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Abstract: Aeschynomene indica rhizobia (AIRs) are special classes of bacteria capable of nodulating
without nodulation factors and have photosynthetic capacity. With an aim to characterize the
structural variations in Bradyrhizobium genomes during its evolution, the genomes of AIRs and the
reference Bradyrhizobium strains were compared utilizing molecular biology, bioinformatics, and
biochemistry techniques. The presence of symbiotic nitrogen fixation (nif ) genes and photosynthetic
genes, as well as components of the T3SS (Type III secretion system) and T3CP (Type III chaperone)
in the genome of AIRs, was also assessed. Additionally, the origin, evolutionary history, and genes
associated with the NF-independent nodulation pattern in AIRs were explored. The results indicate
that horizontal gene transfer events have occurred in AIRs, and three distinct origins of AIRs were
estimated: early differentiated AIRs, non-symbiotic Bradyrhizobium, and non-AIRs. In contrast to
the significant genetic transformations observed in the second and third groups, the first group of
AIRs displays a rich evolutionary history, exhibits high species diversity, and primarily relies on
vertical transmission of nitrogen fixation and photosynthetic genes. Overall, the findings provide
a fundamental theoretical foundation for gaining a deeper understanding of the phylogeny and
genealogy of AIRs.

Keywords: Aeschynomene indica rhizobia; phylogenetic analysis; photosynthesis gene cluster; nitrogen
fixation gene cluster; evolution; comparative genome

1. Introduction

Aeschynomene indica L. is an annual herb or subshrub within the Leguminosae family
that can form both stem and root nodules with rhizobia [1,2]. Based on their differences
in nodulation patterns with Bradyrhizobium, Aeschynomene species can be classified into
three cross-inoculation (CI) groups [3]: Group CI-I species represented by A. elaphroxylon
can only form root nodules with non-photosynthetic and weakly specific Bradyrhizobium
strains (like ORS301) [4]. This nodulation process relies on signal exchange between
the rhizobia and the hosts. Species in CI-II, like A. afraspera, are capable of nodulating
with non-photosynthetic strains (such as ORS354) on roots only and with photosynthetic
strains (such as ORS285) on both roots and stems. And CI-III species, like A. indica and
A. sensitiva, can nodulate on both roots and stems with photosynthetic strains (such as
ORS278). Notably, some CI-II rhizobia have Nod genes and can produce tumorigenic
factors, while no strain containing Nod genes has been found in CI-III rhizobia [1]. In
association with Aeschynomene in these three CI groups, the symbiotic Bradyrhizobium
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strains present differences in three aspects: nodulating on roots only or on both roots and
stems, photosynthesis or non-photosynthesis, and with/without nod genes. Therefore, the
Aeschynomene-nodulating bradyrhizobia should present great variations in chromosome
structure or gene composition during their co-evolution with the host plants. A thorough
comparative study of genomes of different types of Aeschynomene-nodulating bradyrhizobia
might give information about how the rhizobia evolved to nodulate the diverse CI groups
of Aeschynomene species.

The photosynthetic ability of Aeschynomene-nodulating bradyrhizobia was believed
to be similar to that in cyanobacteria and a number of other bacterial groups [5], while
all of the photosynthesis species in Bradyrhizobium have been classified into the photo-
synthetic supergroup [5,6], corresponding to the dominant symbionts (B. oligotrophicum,
B. denitrificans, and B. aeschynomenes) of Aeschynomene species [5,7,8]. Previously, a com-
plex evolutionary history of photosynthesis has been found in Bradyrhizobium strains [9],
and Bradyrhizobium sp. BTAi1 was the first strain found to nodulate with A. indica and
capable of photosynthesis [10–12], which has been studied as a model of photosynthetic
bradyrhizobia. This photosynthetic pigment-dependent property of AIRs is similar to
that of photoheterotrophs [13–15], such as in the purple bacteria of Rhodopseudomonas. In
these bacteria, bch and crt genes encode bacterial chlorophylls and carotenoids, respectively,
while puf genes encode components of light capture complexes (pufA and pufB genes) and
reaction centers (pufL and pufM genes).

Researchers have identified five types of puf operons, differing mainly in the number
and arrangement of genes. However, it is noteworthy to mention that pufL and pufM genes
are consistently present in all five puf operons. Consequently, the pufLM gene is commonly
used as a target gene for photosynthetic centers [16,17]. Subsequently, it was discovered
that some rhizobia isolated from stem nodules of A. indica also possessed photosynthetic
pigments. Notably, all AIR strains containing photosynthetic pigments were capable of
forming stem nodules with A. indica [4]. Furthermore, mutations in the photosynthetic
genes reduced the number of nodules by 50% and had a corresponding impact on nif
activity and plant growth [16]. So, the photosynthetic ability is also linked to the procedure
of symbiosis, but its mechanism is still not clear [9]. It could be expected that a comparison
of the genomes between the photosynthetic and non-photosynthetic strains would offer
some information about their evolutionary relationships, while the genes mentioned above
might be valuable markers for this kind of study.

It is widely accepted that the initiation of symbiosis between legumes and rhizobia
relies on nodulation factor (NF) signaling [18]; however, the absence of nod genes in
the genomes of two photosynthetic Bradyrhizobium strains (BTAi1 and ORS278) has been
demonstrated [19–21]. So, the photosynthetic Bradyrhizobium strains presented an NF-
independent nodulation mode in which the type III secretion system (T3SS) played a
crucial role in symbiosis [22–24]. Similar to that of the nodulation genes, activation of
T3SS in rhizobia is triggered by flavonoids secreted by the plant root system [25,26]: when
rhizobia sense signals such as flavonoids, the T3SS transcriptional regulator TtsI binds to
the tts box locus within the T3SS promoter, initiating T3SS activation [27,28]. It has been
reported that T3SS-encoding genes are also located in the symbiosis island, similar to the
nod genes, which is able to disperse between species via horizontal gene transfer (HGT) [29].
Based on the information mentioned above, it could be estimated that nod gene loss and
T3SS gene adaptation might have happened in the photosynthetic Bradyrhizobium since
both the gene loss events and HGT are substantial for genome alterations in bacteria [30,31].
Moreover, it is indispensable to gain symbiotic genes through HGT [32].

AIRs are a unique group of rhizobia that can form nodules with their host plants
without the need for nodulation factors. Additionally, they also possess the ability to photo-
synthesize. This research study has a research hypothesis that during the long and complex
evolutionary process, the functional genomes of Bradyrhizobium, such as nitrogen fixation
genes, photosynthesis genes, and T3SS genes, must have undergone great changes, which
makes AIRs form a separate branch that differs significantly from other Bradyrhizobium
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traits in the phylogenetic tree [9]. The purpose of this research is to figure out the changes
that occurred in the genome of AIRs, investigate the diverse origins and evolutionary his-
tory of AIRs, and establish a solid theoretical basis for further understanding the phylogeny
and genealogy of AIRs; the genomes of AIRs and the reference strains of Bradyrhizobium
were compared in the present study.

2. Materials and Methods
2.1. Selection of Test Strains

The complete genome map of strain B. oligotrophicum S58T was readily accessible in
the GenBank database. In this study, we conducted second-generation sequencing on
19 representative strains of AIRs and on B. denitrificans LMG8443T. The genome sequences
were obtained from GenBank, serving as a reference for our comparative genomic analysis
with the genome of AIRs. Based on their symbiotic characteristics, Bradyrhizobium strains
were categorized into three groups: AIRs nodulating with A. indica (including CI-I, CI-
II, and CI-III types); non-AIRs associating with legumes other than A. indica; and non-
symbiotic Bradyrhizobium lacking the ability to nodulate. The genomes utilized in this study
are detailed in Table S1.

2.2. Genome Sequencing, Splicing, Optimization

To harvest the biomass, each of the bacterial solutions was centrifuged in a cryogenic
centrifuge at 4 ◦C and 8000 rpm. The collected pellet was frozen and dispatched to
Shanghai Meiji Biomedical Technology Co company (Shanghai, China) for comprehensive
sequencing. The gene sketches were sequenced on the Illumina (San Diego, CA, USA)
second-generation sequencing platform at a depth of 100×. Subsequently, the genome
sketches were assembled using SPAdes software (v3.15.5) [33]. Pilon software (v1.23) [34]
was employed to refine the genome based on the second-generation sequencing data.
Through a comparison of Illumina sequencing data with the genome, Pilon software (v1.23)
was employed to generate a BAM file and a genomic FASTA file as input. To assess
the genetic relatedness, Average Nucleotide Identity (ANI) values were computed using
OrthoANI software (http://www.ezbiocloud.net/sw/oat) [35]. This involved pairwise
comparisons of genomes, and the results were aggregated to form an ANI matrix. For
constructing species trees, OrthoFinder2 software was utilized [36]. The tree file was
opened using FigTree software (v1.4.3), and the results were subsequently optimized with
iTOL software (v5) [37].

2.3. Genome Prediction, Annotation

For predicting genomic functional genes, we employed Prodigal software (v2.6.3) [38].
To annotate the functionality of these genes, we utilized DIAMOND software (v4.6.3) [39].
This annotation process involved referencing the Nr database and the Swiss-Prot database [40,41].
For the analysis of homologous gene families, we turned to OrthoFinder software (v2.0.0).

2.4. Analysis of Functional Gene Components

A comprehensive analysis of the functional genes related to the symbiotic process
was conducted in AIRs. The genes implicated in symbiosis encompass symbiotic genes,
nif genes, T3SS genes, T3SS effectors, and photosynthetic genes. Utilizing the BlastGUI
software (https://github.com/byemaxx/BlastGUI) [35], gene comparisons were performed
to construct a library. Subsequently, the results were extracted and organized using a custom
Python (v3.10.8) script, allowing us to create a comparative heat map. To conduct covariance
analysis of the nif gene clusters, genome annotation was carried out for B. oligotrophicum
S58. Subsequently, the locations of nif gene clusters in the annotation file were identified by
extracting these clusters from the genomic species of B. oligotrophicum S58 for constructing a
database. All strains were screened with BlastGUI [35] to identify the existence of nif gene
clusters. Following the results of the BLAST comparison, appropriate strains harboring
the nif gene clusters were selected for creating a circos map to visualize and analyze the
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differences in nif gene clusters among the selected strains, taking B. oligotrophicum S58 as
reference. Using a similar methodology, covariance analysis of the photosynthetic gene
clusters was also conducted. This allowed us to generate a comparative genomic analysis
of representative strains of AIRs, with the genome of B. oligotrophicum S58T serving as the
reference. The findings were then presented using Galactic Circos (usegalaxy.eu, accessed
on 26 April 2024) for clarity [42].

2.5. Evolutionary Analysis of AIRs

The evolutionary history of AIRs was explored through an analysis involving the
species tree and statistical assessments of homologous gene families within the reference
strains of AIRs and Bradyrhizobium. This analysis was executed using the Count software
(http://www.iro.umontreal.ca/~csuros/gene_content/count.html). Subsequently, we uti-
lized Count to analyze the differentiation of AIRs into three specific nodes. Specifically, we
identified gene families in which acquisition and loss events occurred at these nodes. Sub-
sequently, these gene families were subjected to KEGG (Kyoto Encyclopedia of Genes and
Genomes) analysis to determine if they were enriched in specific metabolic pathways [43].

3. Results and Discussion
3.1. Genome Profile

The sketch of the genome of AIRs was sequenced, and the genome profile is shown in
Table 1. The genome size of AIRs ranged from 6.63 M in the case of Bradyrhizobium sp. VII
81001 to 8.84 M in the case of B. denitrificans 80005. The GC content of the genomes ranged
from 64.55% for Bradyrhizobium sp. I 82044 to 65.78% Bradyrhizobium sp. IV 81033.

Table 1. General data of Bradyrhizobium genomes employed in this study.

Strain Scaffolds Longest Scaffold Genome Size (G + C)% N90

Aeschynomene indica rhizobia
B. denitrificans 80005 168 478,427 8.8 M 64.58 47,941
B. oligotrophicum 80025 66 1,331,888 7.9 M 65.22 175,316
B. oligotrophicum LMG8443T 102 491,180 8.3 M 64.75 55,376
B. oligotrophicum S58T 1 8,264,165 8.3 M 65.13 8,264,165
Bradyrhizobium sp. I 82044 45 880,514 6.9 M 64.55 113,255
Bradyrhizobium sp. I 82054 58 887,869 7.0 M 64.62 72,231
Bradyrhizobium sp. II 80013 65 819,284 7.2 M 64.83 117,592
Bradyrhizobium sp. III 80001 141 712,781 7.7 M 65.67 35,344
Bradyrhizobium sp. IV 81033 59 711,146 7.5 M 65.48 113,462
Bradyrhizobium sp. V 80016 75 979,362 7.8 M 65.00 136,370
Bradyrhizobium sp. V 80022 54 2,692,961 7.8 M 65.02 252,498
Bradyrhizobium sp. V 80029 80 1,354,028 7.9 M 65.00 247,781
Bradyrhizobium sp. VI 80004 61 671,467 7.9 M 64.77 106,416
Bradyrhizobium sp. VII 81001 112 619,092 6.6 M 65.48 45,649
Bradyrhizobium sp. VII 81035 100 769,653 7.1 M 65.62 83,941
Bradyrhizobium sp. VII 82079 69 676,485 7.4 M 65.42 80,746
Bradyrhizobium sp. VII 82084 52 1,331,153 7.5 M 65.48 125,140
Bradyrhizobium sp. VIII 81003 46 1,209,915 7.4 M 65.78 130,606
Bradyrhizobium sp. VIII 81013 58 768,856 7.5 M 65.51 155,814
Bradyrhizobium sp. VIII 83002 59 1,045,725 7.5 M 65.42 150,740
Bradyrhizobium sp. VIII 83012 58 1,487,792 7.5 M 65.54 115,572
Bradyrhizobium sp. ORS 278 1 7,456,587 7.5 M 65.51 7,456,587
Bradyrhizobium sp. ORS 285 301 212,771 7.6 M 65.23 13,681
Bradyrhizobium sp. DOA9 2 7,114,464 7.9 M 64.49 7,114,464
Non-A. indica symbiotic rhizobia
B. arachidis LMG26795T 98 839,589 9.8 M 63.63 70,254
B. cytisi CTAW11T 186 436,932 8.9 M 63.17 35,919
B. daqingense CGMCC1.10947T 107 742,797 7.9 M 63.73 38,665
B. diazoefficiens USDA110T 1 9,105,828 9.1 M 64.06 9,105,828
B. elkanii USDA76T 2 9,116,505 9.5 M 63.72 9,116,505

usegalaxy.eu
http://www.iro.umontreal.ca/~csuros/gene_content/count.html
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Table 1. Cont.

Strain Scaffolds Longest Scaffold Genome Size (G + C)% N90

B. embrapense SEMIA6208T 36 1,556,835 8.3 M 63.98 139,684
B. guangdongense CCBAU51649T 2 7,456,045 8.4 M 63.26 981,946
B. guangxiense CCBAU53363T 2 7,220,948 8.2 M 63.91 979,173
B. icense LMTR13T 1 8,322,773 8.3 M 62.03 8,322,773
B. japonicum USDA6T 1 9,207,384 9.2 M 63.67 9,207,384
B. jicamae PAC68T 235 238,143 8.7 M 62.40 22,567
B. lablabi CCBAU23086T 135 408,238 8. M 62.63 33,805
B. liaoningense CCBAU05525T 1040 62,700 8.1 M 63.80 4068
B. manausense BR3351T 127 850,526 9.1 M 62.87 47,046
B. mercantei SEMIA6399T 72 1,570,373 8.8 M 63.99 259,995
B. neotropicale BR10247T 125 440,229 8.7 M 63.60 42,996
B. ottawaense OO99T 1 8,606,328 8.6 M 63.83 8,606,328
B. stylosanthis BR 446T 22 2,454,055 8.8 M 64.56 237,570
B. viridifuturi SEMIA690T 152 399,926 8.8 M 64.03 50,014
B. yuanmingense CCBAU10071T 108 1,099,763 8.2 M 63.77 37,101
Non-symbiotic Bradyrhizobium
B. betae PL7HG1T 2 7,150,095 7.41 M 64.36 7,150,095
Bradyrhizobium sp. AT1 8 7,515,445 7.5 M 64.56 7,515,445
Bradyrhizobium sp. BF49 1 7,547,693 7.5 M 63.77 7,547,693
Bradyrhizobium sp. G22 20 9,022,917 9.1 M 63.73 9,022,917
Bradyrhizobium sp. LTSP849 57 599,414 8.5 M 63.24 131,906
Bradyrhizobium sp. LTSP857 50 993,329 8.4 M 63.29 106,609
Bradyrhizobium sp. LTSP885 43 1,049,129 7.9 M 63.39 116,147
Bradyrhizobium sp. LTSPM299 100 682,398 9.1 M 62.82 59,442
Bradyrhizobium sp. OK095 51 1,094,326 7.8 M 63.89 157,651
Bradyrhizobium sp. S23321 1 7,231,841 7.2 M 64.30 7,231,841
Bradyrhizobium sp. URHA0002 144 405,618 7.0 M 62.20 26,273
Bradyrhizobium sp. YR681 351 167,815 7.8M 64.72 11,443

“T” indicates that the strain is a Type strain.

The large variation in genome size of AIRs, which is consistent with previous stud-
ies [44–52], suggests a long evolutionary history, leading to divergence in genome size.
Variations in mean genome size were observed among different classes of Bradyrhizobium.
The average genome size is 7.6 M for AIRs, 8.7 M for non-AIRs, and the average genome
size is 8.0 M for non-symbiotic Bradyrhizobium, which might be related to distinct selection
pressures from their hosts and environments on these three classes of rhizobia [53].

3.2. Analysis of the Origin of AIRs

Orthologous gene family (orthogroup) analysis revealed that a total of 421,466 genes
were identified in the genomes of 56 tested Bradyrhizobium strains, which were organized
into 17,858 gene families. Out of all the genes, 408,370 (96.9%) were assigned to these
gene families, while 13,096 genes (3.1%) were found in only one strain. Additionally,
there were 36 specific gene families encompassing 95 genes (less than 0.1%). Furthermore,
2074 orthogroups presented in all the 56 Bradyrhizobium strains, and 1098 of these were
single-copy gene families.

A species tree was constructed based on 56 homologous gene families of AIRs
(Figure 1). In Figure 1, the tested strains in Bradyrhizobium were clearly divided into
three branches, with AIRs located in two of them. The 20 strains in Cluster I were all
able to nodulate with Indian AIRs. In this cluster, Bradyrhizobium sp. ORS285 is a CI-II
type photosynthetic strain, which could form root and stem nodules with Aeschynomene
species via NF-dependent and NF-independent mechanisms [54]. No AIR strain was
included in Cluster II, which consisted mainly of non-symbiotic Bradyrhizobium strains
and Bradyrhizobium strains that nodulate with other legumes. Four strains of AIRs were
grouped in Cluster III, in which Bradyrhizobium sp. I 82044, 82054, and Bradyrhizobium sp. II
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80013 were isolated for this study, while Bradyrhizobium sp. DOA9 was a CI-I type strain
nodulating A. indica but originally isolated from America and could fix nitrogen in free
living conditions [54]. In Cluster III, Bradyrhizobium sp. I 82044, 82054, and Bradyrhizobium
sp. II 80013 are clustered in a small branch together with B. liaoningense and B. yuanmingense.
The hosts of B. liaoningense include peanut, a legume species infected by bradyrhizobia via
root cracks. Furthermore, B. liaoningense also shared the same geographic distribution with
the three isolates of AIRs in this study. The close kinship between the hosts, the consistent
infestation pattern in both rhizobia nodulation processes, and the similar geographic loca-
tions suggest that Bradyrhizobium sp. I and B. liaoningense share a common ancestor, with
the two Bradyrhizobium strains differentiating later throughout their subsequent long-term
and complex evolutionary history, as reported in other studies [55–57]. The original host of
Bradyrhizobium sp. DOA9 and B. yuanmingense were close relatives in Figure 1, and their
symbiotic nodulation relied on the exchange of nodulation factors. In cluster III, Bradyrhizo-
bium sp.II 80013 presented a close relationship with non-symbiotic Bradyrhizobium strain
Bradyrhizobium sp. S23321 isolated from the rhizosphere of rice. Moreover, B. betae PL7HG1
(isolated from the beetroot sphere) [58], Bradyrhizobium sp. YR681, and Bradyrhizobium sp.
OK095 (isolated from the poplar rhizosphere) [59] also have very similar phylogenetic
positions to 80013 (Figure 1), indicating a possible origin of Bradyrhizobium sp. II 80013
from non-symbiotic Bradyrhizobium.

Agronomy 2024, 14, 1295 7 of 26 
 

 

 
Figure 1. The phylogenetic tree based on homologous gene families of Bradyrhizobium strains. 

3.3. Comparative Genome Analysis of AIRs 
The different origins of AIRs have necessarily undergone distinct evolutionary 

histories, potentially resulting in significant differences in their genome components. To 
investigate these differences, a comparative genomic analysis was conducted on three 
different origins of AIRs. 

Bradyrhizobium sp. VIII 83002 belongs to the branch of Cluster I, which exhibits early 
formation and high diversity. AIRs within this branch appear to share similarities due to 
the selection pressure of the host and, as a result, correspond closely to the genomic 
components of 83002, characterized by the presence of a large number of contiguous 
fragments. Bradyrhizobium sp. III 80001 has the smallest genome, but it has more gaps than 
83002. Both 80001 and Bradyrhizobium sp. ORS285 are clustered in the same branch on the 
species tree, and the original host of ORS285 was the CI-II type of A. indica, which contains 
the Nod gene. Therefore, 80001 likely originated from the CI-II type of A. indica and 
underwent a large number of gene loss events to adapt to an NF-independent nodulation 
mode. Bradyrhizobium sp. VIII 83002 has differentiated significantly from non-A. indica 
rhizobia (B. yuanmingense CCBAU10071), non-symbiotic Bradyrhizobium (B. betae PL7HG1, 
Bradyrhizobium sp. S23321), and Cluster III-branched AIRs (Bradyrhizobium sp. I 82044, 
Bradyrhizobium sp. II 80013), with substantial differences in genomic components and poor 
genomic covariance. Genome 83002 has several regions with low GC content (indicated 
by black arrows in the figure), and gaps exist in other strains, suggesting that HGT has 
occurred in these regions (Figure 2A). Bradyrhizobium sp. II 80013 is a strain of AIRs in the 
Cluster III branch, forming a small sub-branch alongside non-symbiotic Bradyrhizobium in 

Figure 1. The phylogenetic tree based on homologous gene families of Bradyrhizobium strains.



Agronomy 2024, 14, 1295 7 of 25

Based on the phylogenetic relationships in Figure 1, it is speculated that AIRs can be
categorized into three origin modes. The first mode involves AIRs originating from the
early differentiation of Bradyrhizobium species (cluster I), which has a long evolutionary
history and has accumulated great genetic variations, resulting in a high level of diversity.
This is evidenced by the significant differences in genome size and GC content, as well
as the formation of cluster I as a separate and highly differentiated branch in the species
tree (Figure 1) of housekeeping genes. The second group covers the strains Bradyrhizobium
sp. DOA9 and Bradyrhizobium sp. I 82044 and 82054, which originated relatively later
from species of non-AIRs and might share an ancestor with the peanut rhizobia since the
nodulation mode of all rhizobia with peanut is fissure infection [60], which is conducive
to the mutual transformation of their symbiotic bacteria. The third group, represented by
Bradyrhizobium sp. 80013, might have originated from non-symbiotic Bradyrhizobium in the
soil and cannot synthesize nodulation factors, but some strains have photosynthetic ability.
The above traits overlap with AIRs and can be easily selected and differentiated into AIRs
by nodulating A. indica. The low diversity of the second and third groups suggests that
they have evolved recently.

3.3. Comparative Genome Analysis of AIRs

The different origins of AIRs have necessarily undergone distinct evolutionary his-
tories, potentially resulting in significant differences in their genome components. To
investigate these differences, a comparative genomic analysis was conducted on three
different origins of AIRs.

Bradyrhizobium sp. VIII 83002 belongs to the branch of Cluster I, which exhibits early
formation and high diversity. AIRs within this branch appear to share similarities due
to the selection pressure of the host and, as a result, correspond closely to the genomic
components of 83002, characterized by the presence of a large number of contiguous
fragments. Bradyrhizobium sp. III 80001 has the smallest genome, but it has more gaps than
83002. Both 80001 and Bradyrhizobium sp. ORS285 are clustered in the same branch on the
species tree, and the original host of ORS285 was the CI-II type of A. indica, which contains
the Nod gene. Therefore, 80001 likely originated from the CI-II type of A. indica and
underwent a large number of gene loss events to adapt to an NF-independent nodulation
mode. Bradyrhizobium sp. VIII 83002 has differentiated significantly from non-A. indica
rhizobia (B. yuanmingense CCBAU10071), non-symbiotic Bradyrhizobium (B. betae PL7HG1,
Bradyrhizobium sp. S23321), and Cluster III-branched AIRs (Bradyrhizobium sp. I 82044,
Bradyrhizobium sp. II 80013), with substantial differences in genomic components and poor
genomic covariance. Genome 83002 has several regions with low GC content (indicated
by black arrows in the figure), and gaps exist in other strains, suggesting that HGT has
occurred in these regions (Figure 2A). Bradyrhizobium sp. II 80013 is a strain of AIRs in the
Cluster III branch, forming a small sub-branch alongside non-symbiotic Bradyrhizobium
in the species tree. The 80013 genome is characterized by the presence of numerous
significant endemic segments (indicated by black arrows in the figure), and the GC content
of these regions suggests that horizontal gene transfer has occurred, along with significant
changes in the genome structure during the transformation of 80013 into AIRs (Figure 2B).
Bradyrhizobium sp. I 82044 is also identified as an AIR within Cluster III. According to the
Bradyrhizobium species tree, it is assumed that this strain originated from the transformation
of a non-symbiotic Bradyrhizobium. The genome of Bradyrhizobium sp. I 82044 also contains
regions with a low GC content (indicated by black arrows in the figure). However, these
regions are not unique to 82044, suggesting that they may have originated from AIRs. The
average genome size of non-AIRs is 8.7 M, while that of 82044 is only 6.9 M. This size
difference suggests that the transformation of 82044 into A. indica was accompanied by the
loss of a significant number of genomic fragments. These fragments may include genes
associated with the host symbiosis of 82044’s ancestors, aligning with the possible origin of
82044 from non-AIRs (Figure 2C).



Agronomy 2024, 14, 1295 8 of 25

Agronomy 2024, 14, 1295 8 of 26 
 

 

the species tree. The 80013 genome is characterized by the presence of numerous 
significant endemic segments (indicated by black arrows in the figure), and the GC 
content of these regions suggests that horizontal gene transfer has occurred, along with 
significant changes in the genome structure during the transformation of 80013 into AIRs 
(Figure 2B). Bradyrhizobium sp. I 82044 is also identified as an AIR within Cluster III. 
According to the Bradyrhizobium species tree, it is assumed that this strain originated from 
the transformation of a non-symbiotic Bradyrhizobium. The genome of Bradyrhizobium sp. 
I 82044 also contains regions with a low GC content (indicated by black arrows in the 
figure). However, these regions are not unique to 82044, suggesting that they may have 
originated from AIRs. The average genome size of non-AIRs is 8.7 M, while that of 82044 
is only 6.9 M. This size difference suggests that the transformation of 82044 into A. indica 
was accompanied by the loss of a significant number of genomic fragments. These 
fragments may include genes associated with the host symbiosis of 82044’s ancestors, 
aligning with the possible origin of 82044 from non-AIRs (Figure 2C). 

 
Figure 2. Comparative genomic analysis of Bradyrhizobium strains associated with A. indica from 
diverse geographical origins. (A). The circles from inside to outside correspond to strains 

Figure 2. Comparative genomic analysis of Bradyrhizobium strains associated with A. indica from
diverse geographical origins. (A). The circles from inside to outside correspond to strains Bradyrhi-
zobium sp. VIII 83002, GC%, sp. III 80001, sp. IV 81033, sp. V 80016, sp. VI 80004, sp. VII 82079, B.
denitrificans 80005, B. oligotrophicum 80025, sp. DOA9, sp. I 82044, B. yuanmingense CCBAU10071,
sp. II 80013, B. betae PL7HG1T, sp. S23321. (B). The circles from inside to outside are Bradyrhizobium
sp. 80013, GC%, B. betae PL7HG1T, sp. S23321, sp. AT1, sp. G22, sp. LTSP849, sp. YR681, sp. I
82044, sp. VII 82079, sp. VIII 83002, B. cytisi CTAW11T, B. japonicum USDA6T. (C). The circles from
inside to outside are Bradyrhizobium sp. II 82044, GC%, B. liaoningense CCBAU05525T, B. yuanmin-
gense CCBAU10071T, B. daqingense CGMCC1.10947T, B. ottawaense OO99T, B. stylosanthis BR446T, B.
guangxiense CCBAU53363T, sp. II 80013, B. betae PL7HG1T, sp. S23321, sp. VII 82079, sp. VIII 83002.
Black arrow means the GC content of this region is very low.

HGT occurs in several regions of the genome of AIRs. There are three main forms
of HGT [61]. First is transformation, in which AIRs take up naked DNA fragments di-
rectly from the environment, integrate them into their own genome, and perform their
functions. However, the low concentration of DNA fragments in the environment makes
the transformation process difficult to observe, and it can only be deduced backwards from
phylogenetic trees or genomic information. Second, conjugative transfer occurs [62–64],
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which is the process of DNA transfer between the donor and the recipient bacterium
through contact. The DNA fragments are recombined at the att site (usually one of the
loci is adjacent to phe-tRNA) by the action of integrase and transferred via T4SS [63]. This
process requires a high structural basis for the genome, and the analysis of the genome of
A. indica in this study did not reveal any relevant structures at either end of the low GC
fragment. Furthermore, the absence of the T4SS-encoding gene in AIRs does not support
DNA translocation. Third, phage-mediated horizontal gene transfer [65–67] occurs, in
which phages take the genomic DNA of the former host and integrate it into the next host
when they infest between different bacteria. The presence of prophage integrase in the
genome of AIRs suggests that phages play a role in the horizontal gene transfer of AIRs.

3.4. Analysis of Symbiotic Nitrogen Fixation Gene Components

Nod genes encode enzymes for nodulation factor (NF) synthesis, and rhizobia with
nodulation capacity generally have the nodABC genes for synthesis of the main structure
of NF, as well as a number of genes for modifying the NF. Most of the AIR strains in
clusters I and II, except Bradyrhizobium sp. DOA9 and Bradyrhizobium sp. ORS 285, only
harbored nodN and nodQ, while several of them also harbored nodM and nodP1/nodP2 but
were absent for the regulation and constructure nod genes (Figure 3). A similar situation
was observed in the 12 non-symbiotic Bradyrhizobium strains. Among the AIR strains,
Bradyrhizobium sp. DOA9 and Bradyrhizobium sp. ORS 285, which nodulate with CI-I and
CI-II types of Aeschynomene species, respectively, contain all the essential conserved genes
for nodulation factor synthesis in their genomes, demonstrating they are symbionts with an
NF-dependent strategy, which is similar to the Bradyrhizobium strains nodulating with other
legume species (Figure 3). It was interesting that all the 56 tested Bradyrhizobium strains in
this study contained nodN and nodQ genes, demonstrating that they may also play some
essential role in a pathway(s) without relation to symbiosis. For example, nodM and nodN
genes present common functions as glucosamine synthase, playing a crucial role in the
biosynthesis of hexosamine [68], while nodO gene encodes a hemolysin homolog [69].

The nif (Nif ) genes were more widely distributed than Nod genes in A. indica-
nodulating bradyrhizobia. As shown in Figure 4, nifHDKNEX genes were harbored in
the genomes of all the tested symbiotic Bradyrhizobium strains except Bradyrhizobium sp.
VII 81001, suggesting that all of these gene strains possessed the potential of nif. Our
previous study has indicated that mutations contribute more to evolution than recombi-
nation [1]. Strain 81001 has a genome size of only 6.1 M, which is the smallest among A.
indica-nodulating strains, suggesting that this strain has undergone a large number of gene
loss events during its evolutionary history, and nif genes were lost at some point (Figure 4).
Nitrogen fixation is a very energy-intensive biological process [70,71], and the ability of
rhizobia to fix nitrogen does not contribute significantly to the environmental adaptability
and competitiveness of Bradyrhizobium when they are saprophytic in soil; as a result, most
non-symbiotic strains do not have Nif genes in their genomes. Bradyrhizobium sp. S23321
and Bradyrhizobium sp. AT1 were found to have a more complete cluster of nitrogen fixation
genes [72], suggesting that the ancestors of these two strains may have had the ability to
have symbiosis with legumes.

In most cases, Nif genes presented a co-evolutionary tendency with nod genes, and
host specificity was observed since Nif genes from the same host can often transcend
phylogenetic boundaries and cluster in the same branch. Among the nif gene clusters
of AIRs, nifDKNEX is a conserved nif gene operon and is consistently arranged in the
same order in different bacteria. In this study, a phylogenetic tree was constructed for
NifDKNEX gene clusters to analyze their evolution (Figure 5). B. oligotrophicum S58T has
been sequenced, and the nif gene Cluster I is located in the region spanning 2584552′

to 2632812′, with a total length of 48,270 bp. This strain was used as a reference for a
comparative analysis of the nif genomic score of Bradyrhizobium. The phylogenetic tree
depicts the nifDKNEX gene clustering into three distinct branches, consistent with that
defined in Figure 1. AIRs within Branch I covered all strains in Cluster I of Figure 1
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and separated from the other Bradyrhizobium species, suggesting a common origin for
the Nif genes in this branch, with an evolutionary history distinguished from the other
Bradyrhizobium species. It further supports the idea that Bradyrhizobium within Branch I has
a unique origin. Additionally, nif capacity is a crucial component of the mutually beneficial
symbiotic system. The nif gene experiences more significant host selection pressure than
even the nodulation gene. Within the Branch I, the nifDKNEX branch appears to be more
diverse and abundant, indicating a longer evolutionary history for this particular branch.
Bradyrhizobium sp. I 82044, 82054, Bradyrhizobium sp. II 80013, and Bradyrhizobium sp. DOA9
harbor the nifDKNEX genes distinct from that of AIRs in the branch of Cluster I but more
similar with that of B. guangxiense, suggesting that their nifDKNEX genes have origins
different from those in Cluster I. The nifDKNEX genes on the chromosome of B. guangxiense
presented closer phylogenetic relationships to those of Bradyrhizobium sp. I 82044, 82054,
and Bradyrhizobium sp. DOA9, suggesting that they might have the same origin. A previous
study evidenced that B. guangxiense can cross-nodulate with Indian A. indica, further
demonstrating that non-AIRs could be transformed into AIRs. The phylogenetic tree based
on the NifDKNEX genes shows that B. liangningense is distantly related to Bradyrhizobium sp.
I 82044, 82054, and Bradyrhizobium sp. DOA9. Instead, they were clustered together with
other Bradyrhizobium strains that share the same host, suggesting the existence of HGT of nif
genes in B. liangningense. In this study, the nif gene cluster was only found in Bradyrhizobium
sp. S23321 and Bradyrhizobium sp. AT1, both of which clustered in the same branch as
Bradyrhizobium sp. II 80013 in the phylogenetic tree. This finding further demonstrates that
Bradyrhizobium sp. II 80013 is more closely related to non-symbiotic Bradyrhizobium. The
position of AIRs in the nifDKNEX phylogenetic tree closely corresponds to the species tree
(Figure 5). AIR strains of the same genetic species cluster in the same branch, indicating
that the nif genes of AIRs are primarily transmitted vertically, which is highly in accordance
with previous research [6].
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The B. oligotrophicum S58T nif gene cluster is 48,270 bp in length, with an average GC
content of 64.11%, ranging from 47% to 80% GC per 100 bp [12]. The gene cluster contains
64 genes encoding nif molybdenum iron proteins, nif -related transporter proteins, and
regulatory proteins. The S58 nif gene Cluster I is almost identical to the component of AIRs
of Cluster I. The strains in the branch of Cluster III differ from S58 in their nif gene cluster
components. The nif gene cluster components of Bradyrhizobium sp. I 80013 (transformation
origin of non-AIRs) and Bradyrhizobium sp. II 82044 and 82054 (origin of non-symbiotic
Bradyrhizobium) are consistent, indicating that both types of AIRs have the same origin of
nif genes. Compared to strain S58, only 17.5% of the nif gene clusters in B. japonicum USDA
6 exhibit consistency, implying greater divergence in nif gene clusters among Bradyrhizo-
bium in association with different hosts. B. betae PL7HG1, isolated from sugar beet roots [58],
contains a minimal number of nitrogen-fixing genes and lacks nitrogen-fixing capacity,
with just 4.7% of its genetic sequence aligning with the nif gene cluster of strain S58. The
high collinearity observed in the nif gene clusters among closely related strains suggests
that these nif genes in AIRs primarily undergo vertical transmission (Figure 6).



Agronomy 2024, 14, 1295 12 of 25

Agronomy 2024, 14, 1295 12 of 26 
 

 

appears to be more diverse and abundant, indicating a longer evolutionary history for this 
particular branch. Bradyrhizobium sp. I 82044, 82054, Bradyrhizobium sp. II 80013, and 
Bradyrhizobium sp. DOA9 harbor the nifDKNEX genes distinct from that of AIRs in the 
branch of Cluster I but more similar with that of B. guangxiense, suggesting that their 
nifDKNEX genes have origins different from those in Cluster I. The nifDKNEX genes on 
the chromosome of B. guangxiense presented closer phylogenetic relationships to those of 
Bradyrhizobium sp. I 82044, 82054, and Bradyrhizobium sp. DOA9, suggesting that they 
might have the same origin. A previous study evidenced that B. guangxiense can cross-
nodulate with Indian A. indica, further demonstrating that non-AIRs could be transformed 
into AIRs. The phylogenetic tree based on the NifDKNEX genes shows that B. liangningense 
is distantly related to Bradyrhizobium sp. I 82044, 82054, and Bradyrhizobium sp. DOA9. 
Instead, they were clustered together with other Bradyrhizobium strains that share the same 
host, suggesting the existence of HGT of nif genes in B. liangningense. In this study, the nif 
gene cluster was only found in Bradyrhizobium sp. S23321 and Bradyrhizobium sp. AT1, both 
of which clustered in the same branch as Bradyrhizobium sp. II 80013 in the phylogenetic 
tree. This finding further demonstrates that Bradyrhizobium sp. II 80013 is more closely 
related to non-symbiotic Bradyrhizobium. The position of AIRs in the nifDKNEX 
phylogenetic tree closely corresponds to the species tree (Figure 5). AIR strains of the same 
genetic species cluster in the same branch, indicating that the nif genes of AIRs are 
primarily transmitted vertically, which is highly in accordance with previous research [6]. 

 
Figure 5. Phylogenetic tree of Bradyrhizobium nifDKNEX gene cluster. 

The B. oligotrophicum S58T nif gene cluster is 48,270 bp in length, with an average GC 
content of 64.11%, ranging from 47% to 80% GC per 100 bp [12]. The gene cluster contains 
64 genes encoding nif molybdenum iron proteins, nif-related transporter proteins, and 
regulatory proteins. The S58 nif gene Cluster I is almost identical to the component of AIRs 
of Cluster I. The strains in the branch of Cluster III differ from S58 in their nif gene cluster 
components. The nif gene cluster components of Bradyrhizobium sp. I 80013 
(transformation origin of non-AIRs) and Bradyrhizobium sp. II 82044 and 82054 (origin of 

Figure 5. Phylogenetic tree of Bradyrhizobium nifDKNEX gene cluster.

It is evident that nitrogen fixation genes (nif genes) are highly conserved in AIRs and
show high covariance among different strains, which suggests that these genes are mainly
transmitted through vertical rather than horizontal gene transfer (HGT). However, HGT
still plays a role in AIRs. This is important for understanding the evolution of AIRs, as it
indicates the strong pressure of host selection on these genes during symbiosis. In addition,
our study showed that the nif gene clusters of different strains exhibited some differences
in composition and arrangement, which may be related to the ecological environment and
biological characteristics of different host plants. Although some strains lost some of their
nif genes during evolution, the majority of these gene clusters retained and maintained
their functions.

3.5. Analysis of Photosynthetic Gene Components

Bacterial chlorophylls, carotenoids, and photoreaction centers are the structural basis
for photosynthesis in Bradyrhizobium [73]. In this study, we analyzed the components of
thirteen bacterial chlorophyll-encoding genes, six carotenoid-encoding genes, and nine
photoreaction center-encoding genes in Bradyrhizobium (Figure 6), which were extracted
from the genomes. Among the 16 strains of AIRs in Cluster I, only Bradyrhizobium sp.
VI 80004 lacked a complete set of photosynthetic genes in its genome. In Cluster III, the
genomes of Bradyrhizobium sp. I 82044 and 82054 contained partial bacterial chlorophyll
(bch)- and carotenoid (crt)-coding genes but lacked photoreaction center (puf )-coding genes.
Conversely, the genome of Bradyrhizobium sp. II 80013 included the complete photosyn-
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thetic gene set, consistent with the PCR amplification results of the pufLM gene. The
photosynthetic genome component of non-AIRs exhibited high similarity to strains 82044
and 82054, indicating a close phylogenetic relationship between these groups of Bradyrhi-
zobium. This similarity further supports the notion that non-AIRs may represent one of
the origins of AIRs. Notably, as demonstrated in a previous study [3], similar results were
obtained for the two strains (B. betae PL7HG1 and Bradyrhizobium sp. S23321) that are
most closely related to 80013 in the species tree and contain photosynthetic genes in their
genomes [58,72]. This suggests that although the photosynthetic genes of 80013 originated
from non-symbiotic Bradyrhizobium, they have undergone more substantial modifications
in subsequent evolutionary history (Figure 7).
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from inside to outside in circus figure mean: B. oligotrophicum S58T nif gene cluster, S58T GC%, B.
oligotrophicum 80025, Bradyrhizobium sp. III 80001, Bradyrhizobium sp. IV 81033, Bradyrhizobium sp.
V 80016, Bradyrhizobium sp. VI 80004, Bradyrhizobium sp. VII 82079, Bradyrhizobium sp. VIII 83002,
Bradyrhizobium sp. II 80013, B. betae PL7HG1, Bradyrhizobium sp. S23321, Bradyrhizobium sp. I 82044, B.
guangxiense CCBAU53363, B. japonicum USDA 6.
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In the genome of AIRs, the composition and arrangement of genomes within the
photosynthetic gene cluster vary significantly among strains. To depict the phylogenetic
relationships of photosynthetic genes in different strains, chlorophyll-coding genes (bchF,
bchG, bchN), carotenoid-coding genes (crt I, crtB, crtC), and photoreaction center-coding
genes (pufA, pufB, pufL) were extracted from the genomes of AIRs and reference strains.
The sequences of these genes were then concatenated to construct a phylogenetic tree
(Figure 8). In Figure 8, Rhodopseudomonas, the oldest photosynthetic bacterium on the Earth,
is positioned on the outermost branch, suggesting that the photosynthetic capacity of AIRs
may have a common origin with Rhodopseudomonas. B. betae PL7HG1 and Bradyrhizobium
sp. S23321 are located between Rhodopseudomonas and AIRs but closer to Rhodopseudomonas,
suggesting that non-symbiotic Bradyrhizobium strains might be the first within the Bradyrhi-
zobium genus to acquire photosynthetic capabilities. Previous studies have demonstrated
that the photosynthetic genes of Bradyrhizobium were obtained through multiple HGTs [6,9].
Therefore, the initial photosynthetic capacity of AIRs likely originated from the common
ancestor with Rhodopseudomonas and was subsequently acquired by non-symbiotic Bradyrhi-
zobium strains. In Figure 8, strain 80013 is positioned at the outermost part of AIRs and
exhibits significant differences from non-symbiotic Bradyrhizobium strains, suggesting that
strain 80013 acquired photosynthetic genes earlier and accumulated a substantial amount
of genetic variation throughout its evolutionary history. With the exception of Bradyrhi-
zobium sp. VI 80004, all genomes of AIRs within the Cluster branch exhibit the presence
of photosynthetic genes. These genes also display a high level of diversity, indicating
their existence during the formation of the common ancestral species of AIRs within this
group and their subsequent preservation throughout evolutionary history. It is possible
that Bradyrhizobium sp. VI 80004 experienced deletions of photosynthetic genes during its
own evolutionary trajectory. Interestingly, the phylogenetic tree of photosynthetic genes
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in Bradyrhizobium sp. VI 80004 closely aligns with the species tree, suggesting that photo-
synthetic genes are primarily transmitted vertically within AIRs, and no HGT events have
been detected (Figure 8).
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The photosynthetic gene cluster of B. oligotrophicum S58T is mainly concentrated in a
59,571 bp fragment with an average GC content of 66.77% and GC content between 45%
and 80% per 100 bp [12]. The gene cluster contains 53 genes, most of which encode for
the synthesis of bacterial chlorophylls, carotenoids, and photoreaction centers. There are
also some genes of unknown function in the gene cluster, and whether these genes are
related to photosynthesis still needs further study. The results of comparative analysis of
symbiotic and non-symbiotic photosynthetic rhizobial strains, as well as the phototrophic
gene cluster components of the genus Bradyrhizobium and Rhodopseudomonas, indicate the
phototrophic gene cluster of strain S58 is identical to that of its counterpart strain 80025,
which shows a higher degree of collinearity with the components of Cluster I of symbiotic
Bradyrhizobium, suggesting a shared origin of phototrophic genes in these strains. However,
among the genomes studied, only Bradyrhizobium sp. II 80013 contains photosynthetic
gene clusters in Cluster II. These components differ more significantly from that of S58,
displaying more gaps between them. The proportion of congruent components between
the two clusters is approximately 76.29%. The nif gene cluster in the non-symbiotic strains
B. betae PL7HG1 and Bradyrhizobium sp. S23321, as well as Rhodopseudomonas palustris
BisA53 and BisB18, exhibit more and larger gaps with that of S58. These gaps correspond
to consistency components of 48.99%, 41.53%, 47.76%, and 48.99%, respectively. The
higher collinearity observed in the photosynthetic gene clusters of strains with closer
phylogenetic relationships suggests that the transmission of photosynthetic genes in AIRs
is predominantly vertical. Additionally, the presence of a significant number of gaps in the
photosynthetic gene cluster of Bradyrhizobium sp. VI 80004 indicates substantial gene losses
in this particular strain (Figure 9).
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palustris BisA53, Rhodopseudomonas palustris BisB18.

The photosynthetic gene cluster in AIRs contains genes encoding bacterial chloro-
phylls, carotenoids, and photoreaction centers. There were also significant differences in
the distribution and arrangement of these genes in different strains, indicating events of
acquisition and loss of these genes in different evolutionary pathways. In particular, strains
such as Bradyrhizobium sp. II 80013 may have acquired photosynthetic genes earlier in
their evolutionary history and accumulated a large amount of genetic variation during
subsequent evolution. In addition, the transmission of photosynthetic genes in AIRs is
mainly vertical, which is similar to the mode of transmission of nif genes.
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3.6. Analysis of T3SS Components

A widespread feature in rhizobia is the presence of T3SS, which consists of a core
component (rhizobium conserved, rch) and effector proteins (Nops). These effector proteins,
secreted by the T3SS, play a crucial role in modulating the extent of rhizobial nodulation.
Analysis of the composition of 11 genes encoding T3SS in Bradyrhizobium (Figure 10)
revealed that the genes responsible for encoding the T3SS structure were commonly found
across the Bradyrhizobium strains. Among the non-AIR strains, all 11 components were
almost completely present. In contrast, among the 24 AIRs, only 9 strains had the complete
set of genes encoding the T3SS structure, while the remaining strains primarily lacked the
rhcC1, rhcL, and rhcS genes. In addition to the genomes of non-symbiotic Bradyrhizobium,
the rhcC1, rhcL, and rhcS genes were also commonly absent. Furthermore, the rhcT gene was
frequently missing as well. The similarity between the T3SS structure-encoding genes of
AIRs and the reference strains displayed substantial variation. Sequence similarity ranged
between 70% and 100% when comparing the T3SS structure-encoding genes of the reference
strains with those in the T3SS database. Among the AIRs, Bradyrhizobium sp. DOA9 (CI-I
type) and Bradyrhizobium ORS285 (CI-II type) exhibited high sequence similarity in the T3SS
genes, which is consistent with previous research [74]. However, the similarities among
the other strains were generally below 30%. The observed differences between the T3SS of
AIRs and the reference strains suggest that there are structural variations in T3SS among
them (Figure 10).
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T3SS plays a crucial role in modulating the physiological state of plants through the
secretion of effector proteins, which subsequently impact the extent of nodulation. This
study also performed an analysis of 23 effector proteins in Bradyrhizobium (Figure 11),
and the findings imply that in contrast to the T3SS structural genes, the effector proteins
displayed substantial variation across different Bradyrhizobium taxa. The genome of non-
AIRs contains numerous genes encoding effector proteins, and the repertoire of these
proteins differs between strains. These variations in effector proteins are an important
contributing factor to the host-specific differences observed among the strains. The lower
levels of effector proteins in non-symbiotic Bradyrhizobium are related to its lifestyle. The
genomes of Bradyrhizobium sp. DOA9 and Bradyrhizobium sp. ORS285 had a high number
of effector proteins, while the rest of the genomes of Bradyrhizobium species had a low
number of genes encoding effector proteins, and nopM, nopU, nopV, and nopY genes were
present in the genomes of some strains. Albin experimented with the ernA gene mutant of
Bradyrhizobium sp. ORS3257 (whose original host is cowpea) on nodulation with AIRs, and
the mutant lost its ability to nodulate, indicating that the effector protein encoded by the
ernA gene is important for the nodulation of AIRs [22]. We discovered that only the genome
of Bradyrhizobium sp. ORS285 contained the ernA gene in AIRs. Additionally, a homolog
of ernA was also found in the DOA9 genome, which is known to have a high number of
effector proteins. However, no homolog of ernA was identified in the Indian AIRs. These
findings suggest that the ernA gene plays a crucial role in the nodulation process of CI-I
and CI-II types of AIRs but has little influence on the nodulation of CI-III type (Figure 11).
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Recent studies have shown that the role of T3SS in symbiosis goes beyond the regula-
tion of plant immune responses [75] and plays an important role in the NF-independent
nodulation mode [74]. Bradyrhizobium elkanii USDA61 can nodulate symbiotically with
soybean nfr mutants (which do not have the sensing ability of nodulation factor), whereas
T3SS mutants cannot nodulate with them. Transcriptional analysis revealed increased
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expression of the soybean nodulation-specific genes ENOD40 and NIN in roots of soy-
bean plants inoculated with B. elkanii but not with the T3SS mutant, suggesting that T3SS
activates the host nodulation signaling pathway by bypassing NF recognition [76]. T3SS
structure does not appear to be a major influence on NF-independent nodal patterns, with
Bradyrhizobium sp. ORS278 and BTAi1 able to nodulate with Aeschynomene indica in the
absence of T3SS [19].

3.7. Analysis of the Genetic Evolution of Bradyrhizobium

Prokaryotic genomes are highly flexible, accompanied by the acquisition and loss of a
large number of gene families in their evolutionary history [77]. To gain insight into the
changes in the composition and content of gene families in the evolutionary history of AIRs,
this study analyzed AIRs and reference strains of Bradyrhizobium and counted the gains
and losses of gene families at different nodes in the species tree.

The results (Figure 12, Table S2) indicate that the evolutionary history of Bradyrhizobium
was characterized by significant gene acquisition events. Analysis of the species tree
and gene gains and losses revealed that the common ancestor genome of Bradyrhizobium
initially possessed 3692 gene families. Subsequently, one lineage acquired 1072 gene
families, leading to the evolution of the ancestor of AIRs. Another lineage acquired
310 gene families, resulting in the diversification of Bradyrhizobium and the emergence of
non-symbiotic Bradyrhizobium strains. These findings highlight the importance of gene
acquisition events in shaping the adaptive evolution of Bradyrhizobium. In Cluster I of the
species tree, Bradyrhizobium sp. VII 81001 experienced a substantial loss of gene families
during the species formation phase. A total of 1190 gene families were lost, which is
the highest number observed among the 56 Bradyrhizobium strains. This loss of gene
families also resulted in a significantly smaller genome size of 6.1 M compared to other
strains. On the other hand, all Bradyrhizobium strains in Cluster II were found to be
symbiotic, and no significant gene family losses were observed in this cluster. This suggests
that Bradyrhizobium strains in Cluster II have been actively acquiring new gene families
throughout their evolutionary history to adapt to different host selections. Cluster III of
the species tree branch consists of a diverse group of Bradyrhizobium strains, including
non-AIRs (such as B. gunagxiense, B. ottawaense, etc.), non-symbiotic Bradyrhizobium (e.g., B.
betae, Bradyrhizobium sp. S23321, etc.), and AIRs (e.g., Bradyrhizobium sp. I, Bradyrhizobium
sp. II, etc.). Similar to Cluster II, non-AIR strains have a history characterized by the
acquisition of new gene families. Additionally, the presence of gene family losses in the
evolutionary history of AIRs suggests that these host plants have selective preferences for
certain rhizobial genomes. Consequently, Bradyrhizobium strains must undergo the loss of
some functional genes to establish symbiosis with A. indica. This observation aligns with
the absence of genes encoding nodulation factors in AIRs (Figure 12).

Gene loss can enable bacteria to adapt to specific niches [78]. For example, the loss
of unnecessary metabolic genes can reduce energy consumption [79], thereby improving
environmental adaptability and competitiveness. The newly obtained genes may give bac-
teria new functions [80], such as improving the ability to adapt to host plants. Throughout
the whole evolution process, the loss of the gene family of AIRs was the most obvious,
which indicated that Bradyrhizobium continuously lost genes during the symbiosis with
AIRs, thus adapting and colonizing the host rhizosphere. In addition, the proportion of
acquired and lost gene families during the evolution of Bradyrhizobium varies at different
nodes, which may be related to the ecological environment and biological characteristics of
different species.

3.8. Analysis of Differential Genes in Bradyrhizobium

The considerable phylogenetic distance observed between AIRs and the reference
Bradyrhizobium strains (non-AIRs and non-symbiotic Bradyrhizobium), along with the pat-
terns of gene acquisition and loss, strongly suggest that the genomes of both types
of rhizobia have undergone extensive changes throughout their evolutionary history
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(Figures 3, 4, 6, 7 and 9–11). While rhizobia can live in the soil as saprophytes and engage
in HGT with one another, host selection exerts a directed influence, imposing stringent
requirements on the genomic background of rhizobia. Consequently, over long periods
of selection, the genome of AIRs is expected to retain specific genes that facilitate symbio-
sis with A. indica due to the specific demands of the host and the symbiotic relationship
between them.
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Based on these hypotheses, we extracted genes from different gene families of AIRs
and the reference Bradyrhizobium strains and analyzed the KEGG pathway for these genes
to investigate the genomic background that may contribute to the formation of AIR ancestry
and the NF-independent nodulation pattern. In total, we identified 1877 gene families
unique to the 24 strains of AIRs and 5211 gene families unique to the 32 reference strains of
Bradyrhizobium. The results revealed that the gene families specific to AIRs were enriched in
159 metabolic pathways, while the gene families specific to the reference strains of Bradyrhi-
zobium were enriched in 221 metabolic pathways. Meanwhile, 143 metabolic pathways
that overlapped between the two taxa were identified (Table S3). The specific pathways
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enriched in AIRs were associated with bacterial invasion of epithelial cells, plant-pathogen
interactions, Nod-like receptor signaling pathways, protein transport, photosynthesis,
and carotenoid synthesis. These findings align with the trait of AIRs being photosyn-
thetic [1,3,4,7,81] and adopting fissure infection [7]. The presence of the Nod-like receptor
signaling pathway in AIRs suggests the existence of a system for sensing plant secretions,
similar to NF-dependent types of rhizobia. On the other hand, the enrichment of metabolic
pathways in the reference strains of Bradyrhizobium indicated the presence of pathways
related to bacterial secretion systems, biofilm synthesis, and group-sensing responses. Ad-
ditionally, this group of strains exhibited a high enrichment of disease-associated pathways,
which could potentially be attributed to HGT events between non-symbiotic Bradyrhizobium
and pathogenic bacteria present in the environment. This transfer might have resulted in
the acquisition of accessory genes associated with disease pathways. Alternatively, it is
possible that certain genes within Bradyrhizobia have functional similarities to proteins or
enzymes involved in these disease pathways (Table 2).

Table 2. Enrichment and analysis of homologous gene family difference gene KEGG in Aeschynomene
indica rhizobia and reference strain.

Taxa

Number of
Homologous
Gene Families
with Differences

Number of
KEGG Pathways

Number of Exclusive
Access Points Typical Pathways

Aeschynomene
indica rhizobia 1877 159 16

Bacterial infestation of epithelial
cells, carotenoid synthesis,
Nod-like receptor signaling
pathway, O-glycan biosynthesis,
photosynthesis, plant–pathogen
interactions, protein
transport, etc.

Reference strains 5211 221 68
Bacterial secretion systems,
biofilm synthesis,
swarm-sensing effects, etc.

Specifically, genes involved in carotenoid synthesis encode phytoene synthase, phy-
toene desaturase, lycopene-β-cyclase, and ε-ring hydroxylase [82]. Phytoene synthase
catalyzes the first committed step in the carotenoid biosynthesis pathway and is a major
rate-limiting enzyme of carotenogenesis [83]. Phytoene desaturase and ε-ring hydroxylase
are essential plant carotenoid biosynthetic enzymes [84,85]. Lycopene-β-cyclases are key
enzymes located at the branch point of the carotenoid biosynthesis pathway [86]. The
functions of these proteins may be related to the photosynthetic ability of AIRs.

4. Conclusions

The NF-independent nodulation mechanism of A. indica currently lacks a universally
accepted explanation; in this study, a comprehensive analysis of the acquisition and loss
of gene families of AIRs and reference strains, followed by KEGG annotation of the gene
families specific to AIRs, was performed. The findings revealed that AIRs have three distinct
origins: early AIRs, non-symbiotic Bradyrhizobium, and non-AIRs. The phylogenetic tree of
the nif gene cluster in AIRs exhibited a high degree of concordance with the housekeeping
genes, suggesting that significant HGT events have not occurred. Furthermore, the GC
content of several regions in the AIR genome was significantly lower than the average GC
content of the genome, indicating the occurrence of HGT. A comparative analysis of the
genomes of AIRs and the reference strains of Bradyrhizobium revealed that AIRs generally
lack nodulation genes, while the abundance of type III secretion system effectors in their
genome is lower. However, a great conservation level was observed in nif genes and
photosynthesis genes. Most of the genes specific to the genome of AIRs are associated with
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pathogen infestation. These genes may play a role in the NF-independent nodulation mode
observed in AIRs. The KEGG analysis showed that genes specific to AIRs are enriched
in epithelial cell invasion, carotenoid synthesis, nod-like receptor signaling pathway, O-
glycan biosynthesis, photosynthesis, plant-pathogen interactions, protein transport, and
other pathways. However, the elucidation of the NF-independent nodulation mechanism
requires further investigation.
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