carboxylate  1-pyroline-5-carboxylate dehydrogenase dhaS NADP-dependent indole-3-aldehyde

dehydrogenase dehydrogenase

acetyltransferase Acetyltransferase ysnE IAA transacetylase

amidohydrolase Amidohydrolase yhcX Nitrilase, hydrolase carbon-nitrogen family

yhcX Carbon-nitrogen hydrolase protein family yhcX Nitrilase, hydrolase carbon-nitrogen family

(amidohydrolase)
trpP Tryptophan transporter
B938_10225 Indole-3-glycerol phosphate cont.

€eT



Table 9. Comparison of genes involved in indole-3-acetic acid (IAA) production between B. velezensis FZB42 with S141 (continued).

Gene in Bacillus velezensis S141 Gene in Bacillus velezensis FZB42 (Reference strain)
Gene name Gene description Gene name Gene description
hypothetical protein Anthranilate/para-aminobenzoate
pabA para-aminobenzoate/anthranilate synthase

glutamate transferase component Il
Translocator protein Tryptophan-rich sensory protein

peripheral-receptor

vET
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4.8 Colonization of S141 on soybean-Bradyrhizobium symbiosis

The green fluorescent protein (GFP) was constructed into S141 and GFP gene was
activated in S141 by insertion to tuf promoter gene (Figure 44), which was used as the
GFP-tagged strain for the colonization on soybean-Bradyrhizobium symbiosis (Figure 45).
The colonization of S141 on soybean-Bradyrhizobium symbiosis was demonstrated in
Figure 46. The results showed S141 colonize around nodule and root surface of soybean.
These results confirmed that S141 act closely in rhizosphere as plant growth promoting

rhizobacteria.

3 kb (—\ ‘—\

3 kb

Figure 44. Construction of GFP and phleomycin resistance gene into S141 by insertion to

tuf promoter gene.

Figure 45. Visualization of green fluorescent protein (GFP) expression in S141: (a) bright-

field and (b) fluorescence in free cells of S141.
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Figure 46. Colonization of S141 GFP-tagged strain on soybean rhizosphere: (a) bright-
field and (b) fluorescence of S141 colonize around soybean root surface, (c)
colonization of S141 around soybean root surface, (d) colonization of S141
around soybean nodule and (e) fluorescence of S141 colonize around soybean

root surface.
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4.9 Effect of S141 and plant growth hormone on soybean-

Bradyrhizobium symbiosis

To demonstrate the effect of co-inoculation between USDA110 and S141 on
soybean-Bradyrhizobium symbiosis in comparison with commercial plant growth hormone,
the plant growth parameters including nitrogen-fixing efficiency, nodule dry weight, root
dry weight, shoot dry weight and total plant dry weight in soybean cultivar Chaing Mai 60
were determined under Leonard’s jar experiments. The results found that S141 showed
significantly capable of promoting one or more plant parameters including nitrogen-fixing
efficiency, nodule number, nodule dry weight, root dry weight, shoot dry weight and total
plant dry weight when co-inoculated with strains of B. diazoefficiens USDA110 over the
single inoculation on soybean at 45 DAI (P<0.05). Variations in plant growth parameters of
soybean at 45 DAI as consequent of single inoculation, single inoculation supplemented
with IAA and/or 6-BA and co-inoculation were presented in Figures 47 and 48. The co-
inoculation of S141 with USDA110 showed the highest nitrogen-fixing efficiency, nodule
dry weight, root dry weight, shoot dry weight and total plant dry weight when compared
with all inoculation treatments and control. At the same time, nitrogen-fixing efficiency
was not show different between co-inoculation of USDA110 with S141 and single
inoculation of USDA110 supplemented with IAA but, it showed significantly different with
single inoculation of USDA110 supplemented with 6-BA and 6-BA plus IAA treatments. In
case of nodule dry weight, root dry weight, shoot dry weight and total plant dry weigh the
results displayed the same pattern, which is the highest in co-inoculation of S141 with
USDAL110 followed by a single inoculation of USDA110 supplemented with IAA, single
inoculation of USDA110, single inoculation of USDA110 supplemented with IAA plus 6-

BA and single inoculation of USDA110 supplemented with 6-BA, respectively.
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The co-inoculation of S141 with USDA110 also did not showed significantly
different in nodule dry weight with single inoculation of USDA110 and single inoculation
of USDA110 supplemented with IAA but, it showed significantly different with single
inoculation of USDA110 supplemented with 6-BA and 6-BA plus IAA treatments.
Meanwhile, nodule dry weight demonstrated the significantly different (Figure 47),
indicated that sizes of the nodule are different. The nodule sizes separation showed
significantly different between single inoculation and co-inoculation as presented in Figure
49. The co-inoculation of S141 with USDA110 showed the highest nodule number of L
size nodules when compared with single inoculation treatment followed by a single
inoculation of USDA110 supplemented with I1AA, single inoculation of USDA110, single
inoculation of USDA110 supplemented with IAA plus 6-BA and single inoculation of
USDA110 supplemented with 6-BA, respectively. While nodule number of M size nodules,
the single inoculation of USDA110 supplemented with IAA displayed the highest when

compared with all inoculation treatments.
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Figure 48. Plant growth parameters of soybean cultivar Chaing Mai 60 by co-inoculation
with S141 and USDA110 compared with single inoculation supplemented with
Indole-3-Acetic Acid and/or 6-Benzylaminopurine at 45 DAI: (a) root dry
weight, (b) shoot dry weight and (c) total plant dry weight. Significance at P

<0.05 is indicated by mean standard error bars (n=8)
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Figure 49. Soybean plant growth and the nodule sizes separation of soybean cultivar

Nodules Number

Chaing Mai 60 by co-inoculation with S141 and USDAZ110 and/or
supplemented with IAA and/or 6BA at 45 DAI: (a) soybean growth under
Leonard’s jar experiments, (b) photograph of soybean nodule and (c) nodule
sizes separation of soybean. Significance at P < 0. 05 is indicated by mean

standard error bars (n=8).
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The nodule sizes separation was changed to the percentage of each nodule size.
Consideration the percentage of each nodule size regardless of nodule number
demonstrated the significantly different between single inoculation and co-inoculation as
presented in Figure 50. The co-inoculation of S141 with USDA110 and single inoculation
of USDA110 supplemented with IAA performed the highest percentage of nodule number
of L size nodule and showed significantly different with single inoculation of USDA110,
single inoculation of USDA110 supplemented with IAA plus 6-BA and single inoculation
of USDA110 supplemented with 6-BA, but the nodule number in M size nodule was not
different in all treatments. In contrast, the nodule number of S size nodule showed the
highest in the single inoculation of USDA110 supplemented with IAA plus 6-BA and
single inoculation of USDA110 supplemented with 6-BA followed by single inoculation of
USDA110, co-inoculation of S141 with USDA110 and single inoculation of USDA110
supplemented with IAA, respectively.

The results indicated that co-inoculation of USDA110 with S141 promoted soybean
growth by increasing nitrogen-fixing efficiency, nodule dry weight, root dry weight, shoot
dry weight and total plant dry weight on soybean-Bradyrhizobium symbiosis at 45 DAI.
Interestingly, co-inoculation of USDA110 with S141 and single inoculation of USDA110
supplemented with IAA enhanced soybean-Bradyrhizobium symbiosis to produced L size
of nodules as the result of increasing nitrogen-fixing efficiency. It seems like IAA and also
IAA produced from S141 had the effect with cell elongation of nodules. Auxin was the first
identified phytohormone that plays essential roles to regulate diverse aspects of cell
proliferation and differentiation (Chapman and Estelle 2009). The results was consistent
with Liu et al. (2018) indicated that the auxin signaling pathway is required for both
infection thread formation and nodule development. Auxin signaling initiates this infection
thread and cytokinin signaling is required for infection thread elongation. This symbiotic

signal induces cortex cell division and initiates nodule organogenesis. Auxin and cytokinin



143

are key regulators of cortical cell proliferation and differentiation and are essential for
further nodule development. However, the commercial cytokinin; 6-Benzylaminopurine (6-
BA) was not promoted soybean growth and nodulation in these experiments because it
seems high concentration of cytokinin the retard growth of soybean-Bradyrhizobium
symbiosis. A wide range of microorganisms found in the rhizosphere are able to produce
substances that regulate plant growth and development. PGPR produce phytohormones
such as auxins and cytokinins can affect cell proliferation in the root architecture by
overproduction of lateral roots and root hairs with a subsequent increase of nutrient and
water uptake (Arora et al., 2013). Moreover, scientists have uncovered the critical role of
cytokinin signaling in root nodule symbiosis. It has been shown that rhizobia can produce
cytokinin, which was proposed to be important for nodule formation (Sturtevant and Taller,
1989). Liu et al. (2018) suggested that an appropriate level of cytokinin is required for
nodule development. Carimi et al. (2003) reported that high concentrations of cytokinins
block cell proliferation and induce programmed cell death (PCD) in both carrot (Daucus
carota L.) and Arabidopsis thaliana (L.) Heynh. Also Mens et al, (2018) proposed that
cytokinins are important regulators of cell proliferation and differentiation in plant
development, a role for this phytohormone group in soybean nodulation is shown through
the exogenous application of cytokinins (6-benzylaminopurine, N6-(12-isopentenyl)-
adenine and trans-zeatin) via either root drenching or a petiole feeding technique. Overall,
nodule numbers were reduced by treatment with high cytokinin concentrations, but
increased with lower concentrations.

The cross section of nodules from co-inoculation of USDA110 with S141 and single
inoculation of USDA110 in each size were depicted in Figure 51. Co-inoculation of
USDA110 with S141 nodules cross-section showed a thinner layer of the cortex and larger
area of the infection zone than the nodules of single inoculation. It is obviously that IAA

might play an important role in cortex cell elongation and proliferation. This result
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consistent with Liu et al. (2018) who revealed that auxin and cytokinin are key regulators of
cortical cell proliferation and differentiation and are essential for further nodule

development.
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Figure 51. Comparison of soybean nodule cross section under light compound microscope
between single inoculation of USDA110 (a) small nodule (b) medium nodule
and (c) large nodule and co-inoculation of USDA110 with S141 (d) small
nodule () medium nodule and (f) large nodule at 45 DAI: iz, infected zone; ic,
inner cortex; mc, middle cortex; oc, outer cortex; vb, vascular bundles and sl,

sclerid layer. Red bar indicated length of cortex zone.
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4.10 Effect of plant growth hormone biosynthesis in S141 on soybean-

Bradyrhizobium symbiosis

To determine the genes involved in biological determinant as IAA biosynthesis of
S141 the related genes were disrupted, the verifications of S141 mutant strains were

revealed in Figure 52.

S141AdhaS SI41AIPYAD

4

Figure 52. The verification of S141 mutant strains in dhaS, yhcX and IPyAD genes in
auxin biosynthesis pathways and IPT and IPI genes in cytokinin biosynthesis
pathways of S141. Red boxes indicated the DNA insertion band to disruption of

each genes.
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The putative gene related to IAA biosynthesis pathway including: dhaS, yhcX and
IPyAD were disrupted (Figure 53). In order to replace the respective wild-type genes,
appropriate gene cassettes consisting of the antibiotics resistance determinant flanked by
the respective gene sequences were constructed. The IAA production of S141 and S141

IAA related mutant strains were determined as described by (Costacurta et al., 1998).
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Figure 53. Disruption of dhaS, yhcX and IPyAD genes in tryptophan-dependent pathways
of S141 indole-3-acetic acid (IAA) synthesis (Modified from Idris et al.
(2007)). Red arrow indicated percentage of reduction of IAA production in

S141 1AA related mutant strains.

The result of IAA production in S141 and S141 IAA related mutant strains was
presented in Figure 54. Quantification of the IAA amounts presented in culture filtrates of
strains S1414dhaS, S1414yhcX and S1414IPyAD by the colorimetrically methodology
revealed reduction amounts of IAA. The S14141PyAD mutant strain formed only 3.83% of
the amount produced by the wild type, while the strain bearing the mutation S1414yhcX

produced 28.94% of the amount of the wild type. Strain S1414dhaS produced 30.22% of
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the amount of the wild type, all of S141 IAA related mutant strains reduced amounts of
IAA production more than 50% when compared with wild type. The results suggested that
all of S141 1AA related mutant strains are related with IAA biosynthesis pathway.
However, Idris et al. (2007) reported that strain E104 (4dhaS) was not significantly affected
in its IAA production, suggesting no participation of the dhaS gene product in 1AA

synthesis.

IAA Production
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Figure 54. Quantification of the IAA production in S141 and S141 IAA related mutant
strains (a) colorimetrically of IAA production (b) IAA concentration in S141

and S141 IAA related mutant strains.
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In S141, the gene related to cytokinin biosynthesis pathway including: IPT-gene
coding for isopentenyl transferase and IPI-gene coding for isopentenyl isomerase were
disrupted (Figure 55). In order to replace the respective wild-type genes, appropriate gene
cassettes consisting of the antibiotics resistance determinant flanked by the respective gene

sequences were constructed.

Plant Bacterial
= NH, NH,
| |
N SN NZ SNy
I o
N N Sy N
BOE-0-° @»07 J | * @@
- DMAPP
| ATPIADP HO oOn AMP no am

Bactorial
lM‘Pu IPT (TMR)l First enzyme in biosynthetic
I L.“Mly for cytokinins

l:

[y N [ e Nl — IPA P

0_1/ \J ®-o0- D\J

\— \-

HO OH HO  OH
PTPAPDP l PMP l
LF

s G T\ RN
% ) . hj ® )
)

=
=
2'
—_
=

N_::_.\_ N, “, /l Ci-tram > ._l\ ~N
]'/ } nomerase oy
L l_\’ K —.f ,["") .__. { e — l_ “’\“ )
Rpy v —~ g “" -~
N ' L "
-0 SO @-O LN MO — O trans-Zeatn ca-Zeatin
HO oM HO . OM wo. oH nnleGllthutondau- (-leG1l]GIu<oudase
ZTPZDP ZMmP ZR
_~0=Glc
A ..,J\I
N"J NJ o-Gl
A !
N M iR ast
]~ '”'\N 4 L\ l n""
2 A b CERO
O-glucosyl- 0 glucosyl
rans-zeatin cis-zeatin

Figure 55. Disruption of IPT and IPI gene in cytokinin biosynthesis pathways of S141

(Modified from Kakimoto, (2003)).
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The mutant strains including IAA related mutant strains (S1414dhaS, S1414yhcX and
S1414IPyAD) and cytokinin related mutant strains (S1414/PT and S1414IPI) were
analyzed for plant growth promoting activity in soybean cultivar Chaing Mai 60 under
Leonard’s jar experiments. Plant growth conditions in laboratory designed to verify and
further characterize these effects. The results found that S141 performed significantly
capable of promoting one or more plant parameters including nitrogen-fixing efficiency,
nodule number, nodule dry weight, root dry weight, shoot dry weight and total plant dry
weight when co-inoculated with strains of B. diazoefficiens USDA110 over the single
inoculation and co-inoculation with S141 mutant strains on soybean at 45 DAI (P<0.05).
Variations in plant growth parameters of soybean at 45 DAI as consequent of single
inoculation, co-inoculation with S141 mutant strains were presented in Figures 56, 57 and
58. The co-inoculation of S141 with USDA110 showed the highest nitrogen-fixing
efficiency, nodule dry weight, root dry weight, shoot dry weight and total plant dry weight
compared with all inoculation treatments and control. The nitrogen-fixing efficiency was
not different in co-inoculation with USDA110 and S141, co-inoculation of USDA110 with
S1414IPT and co-inoculation of USDA110 and S1414IPI but showed significantly
different with single inoculation of USDA110, and co-inoculation of USDA110 with IAA
related mutant strains S1414dhaS and S14141PyAD and showed the lowest nitrogen-fixing
efficiency on co-inoculation of USDA110 with S1414yhcX treatments.

In case of nodule dry weight, it showed the highest value when co-inoculated
USDA110 with S141, co-inoculation of USDA110 with S1414IPT, co-inoculation of
USDA110 with S1414IPI and co-inoculation of USDA110 with S14141PyAD showed
significantly different when compared with co-inoculation of USDA110 with S1414yhcX,
co-inoculation of USDA110 with S1414dhaS and single inoculation of USDA110. For root
dry weight, it showed the hightest value when co-inoculated USDA110 with S141 followed

by co-inoculation of USDA110 with all of mutant strains and single inoculation of
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USDAZ110 and the lowest numbers were found in S1414dhaS, S1414yhcX and control. The
results of shoot dry weight and total plant dry weigh showed the same pattern, which is the
highest values were found when co-inoculated S141 with USDA110 followed by co-
inoculation of USDA110 with both cytokinin related mutant strains (S1414/PT and
S14141PI), co-inoculation of USDA110 with S14141PyAD, co-inoculation of USDA110
with S1414dhaS and single inoculation of USDA110, co-inoculation of USDA110 with
S1414yhcX and showed the lowest in S1414dhaS and S1414yhcX, respectively.

The co-inoculation of S141 with USDA110 also did not showed significantly
different in nodule dry weight with single inoculation of USDA110 and co-inoculation of
USDA110 with S141A4IPT, S14141PI, S1414IPyAD and S1414dhaS but, it displayed
significantly different with co-inoculation of USDA110 with S141AyhcX. Meanwhile,
nodule dry weight showed significantly different (Figure 57), indicated that sizes of the
nodule are the differences. The nodule sizes separation performed significantly different
between single inoculation and co-inoculation as illustrated in Figure 59. The co-
inoculation of S141 with USDA110 showed the highest nodule number of VL size nodules
similarly with co-inoculation of USDA110 with S14141PT, while co-inoculations of
USDA110 with S141A4IPI, S1414IPyAD, S141AyhcX and S1414dhaS reduced nodule
number of VL size nodules. Moreover, co-inoculation of USDA110 with S1414yhcX also

reduced nodule number of L size nodules.
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Figure 56. Plant growth parameters of soybean cultivar Chaing Mai 60 by co-inoculation
with USDA110 and S141 or S141 mutant strains compared with single
inoculation at 45 DAI: (a) nitrogenase activity was determined using the
acetylene reduction assay and (b) nodule numbers per plant. Significance at P

<0.05 is indicated by mean standard error bars (n=8).
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Figure 57. Plant growth parameters of soybean cultivar Chaing Mai 60 by co-inoculation

with USDA110 and S141 or S141 mutant strains compared with single
inoculation at 45 DAI: (a) nodule dry weight and (b) root dry weight.

Significance at P <0.05 is indicated by mean standard error bars (n=8).
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Figure 58. Plant growth parameters of soybean cultivar Chaing Mai 60 by co-inoculation
with USDA110 and S141 or S141 mutant strains compared with single
inoculation at 45 DAI: (a) shoot dry weight and (b) total plant dry weight.

Significance at P <0.05 is indicated by mean standard error bars (n=8).
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results taken together indicated that co-inoculation of USDA110 with S141

promoted soybean growth by increasing nitrogen-fixing efficiency, nodule dry weight, root

dry weight, shoot dry weight and total plant dry weight on soybean-Bradyrhizobium
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symbiosis at 45 DAI. Interestingly, co-inoculation of USDA110 with S141 enhanced
soybean-Bradyrhizobium symbiosis to produced VL size of nodules as the result of
increasing nitrogen-fixing efficiency, it seems like IAA produced from S141 had the effect
with cell elongation and cortical cell proliferation of nodules. Compared with another
PGPR Bacillus strain, B. velezensis FZB42 (B. amyloliquefaciens subsp. plantarum FZB42)
(Dunlap et al., 2016), strain S141 contains putative genes involved in indole-3-acetic acid
(IAA) production including IPyAD and dhaS encoding indole-3-pyruvate decarboxylase
and indole-3-acetaldehyde dehydrogenase, respectively, to synthesize 1AA from indole-3-
pyruvic acid and yhcX encoding nitrilase to synthesize IAA from indole-3-acetonitrile.
Additionally, ysnE was, which putatively encodes IAA transacetylase involved in the
tryptophan-independent IAA biosynthesis pathway. Furthermore, not only IAA
biosynthesis pathway was found in S141 but, cytokinin biosynthesis pathway was also
found in S141. The translated IPT gene products were predicted via the genome database of
S141 to possess a tRNA delta (2)-isopentenyl pyrophosphate (IPP) transferase domain
(protein_id BBA76310.1), which is critical for the enzyme’s function in cytokinin
biosynthesis. Besides, isopentenyl pyrophosphate isomerase (IP1) (protein_id BBA76708.1)
was also found in S141, is an isomerase that catalyzes the conversion of the relatively un-
reactive isopentenyl pyrophosphate (IPP) to the more-reactive electrophile dimethylallyl
pyrophosphate (DMAPP). This isomerization is a key step in the biosynthesis of
isoprenoids through the mevalonate pathway and the MEP pathway (Kaneda et al., 2001).
Mutants bearing AysnE, AdhaS and AIPyAD deletions impaired 1AA production. Despite,
all of IAA related mutant strains (S1414dhaS, S1414yhcX and S14141PyAD) could not
completed abolish IAA production, but co-inoculation of USDA110 with all of IAA related
mutant strains (S1414dhaS, S1414yhcX and S14141PyAD) also reduced nodule number of

VL size nodule.
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Moreover, co-inoculation of USDA110 with S1414yhcX also reduced nodule number
of L size nodule, it is most likely that yhcX may play an important role in IAA biosynthesis
on soybean growth promotion. The deduced yhcX gene product is similar to nitrilase 2 of
Arabidopsis thaliana, which catalyzes the direct conversion of indole 3-acetonitrile to IAA
(Hillebrand et al., 1998). The ysnE gene is similar to a putative IAA acetyl transferase gene
localized within the tryptophan biosynthesis gene cluster of the plant-growth-promoting o
proteobacterium Azospirillum brasilense (Zimmer et al., 1991). Its deduced gene product
belongs to a widely distributed family of acetyl transferases that catalyze the transfer of an
acetyl group to a nitrogen atom on the acceptor molecule. YsnE has been suggested to
participate in the tryptophan dependent IAA production (Zimmer et al. 1991). Taken
together, the results present additional evidence for the existence of a tryptophan-dependent
pathway as the main route of IAA biosynthesis in B. velezensis S141. However, minor
tryptophan-independent pathways for IAA biosynthesis may exist in S141, because IAA
biosynthesis was not abolished completely in the S1414dhaS, S1414yhcX and
S1414IPyAD mutant strains. Double mutants might be useful to prove the presence of
alternative Trp-independent pathways. The results of nodule size confirmed that IAA had
the effect with nodule size and involved in cell elongation and cortical cell proliferation of
nodule. The results was consistent with Liu et al. (2018) suggested that the auxin signaling
pathway is required for both infection thread formation and nodule development. Auxin
signaling initiates this infection thread and cytokinin signaling is required for infection
thread elongation. This symbiotic signal induces cortex cell division and initiates nodule
organogenesis.

Considering about cytokinin biosynthesis, co-inoculation of USDA110 with S141
enhanced soybean-Bradyrhizobium symbiosis to produced high nodule dry weight similar
with co-inoculation of USDA110 with S1414IPT or S1414IPI as the result of increasing

nitrogen-fixing efficiency, but co-inoculation of USDA110 with S1414/PI showed the
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reduction of nodule number of VL size nodule. It seems like isopentenyl pyrophosphate
isomerase (IP1) may play an important role in controlling nodule size of soybean-

Bradyrhizobium symbiosis.



CHAPTER V

CONCLUSION

Bacillus sp. S141 strain is a PGPR isolated from soybean rhizosphere soil in Thailand
by Prakamhang et al. (2015), and is closely related to B. subtilis GB03 based on 16S rRNA
gene sequencing. S141 strain were performed significantly capable of promoting nitrogen-
fixing efficiency, nodule number, nodule dry weight, size of nodules and total plant dry
weight with both soybean and mung bean-Bradyrhizobium symbiosis by co-inoculation
with B. diazoefficiens USDA110 and Bradyrhizobium sp. SUTN9-2, respectively.
Furthermore, co-inoculation between supernatant of S141 with USDA110 performed the
same results with the cells of S141. The effective inoculation doses of B. diazoefficiens
USDA110 on soybean were 108-108 cells/seed. However, the concentration of soybean
inoculant USDA110 can be reduced when co-inoculation with cells or supernatant of S141.
Besides, the competition for nodulation of co-inoculation between bradyrhizobial strains
(GUS-tagged USDA110 or dsRed-tagged SUTN9-2) and S141 did not affected on
nodulation competition among applied bradyrhizobial strains and indigenous
bradyrhizobial strains, co-inoculation of S141 cannot enhance the competitiveness of
Bradyrhizobium on legumes nodulation, while co-inoculation of bradyrhizobial strains and
S141 significant was capable of promoting legumes growth by enhancing legumes

nodulation in terms of increasing nodule number and producing the large size of nodules.

SDS-PAGE and protein identification of S141 proteome demonstrated the
significantly altered expression levels in response to supernatant of USDA110 after an

interaction period of 24 and 48 h, the majority of which are involved in metabolism and
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transport of nutrients, motility, stress responses and chemotaxis.These results suggested
that the PGPR may facilitate the induction of numerous compounds such as dicarboxylic
acids and the amino acids which were strong attractants stimulating chemotactic response
and metabolism, resulting in the enhancement of nodulation and nitrogen-fixing efficiency
in soybean.

The whole genome of S141 identified to comprise a 3,974,582 bp-long circular
chromosome without a plasmid. Its genome sequence encoding at least 3,817 proteins-
coding genes. General information about the genomes of S141 showed 46.51% G+C
content, 9 copies of ribosomal ribonucleic acid (rRNA) and 86 transfer ribonucleic acid
(tRNA). Based on 16S rRNA gene analysis and average nucleotide identity (ANI) indicated
strain S141 classified as B. velezensis thus S141 was decided to name strain S141 B.
velezensis S141. S141 genome sequence was deposited in DDBJ/EMBL/GenBank under
accession number AP018402. Moreover, S141 possesses multiple genes that are
functionally related to auxin and cytokinin biosyntheses and play key roles in its ability to
promote plant growth. Colonization of S141 around nodule and root surface of soybeans
confirmed that S141 act closely with rhizosphere as plant growth promoting rhizobacteria.

IAA and also IAA produced from S141 had the effect with cell elongation and cell
proliferation of nodules when co-inoculated with USDA110. This symbiotic signal induces
cortex cell division and initiates nodule organogenesis. Cytokinin was proposed to be
important for nodule formation, but the 6-BA was not promote soybean growth and
nodulation in these experiments because it seems high concentration of cytokinin may
retard growth of soybean-Bradyrhizobium symbiosis. The cross section of nodules from co-
inoculation of USDA110 with S141 displayed a thinner layer of the cortex and larger area
of the infection zone than the nodules derived from single inoculation. It is obviously that
IAA might play an important role in cortex cell elongation and proliferation. The disruption

of putative genes related to IAA biosynthesis pathway including: dhaS, yhcX and IPyAD
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and quantification of the IAA presented in culture filtrates of strains S141A4dhasS,
S1414yheX and S14141PyAD revealed the reduction amounts of IAA, suggested that, all of

S141 IAA related mutant strains were related with IAA biosynthesis pathway.

The co-inoculation of USDA110 with S141 enhanced soybean-Bradyrhizobium
symbiosis to produced very large size of nodules as the result of increasing nitrogen-fixing
efficiency, it seems like IAA produced from S141 had the effect with cell elongation and
cortical cell proliferation of nodules. Mutants bearing AysnE, AdhaS and AIPyAD deletions
were impaired in IAA production. Despite, all of IAA related mutant strains (S1414dhas,
S1414yhcX and S1414IPyAD) could not completed abolish IAA production, but co-
inoculation of USDA110 with all of IAA related mutant strains (S1414dhaS, S141AyhcX
and S1414IPyAD) also reduced nodule number of VL size nodule. Moreover, co-
inoculation of USDA110 with S1414yhcX also reduced nodule number of L size nodule.
This is the first reported that yhcX may play a major role in IAA biosynthesis in Bacillus
velezensis as well as provide major impact on soybean growth promotion. In case of
cytokinin biosynthesis, the disruption of genes related to cytokinin biosynthesis pathway
including: IPT and IPI genes were generated and applied in this study. Co-inoculation of
USDA110 with S141 enhanced soybean-Bradyrhizobium symbiosis to produced high
nodule dry weight similar with co-inoculation of USDA110 with S1414IPT or S141A4IPI as
the result of increasing nitrogen-fixing efficiency, but co-inoculation of USDA110 with
S1414IPI reduced nodule number of VL size nodule, it seems like isopentenyl
pyrophosphate isomerase (IPI) may play an important role in controlling the nodule size of

soybean-Bradyrhizobium symbiosis.

These are the first observation demonstrated the mechanism of B. velezensis S141 on
mung bean and soybean-Bradyrhizobium symbioses. The co-inoculation with

Bradyrhizobium and S141 leads to an increased number of the most active nodules,
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producing the large size of nodules and promoting legumes growth, therefore, to a greater
nitrogen fixation. Nevertheless, S141 may facilitate the induction of numerous compounds
which present an increase in metabolism, resulting in the enhanced nodulation, size of
nodule, No-fixation in soybean and mung bean. However, it is possible that not only IAA
and cytokinin but also some other substance secreted from S141 might facilitate
Bradyrhizobium to make bigger nodules rendering the higher efficiency of No-fixation.
Therefore, the efficiency to enhance soybean and mung bean N»-fixation by PGPR S141
with  Bradyrhizobium co-inoculation strategy could be developed for supreme

Bradyrhizobium-soybean and mung bean inoculants.



REFERENCES

Adesemoye, A.O. and Kloepper, J.W. (2009). Plant-microbes interactions in enhanced

fertilizer-use efficiency. Applied Microbiology and Biotechnology. 85(1): 1-12.

Afzal, A., Bano, A. and Fatima, M. (2010). Higher soybean yield by inoculation with N-
fixing and P-solubilizing bacteria. Agronomy for Sustainable Development.

30(2): 487-495.

Ahemad, M. and Kibret, M. (2014). Mechanisms and applications of plant growth
promoting rhizobacteria: current perspective. Journal of King Saud University-

Science. 26(1): 1-20.

Ahmad, M., Zahir, Z.A., Asghar, H.N. and Asghar, M. (2011). Inducing salt tolerance in
mung bean through coinoculation with rhizobia and plant-growth-promoting
rhizobacteria containing 1-aminocyclopropane-1-carboxylate deaminase. Canadian

Journal of Microbiology. 57(7): 578-589.

Akkermans, A.D., Huss-Danell, K. and Roelofsen, W. (1981). Enzymes of the tricarboxylic
acid cycle and the malate-aspartate shuttle in the N»-fixing endophyte of Alnus

glutinosa. Physiologia Plantarum. 53(3): 289-294.

Ali, M. and Gupta, S. (2012). Carrying capacity of Indian agriculture: pulse crops. Current

Science. 874-881.

Appels, M.A. and Haaker, H. (1991). Glutamate oxaloacetate transaminase in pea root
nodules: participation in a malate/aspartate shuttle between plant and bacteroid.

Plant Physiology. 95(3): 740-747.



164

Aragén, .M., Pérez-Martinez, 1., Moreno-Pérez, A., Cerezo, M. and Ramos, C. (2014).
New insights into the role of indole-3-acetic acid in the virulence of Pseudomonas

savastanoi pv. savastanoi. FEMS Microbiology Letters. 356(2): 184-192.

Argaw, A. (2011). Evaluation of co-inoculation of Bradyrhizobium japonicum and
phosphate solubilizing Pseudomonas spp. effect on soybean (Glycine max L. Merr.)
in Assossa area. Journal of Agricultural Science and Technology. 14(1): 213-

224.

Arkhipova, T.N., Prinsen, E., Veselov, S.U., Martinenko, E.V., Melentiev, A.l. and
Kudoyarova, G.R. (2007). Cytokinin producing bacteria enhance plant growth in

drying soil. Plant and Soil. 292(1-2): 305-315.

Arkhipova, T.N., Veselov, S.U., Melentiev, A.l., Martynenko, E.V. and Kudoyarova, G.R.
(2005). Ability of bacterium Bacillus subtilis to produce cytokinins and to influence
the growth and endogenous hormone content of lettuce plants. Plant and Soil.

272(1-2): 201-209.

Arora, N.K., Tewari, S., Singh, R. (2013). Multifaceted Plant-Associated Microbes and
Their Mechanisms Diminish the Concept of Direct and Indirect PGPRs. In: Arora
NK (ed.) Plant Microbe Symbiosis: Fundamentals and Advances. Springer, 411-

449.

Ashraf, M.A., Asif, M., Zaheer, A., Malik, A., Ali, Q. and Rasool, M. (2013). Plant growth
promoting rhizobacteria and sustainable agriculture: a review. African Journal of

Microbiology Research. 7(9): 704-709.

Askary, M., Mostajeran, A., Amooaghaei, R. and Mostajeran, M. (2009). Influence of the
co-inoculation Azospirillum brasilense and Rhizobium meliloti plus 2, 4-D on grain

yield and N, P, K content of Triticum aestivum (Cv. Baccros and Mahdavi).



165

American-Eurasian Journal of Agricultural & Environmental Sciences. 5296-

307.

Atieno, M., Herrmann, L., Okalebo, R. and Lesueur, D. (2012). Efficiency of different
formulations of Bradyrhizobium japonicum and effect of coinoculation of Bacillus
subtilis with two different strains of Bradyrhizobium japonicum. World Journal of

Microbiology and Biotechnology. 28(7): 2541-2550.

Atzorn, R., Crozier, A., Wheeler, C.T. and Sandberg, G. (1988). Production of gibberellins
and indole-3-acetic acid by Rhizobium phaseoli in relation to nodulation of

Phaseolus vulgaris roots. Planta. 175(4): 532-538.

Aung, T.T. (2012). Co-Inoculation effects of plant growth promoting rhizobacteria (PGPR)
and Bradyrhizobium japonicum on soybean nodulation, growth and rhizosphere soil
microbial community structures. PhD Thesis. Suranaree University of Technology,

Thailand. 159 p.

Aung, T.T., Tittabutr, P., Boonkerd, N., Herridge, D. and Teaumroong, N. (2013). Co-
inoculation effects of Bradyrhizobium japonicum and Azospirillum sp. on
competitive nodulation and rhizosphere eubacterial community structures of
soybean under rhizobia-established soil conditions. African Journal of

Biotechnology. 12(20): 2850-2862.

Avis, T.J., Gravel, V., Antoun, H. and Tweddell, R.J. (2008). Multifaceted beneficial
effects of rhizosphere microorganisms on plant health and productivity. Soil

Biology and Biochemistry. 40(7): 1733-1740.

Baas, P., Mohan, J.E., Markewitz, D. and Knoepp, J.D. (2014). Assessing heterogeneity in
soil nitrogen cycling: a plot-scale approach. Soil Science Society of America

Journal. 78(S1): S237-S247.



166

Babalola, O.0. (2010). Beneficial bacteria of agricultural importance. Biotechnology

Letters. 32(11): 1559-1570.

Bai, Y., Zhou, X. and Smith, D.L. (2003). Enhanced soybean plant growth resulting from
coinoculation of Bacillus strains with Bradyrhizobium japonicum. Crop Science.

43(5): 1774-1781.

Barbier-Brygoo, H., Ephritikhine, G., Klambt, D., Maurel, C., Palme, K., Schell, J. and
Guern, J. (1991). Perception of the auxin signal at the plasma membrane of tobacco

mesophyll protoplasts. The Plant Journal. 1(1): 83-93.

Barbour, W.M., Hattermann, D.R. and Stacey, G. (1991). Chemotaxis of Bradyrhizobium
japonicum to soybean exudates. Applied and Environmental Microbiology.

57(9): 2635-2639.

Bargaz, A., Lazali, M., Amenc, L., Abadie, J., Ghoulam, C., Farissi, M., Faghire, M. and
Drevon, J.J. (2013). Differential expression of trehalose 6-P phosphatase and
ascorbate peroxidase transcripts in nodule cortex of Phaseolus vulgaris and

regulation of nodule O2 permeability. Planta. 238(1): 107-119.

Bashan, Y., Puente, M.E., de-Bashan, L.E. and Hernandez, J.-P. (2008). Environmental
uses of plant growth-promoting bacteria, In: Barka, E.A., Clément, C. (Eds.), Plant-

Microbe Interactions. Trivandrum, Kerala, India, pp. 69-93.

Beemster, G.T., De Vusser, K., De Tavernier, E., De Bock, K. and Inzé, D. (2002).
Variation in growth rate between Arabidopsis ecotypes is correlated with cell
division and A-type cyclin-dependent kinase activity. Plant Physiology. 129(2):

854-864.

Benito, P., Alonso-Vega, P., Aguado, C., Lujan, R., Anzai, Y., Hirsch, A.M. and Trujillo,

M.E. (2017). Monitoring the colonization and infection of legume nodules by



167

Micromonospora in co-inoculation experiments with rhizobia. Scientific Reports.

7(1): 11051.

Bergersen, F.J., Peoples, M.B. and Turner, G.L. (1991). A role for poly-p-hydroxybutyrate
in bacteroids of soybean root nodules. Proceedings of the Royal Society of

London. Series B: Biological Sciences. 245(1312): 59-64.

Bertani, G. (1951). Studies on lysogenesis I.: the mode of phage liberation by lysogenic

Escherichia coli. Journal of Bacteriology. 62(3): 293.

Bhardwaj, D., Ansari, M.W., Sahoo, R.K. and Tuteja, N. (2014). Biofertilizers function as
key player in sustainable agriculture by improving soil fertility, plant tolerance and

crop productivity. Microbial Cell Factories. 13(1): 66.

Bhattacharyya, P.N., Goswami, M.P. and Bhattacharyya, L.H. (2016). Perspective of
beneficial microbes in agriculture under changing climatic scenario: A review.

Journal of Phytology. pp. 26-41.

Bittner, A.N., Foltz, A. and Oke, V. (2007). Only one of five groEL genes is required for
viability and successful -~ symbiosis in - Sinorhizobium meliloti. Journal of

Bacteriology. 189(5): 1884-1889.

Blauenfeldt, J., Joshi, P.A., Gresshoff, P.M. and Caetano-Anolls, G. (1994). Nodulation of
white clover (Trifolium repens) in the absence of Rhizobium. Protoplasma. 179(3):

106-110.

Bloemberg, G.V. and Lugtenberg, B.J. (2001). Molecular basis of plant growth promotion

and biocontrol by rhizobacteria. Current Opinion in Plant Biology. 4(4): 343-350.

Bolafios, L., Redondo-Nieto, M., Rivilla, R., Brewin, N.J. and Bonilla, 1. (2004). Cell

surface interactions of Rhizobium bacteroids and other bacterial strains with



168

symbiosomal and peribacteroid membrane components from pea nodules.

Molecular Plant-Microbe Interactions. 17(2): 216-223.

Boonkerd, N. (2002). Development of inoculant production and utilisation in Thailand, In:
Herridge, D.F. (Ed.), Inoculants and Nitrogen Fixation of Legumes in Vietnam.

ACIAR Proceedings, pp. 95-104.

Botha, W. J., Jaftha, J. B., Bloem, J. F., Habig, J. H., and Law, 1. J. (2004). Effect of soil
bradyrhizobia on the success of soybean inoculant strain CB 1809. Microbiological

Research. 159(3), 219-231.

Bradford, M. M. (1976). A dye binding assay for protein. Analytical Biochemistry

72:248-254.

Brewin, N.J. (2004). Cell wall remodelling in the Rhizobium legume symbiosis. Critical

Reviews in Plant Sciences. 23: 1-24.

Broek, A.V., Gysegom, P., Ona, O., Hendrickx, N., Prinsen, E., Van Impe, J. and
Vanderleyden, J. (2005). Transcriptional analysis of the Azospirillum brasilense
indole-3-pyruvate decarboxylase gene and identification of a cis-acting sequence
involved in auxin responsive expression. Molecular Plant-Microbe Interactions.

18(4): 311-323.

Broughton, W.J. and Dilworth, M.J. (1971). Control of leghaemoglobin synthesis in snake

beans. Biochemical Journal. 125(4): 1075-1080.

Broughton, W.J., Jabbouri, S. and Perret, X. (2000). Keys to symbiotic harmony. Journal

of Bacteriology. 182(20): 5641-5652.

Bulen, W.A. and LeComte, J.R. (1966). The nitrogenase system from Azotobacter: two-

enzyme requirement for N> reduction, ATP-dependent H. evolution, and ATP



169

hydrolysis. Proceedings of the National Academy of Sciences of the United

States of America. 56(3): p.979.

Cai, Z., Wang, Y., Zhu, L., Tian, Y., Chen, L., Sun, Z., Ullah, I. and Li, X. (2017).
GMTIR1/GmAFB3-based auxin perception regulated by miR393 modulates

soybean nodulation. New Phytologist. 215(2): 672-686.

Caldwell, B.E. (1969). Initial Competition of Root-nodule Bacteria on Soybeans in a Field

Environment. Agronomy Journal. 61(5): 813-815.

Calvert, H.E., Pence, M.K., Pierce, M., Malik, N.S. and Bauer, W.D. (1984). Anatomical
analysis of the development and distribution of Rhizobium infections in soybean

roots. Canadian Journal of Botany. 62(11): 2375-2384.

Capoen, W., Sun, J., Wysham, D., Otegui, M.S., Venkateshwaran, M., Hirsch, S., Miwa,
H., Downie, J.A., Morris, R.J., Ané, J.M. and Oldroyd, G.E. (2011). Nuclear
membranes control symbiotic calcium signaling of legumes. Proceedings of the

National Academy of Sciences. 108(34): 14348-14353.

Carimi, F., Zottini, M., Formentin, E., Terzi, M. and Schiavo, F.L. (2003). Cytokinins: new

apoptotic inducers in plants. Planta. 216(3): 413-421.

Cassén, F., Perrig, D., Sgroy, V., Masciarelli, O., Penna, C. and Luna, V. (2011).
Corrigendum to “Azospirillum brasilense Az39 and Bradyrhizobium japonicum
E109, inoculated singly or in combination, promote seed germination and early
seedling growth in corn (Zea mays L.) and soybean (Glycine max L.)[Eur. J. Soil

Biol. 45 (2009) 28-35]”. European Journal of Plant Pathology. 47(3): 214.

Cerri, M.R., Frances, L., Laloum, T., Auriac, M.C., Niebel, A., Oldroyd, G.E., Barker,
D.G., Fournier, J. and de Carvalho-Niebel, F. (2012). Medicago truncatula ERN

transcription factors: regulatory interplay with NSP1/NSP2 GRAS factors and



170

expression dynamics throughout rhizobial infection. Plant Physiology. 160(4):

2155-2172.

Chapman, E.J. and Estelle, M. (2009). Mechanism of auxin-regulated gene expression in

plants. Annual Review of Genetics. 43: 265-285.

Chebotar, V.K., Asis, C.A. and Akao, S. (2001). Production of growth-promoting
substances and high colonization ability of rhizobacteria enhance the nitrogen
fixation of soybean when coinoculated with Bradyrhizobium japonicum. Biology

and Fertility of Soils. 34(6): 427-432.

Chen, Y., Chen, W., Li, X,, Jiang, H., Wu, P., Xia, K., Yang, Y. and Wu, G. (2013).
Knockdown of LjIPT3 influences nodule development in Lotus japonicus. Plant

and Cell Physiology. 55(1): 183-193.

Chen, Y.P., Rekha, P.D., Arun A.B., Shen, F.T., Lai, W.A. and Young, C.C. (2006).
Phosphate solubilizing bacteria from subtropical soil and their tricalcium phosphate

solubilizing abilities. Appled Soil Ecology. 34(1):33-41.

Chibeba, A.M., Guimardes, M.D.F., Brito, O.R., Nogueira, M.A., Araujo, R.S. and
Hungria, M. (2015). Co-inoculation of soybean with Bradyrhizobium and
Azospirillum promotes early nodulation. American Journal of Plant Sciences. 6:

1641-1649.

Compant, S., Duffy, B., Nowak, J., Clément, C. and Barka, E.A. (2005). Use of plant
growth-promoting bacteria for biocontrol of plant diseases: principles, mechanisms
of action, and future prospects. Applied and Environmental Microbiology. 71(9):

4951-4959.

Cooper, J.B. and Long, S.R. (1994). Morphogenetic rescue of Rhizobium meliloti

nodulation mutants by trans-zeatin secretion. The Plant Cell. 6(2): 215-225.



171

Cooper, J.E. (2007). Early interactions between legumes and rhizobia: disclosing
complexity in a molecular dialogue. Journal of Applied Microbiology. 103: 1355—

1365.

Costacurta, A., Mazzafera, P. and Rosato, Y.B. (1998). Indole-3-acetic acid biosynthesis by
Xanthomonas axonopodis pv. citri is increased in the presence of plant leaf extracts.

FEMS Microbiology Letters. 159(2): 215-220.

da Conceigéo Jesus, E., de Almeida Leite, R., do Amaral Bastos, R., da Silva Aragéo, O.O.
and Aradjo, A.P. (2018). Co-inoculation of Bradyrhizobium stimulates the
symbiosis efficiency of Rhizobium with common bean. Plant and Soil. 425(1-2):

201-215.

Daayf, F., ElI Hadrami, A., EI-Bebany, A.F., Henriquez, M.A., Yao, Z., Derksen, H., El-
Hadrami, I. and Adam, L.R. (2012). Phenolic compounds in plant defense and
pathogen counter-defense mechanisms, In: Cheynier, V., Sarni- Manchado, P.,
Quideau, S. (Eds.), Recent Advances in Polyphenol Research. Wiley-Blackwell,

pp. 191-208.

Das, AJ., Kumar, M., and Kumar, R. (2013). Plant Growth Promoting Rhizobacteria
(PGPR): An Alternative of Chemical Fertilizer for Sustainable, Environment
Friendly Agriculture. Research Journal of Agriculture and Forestry Sciences.

1(4): 21-23.

de Billy, F., Grosjean, C., May, S., Bennett, M. and Cullimore, J.V. (2001). Expression
studies on AUX1-like genes in Medicago truncatula suggest that auxin is required
at two steps in early nodule development. Molecular Plant-Microbe Interactions.

14(3): 267-277.



172

de Souza, J.E.B. and de Brito Ferreira, E.P. (2017). Improving sustainability of common
bean production systems by co-inoculating rhizobia and azospirilla. Agriculture,

Ecosystems & Environment. 237: 250-257.

Delamuta, J.R.M., Ribeiro, R.A., Ormefio-Orrillo, E., Melo, I.S., Martinez Romero, E. and
Hungria, M. (2013). Polyphasic evidence supporting the reclassification of
Bradyrhizobium japonicum Group la strains as Bradyrhizobium diazoefficiens sp.
nov. International Journal of Systematic and Evolutionary Microbiology.

63(9): 3342-3351.

Den Herder, G., Yoshida, S., Antolin-Llovera, M., Ried, M.K. and Parniske, M. (2012).
Lotus japonicus E3 ligase SEVEN IN ABSENTIA4 destabilizes the symbiosis
receptor-like kinase SYMRK and negatively regulates rhizobial infection. The

Plant Cell. 24(4): 1691-1707.

Dewitte, W. and Murray, J.A. (2003). The plant cell cycle. Annual Review of Plant

Biology. 54(1): 235-264.

Doerner, P., Celenza, J., Palme, K. and Schell, J., 2000. How are plant growth regulators
involved in cell cycle control. Plant Hormone Research (ed. Palme K., Schell J.):

1-27.

Doornbos, R.F., van Loon, L.C. and Bakker, P.A. (2012). Impact of root exudates and plant
defense signaling on bacterial communities in the rhizosphere. A review.

Agronomy for Sustainable Development. 32(1): 227-243.

Duca, D., Lorv, J., Patten, C., Rose, D. and Glick, B. (2014). Microbial indole-3-acetic acid

and plant growth. Anton Van Leeuwenhoek. 106: 85-125.

Duncan, D.B. (1955). Multiple range and multiple F tests. Biometrics. 11(1-42).



173

Dunlap, C.A., Kim, S.J., Kwon, S.W. and Rooney, A.P. (2015). Phylogenomic analysis
shows that Bacillus amyloliquefaciens subsp. plantarum is a later heterotypic
synonym of Bacillus methylotrophicus. International Journal of Systematic and

Evolutionary Microbiology. 65(7): 2104-2109.

Dunlap, C.A., Kim, S.J., Kwon, S.W. and Rooney, A.P. (2016). Bacillus velezensis is not a
later  heterotypic  synonym of Bacillus  amyloliquefaciens;  Bacillus
methylotrophicus, Bacillus amyloliquefaciens subsp. plantarum and ‘Bacillus
oryzicola’are later heterotypic synonyms of Bacillus velezensis based on
phylogenomics. International Journal of Systematic and Evolutionary

Microbiology. 66(3):1212-1217.

Egamberdieva, D., Jabborova, D. and Berg, G. (2016). Synergistic interactions between
Bradyrhizobium japonicum and the endophyte Stenotrophomonas rhizophila and
their effects on growth, and nodulation of soybean under salt stress. Plant and Soil.

405(1-2): 35-45.

Egamberdieva, D., Wirth, S., Jabborova, D., Résénen, L.A. and Liao, H. (2017a).
Coordination between Bradyrhizobium and Pseudomonas alleviates salt stress in
soybean through altering root system architecture. Journal of Plant Interactions.

12(1): 100-107.

Egamberdieva, D., Wirth, S.J., Shurigin, V.V., Hashem, A. and Abd_Allah, E.F. (2017b).
Endophytic bacteria improve plant growth, symbiotic performance of chickpea
(Cicer arietinum L.) and induce suppression of root rot caused by Fusarium solani

under salt stress. Frontiers in Microbiology. 8: 1887.

Evans, M.L., Ishikawa, H. and Estelle, M.A. (1994). Responses of Arabidopsis roots to
auxin studied with high temporal resolution: comparison of wild type and auxin-

response mutants. Planta. 194(2): 215-222.



174

FAOQO. (2019a). Food and agriculture data: Land & Water: Crop information, Soybean
Crop Description and Climate. Food and Agriculture Organization of the United

Nations.

FAO. (2019b). Food and agriculture data: FAOSTAT 2017: Soybean. Food and

Agriculture Organization of the United Nations.

FAO. (2019c). Food and agriculture data: FAOSTAT 2017: Mung bean. Food and

Agriculture Organization of the United Nations.

Farkas, A., Maroti, G., Diirgd, H., Gyorgypal, Z., Lima, R.M., Medzihradszky, K.F.,
Kereszt, A., Mergaert, P. and Kondorosi, E. (2014). Medicago truncatula symbiotic
peptide NCR247 contributes to bacteroid differentiation through multiple
mechanisms. Proceedings of the National Academy of Sciences. 111(14): 5183-

5188.

Ferri, G.C., Braccini, A.L., Anghinoni, F.B.G. and Pereira, L.C. (2017). Effects of
associated - co-inoculation of Bradyrhizobium japonicum with Azospirillum
brasilense on soybean yield and growth. African Journal of Agricultural

Research. 12(1): 6-11.

Friesen, M.L. (2012). Widespread fitness alignment in the legume—rhizobium symbiosis.

New Phytologist. 194(4): 1096-1111.

Friesen, M.L. and Heath, K.D. (2013). One hundred years of solitude: integrating
single-strain inoculations with community perspectives in the legume—rhizobium

symbiosis. New Phytologist. 198(1): 7-9.

Gaby, J.C. and Buckley, D.H. (2012). A comprehensive evaluation of PCR primers to

amplify the nifH gene of nitrogenase. PloS One. 7(7): e42149.



175

Gadallah, M.A.A. (2000). Effects of indole-3-acetic acid and zinc on the growth, osmotic
potential and soluble carbon and nitrogen components of soybean plants growing

under water deficit. Journal of Arid Environments. 44(4): 451-467.

Geurts, R. and Bisseling, T. (2002). Rhizobium Nod factor perception and signalling. The

Plant Cell. 14(suppl 1): S239-S249.

Glick, B.R. (2012). Plant growth-promoting bacteria: mechanisms and applications.

Scientifica. 2012.

Glick, B.R. (2015). Modulating phytohormone levels. In Beneficial Plant-Bacterial

Interaction. Springer, Cham, pp. 65-96.

Glick, B.R., Cheng, Z., Czarny, J. and Duan, J. (2007). Promotion of plant growth by ACC
deaminase-producing soil bacteria, In: Bakker, P.A.H.M., Raaijmakers, J.M.,
Bloemberg, G., Hofte, M., Lemanceau, P., Cooke, B.M. (Eds.), New Perspectives
and Approaches in Plant Growth-Promoting Rhizobacteria Research. Springer,

Netherlands, pp. 329-339.

Gray, E.J. and Smith, D.L. (2005). Intracellular and extracellular PGPR: commonalities and
distinctions in the plant-bacterium signaling processes. Soil Biology and

Biochemistry. 37(3): 395-412.

Gregor, A.K., Klubek, B. and Varsa, E.C. (2003). Identification and use of actinomycetes
for enhanced nodulation of soybean co-inoculated with Bradyrhizobium japonicum.

Canadian Journal of Microbiology. 49(8): 483-491.

Groppa, M.D., Zawoznik, M.S. and Tomaro, M.L. (1998). Effect of co-inoculation with
Bradyrhizobium japonicum and Azospirillum brasilense on soybean plants.

European Journal of Soil Biology. 34(2): 75-80.



176

Guefrachi, 1., Nagymihaly, M., Pislariu, C.I., Van de Velde, W., Ratet, P., Mars, M.,
Udvardi, M.K., Kondorosi, E., Mergaert, P. and Alunni, B. (2014). Extreme
specificity of NCR gene expression in Medicago truncatula. BMC Genomics.

15(1): 712.

Gupta, G., Parihar, S.S., Ahirwar, N.K., Snehi, S.K. and Singh, V. (2015). Plant growth
promoting rhizobacteria (PGPR): current and future prospects for development of
sustainable agriculture. Journal of Microbial and Biochemical Technology. 7(2):

96-102.

Haas, D. and Défago, G. (2005). Biological control of soil-borne pathogens by fluorescent

pseudomonads. Nature Reviews Microbiology. 3(4): 307.

Hadi, H., Asgharzadeh, A., Daneshian, J. and Hamidi, A. (2010). Effect of Soybean Co-
inoculation with Bradyrhizobium japonicum and Azotobacter chroococcum and the
seeds produced under drought stress on nodule and plant characteristics. Iranian

Journal of Soil Research. 24(2):165-177.

Hakim, S., Mirza, B.S., Zaheer, A., Mclean, J.E., Imran, A., Yasmin, S. and Mirza, M.S.
(2018). Retrieved 16S rRNA and nifH sequences reveal co-dominance of
Bradyrhizobium and Ensifer (Sinorhizobium) strains in field-collected root nodules
of the promiscuous host Vigna radiata (L.) R. Wilczek. Applied Microbiology and

Biotechnology. 102(1): 485-497.

Haney, C.H. and Long, S.R. (2010). Plant flotillins are required for infection by nitrogen-
fixing bacteria. Proceedings of the National Academy of Sciences. 107(1): 478-

483.

Hayashi, T., Banba, M., Shimoda, Y., Kouchi, H., Hayashi, M. and Imaizumi-Anraku, H.
(2010). A dominant function of CCaMK in intracellular accommodation of bacterial

and fungal endosymbionts. The Plant Journal. 63(1): 141-154.


https://www.sid.ir/en/journal/JournalList.aspx?ID=13054
https://www.sid.ir/en/journal/JournalList.aspx?ID=13054

177

Heath, K.D. and Tiffin, P. (2007). Context dependence in the coevolution of plant and
rhizobial mutualists. Proceedings of the Royal Society B: Biological Sciences.

274(1620): 1905-1912.

Heckmann, A.B., Sandal, N., Bek, A.S., Madsen, L.H., Jurkiewicz, A., Nielsen, M.\W.,
Tirichine, L. and Stougaard, J. (2011). Cytokinin induction of root nodule primordia
in Lotus japonicus is regulated by a mechanism operating in the root cortex.

Molecular Plant-Microbe Interactions. 24(11): 1385-1395.

Hillebrand, H., Bartling, D. and Weiler, E.W. (1998). Structural analysis of the
nit2/nitl/nit3 gene cluster encoding nitrilases, enzymes catalyzing the terminal
activation step in indole-acetic acid biosynthesis in Arabidopsis thaliana. Plant

Molecular Biology. 36(1): 89-99.

Himanen, K., Boucheron, E., Vanneste, S., de Almeida Engler, J., Inzé, D. and Beeckman,
T. (2002). Auxin-mediated cell cycle activation during early lateral root initiation.

The Plant Cell. 14(10): 2339-2351.

Hirsch, S., Kim, J., Mufioz, A., Heckmann, A.B., Downie, J.A. and Oldroyd, G.E. (2009).
GRAS proteins form a DNA binding complex to induce gene expression during

nodulation signaling in Medicago truncatula. The Plant Cell. 21(2): 545-557.

Hosseini, A., Maleki, A., Fasihi, K. and Naseri, R. (2014). The Co-application of Plant
Growth Promoting Rhizobacteria and Inoculation with Rhizobium Bacteria on Grain
Yield and Its Components of Mungbean (Vigna radiate L.) in llam Province, Iran.
International Journal of Biological, Food, Veterinary and Agricultural

Engineering. 8(7).

Htwe, A.Z. and Yamakawa, T. (2015). Enhanced plant growth and/or nitrogen fixation by

leguminous and non-leguminous crops after single or dual inoculation of



178

Streptomyces griseoflavus P4 with Bradyhizobium strains. African Journal of

Microbiology Research. 9(49): 2337-2344.

Htwe, A.Z., Moh, S.M., Moe, K. and Yamakawa, T. (2018). Effects of co-inoculation of
Bradyrhizobium elkanii BLY 3-8 and Streptomyces griseoflavus P4 on Rj 4 soybean

varieties. Soil Science and Plant Nutrition. 64(4): 449-454.

Hungria, M. and Mendes, I.C. (2015). Nitrogen fixation with soybean: the perfect
symbiosis, In: De Bruijn, F. (Ed.), Biological Nitrogen Fixation. John Wiley &

Sons, Inc., New Jersey, pp.1005-1019.

Hungria, M., Franchini, J.C., Campo, R.J., Crispino, C.C., Moraes, J.Z., Sibaldelli, R.N.,
Mendes, I.C. and Arihara, J. (2006). Nitrogen nutrition of soybean in Brazil:
contributions of biological N2 fixation and N fertilizer to grain yield. Canadian

Journal of Plant Science. 86(4): 927-9309.

Hungria, M., Nogueira, M.A. and Araujo, R.S. (2013). Co-inoculation of soybeans and
common beans with rhizobia and azospirilla: strategies to improve sustainability.

Biology and Fertility of Soils. 49(7): 791-801.

Hungria, M., Nogueira, M.A. and Araujo, R.S. (2015). Soybean seed co-inoculation with
Bradyrhizobium spp. and Azospirillum brasilense: a new biotechnological tool to

improve yield and sustainability. American Journal of Plant Sciences. 6: 811-817.

Hussain, A. and Hasnain, S. (2009). Cytokinin production by some bacteria: its impact on
cell division in cucumber cotyledons. African Journal of Microbiology Research.

3(11): 704-712.

Iicgen, B., Ozcengiz, G. and Alaeddinoglu, N.G. (2002). Evaluation of symbiotic
effectiveness of various Rhizobium cicer strains. Research in Microbiology

153(6): 369-372.



179

Idris, E.E., Iglesias, D.J., Talon, M. and Borriss, R. (2007). Tryptophan-dependent
production of indole-3-acetic acid (IAA) affects level of plant growth promotion by
Bacillus amyloliquefaciens FZB42. Molecular Plant-Microbe Interactions. 20(6):

619-626.

loio, R.D., Nakamura, K., Moubayidin, L., Perilli, S., Taniguchi, M., Morita, M.T.,
Aoyama, T., Costantino, P. and Sabatini, S. (2008). A genetic framework for the
control of cell division and differentiation in the root meristem. Science. 322(5906):

1380-1384.

Ishida, T., Fujiwara, S., Miura, K., Stacey, N., Yoshimura, M., Schneider, K., Adachi, S.,
Minamisawa, K., Umeda, M. and Sugimoto, K. (2009). SUMO E3 ligase HIGH
PLOIDY?2 regulates endocycle onset and meristem maintenance in Arabidopsis.

The Plant Cell. 21(8): 2284-2297.

Israel, D.W. (1981). Cultivar and Rhizobium Strain Effects on Nitrogen Fixation and

Remobilization by Soybeans. Agronomy Journal. 73(3): 509-516.

Ivanov, S., Fedorova, E. and Bisseling, T. (2010). Intracellular plant microbe associations:
secretory pathways and the formation of perimicrobial compartments. Current

Opinion in Plant Biology. 13(4): 372-377.

Ivanov, S., Fedorova, E.E., Limpens, E., De Mita, S., Genre, A., Bonfante, P. and
Bisseling, T. (2012). Rhizobium—legume symbiosis shares an exocytotic pathway
required for arbuscule formation. Proceedings of the National Academy of

Sciences. 109(21): 8316-8321.

Jefferson, R.A. (1987). Assaying chimeric genes in plants: the GUS gene fusion system.

Plant Molecular Biology Reporter. 5(4): 387-405.



180

Jha, C.K. and Saraf, M. (2015). Plant growth promoting rhizobacteria (PGPR): a review.

Journal of Agricultural Research and Development. 5(2): 108-119.

Joseph, B., Patra, R.R. and Lawrence, R. (2007). Characterization of plant growth
promoting Rhizobacteria associated with chickpea (Cicer arietinum L).

International Journal of Plant Production 1(2): 141-152.

Juge, C., Prévost, D., Bertrand, A., Bipfubusa, M. and Chalifour, F.P. (2012). Growth and
biochemical responses of soybean to double and triple microbial associations with
Bradyrhizobium, Azospirillum and arbuscular mycorrhizae. Applied Soil Ecology.

61(0): 147-157.

Jurado, S., Diaz-Trivino, S., Abraham, Z., Manzano, C., Gutierrez, C. and del Pozo, J.C.
(2008). SKP2A protein, an F-box that regulates cell division, is degraded via the

ubiquitin pathway. Plant Signaling & Behavior. 3(10): 810-812.

Kakimoto, T. (2001). Identification of plant cytokinin biosynthetic enzymes as
dimethylallyl diphosphate: ATP/ADP isopentenyltransferases. Plant and Cell

Physiology. 42(7): 677-685.

Kakimoto, T. (2003). Biosynthesis of cytokinins. Journal of Plant Research. 116(3): 233-

239.

Kamada-Nobusada, T. and Sakakibara, H. (2009). Molecular basis for cytokinin

biosynthesis. Phytochemistry. 70(4): 444-449.

Kaneda, K., Kuzuyama, T., Takagi, M., Hayakawa, Y. and Seto, H. (2001). An unusual
isopentenyl diphosphate isomerase found in the mevalonate pathway gene cluster
from Streptomyces sp. strain CL190. Proceedings of the National Academy of

Sciences. 98(3): 932-937.



181

Kaneko, T., Nakamura, Y., Sato, S., Minamisawa, K., Uchiumi, T., Sasamoto, S.,
Watanabe, A., Idesawa, K., Iriguchi, M., Kawashima, K., Kohara, M., Matsumoto,
M., Shimpo, S., Tsuruoka, H., Wada, T., Yamada, M., and Tabata, S. (2002).
Complete genomic sequence of nitrogen-fixing symbiotic  bacterium

Bradyrhizobium japonicum USDA110. DNA Research. 9(6):189-197.

Kang, Y.J., Kim, S.K., Kim, M.Y., Lestari, P., Kim, K.H., Ha, B.K., Jun, T.H., Hwang,
W.J., Lee, T., Lee, J., Shim, S., Yoon, M.Y., Jang, Y.E., Han, K.S., Taeprayoon, P.,
Yoon, N., Somta, P., Tanya, P., Kim, K.S., Gwag, J.G., Moon, J.K., Lee, Y., Park,
B., Bombarely, A., Doyle, J.J., Jackson, S.A., Schafleitner, R., Srinives, P.,
Varshney, R.K. and Lee, S. (2014). Genome sequence of mungbean and insights

into evolution within Vigna species. Nature Communications. 5: 5443.

Karadeniz, A., Topcuoglu, S.F. and Inan, S. (2006). Auxin, gibberellin, cytokinin and
abscisic acid production in some bacteria. World Journal of Microbiology and

Biotechnology. 22(10): 1061-1064.

Karunakaran, R., Ramachandran, V.K., Seaman, J.C., East, A.K., Mouhsine, B.,
Mauchline, T.H., Prell, J., Skeffington, A. and Poole, P.S. (2009). Transcriptomic
analysis of Rhizobium leguminosarum biovar viciae in symbiosis with host plants

Pisum sativum and Vicia cracca. Journal of Bacteriology. 191(12): 4002-4014.

Kaur, N., Sharma, P. and Sharma, S. (2015). Co-inoculation of Mesorhizobium sp. and
plant growth promoting rhizobacteria Pseudomonas sp. as bio-enhancer and bio-
fertilizer in chickpea (Cicer arietinum L.). Legume Research: An International

Journal. 38(3).

Keyser, H.H. and Griffin, R.F. (1987). Beltsville Rhizobium culture collection catalog.

Publ. /US. Dep. of Agriculture, Agr. Research Service.



182

Khan, M.S., Zaidi, A. and Wani, P.A. (2007). Role of phosphate-solubilizing
microorganisms in sustainable agriculture—a review. Agronomy for Sustainable

Development. 27(1): 29-43.

Kiers, E.T., Ratcliff, W.C. and Denison, R.F. (2013). Single-strain inoculation may create
spurious correlations between legume fitness and rhizobial fitness. New

Phytologist. 198(1): 4-6.

Kistner, C. and Parniske, M. (2002). Evolution of signal transduction in intracellular

symbiosis. Trends in Plant Science. 7(11): 511-518.

Kloepper, J.W. and Metting Jr, F. (1992). Plant growth-promoting rhizobacteria as
biological control agents, In: Metting, F.B., Jr. (Ed.), Soil Microbial Ecology:
Applications in Agricultural and Environmental Management. Japan, pp. 255-

274.

Kloepper, JW. and Schroth, M.N. (1978). Plant growthpromoting rhizobacteria on
radishes, In: Phytobacteriologie, Station de Pathologie Vegetale (Ed.), Proceeding
of the 4" International Conference on Plant Pathogenic Bacteria. INRA,

Angers, France, pp. 879-882.

Korir, H., Mungai, N.W., Thuita, M., Hamba, Y. and Masso, C. (2017). Co-inoculation
effect of rhizobia and plant growth promoting rhizobacteria on common bean

growth in a low phosphorus soil. Frontiers in Plant Science. 8: 141.

Kouchi, H., Imaizumi-Anraku, H., Hayashi, M., Hakoyama, T., Nakagawa, T., Umehara,
Y., Suganuma, N. and Kawaguchi, M. (2010). How many peas in a pod? Legume
genes responsible for mutualistic symbioses underground. Plant and Cell

Physiology. 51(9): 1381-1397.



183

Krall, L., Raschke, M., Zenk, M.H. and Baron, C. (2002). The Tzs protein from
Agrobacterium tumefaciens C58 produces zeatin riboside 5'-phosphate from
4-hydroxy-3-methyl-2-(E)-butenyl diphosphate and AMP. FEBS Letters. 527(1-3):

315-318.

Krey, T., Caus, M., Baum, C., Ruppel, S. and Eichler-Lébermann, B. (2011). Interactive
effects of plant growth—promoting rhizobacteria and organic fertilization on P
nutrition of Zea mays L. and Brassica napus L. Journal of Plant Nutrition and

Soil Science. 174(4): 602-613.

Kumar, G.P., Desai, S., Amalraj, E.L.D. and Pinisetty, S. (2015). Impact of seed
bacterization with PGPR on growth and nutrient uptake in different cultivable

varieties of green gram. Asian Journal of Agricultural Research. 9(3): 113-122.

Lambrides, C. J. and Godwin, I.D. (2007) Mungbean, In: Kole, C. (Ed.), Genome
Mapping and Molecular Breeding in Plants-Pulses, Sugar and Tuber Crops.

Springer, Heidelberg, Germany, pp. 69-90.

Lee, A., Lum, M.R. and Hirsch, A.M. (2007). ENOD40 Gene Expression and Cytokinin
Responses in the Nonnodulating, Nonmycorrhizal (Nod™ Myc™) Mutant, Masym3,

of Melilotus alba Desr. Plant Signaling & Behavior. 2(1): 33-42.

Lefebvre, B., Timmers, T., Mbengue, M., Moreau, S., Hervé, C., Téth, K., Bittencourt-
Silvestre, J., Klaus, D., Deslandes, L., Godiard, L., Murray, J.D., Udvardi, M.K.,
Raffaele, S., Mongrand, S., Cullimore, J., Gamas, P., Niebel, A. and Ott, T. 2010. A
remorin protein interacts with symbiotic receptors and regulates bacterial infection.

Proceedings of the National Academy of Sciences. 107(5): 2343-2348.

Li, D.M. and Alexander, M. (1988). Co-inoculation with antibiotic-producing bacteria to

increase colonization and nodulation by rhizobia. Plant and Soil. 108(2): 211-219.



184

Libbenga, K.R., Van Iren, F., Bogers, R.J. and Schraag-Lamers, M.F. (1973). The role of
hormones and gradients in the initiation of cortex proliferation and nodule

formation in Pisum sativum L. Planta. 114(1): 29-39.

Lin, M.H., Gresshoff, P.M. and Ferguson, B.J. (2012). Systemic regulation of soybean

nodulation by acidic growth conditions. Plant Physiology. 160(4): 2028-2039.

Lipman, J.G. (1904). Soil bacteriological studies. Further contributions to the physiology
and morphology of the members of the Azotobacter group. Report of the New

Jersey State Agricultural Experiment Station. 25: 237-289.

Liu, H., Zhang, C., Yang, J., Yu, N. and Wang, E. (2018). Hormone modulation of

legume-rhizobial symbiosis. Journal of Integrative Plant Biology. 60(8): 632-648.

Lohar, D.P., Schaff, J.E., Laskey, J.G., Kieber, J.J., Bilyeu, K.D. and Bird, D.M. (2004).
Cytokinins play opposite roles in lateral root formation, and nematode and rhizobial

symbioses. The Plant Journal. 38(2): 203-214.

Lu, Y.L., Chen, W.F., Wang, E.T., Han, L.L., Zhang, X.X., Chen, W.X. and Han, S.Z.
(2009). Mesorhizobium shangrilense sp. nov., isolated from root nodules of
Caragana species. International Journal of Systematic and Evolutionary

Microbiology. 59(12): 3012-3018.

Lugtenberg, B. and Kamilova, F. (2009). Plant-growth-promoting rhizobacteria. Annual

Review of Microbiology. 63: 541-556.

Masciarelli, O., Llanes, A. and Luna, V. (2014). A new PGPR co-inoculated with
Bradyrhizobium japonicum enhances soybean nodulation. Microbiological

Research. 169(7-8): 609-615.



185

Masepohl, B., Schneider, K., Drepper, T., Mller, A. and Klipp, W. (2002). Alternative
nitrogenases, In: Leigh, G.J. (Ed.), Nitrogen Fixation at the Millennium. Elsevier

Science, Amsterdam, pp. 191-222.

Mathesius, U., Schlaman, H.R., Spaink, H.P., Of Sautter, C., Rolfe, B.G. and Djordjevic,
M.A. (1998). Auxin transport inhibition precedes root nodule formation in white
clover roots and is regulated by flavonoids and derivatives of chitin

oligosaccharides. The Plant Journal. 14(1): 23-34.

Mathis, J.N., McMillin, D.E., Champion, R.A. and Hunt, P.G. (1997). Genetic variation in
two cultures of Bradyrhizobium japonicum 110 differing in their ability to impart

drought tolerance to soybean. Current Microbiology. 35(6): 363-366.

Maunoury, N., Redondo-Nieto, M., Bourcy, M., Van de Velde, W., Alunni, B., Laporte, P.,
Durand, P., Agier, N., Marisa, L., Vaubert, D., Delacroix, H., Duc, G., Ratet, P.,
Aggerbeck, L., Kondorosi, E. and Mergaert, P. (2010). Differentiation of symbiotic
cells and endosymbionts in Medicago truncatula nodulation are coupled to two

transcriptome-switches. PL0oS One. 5(3): €95109.

Mbengue, M., Camut, S., de Carvalho-Niebel, F., Deslandes, L., Froidure, S., Klaus-
Heisen, D., Moreau, S., Rivas, S., Timmers, T., Hervé, C., Cullimore, J. and
Lefebvre, B. (2010). The Medicago truncatula E3 ubiquitin ligase PUBL1 interacts
with the LYK3 symbiotic receptor and negatively regulates infection and

nodulation. The Plant Cell. 22(10): 3474-3488.

McNeil, D.L. (2010). Biological nitrogen fixation in soybean, In: Singh, G. (Ed.), The

Soybean: Botany, Production and Uses. CABI, London, p. 227.

Menges, M., Samland, A.K., Planchais, S. and Murray, J.A. (2006). The D-type cyclin
CYCD3; 1 is limiting for the G1-to-S-phase transition in Arabidopsis. The Plant

Cell. 18(4): 893-906.



186

Mens, C., Li, D., Haaima, L.E., Gresshoff, P.M. and Ferguson, B.J. (2018). Local and
systemic effect of cytokinins on soybean nodulation and regulation of their
isopentenyl transferase (IPT) biosynthesis genes following rhizobia inoculation.

Frontiers in Plant Science. 9.

Mantelin, S. and Touraine, B. (2004). Plant growth-promoting bacteria and nitrate
availability: impacts on root development and nitrate uptake. Journal of

Experimental Botany. 55(394): 27-34.

Martinez-Hidalgo, P., Galindo-Villardén, P., Trujillo, M.E., Igual, J.M. and Martinez-
Molina, E. (2014). Micromonospora from nitrogen fixing nodules of alfalfa
(Medicago sativa L.). A new promising Plant Probiotic Bacteria. Scientific

Reports. 4: 6389.

Mergaert, P., Uchiumi, T., Alunni, B., Evanno, G., Cheron, A., Catrice, O., Mausset, A.E.,
Barloy-Hubler, F., Galibert, F., Kondorosi, A. and Kondorosi, E. (2006). Eukaryotic
control on bacterial cell cycle and differentiation in the Rhizobium-legume
symbiosis. Proceedings of the National Academy of Sciences. 103(13): 5230-

5235.

Michalska, K., Wellington, S., Nag, P.P., Jedrzejczak, R., Maltseva, N.I., Fisher, S.L.,
Schreiber, S.L., Hung, D.T. and Joachimiak, A. (2017). Structure of Mycobacterium
tuberculosis tryptophan synthase: a model system for allosteric inhibition.

Foundations of Crystallography. 73: 288.

Mishra, P.K., Mishra, S., Selvakumar, G., Bisht, J.K., Kundu, S. and Gupta, H.S. (2009a).
Coinoculation of Bacillus thuringeinsis-KR1 with Rhizobium leguminosarum
enhances plant growth and nodulation of pea (Pisum sativum L.) and lentil (Lens
culinaris L.). World Journal of Microbiology and Biotechnology. 25(5): 753-

761.



187

Mishra, P.K., Mishra, S., Selvakumar, G., Kundu, S. and Gupta, H.S. (2009b). Enhanced
soybean (Glycine max L.) plant growth and nodulation by Bradyrhizobium
japonicum-SB1 in presence of Bacillus thuringiensis-KR1. Acta Agriculturae

Scandinavica Section B-Soil and Plant Science. 59(2): 189-196.

Miyano, M., Tanaka, K., Ishikawa, S., Takenaka, S., Miguel-Arribas, A., Meijer, W.J. and
Yoshida, K.I. (2018). Rapid conjugative mobilization of a 100 kb segment of
Bacillus subtilis chromosomal DNA is mediated by a helper plasmid with no ability

for self-transfer. Microbial Cell Factories. 17(1): 13.

Miyawaki, K., Matsumoto-Kitano, M. and Kakimoto, T. (2004). Expression of cytokinin
biosynthetic isopentenyltransferase genes in Arabidopsis: tissue specificity and

regulation by auxin, cytokinin, and nitrate. The Plant Journal. 37(1): 128-138.

Mohammad, W., Shehzadi, S., Shah, S.M. and Shah, Z. (2010). Effect of tillage and crop
residues management on mungbean (Vigna radiata (L.) Wilczek) crop vyield,
nitrogen fixation and water use efficiency in rain fed areas. Pakistan Journal of

Botany. 42(3): 1781-1789.

Morel, M.A., Brafa, V. and Castro-Sowinski, S. (2012). Legume crops, importance and use
of bacterial inoculation to increase production, In: Goyal, A. (Ed.), Crop Plant.

InTech, pp. 217-240.

Morel, M.A., Cagide, C., Minteguiaga, M.A., Dardanelli, M.S. and Castro-Sowinski, S.
(2015). The pattern of secreted molecules during the co-inoculation of alfalfa plants
with Sinorhizobium meliloti and Delftia sp. strain JD2: an interaction that improves

plant yield. Molecular Plant-Microbe Interactions. 28(2):134-142.

Morgan, J.A.W., Bending, G.D. and White, P.J. (2005). Biological costs and benefits to
plant-microbe interactions in the rhizosphere. Journal of Experimental Botany.

56(417): 1729-1739.



188

Morimoto, T., Ara, K., Ozaki, K. and Ogasawara, N. (2009). A new simple method to
introduce marker-free deletions in the Bacillus subtilis genome. Genes & Genetic

Systems. 84(4): 315-318.

Mortier, V., Wasson, A., Jaworek, P., De Keyser, A., Decroos, M., Holsters, M.,
Tarkowski, P., Mathesius, U. and Goormachtig, S. (2014). Role of LONELY GUY
genes in indeterminate nodulation on Medicago truncatula. New Phytologist.

202(2): 582-593.

Mdiller, J., Wiemken, A. and Boller, T. (2001). Redifferentiation of bacteria isolated from
Lotus japonicus root nodules colonized by Rhizobium sp. NGR234. Journal of

Experimental Botany. 52(364): 2181-2186.

Naznin, H.A., Kimura, M., Miyazawa, M. and Hyakumachi, M. (2013). Analysis of volatile
organic compounds emitted by plant growth-promoting fungus Phoma sp. GS8-3
for growth promotion effects on tobacco. Microbes and Environments. 28(1): 42-

49,

Nester, E.W., Gordon, M.P., Amasino, R.M. and Yanofsky, M.F. (1984). Crown gall: a
molecular and physiological analysis. Annual Review of Plant Physiology. 35(1):

387-413.

Neves, M.C.P., Didonet, A.D., Duque, F.F., and Dobereiner, J. (1985). Rhizobium strains
effects on nitrogen transport and distribution in soybean. Journal of Experimental

Botany. 36(8): 1179-1192.

Noisangiam, R., Teamtisong, K., Tittabutr, P., Boonkerd, N., Toshiki, U., Minamisawa, K.
and Teaumroong, N., 2012. Genetic diversity, symbiotic evolution, and proposed
infection process of Bradyrhizobium strains isolated from root nodules of
Aeschynomene americana L. in Thailand. Applied and Environmental

Microbiology. 78(17): 6236-6250.



189

Olanrewaju, O.S., Glick, B.R. and Babalola, O.0. (2017). Mechanisms of action of plant
growth promoting bacteria. World Journal of Microbiology and Biotechnology.

33(11): 197.

Oldroyd, G.E. (2013). Speak, friend, and enter: signalling systems that promote beneficial

symbiotic associations in plants. Nature Reviews Microbiology. 11(4): 252.

Oldroyd, G.E. and Downie, J.A. (2008). Coordinating nodule morphogenesis with rhizobial

infection in legumes. Annual Review of Plant Biology. 59: 519-546.

Oldroyd, G.E., Murray, J.D., Poole, P.S. and Downie, J.A. (2011). The rules of engagement

in the legume-rhizobial symbiosis. Annual Review of Genetics. 45: 119-144.

Ormefio-Orrillo, E., Hungria, M. and Martinez-Romero, E. (2013). Dinitrogen-fixing
prokaryotes. The Prokaryotes: Prokaryotic Physiology and Biochemistry,

pp.427-451.

Pan, B., Vessey, J.K. and Smith, D.L. (2002). Response of field-grown soybean to
coinoculation with the plant growth promoting rhizobacteria Serratia
proteamaculans or Serratia liquefaciens, and Bradyrhizobium japonicum

preincubated with genistein. European Journal of Agronomy. 17(2): 143-153.

Paracer, S. and Ahmadjian, V. (2000). Symbiosis: an Introduction to Biological

Associations. Oxford: Oxford University Press on Demand. New York.

Parniske, M. (2008). Arbuscular mycorrhiza: the mother of plant root endosymbioses.

Nature Reviews Microbiology. 6(10): 763-775.

Pataczek, L., Zahir, Z. A., Ahmad, M., Rani, S., Nair, R., Schafleitner, R., Cadisch, G. and
Hilger, T. (2018). Beans with Benefits-The Role of Mungbean (Vigna radiata) in a

Changing Environment. American Journal of Plant Sciences. 9: 1577-1600.



190

Patten, C.L. and Glick, B.R. (1996). Bacterial biosynthesis of indole-3-acetic acid.

Canadian Journal of Microbiology. 42(3): 207-220.

Paulucci, N., Vicario, J., Cesari, A., Garcia, M., Dardanelli, M. and Giordano, W. (2012).
Signals in the rhizosphere and their effects on the interactions between
microorganisms and plants, In: Maheshwari, D.K. (Ed.), Bacteria in Agrobiology:

Plant Probiotics. Springer, pp. 201-211.

Penterman, J., Abo, R.P., De Nisco, N.J., Arnold, M.F., Longhi, R., Zanda, M. and Walker,
G.C. (2014). Host plant peptides elicit a transcriptional response to control the
Sinorhizobium meliloti cell cycle during symbiosis. Proceedings of the National

Academy of Sciences. 111(9): 3561-3566.

Pérez-Montafio, F., Alias-Villegas, C., Bellogin, R.A., Del Cerro, P., Espuny, M.R.,
Jiménez-Guerrero, |., Lopez-Baena, F.J., Ollero, F.J. and Cubo, T. (2014). Plant
growth promotion in cereal and leguminous agricultural important plants: from
microorganism capacities to crop production. Microbiological Research. 169(5-6):

325-336.

Perrot-Rechenmann, C. (2010). Cellular responses to auxin: division versus expansion.

Cold Spring Harbor Perspectives in Biology. 2(5): a001446.

Pessi, G., Ahrens, C.H., Rehrauer, H., Lindemann, A., Hauser, F., Fischer, H.M. and
Hennecke, H. (2007). Genome-wide transcript analysis of Bradyrhizobium
japonicum bacteroids in soybean root nodules. Molecular Plant-Microbe

Interactions. 20(11): 1353-1363.

Peter, J., Young, W. and Haukka, K.E. (1996). Diversity and phylogeny of rhizobia. New

Phytologist. 133(1): 87-94.



191

Phillips, G.J. (2001). Green fluorescent protein—a bright idea for the study of bacterial

protein localization. FEMS Microbiology Letters. 204(1): 9-18.

Piccoli, P. and Bottini, R. (2013). Terpene production by bacteria and its involvement in
Plant Growth Promotion, stress alleviation, and vyield increase. Molecular

Microbial Ecology of the Rhizosphere. 335-343.

Pini, F., De Nisco, N.J., Ferri, L., Penterman, J., Fioravanti, A., Brilli, M., Mengoni, A.,
Bazzicalupo, M., Viollier, P.H., Walker, G.C. and Biondi, E.G. (2015). Cell cycle
control by the master regulator CtrA in Sinorhizobium meliloti. PLoS Genetics.

11(5): €1005232.

Piromyou, P., Buranabanyat, B., Tantasawat, P., Tittabutr, P., Boonkerd, N. and
Teaumroong, N. (2011). Effect of plant growth promoting rhizobacteria (PGPR)
inoculation on microbial community structure in rhizosphere of forage corn

cultivated in Thailand. European Journal of Soil Biology. 47(1): 44-54.

Piromyou, P., Greetatorn, T., Teamtisong, K., Okubo, T., Shinoda, R., Nuntakij, A.,
Tittabutr, P., Boonkerd, N., Minamisawa, K. and Teaumroong, N. (2015).
Preferential association of endophytic bradyrhizobia with different rice cultivars and
its implications for rice endophyte evolution. Applied and Environmental

Microbiology. 81(9): 3049-3061.

Piromyou, P., Greetatorn, T., Teamtisong, K., Tittabutr, P., Boonkerd, N. and Teaumroong,
N. (2017). Potential of rice stubble as a reservoir of bradyrhizobial inoculum in rice-
legume crop rotation. Applied and Environmental Microbiology. 83(22): e01488-

17.

Plet, J., Wasson, A., Ariel, F., Le Signor, C., Baker, D., Mathesius, U., Crespi, M. and

Frugier, F. (2011). MtCRE1-dependent cytokinin signaling integrates bacterial and



192

plant cues to coordinate symbiotic nodule organogenesis in Medicago truncatula.

The Plant Journal. 65(4): 622-633.

Poole, P., Ramachandran, V. and Terpolilli, J. (2018). Rhizobia: from saprophytes to

endosymbionts. Nature Reviews Microbiology. 16(5): 291.

Postgate, J.R. (1998). Nitrogen Fixation, 3" ed. Cambridge UK: Cambridge University

Press.

Prakamhang, J. (2013). Maximization of Na-fixing efficiency in soybean (Glycine max)
using coinoculation with PGPR and Bradyrhizobium japonicum. PhD Thesis.

Suranaree University of Technology, Thailand. 114 p.

Prakamhang, J., Tittabutr, P., Boonkerd, N., Teamtisong, K., Uchiumi, T., Abe, M. and
Teaumroong, N. (2015). Proposed some interactions at molecular level of PGPR
coinoculated with Bradyrhizobium diazoefficiens USDA110 and B. japonicum
THAG on soybean symbiosis and its potential of field application. Applied Soil

Ecology. 85: 38-49.

Prell, J. and Poole, P. (2006). Metabolic changes in rhizobia. Trends in Microbiology.

141: 161-168.

Puente, M.L., Gualpa, J.L., Lopez, G.A., Molina, R.M., Carletti, S.M. and Cassan, F.D.
(2018). The benefits of foliar inoculation with Azospirillum brasilense in soybean

are explained by an auxin signaling model. Symbiosis. pp.1-9.

Qureshi, M.A., Shakir, M.A., Igbal, A., Akhtar, N. and Khan, A. (2011). Co-inoculation of
phosphate solubilizing bacteria and rhizobia for improving growth and yield of
mungbean (Vigna radiata L.). Journal of Animal and Plant Sciences. 21(3): 491-

497.



193

Rai, M. (2006). Plant-growth-promoting rhizobacteria as biofertilizers and biopesticides.

In: Handbook of Microbial Biofertilizers. CRC Press, pp. 165-210.

Rajkumar, M., Vara Prasad, M.N., Freitas, H. and Ae, N. (2009). Biotechnological
applications of serpentine soil bacteria for phytoremediation of trace metals.

Critical Reviews in Biotechnology. 29(2): 120-130.

Rangaraj, P., Ruttimann-Johnson, C., Shah, V., Ludden, P. and Triplett, E. (2000).
Biosynthesis of the iron-molybdenum and iron-vanadium cofactors of the nif and
vnf-encoded nitrogenases, In: Triplett, E.W. (Ed.), Prokaryotic Nitrogen Fixation:

A Model System for the Analysis of a Biological Process. pp. 55-79.

Ratcliff, W.C., Kadam, S.V. and Denison, R.F. (2008). Poly-3-hydroxybutyrate (PHB)
supports survival and reproduction in starving rhizobia. FEMS Microbiology

Ecology. 65(3): 391-399.

Raymond, J., Siefert, J.L., Staples, C.R. and Blankenship, R.E. (2004). The natural history

of nitrogen fixation. Molecular Biology and Evolution. 21(3): 541-554.

Reid, D., Nadzieja, M., Novék, O., Heckmann, A.B., Sandal, N. and Stougaard, J. (2017).
Cytokinin biosynthesis promotes cortical cell responses during nodule development.

Plant Physiology. 175(1): 361-375.

Reid, D.E., Heckmann, A.B., Novak, O., Kelly, S. and Stougaard, J. (2016). CYTOKININ
OXIDASE/DEHYDROGENASE3 maintains cytokinin homeostasis during root and

nodule development in Lotus japonicus. Plant Physiology. 170(2): 1060-1074.

Remans, R., Ramaekers, L., Schelkens, S., Hernandez, G., Garcia, A., Reyes, J.L., Mendez,
N., Toscano, V., Mulling, M., Galvez, L. and Vanderleyden, J. (2008). Effect of

Rhizobium—Azospirillum coinoculation on nitrogen fixation and yield of two



194

contrasting Phaseolus vulgaris L. genotypes cultivated across different

environments in Cuba. Plant and Soil. 312(1-2): 25-37.

Richard, C., Granier, C., Inzé, D. and Veylder, L.D. (2001). Analysis of cell division
parameters and cell cycle gene expression during the cultivation of Arabidopsis

thaliana cell suspensions. Journal of Experimental Botany. 52(361): 1625-1633.

Risal, C.P., Djedidi, S., Dhakal, D., Ohkama-Ohtsu, N., Sekimoto, H. and Yokoyama, T.
(2012). Phylogenetic diversity and symbiotic functioning in mungbean (Vigna
radiata L. Wilczek) bradyrhizobia from contrast agro-ecological regions of Nepal.

Systematic and Applied Microbiology. 35(1): 45-53.

Rivas, R., Martens, M., de Lajudie, P. and Willems, A. (2009). Multilocus sequence
analysis of the genus Bradyrhizobium. Systematic and Applied Microbiology.

32(2): 101-110.

Rodrigues, E. P., Torres, A. R., Batista, J. S. D. S., Huergo, L., & Hungria, M. (2012). A
simple, economical and reproducible protein extraction protocol for proteomics

studies of soybean roots. Genetics and Molecular Biology. 35(1): 348-352.

Rodrigues, R.A.F., Arf, O., Portugal, J.R. and Corsini, D.C.D.C. (2016). Co-inoculation of
Rhizobium tropici and Azospirillum brasilense in common beans grown under two

irrigation depths. Revista Ceres. 63(2): 198-207.

Rubio, L.M. and Ludden, P.W. (2008). Biosynthesis of the iron-molybdenum cofactor of

nitrogenase. Annual Review of Microbiology. 62.

Ryu, C.M., Farag, M.A., Hu, C.H., Reddy, M.S., Wei, H.X., Paré, P.W. and Kloepper, J.W.
(2003). Bacterial volatiles promote growth in Arabidopsis. Proceedings of the

National Academy of Sciences. 100(8): 4927-4932.



195

Saharan, B. S. and Nehra V. (2011). Plant Growth Promoting Rhizobacteria: A Critical

Review. Life Sciences and Medicine Research. LSMR-21: 1-30.

Sahoo, R.K., Ansari, M.W., Dangar, T.K., Mohanty, S. and Tuteja, N. (2014). Phenotypic
and molecular characterisation of efficient nitrogen-fixing Azotobacter strains from

rice fields for crop improvement. Protoplasma. 251(3): 511-523.

Santos, A.D.A., Silveira, J.A.G.D., Bonifacio, A., Rodrigues, A.C. and Figueiredo,
M.D.V.B. (2018a). Antioxidant response of cowpea co-inoculated with plant
growth-promoting bacteria under salt stress. Brazilian Journal of Microbiology.

49(3): 513-521.

Santos, A.D.A., Silveira, J.A.G.D., Guilherme, E.D.A., Bonifacio, A., Rodrigues, A.C. and
Figueiredo, M.D.V.B. (2018b). Changes induced by co-inoculation in nitrogen—
carbon metabolism in cowpea under salinity stress. Brazilian Journal of

Microbiology. 49(4): 685-694.

Sasaki, T., Suzaki, T., Soyano, T., Kojima, M., Sakakibara, H. and Kawaguchi, M. (2014).
Shoot-derived = cytokinins systemically regulate root nodulation. Nature

Communications. 5: 4983.

Schégger, H. (2006). Tricine—sds-page. Nature Protocols. 1(1): 16.

Schmidt, E.W. (2008). Trading molecules and tracking targets in symbiotic interactions.

Nature Chemical Biology. 4(8): 466-473.

Schumpp, O. and Deakin, W.J. (2010). How inefficient rhizobia prolong their existence

within nodules. Trends in Plant Science. 15(4): 189-195.

Sibponkrung, S., Kondo, T., Tanaka, K., Tittabutr, P., Boonkerd, N., Teaumroong, N. and

Yoshida, K.I. (2017). Genome sequence of Bacillus velezensis S141, a new strain of



196

plant growth-promoting rhizobacterium isolated from soybean rhizosphere.

Genome Announcements. 5(48): e01312-17.

Siqueira, A.F., Ormefio-Orrillo, E., Souza, R.C., Rodrigues, E.P., Almeida, L.G.P.,
Barcellos, F.G., Batista, J.S.S., Nakatani, A.S., Martinez-Romero, E., Vasconcelos,
AT.R. and Hungria, M. (2014). Comparative genomics of Bradyrhizobium
japonicum CPAC 15 and Bradyrhizobium diazoefficiens CPAC 7: elite model
strains for understanding symbiotic performance with soybean. BMC Genomics.

15(1): 420.

Serdyuk, O.P., Smolygina, L.D., lvanova, E.P. and Adanin, V.M. (2003). Phototrophic
purple bacterium Chromatium minutissimum does not synthesize cytokinins under
optimal growth conditions. Doklady Biochemistry and Biophysics. 392(1): 285-

287.

Sharma, S.B., Sayyed, R.Z., Trivedi, M.H. and Gobi, T.A. (2013). Phosphate solubilizing
microbes: sustainable approach for managing phosphorus deficiency in agricultural

soils. SpringerPlus. 2(1): 587.

Shehata, H.S., Hamed, E.R. and Eleiwa, M.E. (2012). Potential for improving healthy and
productivity of soybean by plant growth promoting rhizobacteria. Australian

Journal of Basic and Applied Sciences. 6(4): 98-107.

Shimomura, S. (2006). Identification of a glycosylphosphatidylinositol-anchored plasma
membrane protein interacting with the C-terminus of auxin-binding protein 1: a

photoaffinity crosslinking study. Plant Molecular Biology. 60(5): 663-677.

Singh, J.S., Pandey, V.C. and Singh, D.P. (2011). Efficient soil microorganisms: a new
dimension for sustainable agriculture and environmental development. Agriculture,

Ecosystems & Environment. 140(3-4): 339-353.



197

Singh, S. and Parniske, M. (2012). Activation of calcium-and calmodulin-dependent
protein kinase (CCaMK), the central regulator of plant root endosymbiosis.

Current Opinion in Plant Biology. 15(4): 444-453.

Sinha, R.K., Valani, D., Chauhan, K. and Agarwal, S. (2010). Embarking on a second
green revolution for sustainable agriculture by vermiculture biotechnology using
earthworms: reviving the dreams of Sir Charles Darwin. Journal of Agricultural

Biotechnology and Sustainable Development. 2(7): 113-128.

Smith, D.L. and Hume, D.J. (1987). Comparison of assay methods for N fixation utilizing

white bean and soybean. Canadian Journal of Plant Science. 67(1): 11-19.

Smith, D.L., Praslickova, D. and llangumaran, G. (2015). Inter-organismal signaling and

management of the phytomicrobiome. Frontiers in Plant Science. 6: 722.

Soe, K.M. and Yamakawa, T. (2013). Low-density co-inoculation of Myanmar
Bradyrhizobium yuanmingense MAS34 and Streptomyces griseoflavus P4 to
enhance symbiosis and seed yield in soybean varieties. American Journal of Plant

Sciences. 4(09): 1879.

Solans, M., Vobis, G. and Wall, L.G. (2009). Saprophytic actinomycetes promote
nodulation in Medicago sativa-Sinorhizobium meliloti symbiosis in the presence of

high N. Journal of Plant Growth Regulation. 28(2): 106-114.

Somasegaran, P. and Hoben, H. J. (1994). Handbook for Rhizobia. Methods in Legume-

Rhizobium technology. Springer-Verlag, NewYork. pp. 332-341.

Spaepen, S. and Vanderleyden, J. (2011). Auxin and plant-microbe interactions. Cold

Spring Harbor Perspectives in Biology. 3(4): a001438.

Spaepen, S., Vanderleyden, J. and Remans, R. (2007). Indole-3-acetic acid in microbial and

microorganism-plant signaling. FEMS Microbiology Reviews. 31(4): 425-448.



198

Stacey, G., Burris, R.H. and Evans, H.J. (1992). Biological Nitrogen Fixation. London:

Chapman and Hall.

Stepanenko, O.V., Verkhusha, V.V., Kuznetsova, I.M., Uversky, V.N. and Turoverov, K.K.
(2008). Fluorescent proteins as biomarkers and biosensors: throwing color lights on
molecular and cellular processes. Current Protein and Peptide Science. 9(4): 338-

369.

Sturtevant, D.B. and Taller, B.J. (1989). Cytokinin production by Bradyrhizobium

japonicum. Plant Physiology. 89(4): 1247-1252.

Subramanian, P., Kim, K., Krishnamoorthy, R., Sundaram, S. and Sa, T. (2015).
Endophytic bacteria improve nodule function and plant nitrogen in soybean on co-
inoculation with Bradyrhizobium japonicum MN110. Plant Growth Regulation.

76(3): 327-332.

Sugawara, H., Ohyama, A., Mori, H. and Kurokawa, K. (2009). Microbial genome
annotation pipeline (MiGAP) for diverse users. In: The 20" International
Conference on Genome Informatics (GIW2009) Poster and Software

Demonstrations (Yokohama). pp. S001-1.

Suzaki, T., Yano, K., Ito, M., Umehara, Y., Suganuma, N. and Kawaguchi, M. (2012).
Positive and negative regulation of cortical cell division during root nodule
development in Lotus japonicus is accompanied by auxin response. Development.

139(21): 3997-4006.

Tarafder, H.K., Dey, A. and Dasgupta, S. (2016). Co-inoculation of phosphate solubilizing
bacteria and Rhizobia for improving growth and yield of mungbean (Vigna radiata

L.). Asian Journal of Soil Science. 11(1): 207-212.



199

Tarig, M., Hameed, S., Yasmeen, T. and Ali, A. (2012). Non-rhizobial bacteria for
improved nodulation and grain yield of mung bean [Vigna radiata (L.) Wilczek].

African Journal of Biotechnology. 11(84): 15012-15019.

Tokala, R.K., Strap, J.L., Jung, C.M., Crawford, D.L., Salove, M.H., Deobald, L.A.,
Bailey, J.F. and Morra, M.J. (2002). Novel plant-microbe rhizosphere interaction
involving Streptomyces lydicus WYEC108 and the pea plant (Pisum sativum).

Applied and Environmental Microbiology. 68(5): 2161-2171.

Téth, K., Stratil, T.F., Madsen, E.B., Ye, J., Popp, C., Antolin-Llovera, M., Grossmann, C.,
Jensen, O.N., SchuBler, A., Parniske, M. and Ott, T. (2012). Functional domain
analysis of the remorin protein LISYMREML in Lotus japonicus. PloS One. 7(1):

e30817.

Triplett, EXW. and Sadowsky, M.J. (1992). Genetics of competition for nodulation of

legumes. Annual Review of Microbiology. 46(1): 399-422.

Trujillo, M.E., Bacigalupe, R., Pujic, P., lgarashi, Y., Benito, P., Riesco, R., Médigue, C.
and Normand, P. (2014). Genome features of the endophytic actinobacterium
Micromonospora lupini strain Lupac 08: on the process of adaptation to an

endophytic life style?. PLoS One. 9(9): €108522.

Turan, M., Gulluce, M., von Wirén, N. and Sahin, F. (2012). Yield promotion and
phosphorus solubilization by plant growth—promoting rhizobacteria in extensive
wheat production in Turkey. Journal of Plant Nutrition and Soil Science. 175(6):

818-826.

Turan, M., Kitir, N., Alkaya, U., Giines, A., Tiifenk¢i, S., Yildirim, E. and Nikerel, E.
(2016). Making soil more accessible to plants: the case of plant growth promoting

rhizobacteria. In Plant Growth. IntechOpen.



200

Udvardi, M. and Poole, P.S. (2013). Transport and metabolism in legume-rhizobia

symbioses. Annual Review of Plant Biology. 64: 781-805.

USDA. (2014). Thailand Grain and Feed Annual 2014. The United States Department of

Agriculture. GAIN Report Number: TH4021.

USDA. (2019). Thailand Oilseeds and Products Annual 2019. The United States

Department of Agriculture. GAIN Report Number: TH9039.

Van de Velde, W., Zehirov, G., Szatmari, A., Debreczeny, M., Ishihara, H., Kevei, Z.,
Farkas, A., Mikulass, K., Nagy, A., Tiricz, H., Satiat-Jeunemaitre, B., Alunni, B.,
Bourge, M., Kucho, K., Abe, M., Kereszt, A., Maroti, G., Uchiumi, T., Kondorosi,
E. and Mergaert, P. (2010). Plant peptides govern terminal differentiation of

bacteria in symbiosis. Science. 327(5969): 1122-1126.

Van Loon, L.C. (2007). Plant responses to plant growth-promoting rhizobacteria. In: New
Perspectives and Approaches in Plant Growth-Promoting Rhizobacteria

Research. Springer, Dordrecht, pp. 243-254.

Van Peer, R., Niemann, G.J. and Schippers, B. (1991). Induced resistance and phytoalexin
accumulation in biological control of Fusarium wilt of carnation by Pseudomonas

sp. strain WCS 417 r. Phytopathology. 81(7): 728-734.

Van Zeijl, A., den Camp, R.H.O., Deinum, E.E., Charnikhova, T., Franssen, H., den Camp,
H.J.0., Bouwmeester, H., Kohlen, W., Bisseling, T. and Geurts, R. (2015).
Rhizobium lipo-chitooligosaccharide signaling triggers accumulation of cytokinins

in Medicago truncatula roots. Molecular Plant. 8(8): 1213-1226.

Vauclare, P., Bligny, R., Gout E. and Widmer, F. (2013). An overview of the metabolic
differences between Bradyrhizobium japonicum 110 bacteria and differentiated

bacteroids from soybean (Glycine max) root nodules: an in vitro *C- and 3!P-



201

nuclear magnetic resonance spectroscopy study. FEMS Microbiology Letters. 343:

49-56.

Vessey, J.K. (2003). Plant growth promoting rhizobacteria as biofertilizers. Plant and Soil.

255(2): 571-586.

Vicario, J.C., Primo, E.D., Dardanelli, M.S. and Giordano, W. (2016). Promotion of peanut
growth by co-inoculation with selected strains of Bradyrhizobium and Azospirillum.

Journal of Plant Growth Regulation. 35(2): 413-419.

Walpola, B.C. and Yoon, M.H. (2012). Prospectus of phosphate solubilizing
microorganisms and phosphorus availability in agricultural soils: A review. African

Journal of Microbiology Research. 6(37): 6600-6605.

Wang, D., Griffitts, J., Starker, C., Fedorova, E., Limpens, E., lvanov, S., Bisseling, T. and
Long, S. (2010). A nodule-specific protein secretory pathway required for nitrogen-

fixing symbiosis. Science. 327(5969): 1126-1129.

Wang, Y., Li, K., Chen, L., Zou, Y., Liu, H., Tian, Y., Li, D.,, Wang, R., Zhao, F.,
Ferguson, B.J. and Gresshoff, P.M. (2015). MicroRNAL167-directed regulation of
the auxin response factors GmARF8a and GmARF8b is required for soybean

nodulation and lateral root development. Plant Physiology. 168(3): 984-999.

Wani, P.A., Khan, M.S. and Zaidi, A. (2007). Synergistic effects of the inoculation with
nitrogen-fixing and phosphate-solubilizing rhizobacteria on the performance of
field-grown chickpea. Journal of Plant Nutrition and Soil Science. 170(2): 283-

287.

Wu, F., Wan, JH.C., Wu, S. and Wong, M. (2012). Effects of earthworms and plant

growth—promoting rhizobacteria (PGPR) on availability of nitrogen, phosphorus,



202

and potassium in soil. Journal of Plant Nutrition and Soil Science. 175(3): 423-

433.

Xiao, T.T., Schilderink, S., Moling, S., Deinum, E.E., Kondorosi, E., Franssen, H.,
Kulikova, O., Niebel, A. and Bisseling, T. (2014). Fate map of Medicago truncatula

root nodules. Development. 141(18): 3517-3528.

Xue, X.Y., Feng, R.H., Guan, D.W., LI, J. and CAO, F.M. (2011). Screening and analysis
for efficient co-inoculation system of soybean rhizobia and plant growth-promoting

rhizobacteria. Soybean Science 4: 613-620.

Yang, J., Kloepper, JW. and Ryu, C.M. (2009). Rhizosphere bacteria help plants tolerate

abiotic stress. Trends in Plant Science. 14(1): 1-4.

Yang, J.K., Yuan, T.Y., Zhang, W.T., Zhou, J.C. and Li, Y.G. (2008). Polyphasic
characterization of mung bean (Vigna radiata L.) rhizobia from different

geographical regions of China. Soil Biology and Biochemistry. 40(7): 1681-1688.

Yuan, J., Zhu, L., Liu, X,, Li, T., Zhang, Y., Ying, T., Wang, B., Wang, J., Dong, H., and
Feng, E. (2006). A proteome reference map and proteomic analysis of
Bifidobacterium longum NCC2705. Molecular & Cellular Proteomics. 5(6),

1105-1118.

Yuttavanichakul, W., Lawongsa, P., Wongkaew, S., Teaumroong, N., Boonkerd, N.,
Nomura, N. and Tittabutr, P. (2012). Improvement of peanut rhizobial inoculant by
incorporation of plant growth promoting rhizobacteria (PGPR) as biocontrol against

the seed borne fungus, Aspergillus niger. Biological Control. 63(2): 87-97.

Zahir, Z.A., Zafar-ul-Hye, M., Sajjad, S. and Naveed, M. (2011). Comparative

effectiveness of Pseudomonas and Serratia sp. containing ACC-deaminase for



203

coinoculation with Rhizobium leguminosarum to improve growth, nodulation, and

yield of lentil. Biology and Fertilizer of Soil. 47(4): 457-465.

Zaidi, A., Wani, P.A. and Khan, M.S., 2012. Bioremediation: A natural method for the
management of polluted environment, In: Zaidi, A., Wani, P.A., Khan, M.S. (Eds.),
Toxicity of Heavy Metals to Legumes and Bioremediation. Springer Vienna, pp.

101-114.

Zehr, J.P., Jenkins, B.D., Short, S.M. and Steward, G.F. (2003). Nitrogenase gene diversity
and microbial community structure: a cross-system comparison. Environmental

Microbiology. 5(7): 539-554.

Zhang, F., Dashti, N., Hynes, R.K. and Smith, D.L. (1996). Plant growth promoting
rhizobacteria and soybean [Glycine max (L.) Merr.] nodulation and nitrogen fixation

at suboptimal root zone temperatures. Annals of Botany. 77(5): 453-460.

Zhang, S., Gao, P., Tong, Y., Norse, D., Lu, Y. and Powlson, D. (2015). Overcoming
nitrogen fertilizer over-use through technical and advisory approaches: A case study
from Shaanxi Province, northwest China. Agriculture, Ecosystems &

Environment. 209: 89-99.

Zimmer, W., Aparicio, C. and Elmerich, C. (1991). Relationship between tryptophan
biosynthesis and indole-3-acetic acid production in Azospirillum: identification and
sequencing of a trpGDC cluster. Molecular and General Genetics MGG. 229(1):

41-51.



APPENDICES



APPENDICES

Appendix 1. Yeast Extract Mannitol (YEM) medium (Somasegaran and

Hoben, 1994)

D-Mannitol 100 g
K2HPO4 05 ¢
MgS04-7H.0 02 g
NaCl 01 g
Yeast Extract 05 g
Distilled Water 1.0 liter

Adjust pH to 6.8 with 0.1 N NaOH

Appendix 2. LB medium (Bertani, 1951)

Tryptone 100 g
Yeast extract 50 g
NaCl 100 ¢

Distilled Water 1.0 liter



Appendix 3. LG medium (Lipman, 1904)

Glucose
KH2PO4
K2HPO4

CaCly

Na2SO4
MgSQO4-7H20
FeSO4-7H20
NazMoQO4-2H.0

Distilled Water

Appendix 4. Glucuronidase (GUS) assay solution
20 mg-ml?* X-Gluc in N, N-Dimethylformamide
SDS
Methanol
1 M Sodium phosphate buffer

Distilled Water

10.000

0.410
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ml
ml

ml
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Appendix 5. N-free Nutrient Solution (Broughton and Dillworth, 1971)
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Stock Solutions  Elements  Chemical Formula MW g/liter
1 Ca CaCl2+2H20 147.03 294.1
2 P KH2PO4 136.09 136.1
3 Fe Fe-citrate 355.04 6.7

Mg MgSo4+7H,0 246.5 123.3
K K2SO4 174.06 87.0
Mn MnSO4+H,0 169.02 0.338
4 B H3BO3 61.84 0.247
Zn ZnS0O4*7H,0 287.56 0.288
Cu CuSO4+5H20 249.69 0.100
Co C0S04+7H20 281.12 0.056
Mo Na:Mo0O2+2H.0 241.98 0.048
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Appendix 6. Primers used for combining the contigs in whole genome

sequence of B. velezensis S141

Primer

Sequences (5'—3’)

contig 1 F_PRIMER
contig 1 R_PRIMER
contig 2 F_PRIMER
contig 2 R_PRIMER
contig 3 F_PRIMER
contig 3 R_PRIMER
contig 4 F_PRIMER
contig 4 R_PRIMER
contig 5 F_PRIMER
contig 5 R_PRIMER
contig 6 F_ PRIMER
contig 6 R_PRIMER
contig 7 F_PRIMER
contig 7 R_PRIMER
contig 8 F_PRIMER
contig 8 R_PRIMER
contig 9 F_PRIMER
contig 9 R_PRIMER
contig 10 F_PRIMER
contig 10 R_PRIMER

contig 11 F_PRIMER

TGATTAAGAGGTCGCTTCGAG

GGTATGCAAAGCGGATGATT

AACCCAAAAAGATTGCAACG

TTACCGCCTACACGATTTCC

GGATTATCCGTTTCCGGTTT

GTGTATCCGCGATGGATCTT

AGGCGTGCGAGTAACGTATT

CTCACGACCCCGTCTACTTT

CGATCCGTTTTTCCATGACT

TTAATGCTCCCCTTGTGGTC

TGAAAAAGTCGCCTCGAGAT

ATTCCGGTCGCTCCAATATC

TCGCTTGAACGAAAGACAAA

GATCAGAGGTCGGAGTGGAA

ACTCAACCCCCTCCTTCATT

CTTTCGTCTCCCCTTTTGAA

CCATCATCACCGATCCCTAC

GTTGTGGTATCCGGTCATCC

CTTGTCCGGGAATTAAACGA

AACGTATGGTTCGGTTTTGC

TACGTCGCTGATGACGAAAC

cont.
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Appendix 6. Primers used for combining the contigs in whole genome

sequence of B. velezensis S141 (continued)

Primer

Sequences (5'—3’)

contig 11 R_PRIMER
contig 12 F_PRIMER
contig 12 R_PRIMER
contig 13 F_PRIMER
contig 13 R_PRIMER
contig 14 F_PRIMER
contig 14 R_PRIMER
contig 15 F_PRIMER
contig 15 R_PRIMER
contig 16 F_PRIMER
contig 16 R_PRIMER
contig 17 F_PRIMER
contig 17 R_PRIMER
contig 18 F_PRIMER
contig 18 R_PRIMER
contig 19 F_PRIMER
contig 19 R_PRIMER
contig7_F (new)

contig8_F (new)

contig8 R (new)

contigl0_R (new)

TTTTGAGGCTGACCCGATAG

GGACGGGATAAGTGCTGAAA

CTACGCATTTCACCGCTACA

CAACCGCTTGAAGGAAAAAG

TGTTGCGAAAACTCTTGCTG

TCGGAAAAGCTTCTGCATCT

GGCCAACTGCAGAAAGAGTC

AAGGAGAGGGTGATGTGCTG

ACGACTTTCTCGACGTGCTT

GCATATGCAATGAGCGTCTG

TTCCAAGCTGATGTCGTGAG

CGCGCGAGTAACGTATTGTA

GACAGGGGCTGTCTCTGAAG

GAGCCATGAAGGACTCGAAC

CGAGGACAAGCTGAAAGAGG

GGTGCCGTTACAGGACATCT

TGACTTGTATCCGCAGCTTG

CCGCCTTGTCATGCTGTTAA

AGCGATTTCACTGCGTTTGA

ACGCCTCCTTATCTTGTCCA

ATCCCGTACAAACTGCGTTC




210

Appendix 7. Primers used for Sanger sequencing to closed gaps between

the contig in whole genome sequence

Primer Sequences (5'—3')

2 1R TGGAAAGCAATACACTTACGGA
2_2F GCAGCTGATCAAGTGTGTGT
2 2R CAACCCTTGGGACCGACTAC
2 3F TCTGTGACCGAAAACGGGA

2 3R AGGCAGAGATTCGTTTACCTGA
2 5F CTTTGCGGGACATGCTCAT

2 5R ACACTGGGACTGAGACACG

2 TR ACTTATCCCGTCCGCACATA
2 9F CACACTTCCACCTCAGACCT
2 9R CTGTGTCCTGCTTATCTCCAA
2_10F GATGGAGGCATTATCAGCGG
2_11F GAGGCAGCAGTAGGGAATCT
2_13F CACAGCACAATGACCGTACA
2_14R GAAATGAGATTGGCAGGCGT
2_15F CCCATCCTTCTTGCGCTTTT
2_15R CCTTTGCGGGACATGCTCAT
2_16F GATCATCCCAAGCGCCATTT
2_16R GACGCCACCAAGCTTTTCTA
2_17F ACATACATCCGTTTCTGCGC
2 17R GCGTTTTCTCGATGATCCGT

2_18F GCATGGGAACGGGTGTGA cont.
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Appendix 7. Primers used for Sanger sequencing to closed gaps between

the contig in whole genome sequence (continued)

Primer Sequences (5'—3')

2 18R AGGTCCAAAAGCTCGAATGG
2 _19R CGAAAGGGGACAAACGGTTT
rRNA_23s 12F AGGTCTGAGGTGGAAGTGTG
rRNA_16s_12R ACGGCACTTGTTCTTCCCTA
rRNA_16s_F AGGTGGGGATGACGTCAAAT
rRNA_23s_R GCTTTCTCTTCCTCCGGGTA
TF8FNRNA1+23s 12F 2 GCCCTCGGCATTCATTATTA
7F8FRNA1+16s_12R 2 GAGGAGTCGAACCCCTAACC
8R10RRNA1+23s 12F 2 GCTGTATTCTGGCCATGCTT
8R10RRNA1+16s 12R 2 GAGAATGGTCGGGAAGACAG
12R_SNV41-98 CCGTCAGACTTTCGTCCATT
12F_SNV132-152 CTGGGATAACTCCGGGAAAC
12R_SNV132-152 CGGCACTTGTTCTTCCCTAA
12F _SNV434-521 CAATGGACGAAAGTCTGACG
12F_MNV1328-1329 GAGGTTAAGCCAATCCCACA
12F _SNV1840 GGACGAACACCGATATGCTT
12F_SNV3466-3766 CGTTAAGGAACTCGGCAAAA
12F_MNV1328-1329 (new) AGGTGGGGATGACGTCAAAT
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Appendix 8. Primers used for confirm the transconjugants of B.

velezensis S141

Primer

Sequences (5'—3’)

78293(dhaS) insert_F
78293(dhaS) insert R
75506(yhcX) insert_F
75506(yhcX))_insert R
77145(IPyAD) _insert_F

77145(1PyAD)_insert_R

GTCCGTTTCCAATCTTGATGTCC

AACATCCGGATATTAAAGCCATCTC

TAAATATGCGACATTAATGCAATGG

AGGCTGATATAGTCCTCGGTATATTCG

GAGGTTTCAAGCCCTCTTCTCTG

TTTACCACTGTGACTTGCTGATCAG

Appendix 9. Soil characteristic

Soil characteristic

Texture sand

pH 7.064

EC (ms/cm) 0.238
Organic matter content (%) 0.722
Nitrogen (%) 0.036
Available P (ppm) 50.236
Exchangeable K (ppm) 69.00
Ca (ppm) 172.00




Appendix 10. Protein extraction buffer
Tris HCI pH 8.0
Triton X-100
Lysozyme

DNase

Appendix 11. 5% polyacrylamide gel

30% acrylamide solution (29:1; acrylamide:Bis-acrylamide)
0.5M Tris pH 6.8

10% sodium dodesyl sulfate (SDS)

10% ammonium persulfate (APS)

TEMED

Appendix 12. 12% polyacrylamide gel
30% acrylamide solution (29:1; acrylamide:Bis-acrylamide)
1.5 M Tris pH 8.6
10% sodium dodesyl sulfate (SDS)
10% ammonium persulfate (APS)

TEMED

Appendix 13. SDS-PAGE staining solution

Coomassie Brilliant Blue G-250
Methanol

Glacial acetic acid

20.0

1.0

400.0

40.0

166.0

250.0

10.0

10.0

1.0

400.0

250.0

10.0

10.0

0.6

1.0

400.0

100.0
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mM
%
ug/ml

ug/ml

pl/ml
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pl/ml
pl/ml
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ul/ml

ul/ml

g/L
ml/L

ml/L
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Appendix 14. SDS-PAGE destaining solution

Methanol 400 ml/L

Glacial acetic acid. 100 ml/L
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