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T3SS genes in the genus Bradyrhizobium

Albin Teulet’, Djamel Gully’, Zoe Rouy?, Alicia Camuel', Ralf Koebnik®, Eric Giraud'*,t and Florent Lassalle*®t,t

Abstract

Bradyrhizobium are abundant soil bacteria and the major symbiont of legumes. The recent availability of Bradyrhizobium
genome sequences provides a large source of information for analysis of symbiotic traits. In this study, we investigated the
evolutionary dynamics of the nodulation genes (nod) and their relationship with the genes encoding type Il secretion systems
(T3SS) and their effectors among bradyrhizobia. Based on the comparative analysis of 146 Bradyrhizobium genome sequences,
we identified six different types of T3SS gene clusters. The two predominant cluster types are designated Rhcla and Rhclb and
both belong to the Rhcl-T3SS family previously described in other rhizobia. They are found in 92/146 strains, most of them also
containing nod genes. Rhcla and Rhclb gene clusters differ in the genes they carry: while the translocon-encoding gene nopX
is systematically found in strains containing Rhclb, the nopE and nopH genes are specifically conserved in strains containing
Rhcla, suggesting that these last two genes might functionally substitute nopX and play a role related to effector transloca-
tion. Phylogenetic analysis suggests that bradyrhizobia simultaneously gained nod and Rhcl-T3SS gene clusters via horizontal
transfer or subsequent vertical inheritance of a symbiotic island containing both. Sequence similarity searches for known
Nop effector proteins in bradyrhizobial proteomes revealed the absence of a so-called core effectome, i.e. that no effector is
conserved among all Bradyrhizobium strains. However, NopM and SUMO proteases were found to be the main effector families,
being represented in the majority of the genus. This study indicates that bradyrhizobial T35Ss might play a more significant
symbiotic role than previously thought and provides new candidates among T3SS structural proteins and effectors for future

functional investigations.

DATA SUMMARY

All the sequence genomes used in this study were downloaded
from the National Center for Biotechnology Information
(NCBI) RefSeq or GenBank databases. These genomes, which
were annotated de novo by the MicroScope pipeline, are also
publicly available from the MicroScope platform (http://www.
genoscope.cns.fr/agc/microscope). Online Supporting Data is
available from the Figshare repository at the following http://
dx.doi.org/10.6084/m9.figshare.11378772, http://dx.doi.org/

10.6084/m9.figshare.12202202 and http://dx.doi.org/10.6084/
m9.figshare.12191103.

INTRODUCTION

A recent analysis of microbial communities across the globe
indicated that rhizobia of the genus Bradyrhizobium are the
most ubiquitous and abundant bacteria in soils [1]. They thus
appear at the top of the list of the ‘most wanted” bacteria to
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investigate for a better understanding of the contribution of
microbes in the functioning of soil ecosystems. Addition-
ally, these bacteria are the most widely used in agriculture
due to their ability to interact symbiotically with legumes
of high agronomic importance, including staple crops such
as soybean, peanut and cowpea. This symbiosis leads to the
formation a new organ, the nodule, generally found on the root
system, in which the bacteria fix dinitrogen for the benefit of
the plant and receive a carbon source in return. Bradyrhizobia
therefore play a very important role in the preservation of the
environment by limiting the use of nitrogen fertilizers for the
promotion of the growth of legume crops and by contributing
to nitrogen enrichment of terrestrial ecosystems.

Not all bradyrhizobia are able to nodulate legumes, as some
strains isolated from soils or other environments lack the
symbiotic nod genes that are necessary for the synthesis of Nod
factors (NFs) that govern nodulation [2, 3]. Upon recogni-
tion by the plant, this key signal molecule triggers the genetic
program leading to nodule formation and its intracellular
infection by the bacteria [4]. However, some bradyrhizobia
have evolved alternative strategies to interact symbiotically
with legumes in the absence of the NF signal. This is the case
for some photosynthetic Bradyrhizobium strains (including
ORS278 and BTAI1), which lack the canonical nodABC genes
necessary for the synthesis of NFs but are able to induce the
formation of nitrogen-fixing nodules on the root and the
stem of some legume species of the genus Aeschynomene [5].
The bacterial signals necessary for the establishment of this
NF-independent symbiosis remain to be discovered.

The nod genes, which remain the main determinants confer-
ring the ability to nodulate plants to rhizobia, can be trans-
ferred from strain to strain by horizontal gene transfer (HGT)
[6, 7]. While these symbiotic genes are typically harboured by
a plasmid in other rhizobial genera, these genes are generally
found in a chromosomal region of Bradyrhizobium strains,
called the symbiotic island. In addition, this region generally
harbours the nif and fix genes, which are necessary for the
formation and functioning of the nitrogenase complex. This
region can be easily recognized, as it is characterized by lower
G+C content, different codon usage for the identified protein-
coding sequences (CDSs) and the presence of numerous
transposases and insertion sequences that strongly promote
genomic rearrangements in this region. The high plasticity
of the symbiotic island incidentally promotes the selection of
symbiotically adaptive variants in bradyrhizobial populations
[8]. The presence of genes that code for the type III secretion
system (T3SS) has also been frequently reported within this
region of Bradyrhizobium genomes [9-12].

The T3SS, which was initially found in pathogenic bacteria,
is a complex secretory machinery composed of more than
20 conserved proteins that form a syringe-like structure and
enable bacteria to deliver type III effector proteins (T3Es)
into eukaryotic cells [13]. These T3Es are highly diverse in
their structure and mode of action and play a crucial role
in bacteria-host interaction by modulating key host cell
functions, in most cases related to the suppression of host

Impact Statement

The nitrogen-fixing symbiosis between legume plants
and their bacterial partners (rhizobia) is of immense
biological, ecological and agronomic importance, as it is
a major contributor to global nitrogen cycling. It has been
accepted for a long time that the establishment of the
rhizobium-legume symbiosis always relies on the bacte-
rial synthesis of Nod factors, which trigger nodule organo-
genesis and infection programs. However, recent studies
revealed that some rhizobia from the genus Bradyrhizo-
bium are able to nodulate some legume species in the
absence of Nod factor, relying instead on a type Ill secre-
tion system (T3SS), a common virulence factor of patho-
genic bacteria. In this study, we explored and compared
publicly available Bradyrhizobium genome sequences
to obtain new insights into the significance of the T3SS
in the symbiotic adaptation of bradyrhizobia. Our data
indicate that the nodulation genes nod and T3SS genes
have been co-inherited both vertically and horizontally in
many instances, and are present together in almost all
nodulating Bradyrhizobium strains, suggesting an impor-
tant role of the T3SS in the symbiotic process. Further-
more, we highlighted several genetic determinants that
are probably required for the T3SS function and identi-
fied newly putative effectors that may contribute to the
symbiotic properties of bradyrhizobia.

immunity [14]. Functional T3SSs encoded by ‘Rhizobium-
conserved’ (rhc) gene clusters have been reported in several
rhizobial species [15, 16]. However, only a few rhizobial
T3Es, including those called Nop (nodulation outer proteins),
have been characterized and their mode of action generally
remains to be determined [16]. The rhizobial T3SS machinery
contains most of the core components that were described
in the T3SS of pathogenic bacteria, but the genetic organiza-
tion of the rhc cluster and its transcriptional regulation are
different from its pathogenic counterpart [17]. Notably, the
expression of both rhc and nop genes is controlled by the
regulator Ttsl, which is itself under the control of the nod
gene regulator, NodD [18, 19].

While the virulence of plant pathogenic bacteria largely
depends on the functioning of the T3SS [14], the impor-
tance of rhizobial T3SS for symbiosis remains unclear.
Indeed, the presence of the T3SS among nodulating rhizobia
is not a rule, indicating that the T3SS is dispensable for the
establishment of the symbiosis. Furthermore, the T3SS can
play a neutral, a positive or a negative role, depending on
the host plant [16, 20]. On one hand, some of the secreted
T3Es may repress the plant immune system, favouring the
establishment of the infection and the nodulation. On the
other hand, the same effectors may, in other plant contexts, be
recognized by receptor proteins [resistant (R) proteins] acti-
vating an effector-triggered immunity (ETT), which blocks the
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infection and renders the interaction incompatible [21, 22].
More recently, it has been reported that the T3SS can play
a more prominent symbiotic role by directly activating the
nodulation in the absence of NFs [23]. This NF-independent,
T3SS-dependent symbiotic process was initially discovered
between Bradyrhizobium elkanii USDA61 and Glycine max
cv. Enrei. This function of the T3SS could be more widespread
than originally thought, given that a large and number of
diverse non-photosynthetic bradyrhizobia strains were shown
to nodulate Aeschynomene indica thanks to their T3SS [24]. A
recent study conducted on the strain ORS3257 using A. indica
as host plant revealed that this T3SS-dependent symbiotic
process relies on a cocktail of at least five T3Es playing distinct
and complementary roles in nodule organogenesis, infection
and repression of host immune functions [25]. Among these
T3Es, a new one named ErnA (effector required for nodula-
tion A) was shown to act as a key factor to form nodules.

A large number of Bradyrhizobium genomes have been
sequenced, including those from strains isolated from
nodules of several legume species, but also from various
other ecological niches. In this study, we took advantage of
this wealth of genome sequences to obtain new insights into
the significance of the T3SS in the symbiotic adaptation of
bradyrhizobia. We examined the phylogenetic distribution
of T3SS and nod genes as well as some nop genes reported to
have a symbiotic role to answer to the following questions.
What is the distribution of the nod and T3SS genes among
strains isolated from nodules or other environments? What
are the different events of acquisition or loss of the T3SS that
occurred during the evolutionary history of bradyrhizobia?
Is the acquisition of the T3SS systematically associated with
the acquisition of nod genes through lateral transfer of the
symbiotic island? How congruent is the evolution of the nod
and T3SS genes? How widespread are the T3Es reported to
have a symbiotic role?

METHODS

Phylogenomic analysis of all Bradyrhizobium
genomes used in this study

A custom set of 155 genomes was gathered covering 28
different Bradyrhizobium species, as well as selected genomes
from the genera Nitrobacter and Rhodopseudomonas as
outgroups. The genomes listed in Table S1 (available in the
online version of this article) were downloaded from the
National Center for Biotechnology Information (NCBI)
RefSeq or GenBank databases and used as input for the bioin-
formatic pipeline Pantagruel [26] to build a phylogenomic
database. In short, coding sequences (CDSs) and the corre-
sponding protein sequences were extracted from the RefSeq
or GenBank annotation and then clustered into homologous
gene families using MMSeqs2 [27]. Homologues were aligned
with cLusTaL Omega [28] and reverse-translated into CDS
alignment with PAL2NAL [29]. Four hundred and fifty-three
single-copy core gene families were selected based on their
presence in at least 153 of the 155 genomes, thus allowing
for rare losses or incomplete genome sequences. CDS

alignments for these families were concatenated, resulting in
378951 aligned nucleotide positions. From this core align-
ment, a maximum-likelihood (ML) tree was inferred using
RAXML (v8.2.4) [30] under the GTRCATX model, and
branch lengths were then refined under the GTRGAMMAX
model, while branch supports were estimated from 200 rapid
bootstrap trees. Bayesian samples of gene trees were inferred
from CDS alignments with MrBayes (v 3.2.6) [31] using a
Metropolis-coupled Monte Carlo Markov chain (MCMCMC)
approach, with two independent sets of four chains (one cold,
three heated) running for 2000000 generations and sampled
every 500; the presented trees are majority-rule consensus
trees, discarding the first 25% of the chain as burn-in. The
consensus of Bayesian gene trees for Rhc-T3SS cluster gene
families is available as part of the online Supporting Data at
the Figshare data repository (http://dx.doi.org/10.6084/m9.
figshare.11378772).

Prediction of nod and T3SS clusters

All genome sequences used in this study (Table S1) were
downloaded using the MicroScope platform (http://www.
genoscope.cns.fr/agc/microscope). Genome annotations
were performed de novo using the MicroScope pipeline
[32]. A screen of nod and T3SS clusters in each genome
was performed by searching the key genes nodA and rhcN.
Reference CDSs were extracted from the Bradyrhizobium
diazoefficiens USDA110" genome (blr2025 and blr1816,
respectively) and searched against the PkGDB genome
database using the BLASTN algorithm as implemented on the
MicroScope platform with the following parameters: query
coverage >70%, identity >40%. The syntenic organizations
of regions surrounding nodA and rhcN homologues found in
bradyrhizobial genomes were then compared with each other
using the MaGe genomic visualization system available on the
MicroScope platform.

Prediction of known Nops repertoires

The T3Es known to be secreted through the T3SS or to affect
the symbiotic interaction were identified from the literature
(Table S2) and then searched in all strains using the BLASTP
algorithm as implemented on the MicroScope platform
with the same similarity constraints as described above.
The absence of nopX and nopE/nopH genes in Rhcla- and
RhcIb-containing genomes, respectively, were confirmed by
TBLASTN search of the NopX proteins from USDAG61 strain
and NopE/NopH proteins from USDA110". The search of
genes containing known functional domains conserved in
some T3Es was performed by interrogating the precomputed
InterProScan annotations hosted by the MicroScope platform
for each strain genome, using the InterPro identifier of the
functional domain as a query.

Phylogenetic analysis

The concatenated NodABC and RhcC2NV amino acid
sequences were aligned with cLusTALW using MEGA X software
[33]. Phylogenetic trees were constructed from the resulting
alignments using the ML method as implemented in MEGA
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X software. Branch support was also estimated using MEGA
X by performing bootstrap analyses of 500 replicates. Final
editing was carried out using Figtree (http://tree.bio.ed.ac.
uk/software/figtree/) and further editing was performed with
graphics software. The same procedure was used to construct
the SctN phylogenetic tree using the SctN homologues from
other T3SS-containing bacteria (Rhizobiales, Enterobacte-
riales, Aeromonadales, Pseudomonadales, Rhodobacterales,
Burkholderiales, Oceanospirillales, Xanthomonadales and
Chlamydiales) that are available in the NCBI database.

Prediction of Rhcl-T3SS clusters gain and loss
events

Evolutionary analyses of the presence/absence of Rhcla- and
RhcIb-T3SS clusters were performed using the program
Gloome [34]. We used the Mixture model, which allows one
to study differences in both gain and loss probabilities. The
expectations and probabilities for both gain and loss events
were estimated using stochastic mapping and a predicted
event was considered as valid if the probability was at least 0.5.

Estimation of individual gene family evolution
scenarios and co-evolution

We used gene tree/species tree reconciliation to obtain a
finer estimation of the scenarios of events that marked the
evolutionary history of individual genes within the Rhcl-
T3SS clusters and nod operons. This approach integrates the
information from gene phylogenies to infer events of gene
duplication, horizontal transfer and loss (DTL) that occurred
over the diversification of the gene family [35]. In short, we
used the software GeneRax to estimate ML scenarios as well
as to make a Bayesian sample of close-to-optimal scenarios
[36]. We applied this procedure to the gene families nodA,
nodB, nodC, rhcC2, rheD, rheN, rheV, nopC, nopM, nopL and
nopT, as well as to a sample of control gene families from the
bradyrhizobial pangenome; we used the core-genome-based
tree of 155 bradyrhizobia and outgroups described above as a
reference species tree. Bayesian scenario samples were used to
compute co-evolution scores between gene families, using an
approach adapted from Lassalle et al. [26] and detailed further
in File S1. ML and Bayesian samples of scenarios, summa-
ries of the inferred transfer events and of the co-evolution
analysis are available as part of online Supporting Data at
the Figshare data repository (http://dx.doi.org/10.6084/m9.
figshare.12191103). Species tree inference and reconciliation
computations were performed on the MRC Cloud Infrastruc-
ture for Microbial Bioinformatics (MRC CLIMB) cloud-based
computing servers [37].

RESULTS AND DISCUSSION

General features of Bradyrhizobium genomes and
phylogenomic analysis of the genus

In this study we considered 146 bradyrhizobial genomes
and 9 genomes from related genera that were available in
the public databases. A large proportion (106 out of 146) of
the brayrhizobia strains sequenced were isolated from the

nodules of various legumes species. The plants from which
the most isolates were sequenced are: (i) G. max (36 strains),
(ii) Vigna unguiculata (12 strains), (iii) Aeschynomene spp. (9
strains), (iv) Phaseolus spp. (9 strains) and (v) Lupinus spp. (7
strains). The other strains originated from various environ-
ments (different types of soils, water, biofilm, plant or animal
tissue) (Table S1). The majority of bradyrhizobial genomes
have sizes ranging from 7 to 10 Mb, with an average of 8.5 Mb.
However, a few strains (CCH10-C7, CCH4-A6, NFR13 and
SG-6C) have smaller genomes with sizes between 4 and 6 Mb.
Among the 33 strains with a complete or near-complete (i.e.
<10 contigs) genome sequence, four strains (BTAil, NK6,
DOAY, G22) contain one or several plasmids. Remarkably,
strain DOADY is the only Bradyrhizobium strain carrying a
symbiotic plasmid harbouring nod, nif and T3SS genes [38]
and strain NK6 contains four plasmids [39].

To better understand the evolutionary origins of nod and T3SS
genes in bradyrhizobia, we first aimed at establishing a robust
phylogeny of these organisms, which may later be used as a
reference to infer evolutionary scenarios for the gain and loss
of symbiotic genes. We built a phylogenetic tree based on the
concatenated core genome (453 single-copy genes), which we
rooted using several representatives from the neighbouring
genera Nitrobacter and Rhodopseudomonas as an outgroup.
This analysis yielded six phylogroups within Bradyrhizobium,
each supported by 100% bootstrap values (Fig. 1). Phylogroup
1 clustered with more than half of the studied genomes. A
large proportion of the bradyrhizobia belonging to this
phylogroup were isolated from soybean, which is the most
important legume crop in the world, thus explaining the
over-representation of this phylogroup. Phylogroup 1 gathers
strains from the species Bradyrhizobium japonicum and
B. diazoefficiens, as well as strains assigned to various other taxa:
Bradyrhizobium yuanmingense CCBAU10071%, Bradyrhizo-
bium vignae LMG28791", Bradyrhizobium forestalis INPA54BT,
Bradyrhizobium shewense ERR11%, Bradyrhizobium sacchari
BR102807, Bradyrhizobium stylosanthis BR446, Bradyrhizo-
bium manausense BR3351", Bradyrhizobium neotropicale
BR10247" and Bradyrhizobium centrolobii BR10245".
Phylogroup 2 clustered six photosynthetic bradyrhizobia
strains, including Bradyrhizobium oligotrophicum S587, as
well as the non-photosynthetic strain STM3843. All seven
strains in phylogroup 2 were reported to nodulate some
Aeschynomene species in an NF-independent manner; they
lack nod genes, with the exception of strain ORS285, which is
able to use both NF-dependent and NF-independent strate-
gies, depending on the host plant [5, 40, 41]. Phylogroup 3
only included two strains, ARR65 and Tv2a-2, which were
isolated from nodules of Stylosanthes viscosa and Tachigali
versicolor, respectively [42, 43]. These two strains notably
differ from their closest relatives in phylogroup 2 through
the presence of nod genes. Phylogroup 4 gathered 29 strains
from various species, including the type strains B. elkanii
USDA76", Bradyrhizobium pachyrhizi PAC48", Bradyrhizo-
bium brasilense UFLA03-321", Bradyrhizobium viridifuturi
SEMIA690", Bradyrhizobium tropiciagri SEMIA6148",
Bradyrhizobium mercantii SEMIA6399", and Bradyrhizobium
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nferred for the genus Bradyrhizobium and its close relatives. The

phylogeny was inferred from 453 single-copy core genes for 146 bradyrhizobia strains, and several species of the neighbouring genera
Rhodopseudomonas and Nitrobacter. Node support values are indicated at each branch. The phylogroup to which each strain belongs
is indicated by the colour of the branch according to the key provided. The presence of nod or T3SS clusters in each strain is shown

by colour circles referenced in the key. Probable Rhcl-T3SS cluster
arrowhead and a cross, respectively, according to the key provided. For

acquisition and loss events are represented by a colour-coded
all these predicted events, the probability was at least 0.5 except

for the gain event of phylogroup 4 for which the probability was 0.41. The scale bar indicates the number of amino acid changes per site.
The symbol ¥ denotes the strains that were not isolated from root nodules.

embrapense SEMIA6208". Similarly, phylogroup 5 gathered 14
strains from several species, such as Bradyrhizobium retamae
Ro19", Bradyrhizobium icense LMTR13 ", Bradyrhizobium
valentinum LmjM3", Bradyrhizobium jicamae PACG68",
Bradyrhizobium paxllaeri LMTR21" and Bradyrhizobium
lablabi CCBAU23086". Phylogroup 6 contained six strains,

all of which were isolated from soils. Finally, the four strains
with the smallest genome (CCH10-C7, CCH4-A6, NFR13
and SG-6C) formed a clade that branches with representatives
of the genus Rhodopseudomonas. These groupings were all
supported by whole genome-to-genome distances (Fig. S1).
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According to this phylogenetic analysis, the taxonomic
classification of several strains needs to be revised. Firstly,
the four small-genome strains branched with Rhodopseu-
domonas, which indicates that they do not belong to the genus
Bradyrhizobium but rather to another genus within the family
Bradyrhizobiaceae. With this in mind, the genome size of
these four strain genomes appears to fit well within the range
of sizes observed for Rhodospeudomonas (3.7-5.4 Mbp) and
Nitrobacter (3.6-5.0 Mbp) genomes (NCBI genome database,
last accessed September 2019), contradicting the idea that
they had undergone some recent genome reduction event.
Within the genus Bradyrhizobium, several strains do not
belong to the species to which they were assigned. This is the
case for several strains of B. japonicum (USDA4; USDA124;
USDA135; 22; is5, in8P8) and B. elkanii (UASWS1015;
WSM2783; WSM1747), which were found outside of the
clade containing the type strain of their respective species.
In phylogroup 6, strain GAS499 was wrongly assigned to
B. lablabi, the type strain of which belongs to another phylo-
group. The other strains in this phylogroup are Bradyrhizo-
bium erythroplei or Bradyrhizobium canariense; the genome
sequences of their type strains were not yet available and are
not covered by this study, but have representatives in other
phylogroups, suggesting that a revision is needed for the
taxonomy of either phylogroup 6 strains or the distant strains
sharing their name. The incorrect naming of some strains was
based on their 16S rRNA and/or the internally transcribed
spacer (ITS) sequences, while for the strains belonging to the
phylogroup 6 and for WSM2783 and WSM 1747 the criteria
for their taxonomic classification remain elusive [44-46]. It is
now recognized that these two genetic markers are not suffi-
ciently discriminating to distinguish Bradyrhizobium strains
due to limited sequence polymorphisms in this group. It was
therefore proposed to use an alternative molecular method
based on multilocus sequence analysis (MSLA) for taxonomic
assignments [47]. Our phylogenetic analysis implements a
genome-based taxonomy approach, which can be seen as a
‘super MSLA; which is not limited to a few partial sequences of
housekeeping genes but comprises several hundred conserved
genes, as recommended by taxonomic authorities [48, 49].

Notably, during the compilation of this paper, two phylog-
enomic analyses focusing on the genus Bradyrhizobium were
published, but they did not include exactly the same taxa
as our study. One study was also based on the core genome
[50], whereas the other was based on the genome-to-genome
BLAST distance phylogeny (GBDP) [51]. The phylogenetic
trees of these two studies show a very similar topology to
that presented here (Fig. 1), which confirms the robust-
ness of these different phylogenomic analyses. In our tree,
the four ‘non-Bradyrhizobium’ small-genome strains form
a clade that groups together with the Rhodopseudomonas
and Nitrobacter genomes we used as outgroups. In the study
by Avontuur et al. [50], which included a wider diversity of
outgroup, CCH10-C7 was found to be associated with the
genus Afipia, while NFR13 belonged to Tardiphaga. We
explored the phylogenetic position of these strains using the
Type Strain Genome Server (https://tygs.dsmz.de/) based on

GBDP distances, and this suggested that the strains CCH4-16,
CCH10-C7 and SG-6C belong to the genus Afipia. A detailed
taxonomic study is needed to delineate a formal taxonomic
name for these mistyped strains, but this is beyond the scope
of this study.

Presence of multiple and diverse T3SS clusters
among bradyrhizobia

The rhcN gene was used in BLAST searches to survey for the
presence of a T3SS among our bradyrhizobial genome collec-
tion. This gene encoding an ATPase, which is essential for
the function of the secretion machinery, is one of the most
conserved core T3SS genes and has often been used for phylo-
genetic analyses [52, 53].

Among the 146 bradyrhizobial genomes analysed, 96 contain
at least 1 rhcN homologue and among them, 16 contain 1
additional homologue, and 2 additional homologues are only
found in the genome of strain WSM1741 (Fig. 2). This single-
gene search analysis suggests that a large proportion (66%) of
the bradyrhizobia strains may contains a T3SS gene cluster,
and that some of them may even carry several such clusters - a
situation already observed in Ensifer fredii strains NGR234,
HH103 and USDA257, which each contain two T3SS clusters
borne on separate plasmids [54-56].

Previous phylogenetic analyses based on various T3SS core
proteins, including RhcN, indicated that the T3SS evolved into
seven distinct families that spread between Gram-negative
bacteria by HGT [52, 57]. So far, the characterized T3SSs from
the different rhizobia all clustered in the same family, Rhc,
and were further sub-divided into four sub-groups (anno-
tated as a-Rhcl to a-Rhc-IIT and £3-Rhc, which includes the
T3SSs from the B-rhizobium Cupriavidus taiwanensis) [17].
To better understand how the different bradyrhizobial RhcN
homologues are distributed among these different families,
an ML tree was constructed including representatives of all
the families and sub-groups that were previously defined. The
great majority of bradyrhizobial RhcN homologues clustered
in sub-group I of the Rhc family (a-Rhcl), forming a large
clade (annotated A on Fig. 2), which also contains homo-
logues from Ensifer and Mesorhizobium. Other RhcN homo-
logues seem to be related to the a-Rhcl group, but are different
from previously defined subgroups [17]; they branch at the
base of the a-Rhcl group and form a distinct clade (annotated
B), grouping genes found in the strains B. oligotrophicum S587
and Bradyrhizobium sp. Tv2a-2. Genes from a group of 17
strains, including the type strains Bradyrhizobium mercantei
SEMIA6399", Bradyrhizobium lablali CCBAU23086" and
B. yuanmingense CCBAU100717, form a separate clade (anno-
tated C) that branched next to the Ysc family, which includes
proteins from animal pathogenic and symbiotic bacteria.
The gene from strain Y36 (annotated D) clearly falls within
the Ysc family. When a genome carries several RhcN homo-
logues, at least one copy systematically belongs to the a-Rhcl
group, with the other copies being associated with clade C,
except for strains LmjM3, LmjM6 and WSM1741, whose
extra RhcN genes form a clade (annotated E) that is basal to
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Fig. 2. ML phylogenetic tree of the SctN/RhcN proteins from bradyrhizobia and several representatives of symbiotic, pathogenic and
plant-associated bacteria. The ML analysis was performed using mega X and 500 bootstrap replicates. The different SctN families
defined according to Troisfontaine and Cornelis [52] are differently coloured. For the Bradyrhizobium strains, the different coloured
circles (see the key provided) correspond to the distinct genetic organization of the T3SS clusters to which the sctN gene belongs (see

Fig. 3). The scale bar indicates the number of amino acid changes per

site. The numbers indicated within the parentheses are used to

discriminate between the different SctN/RhcN homologues identified in the same strain.

the a-Rhcl family. To distinguish the RhcN homologues that
do not fall in one of the Rhc families that have already been
defined, i.e. those that are related to the Ysc family (clade C
and D), we chose to name them SctN, with respect to the
unified nomenclature for T3SS proteins (with the Sct prefix
referring to secretion) [58].

To further refine the classification of the T3SS systems in
bradyrhizobia, we analysed the genetic organization of the
gene clusters that encode the T3SS machinery. In total, we
identified six different arrangements of T3SS genes among
the bradyrhizobial strains (Fig. 3). The majority of T3SS gene
clusters belong to the a-Rhcl family, with two sub-families

named Rhcla and Rhclb, which correspond to the gene
clusters already described for B. diazoefficiens USDA110"
and B. elkanii USDAG61, respectively (Fig. 3) [9, 59]. In both
sub-families, all genes encoding the core components of
the T3SS machinery are arranged in three distinct regions
(Fig. 3). The main central region (I) contains in the following
order the rhcCl1 gene in one direction and the nopB, rhc],
nolU, nolV, rheN, rheZ, rheQ, rheR, rheS, rheT and rheU genes,
which are transcribed in the opposite direction. This central
region is perfectly conserved in the two sub-families, whereas
two additional conserved regions at the extremities of the
gene clusters (region II and region III) differ in the details



Teulet et al., Microbial Genomics 2020;6

Rhcla cluster : USDA110-like

< KK KO >—Xd > I KK
o A ¥ 932 g Y & 03 O & 9O go68 D & N >
& S & K NEES & & S & & Ny o
§ & F8E ¢ FEEETIEF ¢ ¢ § && 4
Rhclb cluster : USDA61-like
Region 1l Region | -Reglon n
(zegonn} — Loewon}
<l K1 -1 D > ] KH>
o Ay > 9 & & & > NN 2 I N 3
F & g8 F§ 8 EECIEEEEEEE S ¢ @8

@ Tv2a-2 T35S cluster (Clade B)

Key:

[ 7355 structural component gene
[ sten homologue

[ rutative effector gene

. Transcriptional regulatory gene
D Putative chaperone gene

D Putative translocon gene

N S S O NENR goL8 D N
& & § &g 888 &8¢ D other characterized gene
[ uncharacterized gene
=== Conserved locus between Rhcla
and Rhclb clusters
Clade C T3SS cluster: WSM1741-like Rhel fict
Y ~ KY & o o A Y Rhclb-specific locus
LA A A Y § FEEF P &
w— Strain-specific locus
r nod box r tts box
Y36 T3SS cluster (Clade D)
) > X Qo ) Lk
&& § & S FF L FFEFS P

Fig. 3. Genetic organization of the different T3SS gene clusters identified in the genus Bradyrhizobium. The six different T3SS gene
clusters identified are designated by the same colour circles used in Fig. 2 and the name of a representative strain in which the
corresponding T3SS cluster is identified. Open reading frames are represented by coloured arrows according to the key provided and
showing the transcription sense. The nod and tts boxes are represented by green and black arrows, respectively. The two-way arrows
above the Rhcla and Rhclb-T3SS clusters represent the three genetic regions defined by Tampakaki [17]. The most common names
previously used to characterize the T3SS gene cluster in rhizobia were applied for the T3SS gene cluster found to belong to the Rhc
family (according to Fig. 2), while for both the WSM1741-like and Y36-like T3SS clusters, which do not belong to the Rhc family, the sct

gene nomenclature was used.

of their gene contents. Notably, in region II, the predicted
CDSs between the nod box and the ttsI regulator differ and are
strain-specific. In strain USDA1107, the Rhcla cluster starts
with a CDS (bsl1845) encoding a protein of unknown func-
tion, followed by the putative effector gene nopAM [60], while
in USDAG1, the Rhclb clusters are predicted to contain two
divergently transcribed CDSs encoding hypothetical proteins.
Region III starts with two different small genes encoding
secreted proteins of unknown function: nopC (Rhclb cluster)
or nopH (Rhcla cluster) [61, 62]. Notably, the region upstream
of the Rhclb cluster codes for the NopX protein, which is
homologous to the putative translocon HrpF in Xanthomonas
[63]; the corresponding gene is absent in all the strains with
a Rhcla cluster, such as strain USDA110"

One of these two gene arrangements is systematically found
in all the strains containing a rhcN gene of the a-Rhcl family,
but some minor variations occur among strains: (i) gene
predictions in the region upstream of the t#sI gene are often
ambiguous, sometimes with a prediction of a CDS showing
some similarities with the nopAM gene identified in strain
USDAL1107; (ii) a rearrangement of the region II provoked by
transposase insertions and leading to a separation of the ttsI
and rhcC2 genes (observed only in ORS285 strain); and (iii) the

occasional presence of an intergenic region of around 650bp
between rhcS and rhcT. Interestingly, this ‘intergenic’ region
is predicted to contain a tts box, suggesting that the genes of
such a region I might be transcribed in two distinct operons.

Notably, the T3SS gene clusters from clade E share the same
genetic organization as Rhcla and should therefore be consid-
ered to be a bona fide RhcI-T3SS cluster. In contrast, T3SS
gene clusters from strains S58" and Tv2a-2 (clade B) both
have a different genetic organization than Rhcl types and
should therefore constitute new types of Rhc cluster (Figs 2
and 3). In particular, the T3SS cluster in the Tv2a-2 strain
harbours a homologue of the hrpK gene, which is found in
some non-canonical T3SS gene clusters from Ensifer strains
and phytopathogenic bacteria, where it is thought to encode
a translocon component [13, 17].

Analysis of the regions surrounding the rhcN/sctN homo-
logues of strain Y36 (clade D) or of the strains belonging
to clade C revealed additional types of T3SS gene clusters,
suggesting a distinct origin of these unconventional T3SSs
(Figs 2 and 3). Determining whether these atypical T3SS clus-
ters are functional and can affect the symbiotic properties of
the strains requires further investigation.



Teulet et al., Microbial Genomics 2020;6

A striking difference of the T3SS clusters from clades B to D
in comparison to the RhcI clusters is the absence of the ttsI
regulatory gene. The fact that t#sI is under the control of the
master regulator NodD [18, 19, 64] supports the hypothesis
that the ancestor of the RhcI-T3SS cluster was formed in the
presence of the nod gene cluster, and that later propagation of
the T3SS would rely on its co-transfer with nod genes, most
probably via a symbiotic island gathering these two gene
clusters.

The nod and T3SS genes share a common history in
the genus Bradyrhizobium

To test this hypothesis, we scrutinized the genomes of the
146 Bradyrhizobium strains for the presence of nodABC genes
using BLASTN and observed that 100 strains contained these
canonical nod genes (Fig. 1). Strikingly, more than 90% of
them (92 out of the 100) also contain the RhcI-T3SS cluster. In
fact, all the strains containing a RhcI-T3SS cluster contain the
nodABC genes, except for strain Bradyrhizobium liaoningense
CCBAU83689 (Fig. 1). We then examined the genome of the
33 strains with a complete or near-complete sequence to see
whether the nod and RhcI-T3SS gene clusters are co-localized
or not. For the 12 strains containing a RhcI-T3SS cluster, this
cluster is systematically found inside the symbiotic island
containing the nod and nif genes (Table S3). Conversely, for
the three strains (S58”, NK6 and WSM1417) with an atypical
T3SS cluster, this cluster is not found on the symbiotic island
but on another horizontal acquired island for S58" and
WSM1417 strains, or on a plasmid for NK6 strain (Table S3).

To verify that the RhcI-T3SS and nod gene clusters follow the
same evolutionary history, we compared the phylogenetic
trees based on the concatenation of the NodA, NodB and
NodC proteins or on the concatenation of the RhcC2, RhcN
and RhcV proteins — each corresponding gene belonging
to one of the three regions composing the T3SS cluster.
Several incongruences occur between the trees, which likely
result from ancient recombination events between symbi-
otic islands, as may have occurred after symbiotic islands
from different origins were acquired independently and
co-inhabited in the same rhizobial genome. This hypothesis
of recombination among clusters is further supported by
the evolutionary scenarios that we estimated for component
genes of these clusters. Inferred scenarios show that most
HGT events were inferred uniquely in each of the nod or
rhc gene trees, indicating that independent importation of
foreign sequences at each gene locus occurred regularly
over the evolution of the bradyrhizobial symbiotic islands
(online Supporting Data, http://dx.doi.org/10.6084/m9.
figshare.12191103). The (rare) observation of two Rhcl-
T3SS clusters with divergent rhcN genes within the extant
genomes of strains WSM1741, LmjM3 and LmjM6 finally
proves the possibility of a co-habitation being required for
such a recombination event (Fig. 2).

Nevertheless, the phylogenetic trees for NodABC and
RhcC2VN present many matching clades grouping corre-
sponding sequences from the same strains (Fig. 4), supporting

the hypothesis of co-evolution between these two gene clus-
ters, at least in recent times.

We thus aimed to quantify the co-evolution of single-gene
families within and between the nod or RhcI-T3SS gene clus-
ters. To do so, we estimated evolution scenarios describing the
events of vertical and horizontal dissemination that marked
the diversification of key genes present in these gene clus-
ters. We then computed pairwise co-evolution scores based
on how much each pair of gene families had shared events
in their scenarios. As expected, genes show the strongest
co-evolution association with those that are co-located with
them in modern genomes: genes within the nod operon (i.e.
nodA, nodB and nodC) and those within the Rhc-T3SS gene
cluster (i.e. rhcC2, rheD, rheN, rheV and nopC) each form
modules of genes with significantly strong co-evolution
history. Co-evolution between the nod and RhcI-T3SS
modules was also strong and significant, even though slightly
lower than within these modules (Fig. S3, http://dx.doi.org/
10.6084/m9.figshare.12191103). This is evident when consid-
ering all shared evolutionary events, including both vertical
and horizontal modes of co-evolution (Fig. S3 a, ¢), or when
considering only co-transfer events, i.e. only events of joint
acquisitions via HGT (Fig. S3b, d); this suggest that these
genes were often co-acquired and subsequently conserved
together in genomes.

Taken together, these data support the hypothesis that
bradyrhizobia gained nod and RhcI-T3SS gene clusters
simultaneously through the acquisition of a symbiotic island,
while the atypical T3SS clusters were gained independently.
The subsequent vertical inheritance and preservation of the
RhcI-T3SS in most of the strains containing nod genes -
notwithstanding a few recombination events — also indicates
that this secretory machinery plays an important role in their
symbiotic lifestyle.

T3SS was gained and lost multiple times in the
genus Bradyrhizobium

The distribution of the Rhcla and Rhclb clusters is not
random within the genus Bradyrhizobium, with the cluster
types occurring in homogeneous patches within clades of
the core genome tree (Fig. 1). The distribution of the RhcI-
T3SS cluster types is not uniform with regard to their host
genome phylogroup: (i) strains belonging to phylogroups 6
and 2 (with the exception of the strain ORS285), as well as
the two members of phylogroup 3 have no Rhcl cluster; (ii)
phylogroup 5 strains possessing a T3SS all have the Rhcla
cluster type; (iii) all phylogroup 4 strains possessing a T3SS,
except strain th.b2, have the RhclIb cluster; (iv) Rhcla and
Rhclb clusters are irregularly distributed within phylogroup 1.

To determine the origins of this heterogeneous distribution of
Rhcla and Rhclb cluster types, we first explored the evolution
scenarios computed for each component gene. However, each
gene’s sample of scenarios presented a set of many probable
events, distributed over the reference Bradyrhizobium tree,
and while statistical agreement between those sets can be
computed (see the co-evolution scores above), it is difficult
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Fig. 4. Comparison of phylogenetic trees for concatenated NodABC (left) and RhcC2NV (right) proteins from Bradyrhizobium. The two
ML phylogenetic trees were constructed using MEGA X and 500 bootstrap replicates. Bradyrhizobium sp. UFLAQ03-84 is not included in
the Rhcl-T3SS tree, since this strain lacks the region Il containing the rhcV gene. The scale bar represents the number of amino acid
substitutions per site. The colouring scheme for tree branches and circles is indicated in the key provided. The phylogenetic congruence
between the two trees is represented by grey bands linking the different clades, while incongruence is represented by red lines. The
environment for isolation of the strains is indicated in the field next to the strain names on the left-hand tree Acacia dealbata (Ac.
de), Aeschynomene afraspera (Ae.af), Aeschynomene americana (Ae.am), Amphicarpaea bracteata (Am.br), Andira inermis (An.in), Arachis
hypogaea (Ar.hy), Centrolobium paraense (Ce.pa), Centrosema pubescens (Ce.pu), Crotalaria paulina (Cr.pa), Desmodium heterocarpon (De.
he), Erythrina brucei (Er.br), Erythrina costaricensis (Er.co), G. max (Gl.ma), Indigofera sp. (Indo.), Inga sp. (In.sp), Kennedia coccinea (Ke.co),
Lablab purpureus (La.pu), Leobordea carinata (Le.ca), Lespedeza cuneata (Le.cu), Lupinus albescens (Lu.al), Lupinus angustifolius (Lu.an),
Lupinus maria-josephae (Lu.ma), Lupinus sp. (Lu.sp), Macrotyloma africanicus (Ma.af), Neonotonia wighti (Ne.wi), Ornithopus compressus (Or.
co), Ornithopus pinnatus (Or.pi), Pachyrhizus erosus (Pa.er), Phaseolus acutifolius (Ph.ac), Phaseolus lunatus (Ph.lu), Phaseolus microcarpus
(Ph.mi), Phaseolus vulgaris (Ph.vu), Retama monosperma (Re.mo), Rhynchosia minima (Rh.mi), Rhynchosia totta (Rh.to), Sugar cane (Su.ca),
Stylosanthes guianensis (St.gu), Stylosanthes viscosa (St.vi), Syrmatium glabrum (Sy.gl), Tachigali versicolor (Ta.ve) and Vigna unguiculata
(Vi.un).
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to summarize that information in a consensus scenario for
the whole gene cluster (see high-probability co-events in
the online Supporting Data; http://dx.doi.org/10.6084/m9.
figshare.12191103). For greater ease of interpretation, we thus
chose to complement our analysis with a simpler method
of inference of the history of events of gain and loss of Rhc
clusters. We used the program Gloome, which relies on the
profile of presence and absence of the whole RhcI clusters in
genomes and performs a stochastic mapping of events over
the reference tree, to estimate a single scenario of evolution
for each of the Rhcl cluster types along the Bradyrhizobium
tree [34]. According to the scenario estimated with Gloome,
an equal number of gain and loss events (14 each) occurred
across the genus tree, but with different frequencies depending
on the phylogroup.

A few seminal events of independent acquisition of the RhcI-
T3SS cluster define the main structure of their distribution:
the acquisition of the Rhcla cluster in the ancestor of the
phylogroup 1 clade corresponding to the species B. japonicum
and B. diazoefficiens; another acquisition of the Rhcla
cluster in the ancestor of the phylogroup 5 clade regrouping
B. lablabi, B. paxllaeri, B. jicamae, B. valentinum, B. icense and
B. retamae; and the acquisition of the RhclIb cluster in the
ancestor of the phylogroup 4 clade regrouping the species
B. elkanii, Bradyrhizobium pachirizi, Bradyrhizobium brazil-
iense, B. viridifuturi, Bradyrhizobium tropicagri, B. mercanti
and Bradyrhizobium embrapenses. These seminal horizontal
transfer events were followed by the conservation of the
acquired cluster, leaving patterns of locally homogeneous
cluster distribution, suggesting that strong purifying selec-
tion acted on these acquired genes. Another acquisition of
the Rhclb cluster was inferred at the root of the phylogroup
1, but this event was later followed by independent losses of
the cluster: it was lost by the ancestor of the group formed by
B. japonicum and unclassified Bradyrhizobium strains such as
WSM1417 and WSM1253. The ancestor of B. japonicum later
regained a T3SS cluster of the type Rhcla. Other loss events
are associated with gains of the other cluster type on the same
branch of the tree, and six such replacements of the Rhclb
cluster by the Rhcla type occurred, all within phylogroup 1
(Fig. 1).

This scenario of repeated replacements is reflected in the
phylogeny of the RhcC2VN proteins, where clades of Rhc
proteins associated with the Rhcla organization recurrently
emerge from a larger clade of proteins associated mostly
with the RhclIb type (Fig. 4). The Rhcla clade at the top of
Fig. 4 regroups many almost identical sequences, suggesting
a more recent spread of this cluster type, with repeated events
of horizontal dissemination into distinct clades of phylogroup
1. Interestingly, most of these Rhcla phylogroup 1 strains were
isolated from G. max nodules. It is very likely that a strong
selective pressure, probably driven by the interaction with
the plant, has favoured the exchange of RhcI-T3SS clusters
within this phylogroup. The selective advantage of switching
to a Rhcla cluster type may be specific to phylogroup 1, as
B. elkanii strains of phylogroup 4 also isolated from G. max
nodules all harbour a Rhclb cluster.
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The tree based on concatenated RhcC2VN proteins presents
the evolutionary point of view of the genes encoded in the
cluster (Fig. 4), which shows that the Rhcla type evolved twice
from a clade associated with the Rhclb type. These events
correspond to a gain by the ancestor of B. japonicum (phylo-
group 1), and another gain in the ancestor of phylogroup 5
Rhc+ strains (Fig. 1). The lineages of Rhc proteins involved
in these two gain events are not related, with those found in
phylogroup 5 branching deeply in the RhcC2VN phylogenetic
tree. Interestingly, the diversity of proteins within this deep
clade mirrors that of their host genomes. This suggests that
in phylogroup 5, the rhc genes (or at least large segments of
the locus including the rhcC2, rhcV and rheN genes) were
transmitted vertically after the gain of the ancestral Rhcla type
cluster. This unique gain event in phylogroup 5 is confirmed
by reconciliation-based scenarios (see ML reconciliations in
the Online Supporting Data; http://dx.doi.org/10.6084/m9.
figshare.12191103), but those scenarios additionally implied
that it was followed by occasional events of homologous
recombination of individual rhc genes among phylogroup 5
strains.

To evaluate whether these repeated changes of Rhcl type were
regularly associated with such a reshuftling of the alleles of
core rhc genes, we then studied the individual trees of genes
located in different regions of the Rhcl locus: rhcV in region
III, rheN in region I and rhcC2 in region II (Figs 3 and S2).
The evolutionary histories of these genes appear to be mostly
congruent, as they share the majority of ancient splits,
including those leading to the emergence of the clades that are
homogeneous for their Rhcl type. This strongly indicates that
the whole RhcI-T3SS cluster locus mostly evolved as a linked
genetic unit, being transferred from one genomic background
to another as a single fragment. In addition, it shows that the
diversification of rhc genes is not associated with switches in
Rhdl cluster type; it is only the genetic organization of the
locus that changed when changes of Rhcl type occurred.
Each switch of cluster type could in fact have been mediated
through a single homologous recombination anchored in the
conserved regions, from upstream of nopA to downstream
of rhecCI (Fig. 3, red underlined regions), converting the
type-specific region located in between (Fig. 3, gold and pink
underlined regions). This single-step scenario for conversion
of a RhcIb-type cluster into a Rhcla cluster, and vice versa,
makes it a potentially frequent event.

Indeed, a few Rhcl gain and loss events were observed
in recent lineages, mostly limited to single genomes in
our sample. These recent changes may represent random
flickers in the evolutionary history with no particular
selective value, or could alternatively be the sign of posi-
tive selection for the acquisition of the T3SS, or relaxation
of purifying selection leading to its loss. The type-specific
variant regions are also the site of the accumulation of
strain-specific genetic material - mostly insertion sequences
(Fig. 3, black underlined regions) - indicating that these
regions are foci of rapid gene content evolution, and that
strain-specific genetic apparatus have not yet undergone
strong selective pressure.
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On a longer evolutionary timescale, the fact that sporadic
T3SS acquisitions (of either Rhcla or Rhclb type) always
occurred in a Nod+ background suggests that the T3SS may
provide some symbiotic function that is under positive selec-
tion in strains that already produce the Nod signal. Similarly,
sporadic losses occurred in some lineages or recent clades,
including independent losses in strains DFCI-1, SEMIA6399"
and MT12 in phylogroup 4, and a loss in the ancestor of
strains LTSP849 and LTSP857 in phylogroup 1. Notably,
in all these cases, the loss of the T3SS is correlated with the
loss of the nod genes on the same branch. This suggests a
scenario where loss of the nod genes led to a relaxation of the
purifying selection acting on the existing RhcI-T3SS cluster,
which finally resulted in its loss. However, another explana-
tion (that does not involve natural selection) is that the nod
and rhc genes could have been acquired concomitantly or
lost via homologous recombination between the surrounding
core genes, thus resulting in insertion or deletion of the whole
symbiotic island.

Altogether, these data indicate that the T3SS have been
acquired a few times by ancestors of bradyrhizobial lineages
and that the distribution of the T3SS types was later disturbed
by a dynamic history of gain via horizontal gene transfer and
loss, perhaps driven by selective pressure related to symbiosis
with the plant host.

Finally, we also analysed the phylogenetic distribution of the
atypical T3SS clusters and observed that these clusters are
distributed patchily among phylogroups 1 to 5 and absent
in phylogroup 6 (see Fig. 1). The patterns of conservation
of atypical clusters among some groups of phylogenetically
related strains within the B. japonicum, B. lianoningense,
B. yuanmingense and B. elkanii species suggest separate events
of acquisition in their respective common ancestors. Other
than that, no correlation can be drawn between the presence
of one of these atypical T3SS cluster and any other symbiotic
or lifestyle features.

Possible new cases of Bradyrhizobium strains
nodulating through their T3SS in the absence of NF

Considering the environment of isolation of the strains, it
appears that 38 out of the 40 strains isolated from soils or
other environments, but not nodules, lack both the nod and
RhcI-T3SS genes. The only two exceptions are B. sacchari
BR10280" and B. japonicum FN1, isolated respectively from
sugarcane roots and from Manitoba soils. These 38 strains are
distributed in 5 out the 6 phylogroups and notably include
all the 6 representative strains of phylogroup 6 represented
in our dataset (Fig. 1). This suggests that the presence of the
symbiotic genes could have a negative impact on bacterial
fitness in the absence of an interaction with a plant, and be
counter-selected outside of nodules. Furthermore, the strains
from the divergent phylogroup six may not have a genomic
background allowing them to nodulate legume plants upon
acquisition of a symbiotic island.

Conversely, most isolates from plant nodules do contain
nodABC genes, which reinforces the idea that the
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NF-dependent symbiotic process is the predominant type
of interaction, even though some exceptions (8 isolates out
of 106) exist. As previously indicated, five strains that were
isolated from Aeschynomene species (A. indica and A. evenia)
and lack nod and RhcI-T3SS clusters nodulate Aeschynomene
species in an NF-independent process [5, 40, 41]. More
surprisingly, three strains (B. mercantei SEMIA63997,
B. liaoningense CCBAU83689 and Bradyrhizobium sp. Y36)
isolated from plant species that do not belong to the genus
Aeschynomene were also found to lack nod genes. The strain
B. mercantei SEMIA6399 was isolated from an effective nodule
of the tropical legume Deguelia costata (syn. Lonchocarpus
costatus), an important plant species belonging to the tribe
Millettieae that is native to eastern Brazil [65, 66]. Interest-
ingly, this strain, which is phylogenetically distant to the
phylogroup 2 bradyrhizobia nodulating Aeschynomene, was
confirmed to form effective nodules on its plant of origin but
also on Macroptilium atropurpureum [65]. This strain is even
used as a commercial inoculant for D. costata. If the symbi-
otic properties of the sequenced strain are confirmed, this
strain would be the first example of a Bradyrhizobium outside
phylogroup 2 that is able to use an NF-independent pathway
to naturally nodulate legumes other than Aeschynomene
spp. Strain SEMIA6399T also lacks a RhcI-T3SS cluster but
contains an atypical T3SS cluster. It would be interesting to
elucidate whether this T3SS plays a role in the nodulation
abilities of this bacterium.

The two others nod-lacking strains (B. liaoningense
CCBAUB83689 and Bradyrhizobium sp. Y36) were isolated
from G. max and from Phaseolus vulgaris, respectively, two
legume species known to be nodulated by rhizobia with nod
genes. One may wonder whether these two strains were
opportunist bacteria that took advantage of rhizobia excreting
NFs to co-infect the same nodules. It would be interesting to
verify the ability of these strains to nodulate their original
host plants in an NF-independent manner. As previously
stated, the strain B. liaoningense CCBAU83689 is the only
bradyrhizobium that has a RhcI-T3SS cluster but lacks nod
genes. We can therefore assume that this strain has previously
acquired a symbiotic island containing both nod and T3SS
genes and subsequently lost the nod genes but maintained
the RhcI-T3SS cluster. While this strain indeed nodulates
G. max, it remains to be determined whether its RhcI-T3SS
is the major determinant governing the nodulation. Simi-
larly, strain Y36 also contains an atypical T3SS cluster whose
symbiotic role cannot be excluded.

The absence of nopX is correlated with the
presence of nopH and nopE

The translocator proteins form a pore (called a translocon)
in the host membrane that allows the passage of effectors
into the eukaryotic host cell [67]. The components forming
the translocon in rhizobial T3SS remain unknown, but the
homology of NopX with the putative translocator HrpF from
Xanthomonas species suggests that it could be a translocon
component [68]. The absence of a gene encoding a trans-
locator protein in all the strains containing a Rhcla cluster
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is enigmatic and raises the question of which gene(s) may
play this function. A similar case has been reported in the
genus Xanthomonas, where members of the ancestral, early-
branching clade lack hrpF [69]. Comparative genomics
permitted us to identify specifically in this group of strains
two candidate translocator genes (hpaT and hpaH) for
which a role in effector translocation has been subsequently
confirmed [69]. Following this approach, we speculated that
all the Rhcla+ strains should contain (a) specific gene(s)
that could functionally substitute nopX. Comparison of the
bradyrhizobial genomes highlighted two genes that were
specifically associated with the presence of a Rhcla cluster
(Figs 3 and 5): nopH, which encodes a protein of unknown
function of about 100 amino acids, and nopE, which encodes
a protein of about 500 amino acids that is assumed to be a
translocated effector [70]. These two genes are found in the
same genetic organization and closely associated with the core
T3SS gene clusters in all the Rhcla+ strains; nopH is always
found upstream of nopA, and nopE is always found upstream
of region III in a genetic organization that is very similar to
nopX in the Rhclb cluster (Fig. 3).

To the best of our knowledge, the function of NopH is not
known, except that this protein was found in the secretome
of USDA1107 [61]. In contrast, NopE has been functionally
studied, in particular in strain USDA 1107, which harbours two
NopE homologues. It has been shown using CyaA reporter
fusion that both NopE variants were translocated into plant
cells and that they are most probably functionally redundant
[70]. Indeed, only a nopE double mutant is significantly
(positively) affected in its ability to nodulate Vigna radiata,
suggesting that NopE proteins or a process relying on NopE
activity play a negative role in the nodulation of this plant
species [70].

NopH and NopE display no sequence similarity with NopX
or with known translocators from other bacteria. However,
the translocon proteins are not conserved among different
bacterial species [71]. The specific presence of nopH and nopE
only in the Rhcla+ strains make them attractive candidates
for functional studies of the T3SS. It would be interesting to
determine if they play a role in the translocation of effectors,
keeping in mind that the functional features already reported
for NopE are not incompatible with such a role.

Drastic variation between the effectome of
Bradyrhizobium strains

In order to determine the content and diversity of T3Es in
the genus Bradyrhizobium, we screened for the presence of
a set of T3Es in the predicted proteomes of all strains using
BLASTP (% of identity >40% over >70% of the length of the
protein). We restricted this analysis to rhizobial effectors that
have been demonstrated to be secreted through the T3SS and/
or shown to affect the symbiosis positively or negatively (Table
S2). As shown in Fig. 5 and as expected from previous results,
T3E candidates were generally not found in genomes that
do not harbour a RhcI-T3SS cluster, except for six strains
(CCGE-LA001, WSM2254, ARR65, Tv2a-2, SEMIA6399"
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and Aila-2). Two of these strains (SEMIA6399T and Tv2a-2)
present an atypical T3SS cluster, so it cannot be excluded
that the identified effectors are translocated by the secretory
machinery encoded by these atypical T3SS gene clusters.
In addition, these two strains and strain Aila-2 present a
few genes encoding components of the RhcI-T3SS in their
genomes, which raises the possibility that their ancestor’s
genome once harboured a RhcI-T3SS cluster with its cortege
of T3Es but lost most of the T3SS genes since (Fig. 2).

For all the strains containing a RhcI-T3SS cluster, the
number of identified T3Es is highly variable, ranging from
2 for WSM3983 to 24 for B. diazoefficiens USDA122 (Fig. 5).
Notably, B. diazoefficiens and B. japonicum strains isolated
from soybean nodules have the largest set of effectors, with
an average of 20 T3Es. Nevertheless, this number of T3Es also
varies considerably within these 2 species, from 14 to 24. The
repertoire of effectors, also called the effectome, is frequently
remodelled by the acquisition and loss of genes, a process
most likely shaped by the selective pressure of the host plant.

It is worthy of note that there is not a single T3E that is
found in all strains with a RhcI-T3SS cluster. While no
core effectome can therefore be defined within the genus
Bradyrhizobium, four T3Es (NopM, NopP, NopT, NopC) are
nevertheless present in a majority of genomes and are often
found in multiple copies. Interestingly, these four T3Es are
also conserved in other rhizobial genera [60], which leads to
the speculation that they were part of an ‘early’ effectome that
was acquired horizontally by the ancestors of bradyrhizobial
lineages, possibly at the same time as the RhcI-T3SS clusters,
and later lost in some specific lineages, perhaps following
different selective pressures.

This hypothesis is in line with our reconciliation-based
inference of evolutionary scenarios for the T3E genes
nopC, nopM, nopL and nopT, and with our estimation of
how much they co-evolved between themselves and with
genes from the nod and RhcI-T3SS clusters (Fig. S3). As
expected, the gene nopC was found to co-evolve strongly
with the rhc genes encoded within the same locus (for Rhcl-
type T3SS clusters). Surprisingly, nopM, nopL and nopT
formed a co-evolving gene module, even though they are
encoded at distant loci. These three T3Es also showed some
association with nod and rhc genes. Specifically, these T3Es
are only loosely associated — sometimes not significantly
— with either nod or rhc gene modules when considering
both vertical and horizontal modes of co-evolution (Fig.
S3a, ¢), whereas they showed a strong association with them
(and nod genes in particular) when considering only hori-
zontal co-evolution (Fig. S3b, d). A possible interpretation
of these patterns is that these three T3Es were frequently
co-acquired with nod genes (and with rhc genes to a lesser
extent), but would often have been lost afterwards, leading
to rare vertical co-transmission with either nod or rhc genes.
This supports the ‘early effectome’ hypothesis, where these
T3Es were acquired by bradyrhizobial ancestors as part of
the same ‘informational package’ containing the nod and
rhc genes (possibly on the same symbiotic island) but were
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Fig. 5. Representation of the effector candidate repertoire in the genus Bradyrhizobium. The number and distribution of some T3SS
components, some known Nops and some proteins containing known functional domains identified in some rhizobia effectors are
shown. Numbers represent the number of proteins found in each strain according the research parameters defined in the Materials
section. NEL, novel E3-ubiquitine ligase. MIIA, metal ion-inducible autocleavage protein. C55, YopJ-type protein. C48, SUMO protease.
C58, YopT-type protein. The asterisk (*) indicates frameshift mutations in the corresponding gene. The colouring scheme of Fig. 1 is used
to indicate which phylogroup the strain belongs to and the coloured circles indicate the presence of a nod gene cluster (in green), a Rhcla-
T3SS cluster (in pink) or a Rhclb-T3SS cluster (in yellow). For the 12 strains containing a Rhcl-T3SS cluster and for which the sequence
genome is complete or almost complete, the boxes containing the number are respectively highlighted in red or blue when the genes
are on the symbiotic island or another horizontal acquired region. When the cases are bicoloured, this indicates that different effector
homologues can be found on both the symbiotic island and on another horizontal acquired region.
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differentially lost or retained in descendant lineages, owing
to varied selective pressures.

We also examined whether the distribution of any T3E was
associated with the presence of the Rhcla or the RhcIb cluster
types. No strict correlation except those discussed before
for NopX, NopH and NopE was observed, indicating that
the ancestral Rhcla or Rhclb clusters most probably shared
similar T3E repertoires. However, at a lower frequency, two
other effectors, NopAG and Nop]J, both encoding a putative
acetyltransferase, were found to be specifically associated with
the Rhcla and Rhclb cluster, respectively. NopAG is present
in seven strains of B. japonicum and B. diazoefficiens and the
distant strain WSM2783, with no homologue being found
outside the genus Bradyrhizobium. This exclusive distribu-
tion suggests that this T3E has been specifically acquired or
evolved within the B. diazoefficiens/B. japonicum group and
later horizontally transferred to the strain WSM2793. The
Nop] effector was only found in three strains that are phylo-
genetically very distant from each other. This T3E, which
belongs to the Yop] effector family in pathogenic bacteria,
had previously only been reported in one rhizobial genome,
Ensifer fredii strain NGR234 [60, 72]. It is therefore possible
that NGR234 and these three Bradyrhizobium strains acquired
Nop]J independently by lateral gene transfer.

For the 12 strains containing a RhcI-T3SS cluster and for
which the sequence genome is complete or almost complete,
we have also examined the localization on the genome of the
predicted T3Es. As shown in Fig. 5, most of the T3Es are
associated with the symbiotic island. The only exceptions are
observed for homologues of nopAG, nopD, bel2-5 or other
genes encoding C48 SUMO proteases, which are found
outside of the symbiotic island. However, a tts box can be
identified upstream of most of these genes, reinforcing the
idea that they would be bona fide T3Es. Furthermore, these
genes are also found within regions with low GC content
and different codon usage with respect to the rest of the
chromosome. This suggests that their localization away from
symbiotic genes could be the result of a fragmentation of the
initially acquired symbiotic island (such as has been described
for the NKG6 strain [39]) or from another horizontal acquisi-
tion event.

The diversity and the effectors number are most
probably underestimated

T3Es are often modular proteins constituted of multiple
conserved domains [73]. This particular architecture compli-
cates the search for homologues because of the low level of
similarity between effector proteins outside of these conserved
domains. Thus, the search for specific functional domains
has been proposed as a more sensitive approach to identify
new candidate effector proteins [74]. Among the rhizobial
effectors, five functional domains have been identified: two
eukaryotic domains, NEL (for novel E3 ligase/TPR029487)
identified in NopM [75, 76] and the SUMO protease domain
(peptidase family C48/IPR003653) identified in NopD and
BEL2-5 [77, 78]; the YopT-type domain (peptidase family
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C58/IPR006473) identified in NopT [79, 80], the Yop]J-type
domain (peptidase family C55/IPR005083) identified in
Nop]J [72] and the recent identified MIIA domain (metal
ion-inducible autocleavage/TPR011086) identified in NopE
[81]. In order to highlight new putative T3Es, we performed
an InterProScan analysis on the annotated bradyrhizobial
genomes using the MaGe interface on the MicroScope
platform (Fig. 5). All proteins identified as containing one
of these domains were found specifically in strains that have
a RhcI-T3SS cluster or in five of the six strains (WSM2254,
ARRG65, Tv2a-2, SEMIA6399" and Aila-2) that were discussed
above and are supposed to have lost their T3SS. The search for
YopT and YopJ-type domains as well as for the MIIA domain
retrieved 120, 4 and 80 proteins, respectively, which correlates
well with the number of homologues identified by BLAsTP for
NopT (119 homologues), Nop]J (three homologues) and NopE
(75 homologues).

In contrast, the search for the NEL and the SUMO protease
domains returned a far higher number of putative T3Es
(271 and 202 proteins) than the BLASTP search for homo-
logues of NopM protein or the two SUMO proteases NopD
and BEL2-5, which retrieved 187, 28 and 26 homologous
proteins, respectively. We thus identified 84 additional
NopM-family T3Es and 180 additional proteins containing
a SUMO protease domain. This suggests that there are still
many T3Es to be discovered in the genus Bradyrhizobium,
some of which may play an important symbiotic role.

Conclusion

The importance of the T3SS in the symbiotic ability of
rhizobia remains unclear. In this study, we took advan-
tage of the large repertoire of genome sequences that is
available for the genus Bradyrhizobium to reveal that the
RhcI-T3SS gene clusters and the nod genes largely share
a common evolutionary history and have both been
conserved in almost all nodulating Bradyrhizobium strains.
This concomitant maintenance of nod and T3SS clusters is
most likely driven by host plant-related selective pressure
and suggests a much more important role of the T3SS in
the symbiotic process than hitherto suspected. The recent
identification that a T3SS effector (ErnA) that is conserved
among bradyrhizobia is able to induce nodule formation in
the absence of NFs strengthens this idea [25].

This comparative genomic study provides new opportunities
to fill gaps in our sparse knowledge of the role of the T3SS in
rhizobial symbiosis. Indeed, we propose new genetic deter-
minants that are probably required for the T3SS symbiotic
function based on their phylogenetic distribution: nopE and
nopH distribution complements that of nopX, in association
with their respective Rhcl gene cluster types, suggesting a
possible role for these two proteins that is related to the
translocation function. Furthermore, we highlighted the
high diversity of NopM and SUMO protease effector fami-
lies, revealing a much larger effectome than anticipated in
some strains. Some of the newly identified putative effectors
may hence possibly contribute to symbiotic efficiency and/
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or the modulation of the host spectrum of these strains. The
discovery of several atypical T3SS clusters in some strains
raises the question of whether these gene clusters contribute
to the symbiotic properties of bradyrhizobia. Finally, the
realization that some strains isolated from nodules lack nod
genes but contain a T3SS cluster raises the possibility that
the T3SS evolved as the main determinant governing the
symbiotic interaction. These strains might constitute new
models for future studies aiming at a better understanding
of T3SS’s symbiotic function.
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