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Abstract
Purpose

Rhizobium sp. IRBG74 (IRBG74), is a symbiont of Sesbania cannabina and a growth promoting
endophyte of rice. Here, we compare the transcriptomic and physiological responses of IRBG74 in the
rhizosphere of S. cannabina and rice.

Methods

We used RNA sequencing to determine transcriptomic changes at 12 and 72 hours post inoculation (hpi)
in rhizosphere. Upregulation of key pathways was confirmed using B-glucuronidase (GUS) reporter strains
and by histochemical and quantitative GUS activity.

Results

Significant changes in transcriptome with S. cannabina were detected at 12hpi but most gene expression
changes with rice were observed at 72hpi. Many pathways including Nod factor synthesis, two
component systems, ABC transporters, and synthesis of indole acetic acid (IAA) were upregulated
whereas translation, RNA degradation, protein export and sulfur metabolism were downregulated with
both plants. In contrast, motility and chemotaxis genes were induced specifically with S. cannabina. The
upregulation of nod and IAA genes was confirmed using reporter strains. Nod factor synthesis provides
competitive advantage for colonization of rice and chemotaxis is required for colonization of S.
cannabina but not of rice.

Conclusion

IRBG74 responded to S. cannabina and rice using specific as well as common transcriptional changes. A
mutant defective in Nod factor synthesis was outcompeted for rice colonization. Chemotaxis was
required for colonization of S. cannabina but not for rice. IAA synthesis by IRBG74 could be a major
mechanism of rice growth promotion. These results provide a foundation for further improvement of
rhizobial interactions with rice and other cereals.

Introduction

Legume nodulating rhizobia (LNR) form nitrogen fixing symbiotic associations that play a critical role in
agriculture and environmental sustainability (Graham and Vance 2003, Peoples et al. 2009; Gyaneshwar
et al. 2011). The legume-rhizobia symbiosis involves extensive signal exchanges between rhizobia and
the host legumes (Oldroyd and Downie, 2006; Stacey et al. 2006; Jones et al. 2007; Oldroyd 2013;
Venkateshwaran et al. 2013).

Page 2/25



Many strains of LNR can also colonize the internal tissues of cereals such as rice, maize and wheat
forming endophytic associations (Reddy et al. 1997; Biswas et al. 20004, b; Chaintreuil et al. 2000; Chi et
al. 2005; Yanni and Dazzo, 2010; Mitra et al. 2016). These associations can lead to increased plant
biomass and nutrient uptake (Biswas et al. 200043, b; Yanni and Dazzo, 2010; Mitra et al. 2016).The
association of LNR with cereals and their ability to promote cereal growth has led to studies examining
the potential of these bacteria to form nitrogen-fixing symbiosis with cereals, similar to those with
legumes (Ladha and Reddy, 2003; Betty and Good 2011, Mus et al. 2016; Pankievicz et al. 2019; Bennet et
al. 2020). Among cereals, rice has been a main target crop to characterize nitrogen fixation with cereals
(Ladha and Reddy, 2000; Ladha and Reddy, 2003). Studies over the last decades revealed that many
features of the rhizobial-legume interactions are also involved in rhizobial-rice interactions (Reddy et al.
1997, Reddy et al. 1998, Ladha and Reddy 2003). Based on these results, it has been suggested that rice
contains many of the genetic determinants required for forming symbiosis with rhizobia. However, not
much is known about the mechanisms that rhizobia and rice use to recognize each other and form
beneficial associations.

We previously described Rhizobium sp. IRBG74, a nodulating and nitrogen fixing symbiont of aquatic
legume Sesbania cannabina (Yellow Pea Bush) (Cummings et al. 2009). Rhizobium sp. IRBG74 can also
promote rice growth (Biswas et al. 2000 a,b; Peng et al. 2002; Mitra et al. 2016). We determined the
genome sequence of Rhizobium sp. IRBG74 (Crook et al. 2013) and showed that it colonized both the
surface and internal tissues of rice roots and stems (Mitra et al. 2016) and thus can be further utilized as
a model system to elucidate the mechanisms of rice-rhizobial interactions.

In this study we analyzed the transcriptomic responses of Rhizobium sp. IRBG74 after inoculation into S.
cannabina and rice rhizosphere using RNA-sequencing (RNA-Seq). We used two different time frames to
identify gene expression changes. We show that Rhizobium sp. IRBG74 responds to S. cannabina at both
12h and 72h post inoculation whereas the majority of transcriptional changes to rice occur at 72h.
However, the majority of these responses are common to both host plants. Using reporter strains we
demonstrate that genes required for the synthesis of Nod factor and of the phytohormone indole acetic
acid are upregulated in the rhizosphere of both plants. We show that Nod factor synthesis is important
not only for nodulation of S. cannabina but also for competitive colonization of rice. In contrast,
chemotaxis is important for colonization of S. cannabina but not of rice.

Materials And Methods

Bacterial strains and growth conditions

The bacterial strains, plasmids and primers used in this study are listed in Table 1. The wild type and
mutant Rhizobium sp. IRBG74 strains were maintained on Yeast Mannitol (YM) agar with appropriate
antibiotics. The E. coli strains were maintained on LB agar with antibiotics as required.
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Table 1

List of strains, plasmids and primers used in this study

Strains/ Plasmids
Strains

IRBG74

IRBG74-GUS

IRBG74-nodAGUS

IRBG74-mcpEGUS

E. coliTOP10

E. coliDH5a

Description

Wild type Rhizobium sp. IRBG74

IRBG74 marked with pPCAM121 Spec'

Wild type Rhizobium sp. IRBG74 with an insertion of pTH1703

in nodA

Wild type Rhizobium sp. IRBG74 with an insertion of pTH1703

in mepE

F- mcrA A(mrr-hsdRMS-merBC) ¢80/acZAM15 AlacX74 recAT
araD139 A(ara- leu)7697 gall gaK rpsL (StrR) endA1 nupG

F~ endA1 ginV44 thi-

1 recAT relA1 gyrA96 deoR nupG purB20 ¢80d/acZAM15

A(lacZYA-argF)U169, hsdR17(rx my™), A

Plasmids and Primers

pENTR™/D-
TOPO™ Vector

pTH1703

nodA disrupt F
nodA disrupt R
nodA disrupt C
nthB disrupt F
nthB disrupt R
nthB disrupt C
mcpE disrupt F
mcpE disrupt R
mcpE disrupt C
ML4876

Entry vector for TOPO cloning KanR

Derivative of pTH1522 containing gfp*, lacZ, gusA, and

tdimer2(12) with an expanded multiple cloning site Gen®

CCGCATGCTGAAGACGCGAGGTTGAATG
GGCTCGAGGTAAACATTGAATGACTAAG
CGAGCTGAAGTCCTTACGGC
CCGCATGCTTTCCTGTTCCCGTGTGGGTC
GGCTCGAGACGCAGTAGACAGGCATAGG
CCAACATCCTCGAAGAGCAC
CCGGTACCGAGATGCAATCCGACTTCCTG
GGCTCGAGTCTTGATCTCCCTTGCGGCATC
GCTGGCGTTCTGAACCTTGG
ATAAGGGACTCCTCATTAAGATAAC

Reference

(Tan et al.
2001)

Cummings et
al. 2009)

This study
This study

Thermo
Fischer
Scientific USA
Thermo

Fischer
Scientific USA

Life
Technologies
USA

(Cowie et al.
2006)

This study
This study
This study
This study
This study
This study
This study
This study
This study

(Cowie et al.
2006)
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Inoculation of S. cannabina and rice with Rhizobium sp. IRBG74 for transcriptomic analysis

Seeds of S. cannabina and rice were surface sterilized and germinated as described earlier (Mitra et al.
2016). The contamination free seedlings were transferred to Magenta boxes containing N-free plant
growth media (Cummings et al. 2009). The seedlings were put on a mesh such that the roots grew into
the growth media. Rhizobium sp. IRBG74 marked with B-glucuronidase (GUS) (Mitra et al. 2016) was
grown in YM broth, harvested by centrifugation and resuspended in normal saline. The bacteria were then
inoculated onto S. cannabina and rice seedlings to final 0.Dggg,,m Of 1.0. Each magenta box contained 20
seedlings and inoculations were done in triplicates. The inoculated plants were incubated in a growth
chamber (14h light/10h dark cycle) at 27°C (day) and 25°C (night). Bacterial cells were collected by
centrifugation before inoculation (Ohrs) and at 12 and 72 hpi in 5% phenol in ethanol. The 12 hpi time
point was chosen to determine early responses to plant rhizosphere, including signaling mechanisms,
and 72 hpi was determined based on our earlier study showing increased colonization of S. cannabina
and rice by Rhizobium sp. IRBG74 at that time point (Mitra et al. 2016).

RNA isolation and preparation

Total nucleic acids were extracted from each sample using phenol/chloroform extraction (Rigsbee et al.
2011). DNA was removed by treatment with RNase-free DNase | (New England Biolabs). Ribosomal RNA
was depleted with Ribo-Zero rRNA Removal Bacteria Kit (lllumina) and samples were cleaned with ZR
RNA Clean and Concentrator Kit (Zymo Research Corporation). The completeness of rRNA depletion was
assessed on an Agilent Bioanalyzer with RNA Nano Chip (Agilent). An average of 647 ng of rRNA-
depleted RNA was recovered in each sample with no observable 16S and 23S rRNA peaks. Samples were
dehydrated and stored in RNAstable preservative (LD-Biomatrica). RNA samples were sequenced on
lllumina HiSeq platform using standard lllumina RNA preparation protocol. An average of 9.21 million 2 x
150 nct paired reads were obtained per sample.

Gene expression analysis

All reads were quality filtered (Q = 18) in AfterQC (Chen et al. 2017); on average 96% of reads were
retained. Rockhopper (McClure et al. 2013) was used to align and annotate reads to the circular and
linear chromosomes and symbiotic plasmid of Rhizobium sp. IRBG74 genome. Any counts for non-
protein coding RNAs were removed from analysis. While all experiments were originally performed in
triplicates, 3 samples did not pass our control threshold for the minimum number of protein-coding
annotated counts, and were removed from further analysis. Because depth of sequencing affects the
probability of transcript identification, aligned sequence counts were then rarefied to the lowest count
number among samples as described previously (Craig et al. 2020). This produced a full dataset of 5412
genes and 12 samples. Distributions of mMRNA counts within each sample were quartile-normalized
across all samples based on the assumption of a similar dispersal of mMRNA expression values in all
conditions.
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To define differentially expressed genes, the genes were filtered based on four distinct criteria. Genes were
not considered differentially expressed and were removed if they (1) did not fall into the top 90% percent
of expression range in at least one sample type; (2) showed no variation in their expression level across
samples (defined as coefficient of variance (CV) < 31%, which constitutes 10th percentile of the CV
range); (3) did not show at least 2-fold expression difference at least in one control vs. test sample type
comparison; (4) showed no statistically significant (q<=0.01) expression difference in at least one
comparison between different sample types. Statistical significance was calculated with moderated t-test
incorporating Benjamini and Hochberg correction for multiple hypothesis testing as previously described
(Withman et al. 2013). These filters produced a set of 1740 differentially expressed genes (DEGs) (Table
S1).

Statistical and pathway analyses

Principal components analysis (PCA) was performed on full and differentially expressed genes (DEG)
datasets utilizing in-house Matlab script (Shankar et al. 2017). DiVenn (Sun et al. 2019) was used to
visualize the overlap of the differentially expressed genes among different conditions (in all cases
compared to control samples). Hierarchical cluster analysis (average linkage) and K-means clustering (K
=12) were carried out in Genesis using Euclidean distance as we did previously (Gunasekera et al. 2008).
PathView (Luo et al. 2017) was used to map DEGs to KEGG pathways and to define statistically
significant differences in pathway expression among sample types utilizing the GAGE algorithm.

Construction of reporter and mutant strains of Rhizobium sp. IRBG74

To determine the role of nod genes and genes important for motility and chemotaxis in plant
colonization, we constructed reporter mutants in nodA, nthB and mcpE, using pTH1703 (Cowie et al.
2006). pTH1703 contains promoter-less reporter genes GUS/RFP and B-gal/GFP and was used earlier to
construct a reporter gene library in Sinorhizobium melliloti (Cowie et al. 2006). To generate the mutants,
~1Kb gene fragments were amplified by PCR using gene specific primers, purified and cloned into
PENTER/D-TOPO vector (Life Technologies, USA). The gene fragments were then subcloned into
pTH1703 using appropriate restriction enzymes to create a fusion to GUS-RFP. The recombinant
PTH1703 plasmids were then mobilized into Rhizobium sp. IRBG74 by tri-parental mating using pRK2013
as helper plasmid. The transconjugants were selected on LB containing 125 pg/ml gentamicin and 50
pg/ml ampicillin. The gene insertion was confirmed by PCR using primers upstream of the cloned
fragment and a vector specific primer, followed by sequencing.

Motility assays

The swimming motility phenotypic assay was as described (Mitra et al. 2016). The mcpE and wild type
strains were inoculated onto LB plates containing 0.3% agar and motility was assessed by measuring the

zone of swimming after incubation for 24 hours at 30°C.

Rice root colonization
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The colonization of rice was determined as described earlier (Gyaneshwar et al. 2001). Briefly, seedlings
were sampled at 3 days after inoculation (DAI) and the roots were then immersed in phosphate buffered
saline (PBS) and vortexed at high for 30s. The resulting solution was serially diluted and placed on LB
agar plates containing spectinomycin (100 pg/ml), incubated overnight at 30°C and colony forming units
were counted.

Nodulation of S. cannabina

Nodulation of S. cannabina was determined as described earlier (Cummings et al. 2009; Mitra et al.
2016). S. cannabina plants, grown from surface-sterilized seeds, were grown in 100 ml paper cups
containing sterile vermiculite and watered with nitrogen-free growth media. The plants were inoculated
with the wild type and mutants strains of Rhizobium sp. IRBG74 and incubated in a growth chamber. The
plants were harvested at 30 DAI and examined for nodulation.

B-glucuronidase (GUS) staining and activity

Histochemical GUS staining of roots using X-gluc was performed essentially as described earlier (Mitra et
al. 2016). The GUS activity was quantified using 4-nitrophenyl B-D-glucuronide and expressed as Miller
units (Miller 1972).

Data availability

Raw sequence datasets obtained in this project are available in the Sequence Read Archive repository
(BioProject ID: PRUNA563912).

Results

Rhizobium sp. IRBG74 forms a nitrogen-fixing symbiosis with S. cannabina and is a growth promoting
endophyte of rice. However, it is not known whether it utilizes similar or different mechanisms to sense
and respond to its legume and cereal hosts. We have shown earlier that a Rhizobium sp. IRBG74 mutant
defective in the O-antigen of lipopolysaccharide showed common as well as specific defects in
colonization of S. cannabina and rice (Mitra et al. 2016). To further explore such mechanisms, we
analyzed transcriptomic changes in Rhizobium sp. IRBG74 in the rhizosphere of S. cannabina and rice at
12 hpi and 72 hpi. The transcriptomes in the rhizosphere were compared with the transcriptome of
bacterial cells cultured without the host plants.

Similarity of gene expression profiles

The transcriptomic dataset was quality filtered, annotated, trimmed to only contain protein-coding genes,
rarefied, and normalized. This produced a dataset with 5412 genes. We used multivariate principal
components analysis to assess the similarity of overall expression profiles among samples. As shown in
Fig. 1A, control and rice 12 hpi samples formed tight sample groups that indicated very similar
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expression profiles among independent biological replicates. Replicates collected at 72 hpi varied more
within the same sample type. At 12 hpi, the overall pattern of gene expression in Rhizobium sp. IRBG74
exposed to S. cannabina roots changed extensively, which was in contrast to the samples exposed to rice
roots (Fig. TA). Numerically this can be shown by calculating the distribution of pair-wise distances
between samples in three dimensional PCA space as we did previously (Labib et al. 2018) (Fig. 1B). While
the distances between control and rice-12 hpi samples were small, distance magnitude was remarkably
increased for the S. cannabina-12 hpi samples. At 72 hpi, expression profiles of Rhizobium sp. IRBG74
cells exposed to either S. cannabina or rice roots differed noticeably from that of the control samples

(Fig. 1B). Similar trends were also observed when only the subset of differentially expressed genes was
used for PCA analysis (data not shown).

Analysis of differentially expressed genes (DEGS).

A set of filter criteria (see Methods section) was used to define the subset of the transcriptome that
responded to the presence of rice and/or S. cannabina rhizosphere. A total of 1740 genes were selected
that showed differential expression in at least one of the comparisons (Table S1). Among these, 1025
genes were located on the circular chromosome, 548 genes were on the linear chromosome and 167
genes were present on the symbiotic plasmid (pSYM) (Table S1). Consistent with the findings of the PCA
analysis described above, only 5 genes differed in expression between control and rice-12 hpi (Fig. 2).
Interestingly, these genes (p0684-p0690) are present on pSYM and are annotated as being involved in the
transport of dicarboxylates.

Significantly higher numbers of DEGs were revealed for other sample types in comparisons with the
control samples. Among these, a set of 111 genes was differentially expressed in each of the remaining
three comparisons, thus constituting a group of universally responsive genes (Table S2). Among these,
51 genes were upregulated and 60 were downregulated. The upregulated genes were located on the
circular chromosome (12 genes), linear chromosome (33 genes), and on pSYM (6 genes). The genes
showing higher transcription were annotated as encoding transporters for C4-dicarboxlates, dipeptides
and sugars, and genes involved in sensing and regulating transcriptional responses. Of the
downregulated genes, 45 were located on the circular chromosome, 13 were on the linear chromosome,
and 2 were on pSYM (Table S2).

Host specific and common transcriptomic responses

Analysis of DE genes showed that at 12 hpi, Rhizobium sp. IRBG74 respond to S. cannabina rhizosphere
in a substantially different manner than its response to the rice rhizosphere. In the rice rhizosphere, only 5
genes showed expression changes as compared to 540 genes in the rhizosphere of S. cannabina (Fig. 2).
However, at 72 hpi, 569 DE genes were detected in the rice rhizosphere as compared to 510 DE genes in
rhizosphere of S. cannabina (Fig. 2). Of these 206 and 136 genes were specific to rice and S. cannabina,
respectively. These results indicate that Rhizobium sp. IRBG74 senses and responds to both its host
plants and many of these responses are common.
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Early responses of Rhizobium sp. IRBG74 to S. cannabina
and rice

To better understand the physiology of Rhizobium sp. IRBG74 in the rhizosphere of a legume and cereal
host, the 1740 DEGs were further mapped to functional pathways using the KEGG database. Statistically
significant changes in many pathways were observed in each of the comparisons (Fig. 3, 4 and Table
S3). Of the pathways that were significantly upregulated as compared to control at early time point
(12hpi) but not at 72hpi, genes involved in chemotaxis and motility were highly expressed in the S.
cannabina rhizosphere at 12hpi (Fig. 4 and Table S3). These included genes encoding methyl accepting
chemotaxis proteins (MCPs) and those involved in further signal transduction and swimming motility. In
contrast, genes involved in oxidative phosphorylation showed higher expression specifically in the rice
rhizosphere at 12hpi (Fig. 4 and Table S3). These include genes coding for components of the electron
transport chain such as succinate dehydrogenase, NADH- quinone oxidoreductase, cytochrome C,
cytochrome D, high affinity cytochrome (ixXNOQP) and ATPase.

Various physiologically important pathways showed increased expression in the rhizosphere of both
plants. These included genes encoding two-component systems (TCS) important for sensing and
responding to changes in the environment such as those important for nitrogen limitation (ntrBC, ginB,
ginD, rooN), phosphate limitation (phoBR), osmotic stress (kdpDE), acid stress (chviG), polysaccharide
biosynthesis (ntrXY), cell cycle regulation (ctrA), anerobic respiration and denitrification (regRS) were
upregulated (Fig. 4). In addition, genes annotated as peptidoglycan biosynthesis and those involved in
metabolism of starch and sucrose were part of this early response. Genes involved in flagella synthesis
were also upregulated.

Late responses of Rhizobium sp. IRBG74 to S. cannabina
and rice

Bacterial growth in the plant rhizosphere is dependent upon utilization of nutrient sources in the root
exudates. In accordance, genes annotated as ABC transporters were significantly upregulated in the
rhizosphere of both S. cannabina and rice (Fig. 4). These contained transporters for sugars such as
rhamnose, ribose, xylose, glucosides, maltose/trehalose and putative sugar transporters. In addition,
transporters for branched chain amino acids, di and oligo peptides, nitrate, and ferric iron showed
increased expression. Furthermore, genes involved in degradation of fatty acids, glyoxylate and
dicarboxylate, inositol phosphate, branched chain amino acids and aromatic compounds showed
increased expression. Other metabolic pathways of potential importance included genes involved in the
metabolism of tryptophan and production of the plant hormone indole acetic acid (nthAB) (Fig. 4 and
Table S3).

Pathways showing significant downregulation in the
rhizosphere of S. cannabina and rice
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In contrast to the upregulated genes for transport and degradation of likely nutrients present in the
rhizosphere, genes involved in many central metabolic pathways were significantly down regulated as
compared to controls, especially at 72hpi. These included genes involved in translation (ribosomal
proteins, aminoacyl tRNA synthesis), RNA degradation, one carbon metabolism, fatty acid biosynthesis,
and amino acid biosynthesis (Fig. 3, 4). In addition, genes involved in protein export were also
downregulated. Interestingly the flagella assembly genes that showed upregulation at 12hpi were
downregulated at 72hpi (Fig. 3, 4). We also observed that genes of sulfur assimilation were significantly
downregulated (log ratio of -3 to -5) at 12hpi and 72 hpi. These included genes for transport and
assimilation of sulfate into cysteine and methionine as well as those involved in utilization of organic
sulfur (sulfonate) (Fig. 4 and Table S3).

Clustering genes by their expression patterns

The results of numerical and pathway analysis were also confirmed by K-means clustering (Gyaneshwar
et al. 2005a,b; Sugawara et al. 2011) and were also used to delineate plant specific and general
transcriptomic responses. In accordance with the overall observations of the pathway analysis, the gene
expression patterns showed that transcriptomic changes of Rhizobium sp. |IRBG74 to S. cannabina and
rice could be separated as host-specific at 12 hpi but the responses were similar to both plant hosts at 72
hpi (Fig. 5). For example, cluster 5 contained genes that showed enhanced expression in the rhizosphere
of S. cannabina at 12 hpi but not at 72 hpi and had no response to the rice rhizosphere (Fig. 5). This
cluster contained genes involved in chemotaxis and motility.

In accordance with the numerical analysis, 572 genes in clusters 4, 7, 9 and 10 showed enhanced
expression in the rhizosphere of both S. cannabina and rice at 72hpi (though at different levels) and thus
were part of common responses of Rhizobium sp. IRBG74 to its legume and cereal hosts (Fig. 5). These
genes consisted of those coding for functions likely important for growth in the plant rhizosphere such as
environmental sensing, transporters for sugars, organic acids, fatty acids, amino acids and minerals, as
well as microaerobic/anaerobic respiration and energy generation. In contrast to the clusters with
upregulated genes, clusters 2, 6 and 12 together contained 656 genes that were downregulated in the
rhizosphere of both plants (Fig. 5). The genes in these clusters comprised of those involved in translation
(ribosomal proteins, initiation and elongation factors), one carbon metabolism, biosynthesis of amino
acids and sulfur assimilation.

Role of nod genes in colonizing S. cannabina and rice

The rhizobial nod genes that lead to synthesis of Nod factors are induced by (iso)-flavonoids present in
the host-legume root exudates. We found that nod genes were upregulated in both S. cannabina and rice
rhizosphere. These included nodAB (synthesis of Nod factor backbone), neoCP (arabinosylation), nodZ
(fucosylation), nodlJ (Nod factor secretion) and nodD1 (transcriptional activator of nod genes). To
confirm the expression of nod genes in association with S. cannabina and rice and to determine the role
of Nod factor in plant colonization, we constructed a Rhizobium sp. IRBG74 strain expressing -
glucuronidase (GUS) under the control of nod promoter. In Rhizobium sp. IRBG74, the nodABC genes
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form a single operon, which is expressed from the Nod box present upstream of nodA (Poinsot et al.
2016). The chromosomal integration of the nodA-GUS construct resulted in disruption of the nod operon
and thus led to the lack of Nod factor production. The mutant strain was inoculated onto S. cannabina
and rice seedlings and nod expression was determined by quantifying GUS activity. In accordance with
the transcriptomic data, GUS activity was induced in cells growing in the rhizosphere of both S.
cannabina and rice but at higher levels with S. cannabina as compared to rice. (Fig. 6). Additionally, GUS
staining showed that nodA expression (blue color) was localized on the main root of S. cannabina, likely
the site of infection and subsequent nodulation (Fig S1). In contrast, GUS staining on rice roots was more
diffuse and was present both on the main and lateral roots (Fig S1). These results confirm that the nod
genes of Rhizobium sp. IRBG74 are induced not only with S. cannabina but also with rice roots.

To further explore the role of Nod factor in plant colonization, the mutant was inoculated onto seedlings
of S. cannabina and nodulation ability was observed 30 days after inoculation. Seedlings inoculated with
the wild type and non-inoculated seedlings were used as positive and negative controls. As expected, the
nodA-GUS mutant did not form nodules (Table 2) demonstrating that Rhizobium sp. IRBG74 requires Nod
factor for nodulation of S. cannabina. To determine if Nod factor plays a role in rice colonization, the wild
type (WT) and mutant strains were inoculated onto rice seedlings and colonization was determined by
total cell counts of bacteria attached the root. In contrast to its interaction with S. cannabina, the nodA
GUS mutant was not affected in colonizing rice roots as compared to the WT strain (Table 2). However,
the mutant showed significantly less colonization when inoculated along with the wild type at 1:1 ratio
(Table 2). These results show that Nod factor is not essential but provides a competitive advantage for
colonization of rice by Rhizobium sp. IRBG74.

Table 2
Nodulation of S. cannabina and colonization of rice roots by nodA-GUS mutant of Rhizobium sp. IRBG74.
Strain S. cannabina Rice
(No. nodules/plant) (cfu x 103/mg root fresh weight)

Wild type 38+6 950 + 302
nodA-GUS 0 280 + 258
nodA-GUS + Wild type (1:1) ND

145+ 18P

The results are expressed as Mean + SD of three independent experiments. Values followed by
different letter within a column are significantly different (P < 0.05) as determined by T-test. cfu:
colony forming units.

Expression of putative IAA synthesis genes in S. cannabina
and rice rhizosphere

Transcriptomic analysis revealed an increased expression of tryptophan metabolic genes in the
rhizosphere of both plants. Of these, nitrile hydratase (nthB, p0387)) and amidase (BN877_I11084) are
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potentially involved in converting indole acetonitrile to IAA. An earlier report showed that IAA synthesis in
Rhizobium sp. IRBG74 requires tryptophan supplementation (Biswas et al. 2000) indicating that IAA
biosynthesis genes might be induced by tryptophan. To determine the expression of nthB, we constructed
an nthB-GUS reporter strain and examined its expression with and without tryptophan. nthB expression
significantly increased when the cells were grown with tryptophan as compared to cells without
tryptophan (Fig S2). To confirm that nthB is upregulated in the rhizosphere, the reporter strain was
inoculated on S. cannabina and rice and GUS activity was measured. In accordance with the
transcriptomic data, nthB expression was significantly induced in the rhizosphere of both S. cannabina
and rice (Fig S2). However, the mutant was not affected in its ability to nodulate S. cannabina or to
colonize rice (data not shown).

Role of chemotaxis in plant colonization

As mentioned above, many genes involved in chemotaxis and motility showed increased expression in
the rhizosphere of S. cannabina at 12hpi. To determine the role of chemotaxis in plant colonization, we
constructed a mcpE-GUS insertion mutant of Rhizobium sp. IRBG74. mcpE (BN877_10491) is the
signaling protein in the main chemotaxis operon. The corresponding gene in A. tumefaciens (a close
relative of Rhizobium sp. IRBG74) is important for chemotaxis towards many chemicals (Ye et al. 2021).
Similar to A. tumefaciens, Rhizobium sp. IRBG74 mcpE-GUS strain showed significantly lower swimming
motility on both YM and LB plates (Fig S3). The mutant was inoculated onto seedlings of S. cannabina
and rice and the effect on symbiotic interactions was evaluated by determining nodulation (S. cannabina)
or root colonization (rice) and comparing them to plants inoculated with the WT strain. Noninoculated
plants served as controls. The mcpE-GUS mutant showed significant defect in the colonization (Fig S4)
and nodulation of S. cannabina as compared to the WT strain (Table 3). However, no significant
differences were observed in the colonization of rice roots as shown by GUS staining (Fig S4).

Table 3

A chemoreceptor mutant of Rhizobium sp. IRBG74 is defective in nodulation of S. cannabina but not in
colonization of rice.

Strain S. cannabina Rice
(No. nodules/plant) (cfu x 10~3/mg root fresh weight)
Wild type 35+12 926 + 392
mcpE-GUS 0 845 + 423
The results are mean + SD of three independent experiments. Values followed by same letter within a
column are not significantly different as determined by T-test

Discussion

Rhizobium sp. IRBG74 forms endosymbiotic associations with a legume (S. cannabina) and cereal (rice)
and has emerged as a model to compare the mechanism of rhizobial association with two different plant

Page 12/25



hosts (Mitra et al. 2016, Poinsot et al. 2016; Ryu et al. 2020). Analysis of transcriptomic changes in the
rhizosphere of S. cannabina and rice revealed both host specific and common responses that could be
important for signaling and metabolic coordination in the rhizosphere. In S. cannabina rhizosphere,
significant transcriptomic changes were observed at 12hpi. In contrast, responses to the rice rhizosphere
were detected mostly at 72hpi (Fig. 1, 2).

This difference in response timings could be due to more rapid signaling associated with rhizobial-
legume interactions as compared to rice.

However, many of the transcriptional changes were detected in both rhizospheres (Fig. 2). Two-
component systems (TCS) were a major functional group that showed altered expression (Fig. 3, 4).
Rhizobial TCS important for utilization of nitrogen (ntrBC, ntrXY, ginBD) (Patriarca et al. 1993; Pawlowski
et al. 1991; Amar et al. 1994), phosphorus (phoBR) (Bardin and Finan 1998), and dicarboxylates (dctAB),
(Reid and Poole 1998) showed increased expression. In addition genes involved in degradation of
branched chain and aromatic amino acids, oligo peptides and inositol phosphates were induced.
Branched chain amino acids are a nutrient source for developing bacteroids in pea (Prell et al. 2009).
Similarly, catabolism of inositol is important for competitive nodulation of alfalfa (Kohler et al. 2010).
Similar induction of these genes was reported for Rhizobium leguminosarum in the rhizosphere of
legume and the non-legume sugar beet (Ramachandran et al. 2011). Taken together, these results
suggest that legume-nodulating rhizobia are likely exposed to similar nutrient sources in root exudates of
legumes and non-legumes.

In contrast to upregulated genes, Rhizobium sp. IRBG74 responded to the plant rhizosphere by
significantly downregulating genes important for growth such as those involved in translation and
synthesis of amino acids, nucleic acids and vitamins. Similar downregulation of housekeeping genes
was reported for R. phaseoliin bean and maize rhizosphere (Aguirre-Noyola et al. 2021). In the model
bacterium E. coli, the translational machinery and other biosynthetic genes are downregulated during
nutrient starvation (Gyaneshwar et al. 2005). However, we do not think that the downregulation of
housekeeping genes is due to nutrient starvation as the transcriptional responses in the rhizosphere were
compared with cells without plant exposure. Such a shift in transcriptional responses from growth related
functions to functions that are specific for responding to the rhizosphere could be important for survival
and competition for plant colonization by rhizobia. Similar transcriptional responses of R.
leguminosarum and R. phaseoli, were observed in the rhizosphere of non-legumes such as sugar beet
and maize (Ramachandran et al. 2011; Aguirre-Noyola et al. 2021). It is thus possible that these are
general transcriptional responses of rhizobia in rhizosphere of legumes and non-legumes.

Apart from these housekeeping genes, sulfur assimilation pathway genes were significantly
downregulated (Fig. 4 and Table S3). In E. coli and Bradyrhizobium japonicum cysteine represses sulfate
and sulfonate assimilatory genes (Kertesz 2000, Gyaneshwar et al. 2005a; Sugawara et al. 2011). Itis
possible that the root exudates of both S. cannabina and rice contain cysteine or cysteine rich peptides
(CRPs) that repress sulfur assimilation genes in Rhizobium sp. IRBG74. Many legumes contain CRPs that
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are important for terminal bacteroid differentiation (Kondorosi et al. 2013; Alunni and Gourion 2016). Rice
also contains several genes for CRPs (Silverstein et al. 2007) and further research could determine their
roles in rice-rhizobial interactions.

Rhizobium sp. IRBG74 nod genes are important for
colonizing both hosts

The rhizobial nod genes, involved in the synthesis of Nod factor are essential for initial signaling and
subsequent nodulation of legumes. nod genes are induced by (iso)flavonoids present in the root exudates
at early stages of colonization (Stacey et al. 2006; Jones et al. 2007; Oldroyd 2013). Our results show that
that nod genes of Rhizobium sp. IRBG74 were induced in the rhizosphere of S. cannabina and of rice
(Fig. 6 and Fig S1). These results are in contrast to an earlier study showing that rice root exudates lack
the ability to induce nod genes in rhizobia (Reddy et al. 1997) but root exudates of transgenic rice
modified to secrete isoflavones could induce nodY-lacZ fusion in B. japonicum (Sreevidya et al. 2006).
However, the rhizobial strains used in these studies are not natural partners of rice. In contrast, our earlier
studies demonstrated that Rhizobium sp. IRBG74 is a growth promoting endophyte of rice (Biswas et al.
2000; Mitra et al. 2016). Additionally, nod genes of Rhizobium sp. IRB74 are induced by apigenin (Poinsot
et al. 2016), a flavone that can be synthesized by rice. Use of a nodA-GUS mutant revealed that Nod
factor, though not essential, provides a competitive advantage for rice root colonization in addition to
being essential for nodulation of S. cannabina (Table 2). An earlier report showed that Azorhizobium
caulinodans ORS571 colonized Arabidopsis thailiana through a Nod factor independent mechanism
(Stone et al. 2001). However, A. thaliana does not form symbiotic associations with microbes and lacks
the common symbiotic pathway (CSP) and thus may not be an ideal model to determine the role of Nod
factor. In contrast to A. thaliana, rice possesses CSP, forms mycorrhizal symbiosis and can respond to
Nod factor (Reddy et al. 1997, 2000). In addition, Nod factor of Bradyrhizobium japonicum alleviated
plant defense responses in non-legumes such as tomato and maize (Liang et al. 2013). It is however
possible that the rice colonization defect of the nod mutant could be due to factors other than signaling
such as formation of biofilms and surface attachment (Fujishige et al. 2016). It will be interesting to
further determine if Rhizobium sp. IRBG74 utilizes Nod factor to overcome rice defenses for infection and
subsequent endophtytic colonization.

Chemotaxis is required for colonization of S. cannabina but
not of rice

In natural environments, rhizobia need to recognize the plant host in the presence of many other microbes
and chemotaxis towards the host root is likely to play an important role in plant colonization by rhizobia
(Miller et al. 2006; Poole et al. 2018, Campton and Scharf 2021). We observed that genes involved in
motility and chemotaxis were one of the major functional group that showed increased expression with S.
cannabina but not with rice (Fig. 4). In accordance with the differences in gene expression, a mutant
disrupted for mcpE (BN877_10491) showed defects in colonization and subsequent nodulation of S.
cannabina but not in colonization of rice (Table 3 and Fig S4). It is possible that Rhizobium sp. IRBG74
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recognizes specific root exudate component(s) of S. cannabina but not of rice. Alternatively, Rhizobium
sp. IRBG74 could utilize other MCPs for rice colonization as its genome contains 20 additional MCPs. An
earlier report showed that motility and chemotaxis provides a competitive advantage in nodulation of pea
by R. leguminosarum (Miller et al. 2006).

IAA biosynthesis by Rhizobium sp. IRBG74 in rhizosphere

Genes involved in metabolism of tryptophan, a precursor for synthesis of the phytohormone IAA, were
induced in the rhizosphere of both plants (Table S3). The increased expression of a putative nitralase and
amidase operon was confirmed using a GUS reporter (Fig S2). Rhizobial synthesis of IAA plays a role in
legume nodulation (Badenoch-Jones et al. 1982; Fukuhara et al. 1994). Additionally, production of 1AA
was suggested to be a major mechanism of rice growth promotion by Rhizobium sp. IRBG74 (Biswas et
al. 2000) and IAA synthesis by rhizobia was implicated in the formation of short thick lateral roots on rice
(Reddy et al. 1997). Further analysis of IAA production by Rhizobium sp. IRBG74 may result in better
utilization of this bacterium for rice growth enhancement.

Conclusions

Rhizobium sp. IRBG74, showed host-specific and general transcriptional responses in the rhizosphere of
S. cannabina and rice. Responses to S. cannabina were detected much earlier than responses to rice. Nod
factor synthesis was not only important for nodulation but provided competitive advantage for rice
colonization. In contrast, chemotaxis was required only for nodulation of S. cannabina. Additionally, IAA
production is likely to be a major mechanism of rice growth promotion by Rhizobium sp. IRBG74. These
transcriptomic data could serve as a base for further studies to identify mechanisms involved in rhizobial
colonization of rice in order to enhance the growth promoting interactions.

Declarations

Acknowledgements

This work was partially funded by grants from the National Science Foundation (NSF 10S grant
#1256879) and by a research growth initiative grant from University of Wisconsin Milwaukee to Prasad
Gyaneshwar. We thank Turlough Finan for pTH1703 plasmid.

Funding

This work was partially funded by grants from the National Science Foundation (NSF 10S grant
#1256879) and by a Research Growth Initiative grant from University of Wisconsin Milwaukee to Prasad
Gyaneshwar.

Competing interests
The authors have no relevant financial or non-financial interests to disclose.

Page 15/25



Author contributions

PG and OP conceptualized, designed, analyzed the data and wrote the manuscript. AG performed the
RNA sequencing and processed transcriptomic data. LK constructed reporter and mutant strains. SS and
SW conducted physiological experiments. All authors contributed to writing and editing the manuscript.

Data availability

Raw sequence datasets obtained in this project are available in the Sequence Read Archive repository
(BioProject ID: PRUNA563912).

References

1.

10.

Amar M, Patriarca EJ, Manco G, Bernerd P, Riccio A, Lamberti A, Defez R, Laccarino M (1994)
Regulation of nitrogen metabolism is altered in a g/nB mutant strain of Rhizobium leguminosarum.
Mol Microbiol 11:685-693. https://doi.org/10.1111/j.1365-2958.1994.tb00346.x

. Aguirre-Noyola JL, Rosenblueth M, Santiago-Martinez MG, Martinez-Romero E (2021) Transcriptomic

Responses of Rhizobium phaseolito Root Exudates Reflect Its Capacity to Colonize Maize and
Common Bean in an Intercropping System. Front Microbiol 212:740818.
https://doi.org/10.3389/fmicb.2021.740818

. Alunni B, Gourion B (2016) Terminal bacteroid differentiation in the legume-rhizobium symbiosis:

nodule-specific cysteine-rich peptides and beyond. New Phytol 211:411-417.
https://doi.org/10.1111/nph.14025

. Badenoch-Jones J, Summons RE, Djordjevic MA, Shine J, Letham DS, Rolfe BG (1982) Mass

spectrometric quantification of indole-3-acetic acid in Rhizobium culture supernatants: relation to
root hair curling and nodule initiation. Appl Environ Microbiol 44:275-280.
https://doi.org/10.1128/aem.44.2.275-280

. Bardin SD, Finan TM (1998) Regulation of phosphate assimilation in Rhizobium (Sinorhizobium)

meliloti. Genetics 148:1689-1700. https://doi.org/10.1093/genetics/148.4.1689

. Beatty PH, Good AG (2011) Future prospects for cereals that fix nitrogen. Science 333:416-417.

https://doi.org/10.1126/science. 1209467

. Bennett A, Pankievicz VCS, Ané JM (2020) A model for nitrogen fixation in cereal crops. Trends Plant

Sci 25:226-235. https://doi.org/10.1016/j.tplants.2019.12.004

. Biswas JC, Ladha JK, Dazzo FB, Yanni YG, Rolfe BG (2000a) Rhizobial inoculation influences

seedling vigour and yield of rice. Agron J 92:880—-886. https://doi.org/10.2134/agronj2000.925880x

. Biswas JC, Ladha JK, Dazzo FB (2000b) Rhizobia inoculation improves nutrient uptake and growth

of lowland rice. Soil Sci Soc Am J 64:1644-1650. https://doi.org/10.2136/sssaj2000.6451644x

Chaintreuil C, Girad E, Prin Y, Lorquin J, Ba A, Gillis M, de Lajudie P, Dreyfus B (2000) Photosynthetic
bradyrhizobia are natural endophytes of the African wild rice Oryza breviligulata. Appl Environ
Microbiol 66:5437-5447. https://doi.org/10.1128/AEM.66.12.5437-5447

Page 16/25



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

Chen S, Huang T, Zhou Y, Han Y, Xu M, Gu J (2017) AfterQC: automatic filtering, trimming, error
removing and quality control for fastq data. BMC Bioinformatics 18:80.
https://doi.org/10.1186/s12859-017-1469-3

Chi F, Shen SH, Cheng HP, Jing YX, Yanni YG, Dazzo FB (2005) Ascending migration of endophytic
rhizobia, from roots to leaves, inside rice plants and assessment of benefits to rice growth
physiology. Appl Environ Microbiol 71:7271-7278. https://doi.org/10.1128/AEM.71.11.7271-7278

Compton KK, Scharf BE (2021) Rhizobial chemoattractants, the taste and preferences of legume
symbionts. Front Plant Sci 12:686465. https://doi.org/10.3389/fpls.2021.686465

Cowie A, Cheng J, Sibley CD, Fong Y, Zaheer R, Patten CL, Morton RM, Golding GB, Finan TM (2006)
An integrated approach to functional genomics: construction of a novel reporter gene fusion library
for Sinorhizobium meliloti. Appl Environ Microbiol 2006 72:7156-7167.
https://doi.org/10.1128/AEM.01397-06

Craig MP, Rajakaruna S, Paliy O, Sajjad M, Madhavan S, Reddy N, Zhang J, Bottomley M, Agrawal S,
Kadakia MP (2020) Differential MicroRNA signatures in the pathogenesis of Barrett's esophagus.
Clin Transl Gastroenterol 11:e00125. https://doi.org/10.14309/ctg.0000000000000125

Crook MB, Mitra S, Ané JM, Sadowsky MJ, Gyaneshwar P (2013) Complete genome sequence of the
Sesbania symbiont and rice growth-promoting endophyte Rhizobium sp. strain IRBG74. Genome
Announc 1:e00934-e00913. https://doi.org/10.1128/genomeA.00934-13

Cummings SP, Gyaneshwar P, Vinuesa P, Farruggia FT, Andrews M, Humphry D et al (2009)
Nodulation of Sesbania species by Rhizobium (Agrobacterium) strain IRBG74 and other rhizobia.
Environ Microbiol 11:2510-2525. https://Doi.org/10.1111/j.1462-2920.2009.01975.x

Fukuhara H, Minakawa Y, Akao S, Minamisawa K (1994) The involvement of indole-3-acetic acid
produced by Bradyrhizobium elkaniiin nodule formation. Plant Cell Physiol 35:1261-1265
Fujishige NA, Kapadia NN, Hoff de PL, Hirsch AM (2006) Investigation of Rhizobium biofilm
formation. FEMS Microbiol Ecol 56:195-206. http://doi.org/10.1111/j.1574-6941.2005.00044 .x

Graham PH, Vance CP (2003) Legumes: importance and constraints to greater use. Plant Physiol
131:872-877. https://doi.org/10.1104/pp.017004

. Gunasekera TS, Csonka LN, Paliy O (2008) Genome-wide transcriptional responses of Escherichia

coli K-12 to continuous osmotic and heat stresses. J Bacteriol 190:3712-3720.
https://doi.org/10.1128/JB.01990-07

Gyaneshwar P, Hirsch AM, Moulin L, Chen WM, Elliott GN, Bontemps C et al (2011) Legume-
nodulating betaproteobacteria: diversity, host range, and future prospects. Mol Plant Microbe Interact
24:1276-1288. https://doi.org/10.1094/MPMI-06-11-0172

Gyaneshwar P, Paliy O, McAuliffe J, Popham DL, Jordon MI, Kustu S (2005a) Sulfur and nitrogen
limitation in Escherichia coli K-12: specific homeostatic responses. J Bacteriol 187:1074-1090.
https://doi.org/10.1128/JB.187.3.1074-1090

Gyaneshwar P, Paliy O, McAuliffe J, Jones A, Jordon MI, Kustu S (2005b) Lessons from Escherichia
coli genes similarly regulated in response to nitrogen and sulfur limitation. Proc Natl Acad Sci USA

Page 17/25



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

102:3453-3458. https://doi.org/10.1073/pnas.0500141102

Jones KM, Kobayashi H, Davies BW, Taga ME, Walker GC (2007) How rhizobial symbionts invade
plants: the Sinorhizobium-Medicago model. Nat Rev Microbiol 5:619-633.
https://doi.org/10.1038/nrmicro1705

Kertesz MA (2000) Riding the sulfur cycle-metabolism of sulfonates and sulfate esters in gram-
negative bacteria. FEMS Microbiol Rev 24:135-175. https://doi.org/10.1016/S0168-6445(99)00033-
9

Kohler PR, Zheng JY, Schoffers E, Rossbach S (2010) Inositol catabolism, a key pathway in
Sinorhizobium meliloti for competitive host nodulation. Appl Environ Microbiol 76:7972-7980.
https://doi.org/10.1128/AEM.01972-10

Kondorosi E, Mergaert P, Kereszt A (2013) A paradigm for endosymbiotic life: cell differentiation of
Rhizobium bacteria provoked by host plant factors. Annu Rev Microbiol 67:611-628.
https://doi.org/10.1146/annurev-micro-092412-155630

Labib E, Blaut M, Hussein L, Goud M, Kramer DL, Paliy O et al (2018) Molecular Diversity of Gut
Microbiota and Short Chain Fatty Acids in Egyptian Adults Following Dietary Intervention with
Fermented Sobya. J Food Microbiol Saf Hyg 3:1000139

Ladha JK, Reddy PM (eds) (2000) editors. The quest for nitrogen fixation in rice. International Rice
Research Institute, Makati City, pp 1-354

Ladha JK, Reddy PM (2003) Nitrogen fixation in rice systems: State of knowledge and future
prospects. Plant Soil 252:151-167. https://doi.org/10.1023/A:1024175307238

Liang Y, Cao Y, Tanaka K, Thibivilliers S, Wan J, Choi J, Kang Ch, Qiu J, Stacey G (2013) Non legumes
respond to rhizobial Nod factors by suppressing the innate immune response. Science 341:1384-
1387. https://doi.org/10.1126/science.1242736

Luo W, Pant G, Bhavnasi YK, Blanchard SG Jr, Brouwer C (2017) Pathview Web: user friendly
pathway visualization and data integration. Nucleic Acids Res 45:W501-W508.
https://doi.org/10.1093/nar/gkx372

McClure R, Balasubramanian D, Sun Y, Bobrovskyy M, Sumby P, Genco CA, Vanderpool CK, Tjaden B
(2013) Computational analysis of bacterial RNA-Seq data. Nucleic Acids Res 41:e140.
https://doi.org/10.1093/nar/gkt444

Miller JH (1972) Experiments in molecular genetics. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, NY

Miller LD, Yost CK, Hynes MF, Alexandre G (2007) The major chemotaxis gene cluster of Rhizobium
leguminosarum bv. viciaeis essential for competitive nodulation. Mol Microbiol 63:348-362.
https://doi.org/10.1111/j.1365-2958.2006.05515.x

Mitra S, Mukherjee A, Wiley-Kalil A, Das S, Owen H, Reddy PM, Ane JM, James EK, Gyaneshwar P
(2016) A rhamnose-deficient lipopolysaccharide mutant of Rhizobium sp. IRBG74 is defective in root
colonization and beneficial interactions with its flooding-tolerant hosts Sesbania cannabina and
wetland rice. J Exp Bot 67:5869—-5884. https://doi.org/10.1093/jxb/erw354

Page 18/25



38.

39

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Mus F, Crook MB, Garcia K, Garcia Costas A, Geddes BA, Kouri ED (2016) Symbiotic nitrogen fixation
and the challenges to its extension to nonlegumes. Appl Environ Microbiol 82:3698-3710.
https://doi.org/10.1128/AEM.01055-16

. Oldroyd GE, Downie JA (2006) Nuclear calcium changes at the core of symbiosis signalling. Curr

Opin Plant Biol 9:351-357. https://doi.org/10.1016/j.pbi.2006.05.003

Oldroyd GE (2013) Speak, friend, and enter: Signaling systems that promote beneficial symbiotic
associations in plants. Nat Rev Microbiol 11:252-263. https://doi.org/10.1038/nrmicro2990
Pankievicz VCS, Irving TB, Maia LGS, Ané JM (2019) Are we there yet? The long walk towards the
development of efficient symbiotic associations between nitrogen-fixing bacteria and non-
leguminous crops. BMC Biol 17:99. https://doi.org/10.1186/s12915-019-0710-0

Patriarca EJ, Tate RR, Colonna-Romano S, Laccarino M, Defez R (1993) The ntrBC genes of
Rhizobium leguminosarum are part of a complex operon subject to negative regulation. Mol
Microbiol 9:569-577. https://doi.org/10.1111/j.1365-2958.1993.tb01717 x

Pawlowski K, Klosse U, de Bruijn FJ (1991) Characterization of a novel Azorhizobium caulinodans
ORS571 two-component regulatory system, NtrY/NtrX, involved in nitrogen fixation and metabolism.
Mol Gen Genet 231:124-138. https://doi.org/10.1007/BF00293830

Peng S, Biswas JC, Ladha JK, Gyaneshwar P, Chen Y (2002) Influence of rhizobial inoculation on
photosynthesis and grain yield of rice. Agron J 94:925-9209.
https://doi.org/10.2134/agronj2002.9250

Peoples MB, Brockwell J, Herridge DF, Rochester IJ, Alves BJR, Urquiaga S et al (2009) The
contributions of nitrogen-fixing crop legumes to the productivity of agricultural systems. Symbiosis
48:1-17. https://doi.org/10.1007/BF03179980

Poinsot V, Crook MB, Erdn S, Maillet F, Bascaules A, Ané JM (2016) New insights into Nod factor
biosynthesis: Analyses of chitooligomers and lipo-chitooligomers of Rhizobium sp. IRBG74 mutants.
Carbohydr Res 434:83-93. https://doi.org/10.1016/j.carres.2016.08.001

Poole P Ramachandran V, Terpolilli J (2018) Rhizobia: from saprophytes to endosymbionts. Nat Rev
Microbiol 16:291-303. https://doi.org/10.1038/nrmicro.2017.171

Prayitno J, Stefaniak J, Mclver J, Weinman JJ, Dazzo FB, Ladha JK et al (1999) Interactions of rice
seedlings with bacteria isolated from rice roots. Aust J Plant Physiol 26:521-535

Prell J, White JP, Bourdes A, Bunnewell S, Bongaerts RJ, Poole PS (2009) Legumes regulate
Rhizobium bacteroid development and persistence by the supply of branched chain amino acids.
Proc Natl Acad Sci USA 106:12477-12482. https://doi.org/10.1073/pnas.0903653106

Ramachandran VK, East AK, Karunakaran R, Downie JA, Poole PS (2011) Adaptation of Rhizobium
leguminosarum to pea, alfalfa and sugar beet rhizospheres investigated by comparative
transcriptomics. Genome Biol 12:R106. https://doi.org/10.1186/gb-2011-12-10-r106

Reddy PM, Ladha JK, Ramos MC, Maillet F, Hernandez RJ, Torrizo LB, Oliva NP, Datta SK, Datta K
(1998) Rhizobial lipochitooligosaccharide nodulation factors activate expression of the legume early

Page 19/25



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

nodulin gene ENOD12 in rice. Plant J 14:693-702. https://doi.org/10.1046/j.1365-
313x.1998.00170.x

Reddy PM, Ladha JK, So RB, Hernandez RJ, Ramos MC, Angeles OR et al (1997) Rhizobial
communication with rice roots: induction of phenotypic changes, mode of invasion and extent of
colonization. Plant Soil 194:81-98. https://doi.org/10.1023/A:1004243915997

Reid CJ, Poole PS (1998) Role of dctA and dctB in signal transduction by the dicarboxylic acid
transport system of Rhizobium leguminosarum. J Bacteriol 180:2660—-2669.
https://doi.org/10.1128/JB.180.10.2660-2669

Rigsbee L, Agans R, Foy BD, Paliy O (2011) Optimizing the analysis of human intestinal microbiota
with phylogenetic microarray. FEMS Microbiol Ecol 75:332-342. https://doi/org/10.1111/j.1574-
6941.2010.01009.x

Ryu MH, Zhang J, Toth T, Khokhani D, Geddes BA, Mus F, Garcia-Costas A, Peters JW, Poole PS, Ané
JM, Voigt CA (2020) Control of nitrogen fixation in bacteria that associate with cereals. Nat Microbiol
5:314-330. https://doi.org/10.1038/s41564-019-0631-2

Shankar V, Gouda M, Moncivaiz J, Gordon A, Reo NV, Hussein L, Paliy O (2017) Differences in gut
metabolites and microbial composition and functions between Egyptian and U.S. children are
consistent with their diets. mSystems 2:e00169-e00116. https://doi.org/10.1128/mSystems.00169-
16

Silverstein KA, Moskal WA Jr, Wu HC, Underwood BA, Graham MA, Town CD, VandenBosch KA (2007)
Small cysteine-rich peptides resembling antimicrobial peptides have been under-predicted in plants.
Plant J 51:262-280. https://doi.org/10.1111/j.1365-313X.2007.03136.x

Sreevidya VS, Srinivasa Rao C, Sullia SB, Ladha JK, Reddy PM (2006) Metabolic engineering of rice
with soybean isoflavone synthase for promoting nodulation gene expression in rhizobia. J Exp Bot
57:1957-1969. https://doi.org/10.1093/jxb/erj143

Stacey G, Libault M, Brechenmacher L, Wan J, May GD (2006) Genetics and functional genomics of
legume nodulation. Curr Opin Plant Biol 9:110-121. https://doi.org/10.1016/j.pbi.2006.01.005
Stone PJ, O'Callaghan KJ, Davey MR, Cocking EC (2001) Azorhizobium caulinodans ORS571
colonizes the xylem of Arabidopsis thaliana. Mol Plant Microbe Interact 14:93-97.
https://doi.org/10.1094/MPMI.2001.14.1.93

Sugawara M, Shah GR, Sadowsky MJ, Paliy O, Speck J, Vail AW, Gyaneshwar P (2011) Expression
and functional roles of Bradyrhizobium japonicum genes involved in the utilization of inorganic and
organic sulfur compounds in free-living and symbiotic conditions. Mol Plant Microbe Interact
24:451-457. https://doi.org/10.1094/MPMI-08-10-0184

Sun L, Dong S, Ge Y, Fonseca JPR, Robinson ZT, Mysore KS, Mehta P (2019) DiVenn: An interactive
and integrated web-based visualization tool for comparing gene lists. Front Genet 10:421.
https://doi.org/10.3389/fgene.2019.00421

Tan Z, Hurek T, Vinuesa P, Miiller B Ladha JK, Reinhold-Hurek B (2001) Specific detection of
Bradyrhizobium and Rhizobium strains colonizing rice (Oryza sativa) roots by 16S-23S ribosomal

Page 20/25



DNA intergenic spacer-targeted PCR. Appl Environ Microbiol 67:3655-3664.
Https://doi.org/10.1128/AEM.67.8.3655-3664

64. Venkateshwaran M, Volkening JD, Sussman MR, Ané JM (2013) Symbiosis and the social network of
higher plants. Curr Opin Plant Biol 16:118-127. https://doi.org/10.1016/j.pbi.2012.11.007

65. Withman B, Gunasekera TS, Beesetty P, Agans R, Paliy O (2013) Transcriptional responses of
uropathogenic Escherichia colito increased environmental osmolality caused by salt or urea. Infect
Immun 81:80—-89. https://doi.org/10.1128/1A1.01049-12

66. Yanni YG, Dazzo FB (2010) Enhancement of rice production using endophytic strains of Rhizobium
leguminosarum bv. trifolii in extensive field inoculation trials within the Egypt Nile delta. Plant Soil
336:129-142. https://doi.org/10.1007/s11104-010-0454-7

67.Ye J, Gao M, Zhou Q, Wang H, Xu N, Guo M (2021) The only chemoreceptor encoded by the che
operon affects the chemotactic response of Agrobacterium to various chemoreceptors.
Microorganisms 9:1923. https://doi.org/10.3390/microorganisms9091923

Figures
A Principal Components Analysis B Distribution of PCA distances
+ 25
| = p <0.001 —
: >i 1 p < 0.003
| 8 20l I '
. et “-‘\.j_ § et p < 0.001
T O 15 B
i i | & 15
x | T mC
o B ‘ “1m R12 8
O - m S12 g | e S
o m R72 e
_ £
{ =
s | H
@
O o : : :
PCz, )(1 0_4 (90/0) _5 _10 PC1 ; x10-4 ('?30/0) C'R‘I 2 0'812 C'R72 0'872

Figure 1

Similarity of global expression patterns among samples. Sample similarity was assessed by principal
components analysis (PCA) using complete gene expression dataset. (A) Distribution of samples among
the first three principal components (PC). Different groups are denoted by colors as shown in the legend.
C — control samples, R12 — samples exposed to rice roots for 12 hours, R72 - rice roots for 72 hours; S12
— Sesbania roots for 12 hours, S72 — Sesbania roots for 72 hours. Percent of total variance captured by
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each principal component is shown in parentheses. (B) Distribution of pair-wise distances in PC1-PC2-
PC3 space between samples before and after supplementation. Boxplot whiskers represent minimum and
maximum distances for each group. P values were calculated using two-tailed T-test; ns = not significant.

Figure 2

Overlap and regulation congruency of differentially expressed genes among comparisons. The set of
1740 DEGs was separated into subsets based on the comparisons in which the gene was differentially
expressed. The up- or downregulation of each gene expression compared to the control samples is
represented by yellow and purple color, respectively.

Figure 3

Hierarchical cluster ordination of the differences in pathway expression. Individual Rhizobium pathways
as defined by Kyoto Encyclopedia of Genes and Genomes (KEGG) are shown in rows, comparisons are
displayed as columns. Value of each pathway expression comparison is the cumulative log,-transformed
value of the expression ratios between each experimental sample type to the control samples. This value
is represented by a color gradient as shown in the legend. Statistically significant differential expression
(false discovery rate adjusted p < 0.001) is denoted by a star.
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Figure 4

Differences in gene expression of select pathways. Four groups of pathways were selected for
visualization: ABC transporters, two-component systems, chemotaxis regulon, and flagellar assembly. For
the first two sets, only operons with significant differential expression are shown. Each gene is colored
based on the color gradient as shown in the legend; every gene box is split into four sections each
corresponding to a separate comparison as shown. Gray color represents no difference in expression;
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white color of gene box represents missing gene in the annotated Rhizobium genome as defined by
KEGG.
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Figure 5

K-means clustering of the dataset of differentially expressed genes. Each box shows a transcriptional
response of genes partitioned into a separate K-cluster. The pair-wise comparisons to the control samples
are organized on the X axis into comparison groups as shown. Dotted line separates comparison sets.
The log2-transformed expression ratios are indicated on the Y axis. Lines represent individual genes and
are colored using the purple-to-yellow gradient matching those of Figures 2 and 3. The teal line
designates the centroid. Average log2-transformed expression ratios of all genes in the cluster among
each set of pair-wise comparisons are shown to the left of each cluster box; error bar indicates the
standard deviation of values.
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Figure 6

Expression of nodA-GUS in the rhizosphere of S. cannabina and rice. Rhizobium sp. IRBG74 strain
containing nodA-GUS fusion was inoculated with S. cannabina or rice and GUS activity was quantified.
S12 and S72- GUS activity in rhizosphere of S. cannabina at 12hpi and 72 hpi; R12 and R72- GUS activity
in rice rhizosphere at 12 hpi and 72 hpi, respectively. The results are mean + SD of three independent
observations.
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