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Summary

� Some Bradyrhizobium strains nodulate certain Aeschynomene species independently of

Nod factors, but thanks to their type III secretion system (T3SS). While different T3 effectors

triggering nodulation (ErnA and Sup3) have been identified, the plant signalling pathways

they activate remain unknown.
� Here, we explored the intraspecies variability in T3SS-triggered nodulation within Aeschy-

nomene evenia and investigated transcriptomic responses that occur during this symbiosis.

Furthermore, Bradyrhizobium strains having different effector sets were tested on A. evenia

mutants altered in various symbiotic signalling genes.
� We identified the A. evenia accession N21/PI 225551 as appropriate for deciphering the

T3SS-dependent process. Comparative transcriptomic analysis of A. evenia N21 roots inocu-

lated with ORS3257 strain and its ΔernA mutant revealed genes differentially expressed,

including some involved in plant defences and auxin signalling. In the other A. evenia acces-

sion N76, all tested strains nodulated the AeCRK mutant but not the AeNIN and AeNSP2

mutants, indicating a differential requirement of these genes for T3SS-dependent nodulation.

Furthermore, the effects of AePOLLUX, AeCCaMK and AeCYCLOPS mutations differed

between the strains. Notably, ORS86 nodulated these three mutant lines and required for this

both ErnA and Sup3.
� Taken together, these results shed light on how the T3SS-dependent nodulation process is

achieved in legumes.

Introduction

In rhizobium/legume symbiosis, the interaction leads to the for-
mation of a symbiotic organ, the nodule, in which the bacteria fix
dinitrogen for the plant’s benefit. This interaction generally
involves an exchange of diffusible signals between the two
partners, in which the rhizobial Nod factors (NFs) are recognized
as the key signal that governs the nodule formation and its
concomitant infection by the bacteria (Perret et al., 2000;
Oldroyd, 2013). However, alternative symbiotic processes
independent of the NF signal have also been described (Giraud
et al., 2007; Okazaki et al., 2013, 2016). For instance, some tro-
pical legumes of the Aeschynomene genus, such as Aeschynomene
indica and Aeschynomene evenia, are nodulated by photosynthetic
Bradyrhizobium strains (ORS278 and BTAi1) that lack the cano-
nical nodABC genes necessary for NF synthesis (Giraud
et al., 2007). The bacterial determinant(s) that trigger(s) this
NF-independent nodulation process still remain unknown.

Interestingly, in in vitro conditions, A. indica can also be nodu-
lated by a large diversity of nonphotosynthetic bradyrhizobia
(Okazaki et al., 2016; Camuel et al., 2023). Contrary to the
photosynthetic strains, this interaction is possible only if the bac-
teria have a functional type III secretion system (T3SS). This
secretory machinery permits to inject bacterial proteins, named
type III effectors (T3Es), directly into the host cell, modulating
the host immunity and inducing nodule organogenesis (Teulet
et al., 2022). In the case of the T3SS-dependent symbiosis
between B. vignae ORS3257 strain and A. indica, it has been
shown that at least five T3Es are required: NopM and NopP
repress the plant defence immunity, NopT and NopAB are
required for bacterial infection, and finally, ErnA activates nodule
organogenesis (Teulet et al., 2019). Interestingly, with other Bra-
dyrhizobium strains, A. indica nodule organogenesis is activated
by different T3Es, such as Sup3 encoding a putative SUMO pro-
tease in Nas96.2, ORS86 and WSM1744 strains, and three
unknown putative T3Es (named Ubi1, Ubi2 and Ubi3) in the
LMTR13 strain (Camuel et al., 2023). These various T3Es, pro-
posed to be called ET-Nods for effectors triggering nodulation*These authors contributed equally to this work.
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(Busset et al., 2021), are very different from each other suggesting
variations in the modus operandi to activate the T3SS-dependent
nodulation programme in Aeschynomene.

During the last two decades, significant progress has been
made to identify the plant genetic determinants that are involved
during the NF-dependent symbiotic process. Using Medicago
truncatula and Lotus japonicus as model plants, the main actors
governing symbiosis have been identified (Roy et al., 2020). In
brief, upon NFs perception, a pair of LysM-RLK receptors
(MtNFP/LjNFR5–MtLYK3/LjNFR1) and the co-receptor
SYMRK (MtDMI2) activate nuclear-associated calcium oscilla-
tions via several cation channels (CASTOR/MtDMI2 and POL-
LUX/MtCNGC15) and nucleoporins (LjNUP85, LjNUP133
and NENA). A Ca2+/calmodulin-dependent kinase (CCaMK/
MtDMI3) decodes these calcium oscillations and phosphorylates
the transcription factor CYCLOPS/IPD3 which, together with
other transcription factors (NSP1 and NSP2), activates the
expression of NIN, the master regulator of nodule initiation and
infection thread development (Feng et al., 2021).

To advance in the understanding of the NF-independent,
T3SS-independent symbiosis elicited by photosynthetic bradyr-
hizobia, Aeschynoemne evenia was chosen to develop functional
studies (Arrighi et al., 2012). Its small diploid genome size
(2n = 20, 415 Mb/1C), its selfing nature and its prolific seed
production were strong criteria to select this species as model.
The A. evenia inbred CIAT22838 line (referred here as N76) was
used to establish a reference genome sequence and to develop a
forward genetic approach. By screening 70 000 ethyl methane
sulfonate (EMS)-mutagenized seedlings for defects in nodulation
with the photosynthetic Bradyrhizobium model strain ORS278,
several mutant lines with a complete absence of nodulation were
identified and shown to have mutations in key determinants
(AePOLLUX, AeCCaMK, AeCYCLOPS, AeNSP2 and AeNIN ) of
the NF-signalling pathway (Quilb�e et al., 2021, 2022). This indi-
cates that the NF/T3SS-independent signalling process recruits
several conserved symbiotic determinants acting downstream of
the NF receptors. Interestingly, this mutant-based approach also
identified a new symbiotic gene AeCRK encoding a cysteine-rich
receptor kinase (CRK) that plays a key role in the establishment
of NF-independent symbiosis with photosynthetic Bradyrhizo-
bium strains (Quilb�e et al., 2021, 2022).

In contrast to the two above-described symbiotic processes, our
knowledge of the NF-independent, T3SS-dependent process eli-
cited by nonphotosynthetic bradyrhizobia remains extremely lim-
ited. It is hypothesized that ErnA, which has been shown to target
the host cell nucleus and interact with nucleic acids, may act by
modulating plant genes expression, while Sup3, also targeted to the
host nucleus but containing a C-terminal small ubiquitin-like
modifier (SUMO)-Protease domain, may act by deSUMOylation
of specific nuclear plant protein targets (Teulet et al., 2019; Camuel
et al., 2023). Thus, these two distinct ET-Nods might have differ-
ent plant targets to trigger nodulation. Furthermore, within
A. evenia, a high genetic diversity was observed, which in contrast
to nodulation with photosynthetic Bradyrhizobium strains, has a
strong impact on nodulation by Bradyrhizobium strains using a
NF-independent, T3SS-dependent process (Okazaki et al., 2016;

Chaintreuil et al., 2018). This indicates that within A. evenia, intras-
pecific variations of some specific determinant(s) govern the out-
come of the symbiotic interaction when the T3SS is involved.
Notably, the A. evenia N76 accession that is used as model plant to
decipher the symbiotic molecular mechanism mediated by photo-
synthetic bradyrhizobia is not or very badly nodulated by nonpho-
tosynthetic strains using their T3SS (Okazaki et al., 2016).

In this study, to better understand how the NF-independent,
T3SS-dependent symbiosis is operated, we have first explored the
intraspecies variability in nodulation within A. evenia and evi-
denced that the line N21 is well nodulated by nonphotosynthetic
Bradyrhizobium strains in a T3SS-dependent fashion. Using A.
evenia N21, we performed a comparative RNA-seq analysis of
roots inoculated with Bradyrhizobium ORS3257 and its ΔernA
mutant to identify the host plant genes whose expression is
impacted by ErnA. Additionally, we exploited the A. evenia N76
mutant lines impaired in nodulation with the ORS278 strain, to
determine whether some nonphotosynthetic Bradyrhizobium
strains can bypass, thanks to their T3SS, the requirement of cer-
tain symbiotic signalling genes for nodulation.

Materials and Methods

Plant material and growth conditions

All accessions of Aeschynomene used in this study are detailed in
Supporting Information Table S1. The A. evenia (C. Wright)
mutant lines affected in the common symbiotic pathway genes
were obtained from the phenotypic screen of an EMS-
mutagenized population derived from the reference N76 line
(Quilb�e et al., 2021). Seeds were scarified for 40 min with sulfu-
ric acid (96% v/v) and rinsed with distilled water. Germination
was induced overnight at room temperature in distilled water for
wild-type (WT) seeds, and with 0.01% (v/v) of ethrel (BAYER)
for mutant’s seeds. Germinated seeds were transferred onto 0.8%
water agar plates and incubated overnight at 34°C. A. evenia, and
A. indica seedlings were cultured in cultivation chamber as pre-
viously described (Arrighi et al., 2012).

Bacterial strains and growth conditions

All bacterial strains and derivative mutants used are listed in
Table S2. The Bradyrhizobium strains were grown in YM or AG
medium at 28°C (Vincent, 1970; Sadowsky et al., 1987). Agro-
bacterium rhizogenes Arqua1 strain was grown at 28°C on AG
medium. Escherichia coli strains were grown at 37°C in modified
Lysogeny Broth (LB) medium (Sambrook et al., 1989). When
required, the media were supplemented with the appropriate
antibiotics at the following concentrations: 20 lg ml�1 nalidixic
acid, 20 lg ml�1 cefotaxime, 50–100 lg ml�1 kanamycin and
100–200 lg ml�1 spectinomycin.

Sup3 transfer into ORS3257 and ORS3257ΔernA strains

The complete sup3 (JAAVLW01_10281) gene of WSM1744 was
amplified by PCR using the primers (GGCCTATACTAGTA
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CCGAGGGGGACATGAAGTTCCAATCCACCAACTG/CA
GCCAACTAGTTTAGCCCAAGCCGGGATGAGCCAGTC
GACTC) and the PhusionTM High-Fidelity DNA Polymerase
(Thermo Scientific, Waltham, MA, USA). The PCR product was
cloned into the SpeI site of the plasmid pVO155-pm-ernA
(Camuel et al., 2023) in order to put the sup3 gene under the
control of the ernAORS3257 promoter. The construct was trans-
ferred into ORS3257 strain by single crossing over as described
previously (Teulet et al., 2019).

Symbiotic analysis

For each condition, 8–10 plants were inoculated with a bacterial
strain and symbiotic properties were analysed 21 d postinocula-
tion (dpi) as described previously (Bonaldi et al., 2010b). Cytolo-
gical analysis of the nodules was performed as described
(Songwattana et al., 2021). The experiments were carried out at
least in duplicate.

RNA-seq analysis

Aeschynomenae evenia N21 plants were inoculated with the
ORS3257 WT strain and its ΔernA mutant. At 2, 3, 4 and 9 d
after inoculation, the root system of 12 plants per conditions were
pooled, immediately frozen in liquid nitrogen and subsequently
grounded into a fine powder. For each time point, three replicates
were done. For total RNA extraction, 100 mg of the powder was
taken and used in the protocol as described by Chomczynski &
Sacchi (1987). RNA quality and concentration were evaluated
using a NanoDrop 2000/200c (Thermo Fisher) and an Agilent
2100 Bioanalyzer according to the manufacturer’s instructions.
The cDNA library was constructed as described previously (Gully
et al., 2018). cDNA libraries were sequenced on a full S1 flow-cell
(NovaSeq) in single read 100 nt mode. Image analysis, base call-
ing and quality filtering were performed by MGX platform (Gen-
omiX, Montpellier, France). The ‘raw reads’ were filtered to
remove low quality and contaminant reads, including adaptor
sequences, DNA or PCR duplicates, which generated trimmed
reads. The trimmed reads were mapped to the reference genome
Aeschynomene_evenia_v.1.0 (Quilb�e et al., 2021) using the NF-
core/rnaseq pipeline (Ewels et al., 2020; Patel et al., 2020). Briefly,
reads were aligned to the reference genome using STAR (Dobin
et al., 2013) and gene expression was quantified with Salmon
(Patro et al., 2017). Differentially expressed genes (DEG) were
identified using DESEQ2 (Love et al., 2014) as implemented in
the Diane pipeline (Cassan et al., 2021) and defined using a false
discovery rate (FDR) of 0.05 and an absolute log2-transformed
fold change (Log2FC) greater than 1. Table S3 gives for each
library a summary of raw Illumina sequencing and filtered reads
after trimming and alignment to A. eveniaN76 genome.

Real-time quantitative PCR

Reverse transcription was performed using 1 lg of RNA per
sample using oligo(dT) (Promega) and Reverse Transcriptase
SuperScript II (Invitrogen). Real-time qPCR assays were

performed using the Takyon Low ROX SYBR MasterMix dTTP
Blue (Eurogentec, Li�ege, Belgium) according to the manufac-
turer’s instructions. Specific primers were designed with LIGHT-

CYCLER software using the annotated A. evenia N76 genome and
are listed in Table S4. The three independent biological replicates
for each timepoint were analysed. Expression levels were normal-
ized using the AeEF1-a and AeUbi reference genes as reported
previously (Quilb�e et al., 2022).

Hairy root transformation with Agrobacterium rhizogenes

Plasmid p35S-ernA containing ernA under the control of the 35S
promoter (Teulet et al., 2019), and the empty vector pJCV51
with the DsRed marker (https://gateway.psb.ugent.be), were used
for hairy root transformations. A. evenia root transformation was
performed following previously described procedures (Bonaldi
et al., 2010a).

Results

Aeschynomene evenia PI 225551 (N21) is permissive to
nodulation by T3SS-containing bradyrhizobia

The model strain Bradyrhizobium vignae ORS3257 was pre-
viously shown to nodulate in a NF-independent/T3SS-
dependent fashion A. indica LSTM19 (N19). This species repre-
sents a convenient host plant for nodulation tests, but its allopo-
lyploid genome renders plant gene analysis intricated (Arrighi
et al., 2012; Chaintreuil et al., 2018). To circumvent these com-
plications, we aimed at identifying an accession in the closely
related and diploid A. evenia species that equals the nodulation
behaviour of A. indica N19. In the first approach, we examined a
collection of 20 A. evenia accessions for their ability to be nodu-
lated by strain B. vignae ORS3257. Three distinct groups can be
distinguished (Fig. 1a): (1) Group 1 with nine accessions that
were not or very rarely nodulated; (2) Group 2 with eight acces-
sions, including N76, that were weakly nodulated with an aver-
age of one to seven nodules per plant, and finally; (3) Group 3
with three accessions (N21-also named PI 225551/N57/N108),
that were well nodulated with an average of 25–30 nodules per
plant, a level of nodulation comparable to the one observed on A.
indica N19. Interestingly, these three last accessions were found
grouped together in a NJ tree previously obtained and con-
structed from the allelic data of SSRs markers, which indicates
their genetic proximity (Chaintreuil et al., 2018). While the geo-
graphical origin of one accession (N108) is unknown, the other
two (N21 and N57) originate from the same region in West
Africa (in the vicinity of the Victoria falls) (Table S1), suggesting
that these three accessions may correspond to the same ecotype.
As genomic sequence data are available for the N21 accession
(Quilb�e et al., 2022), we decided to focus on this one.

Since the symbiotic phenotype (nodule number and the pat-
tern of infection) strongly differs between Bradyrhizobium strains
using the T3SS (Okazaki et al., 2016; Camuel et al., 2023), we
compared the nodulation properties of 13 different Bradyrhizo-
bium strains on the two A. evenia accessions (N76 and N21), as
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Fig. 1 Identification of Aeschynomene evenia ecotype PI 225551 (N21) as an appropriate model for deciphering the type III secretion system (T3SS)-
dependent symbiotic process. (a) Nodule number of different accessions of A. evenia ssp. evenia plants at 21 d postinoculation (dpi) with the model strain
ORS3257. Box plots show the results of one of the two experiments performed independently on 10 plants for each accession. The green colour refers to
Aeschynomene indica N19 while the orange colour refers to A. evenia ssp. evenia accessions. (b) Phylogenomic tree of the 13 Bradyrhizobium strains used
in this study obtained with the pruning tree option in iTOL (https://itol.embl.de/) (Letunic & Bork, 2021), from a previously phylogenomic analysis (Camuel
et al., 2023). Strains from three phylogenomic supergroups were used in our analysis: Bradyrhizobium japonicum (six strains), Bradyrhizobium elkanii

(four strains) and Bradyrhizobium jicamae (three strains). The putative ET-Nods content for each strain is indicated by coloured dots referenced in the key.
(c) Nodule number induced by each strain on three different Aeschynomene accession plants (N19, N76 and N21) at 21 dpi. Box plots show the results of
one of the two experiments performed independently on eight plants for each accession. ****, P < 0.0001; **, P < 0.01; *, P < 0.05, significant differ-
ences between the A. indica (N19) ecotype and the two others A. evenia accessions (N76 and N21) using a nonparametric Kruskal–Wallis test, ns, not sig-
nificant. It is to note that the ‘pseudo-nodules’ induced by LMTR13 on A. evenia N76 are extremely small and as a result the exact nodule number difficult
to obtain. For all the box plots, the central rectangle extends from the first quartile to the third quartile; the line inside the rectangle represents the median;
and the whiskers above and below the box indicate the positions of the maximum and minimum values, respectively.
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well as on A. indica N19. The 13 strains were selected based on
their phylogenetic position, their predictive ET-Nod content and
their ability to nodulate A. indica N19 (Camuel et al., 2023)
(Fig. 1b). As shown in Fig. 1(c), for the majority of the strains
belonging to the Bradyrhizobium japonicum or Bradyrhizobium
elkanii phylogenetic supergroups, nodulation of A. evenia N76

was null or extremely reduced. Only the ORS86 strain and the
three strains of the phylogenetic Bradyrhizobium jicamae super-
group showed a significant level of nodulation (> 20 nodules per
plant). Furthermore, these ‘nodules’ remained often very small
and their number was difficult to determine with the naked eye
(Fig. S1). By contrast, on A. evenia N21, for the 13 strains tested,
the number of nodules formed and their appearance was gener-
ally comparable to what observed on A. indica N19 (Figs 1c, 2).

T3SS-effectors such as ErnA and Sup3 efficiently trigger
nodulation in A. evenia N21

To confirm that the nodulation observed on A. evenia N21 was
T3SS-dependent and governed by the same ET-Nods as identi-
fied for A. indica N19, we analysed the symbiotic properties of
various available mutant strains. As shown in Fig. 2, mutation of
the T3SS (ΩrhcN or ΩrhcJ mutants) in five strains (ORS3257,
USDA61, NAS96.2, WSM1744 and ORS86) completely
aborted the nodulation on A. evenia N21. Furthermore, strains
with mutation in different ET-Nods have the same phenotype on
A. indica N19 and A. evenia N21, except for the WSM1744
strain for which the sup3 mutation has a less drastic effect on A.
evenia N21 (Fig. 2a). Of note, for the five strains of which
mutants are tested, the pattern of nodule infection (intercellular,
intracellular or not infected) on A. indica N19 and A. evenia N21
is comparable (Fig. 2b).

For the development of certain functional approaches, such as
ChIP-Seq, immunoprecipitation or Turbo-ID proximity label-
ling to identify the nucleic or protein interactants of an ET-Nod,
it may be interesting to use transgenic plants expressing only the
studied ET-Nod in the absence of the bacteria and thus other
potentially interfering T3Es. We have previously shown that the
ectopic expression of ernA in A. indica N19 roots activates orga-
nogenesis of root- and nodule-like structures (Teulet
et al., 2019). A similar response was observed here in transgenic
hairy root lines of A. evenia N21 expressing ernA from ORS3257
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A. evenia N21A. indica N19 Fig. 2 Symbiotic properties of various Bradyrhizobium strains and their
respective mutants are conserved on Aeschynomene indica N19 and
Aeschynomene evenia N21. (a) Nodule number on A. indica N19 and A.
evenia N21 plants at 21 d postinoculation (dpi) with five Bradyrhizobium
strains used in this study and their respective mutants. Box plots show the
results of one of the two experiments performed independently (eight
plants each). The central rectangle extends from the first quartile to the
third quartile; the line inside the rectangle represents the median, and the
whiskers above and below the box indicate the positions of the maximum
and minimum values, respectively. *, P < 0.05; **, P < 0.005; ***,
P < 0.0001; ****, P < 0.0001, significant differences between the wild-
type (WT) strain and each mutant using a nonparametric Kruskal–Wallis
test, ns, not significant. All the mutants tested were previously obtained
(Okazaki et al., 2009; Teulet et al., 2019; Camuel et al., 2023). (b) Upper
rows: Micro-sections of nodules observed using light microscopy. Bars,
500 lm. Lower rows: confocal microscopy images of nodule sections after
staining with SYTO 9 (green, live bacteria), propidium iodide (red, infected
plant nuclei and dead bacteria or bacteria with compromised membranes)
and calcofluor (blue, plant cell wall). Bars, 200 lm.
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(Fig. 3). To put the boot in, the ectopic expression of the
ET-Nod sup3 from NAS96.2 strain was also previously shown to
led also to the induction of pseudo-nodules on both A. indica
N19 and A. evenia N21 (Camuel et al., 2023). Taken together
these data indicate that A. evenia N21/PI 225551 is an appropri-
ate ecotype to analyse the symbiotic properties of a large diversity
of Bradyrhizobium strains using a NF-independent,
T3SS-dependent process and it can completely substitute A.
indica N19, notably for the development of functional and tran-
scriptomic approaches.

RNA-seq analysis reveals potential targets of ErnA in
A. evenia N21

To better understand how ErnA activates nodule organogenesis,
we compared the transcriptome of A. evenia N21 roots at differ-
ent time points after inoculation with the WT-ORS3257 strain
and the ORS3257ΔernA mutant. We focused this analysis on
early stages of symbiosis (2, 3, 4 and 9 dpi). It is important to
note that the NF-independent, T3SS-dependent nodulation in
A. evenia is a much slower process than the T3SS-independent
process observed with photosynthetic Bradyrhizobium such as
ORS278 or ORS285 strains. Indeed, while nodules are visible
from 3 dpi with the ORS285 strain and are perfectly functional
as early as 5 dpi (Bonaldi et al., 2011), nodules only begin to be

visible from 9 dpi with ORS3257 strain and no particular plant
responses are visible by the naked eye at earlier time points
(Fig. 4a).

DEGs between roots inoculated with the WT and
ORS3257ΔernA mutant at each time point were identified with
an FDR of 0.05 and a |Log2FC| ≥ 1 (Fig. 4c,d; Dataset S1).
While at 2, 3 and 4 dpi, there were about two times more down-
regulated genes than upregulated genes in the WT conditions as
compared with the ORS3257ΔernA mutant conditions, this ten-
dency is completely reversed at 9 dpi (Fig. 4c). This suggests that
in the very early stages, one of ErnA’s main functions is to repress
a number of biological processes. At 9 dpi, the new wave of upre-
gulated genes observed in WT-inoculated roots is certainly linked
to the fact that nodulation and infection begin to be initiated at
this point by the WT strain (Fig. 4a,b).

At 2, 3 and 4 dpi, among the categories of genes found to be
the most differentially expressed (up or down) were transcription
factors (TFs) with a high proportion of WRKY-TFs (eight genes)
and ethylene-responsive factors (11 genes) (Fig. 4d; Dataset S1).
These two families of TFs are known to be involved in plant
immunity responses against pathogens attack (Tsuda & Soms-
sich, 2015). In relation, the ACC synthase gene (Ae06g32820)
which permits the synthesis of ethylene, the plant hormone
defence, is one of the genes found the most strongly repressed
in the WT conditions. We also observed a downregulation in

-S53protcevytpmE ernA
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Fig. 3 Ectopic expression of ernA from ORS3257
in Aeschynomene evenia N21 and Aeschynomene
indica N19 hairy roots. Photographs of A. evenia
and A. indica roots transformed either with the
empty vector containing the DsRed marker or
with p35S-ernA at 6 wk after transformation and
in the absence of bradyrhizobia. Roots were
observed by a fluorescence stereomicroscope
equipped with a DsRed filter. Bars, 0.3 cm. In
both cases, ErnA induces nodule-like structures as
previously shown in A. indica (Teulet et al., 2019).
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WT roots of peroxidase encoding genes (Ae05g27780 and
Ae01g13530) that can be involved in reactive oxygen species
(ROS) production leading to oxidative burst and cell death
(Almagro et al., 2009). ErnA is therefore possibly involved in the
repression of plant defence genes via the modulation of dedicated
TFs in plant immunity control. It is also important to note the
considerable number of disease resistance proteins (R proteins)

that appear downregulated at 3 and 4 dpi in WT-inoculated
roots. Among them, five TIR-NBS-LRR proteins have been iden-
tified. This class of R proteins are known to be involved in T3Es
recognition and subsequent activation of effector-triggering
immunity (ETI) (Cui et al., 2015). In this sense, ErnA might pre-
vent the recognition of other effectors injected in the host cell
and avoid ETI.

Categories Gene ID DEGs
2 dpi 3 dpi 4 dpi 9 dpi

Si
gn

al
in

g
pa

th
w

ay
s

Receptor–like 
kinase

Ae01g03750 – – –1.54 –
Ae09g24380 – – –1.46 –
Ae08g25950 –1.66 – – –
Ae05g08460 – –2.85 – –
Ae02g20100* – –2.37 –3.67 –
Ae06g36630 – –2.17 – –
Ae08g08160 – –1.07 –1.30 –
Ae09g10730 – – 4.09 –
Ae05g01000 – – 1.23 –
Ae09g24400 – – –1.40 –
Ae09g24230 – – –1.09 –
Ae01g00180 – –1.03 – –
Ae09g22250 – – –1.43 1.01
Ae08g08170 – – –1.31 –
Ae09g25910 – – –1.07 –
Ae04g06850 – – –1.04 –
Ae05g26950 – – –1.03 –
Ae06g36600 – – –1.02 –
Ae01g23380 – – –1.02 –
Ae03g02350 – – –1.40 –

Protein kinase

Ae03g24610 – –9.09 – –8.72
Ae0012210 – –7.17 – –4.91
Ae09g05630 – –2.74 –3.12 –
Ae04g02860 – –1.50 –2.93 –
Ae06g30620 – –1.07 – –
Ae09g25900 – – –2.13 –
Ae04g12170 – –2.67 – –
Ae07g06130 – –2.37 –2.38 –
Ae04g28970 – –2.12 –2.70 1.79
Ae02g20010 – – –1.43 –
Ae05g34560 – – –1.20 –
Ae09g25850 – – –1.13 –
Ae09g17300 – 1.02 – –

Sy
m

bi
ot

ic
ge

ne
s

AeLB1 Ae04g33090* – – – 4.14
AeLB2 Ae04g33100 – – – 2.70

AeNCR46 Ae06g25462 – – – 4.07
AeNCR12 Ae02g17611 – – – –2.02
SYMREM1 Ae03g30480* – – – 3.14
AeERN1 Ae06g15750 – – – –1.07
AeERN3 Ae03g25920 – – – –1.34

PUB1 Ae03g09100 – – – –1.34

O
th

er
s

Cell–wall
modelling

Ae06g11170 – – 1.67 3.52
Ae08g26160 – – – 2.36
Ae04g35860 – –3.14 – 2.17
Ae01g25730 – – – 1.70
Ae10g08500 – – – 1.14

Categories Gene ID DEGs
2 dpi 3 dpi 4 dpi 9 dpi

Tr
an

sc
rip

tio
n 

fa
ct

or
s

WRKY–TFs

Ae07g13440* 6.4 – –4.43 –
Ae10g12720* 1.43 – – 1.46
Ae01g30690 1.25 – – –
Ae07g02180 –1 –1.1 –1.18 –
Ae10g12700 – – 1.22 2.22
Ae08g05500 – – –1.25 –
Ae08g04850 – – 1.2 –
Ae02g01930 – – –1.08 –

Ethylene–
responsive 

factors

Ae06g00820 2.25 2.21 1.73 2.29
Ae09g17160 1.89 – – –
Ae04g11400 1.27 – 1.28 –
Ae06g00840 1.22 1.71 – –
Ae01g03740 – 1.28 – –
Ae06g29920 – –2.34 –4.62 –
Ae09g22590 – –1.23 – –
Ae02g18900 – –1.17 –1.92 –
Ae07g18050 – –1.08 –1.35 –1.05
Ae04g37530 – – 1.36 –
Ae06g06120 – – –1.17 –

Lateral root 
development

Ae08g03290 – 1.06 1.04 –
Ae03g28880 – 1.81 1.17 –

Others

Ae06g14010 1.79 1.41 – 1.28
Ae08g04550 1.78 – – –
Ae08g04260 1.22 – – –
Ae06g29380 1.07 1.49 2.04 –
Ae05g31640 –1.88 –2.74 –3.55 –1.01
Ae10g11050 –1.84 – – –
Ae08g02860 –1.28 –1.00 – –
Ae04g26630 1.24 – – –
Ae04g26590* – 5.07 – 1.87
Ae09g28280* – 4.96 5.5 3.1
Ae03g14060 – 1.87 – –
Ae04g05640 – 1.74 – 1.40
Ae01g02360 – 1.53 – –
Ae09g20520 – 1.48 1.01 –
Ae02g03760 – 1.06 1.14 –
Ae06g00890 – –1.89 – –
Ae05g12640 – –1.71 –2.13 –
Ae07g14510 – –1.68 – –
Ae03g18120 – –1.43 – –
Ae08g11470 – –1.25 – –
Ae06g01880 – –1.23 – –
Ae04g12060 – –1.18 –2.23 –
Ae01g26370 – –1.04 –1.01 –
Ae01g18060 – – 3.17 1.75
Ae04g31250 – – 1.95 1.02
Ae02g22290 – – 1.34 –
Ae10g20290 – – –2.47 –
Ae01g22710 – – –1.67 –
Ae04g26600 – – –1.13 –
Ae09g26250 – – 1.1 –

Pl
an

t i
m

m
un

ity

ACC–synthase Ae06g32820* –10.73 –7.65

Peroxidases Ae05g27780 –1.05 – – –
Ae01g13530 – – –1.60 –

TIR–NBS–LRR

Ae07g02640 – – –2.97 1.34
Ae09g03250 – – –1.35 –
Ae07g02630 – – –1.11 –
Ae02g04130 – – –1.09 –
Ae05g30930 – – –1.03 –

Other R proteins
Ae01g29070 – –1.72 – –
Ae04g36510 – –1.63 – –
Ae01g00100 – –1.02 – –

Au
xi

n–
re

la
te

d
ge

ne
s

Putative auxin
transporters

Ae01g25230* –1.36 –1.19 –1.77 –
Ae07g18020 – 1.86 – –
Ae01g20380 – 1.33 – –
Ae04g13450 – 1.09 – –
Ae07g17980 – –1.32 –1.00 –
Ae03g22270 – –1.28 – –
Ae07g18030 – –1.05 – –

SAUR genes

Ae04g28180 – – – 2.22
Ae04g34280 – – – 1.43
Ae04g28160 – – – 1.19
Ae04g34260 – – – 1.14
Ae04g25150 – – 1.97 –
Ae06g04130 – – –1.55 –1.17
Ae09g07430 – – – –1.12
Ae04g34370 – – – –1.05
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Fig. 4 RNA-seq analysis between Aeschynomene

evenia N21 roots inoculated with ORS3257 wild-
type (WT) strain and its DernAmutant. (a)
Symbiotic phenotype of root plants at 2, 3, 4 and
9 d postinoculation (dpi) inoculated with
ORS3257 and ORS3257ΔernAmutant. Some
nodules (indicated by white arrows) are visible on
plant inoculated with WT strain at 9 dpi while no
nodules are observed on plants inoculated with
the ORS3257DernAmutant. Bars, 500 lm. (b)
Images of micro-section of nodules elicited by the
WT strain showing that nodules at 9 dpi were
infected intracellularly. The observations were
done using a confocal microscopy after staining
with SYTO 9, propidium iodide and calcofluor.
Bars: (left) 200 lm; (right) 10 lm. (c) Number of
differentially expressed genes (DEG) in roots
inoculated with the WT strain vs ORS3257ΔernA
mutant at 2, 3, 4 and 9 dpi. The DEGs were
defined with a false discovery rate (FDR) of 0.05
and an absolute Log2-transformed fold change
|Log2FC| ≥ 1. (d) Summary of the main categories
of DEGs identified. A range colour from red to
green indicates downregulated to upregulated
genes in WT-inoculated roots vs ORS3257ΔernA-
inoculated roots. (*) indicate DEGs selected for
real-time quantitative polymerase chain reaction
analysis (RT-qPCR) and (�) indicate absence of a
significant |log2FC|.
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The hormone auxin appears also be a key player during this
interaction since the expression of several putative auxin transpor-
ters genes (eight genes) were found strongly modulated (some
positively, others negatively) in the WT in comparison to the
ORS3257ΔernA mutant conditions (Fig. 4d). Auxin influences
nearly all aspects of plant growth and development including
nodule organogenesis. The importance of auxin in nodulation
has been well illustrated by the application of some auxin trans-
porter inhibitors shown to induce early nodulins and nodule
organogenesis (Hirsch et al., 1989; Rightmyer & Long, 2011). It
is therefore possible that ErnA acts on auxin content in roots
through the modulation of expression of various auxin transpor-
ters. Noteworthy is also the upregulation of several small
auxin-upregulated RNA (SAUR) genes (eight genes) at 4 and 9
dpi in the WT conditions when nodulation is initiated. The
SAUR genes constitute a family of auxin-responsive genes whose
corresponding proteins are considered as key effector outputs of
auxin signal to regulate plant growth and development (Ren &
Gray, 2015). Some of the identified SAUR genes could therefore
be directly involved in triggering nodulation.

Among the other remarkable DEGs identified were genes
involved in signalling pathways, including several putative
receptor-like kinases (20 genes) and protein kinases (13 genes).
These genes have no homologue in other plants with a known
function, so it is not possible to predict whether they are involved
in a pathway linked to nodulation. In plants, protein kinases and
receptors are often involved in pathways that detect biotic and
abiotic stresses (Zhu et al., 2023). Given that most of these genes
were downregulated at 3 and 4 dpi in WT roots, we can speculate
that this could contribute to attenuating the activation of the
plant’s immune system and thus indirectly facilitate symbiotic
interaction. ErnA could be directly involved in the control of
some of these receptor kinases.

The recent A. evenia genome sequencing has permitted to
identify the orthologs of most known symbiotic genes character-
ized in the model legumes (Medicago and Lotus) (Quilb�e
et al., 2021). We took benefit of this list of possible symbiotic
genes to examine in more detail their expression during this ana-
lysis. Only a few DEG emerged and most of them were found at
9 dpi when nodules started to develop (Fig. 4d). Among the
upregulated genes were found: (1) two leghemoglobin encoding
genes (AeLB1 and AeLB2), leghemoglobins are required to pro-
tect the nitrogenase complex from oxygen (Becana et al., 2020).
It is worth noting that AeLB1 was the gene found the most upre-
gulated at 9 dpi in the WT roots, (2) a gene encoding a Nodule
cysteine-rich peptide (AeNCR46), NCRs are involved in the dif-
ferentiation process of bacteria into bacteroids, the active
nitrogen-fixing form (Czernic et al., 2015); and (3) the remorin
SYMREM1, shown to regulate the intracellular infection process
of rhizobia (Lefebvre et al., 2010). Most probably also related to
this infection step observed at 9 dpi, it is noted the upregulation
of several genes involved in cell wall loosening (including a poly-
galacturonase, Ae08g26160; two glucan endo-beta-glucosidases,
Ae04g35860 and Ae10g08500; a xyloglucan glucosylase,
Ae01g25730; and a pectinesterase/pectinesterase inhibitor

Ae06g11170), that most probably are required to facilitate the
bacterial internalization (Fig. 4d).

A few other symbiotic genes but downregulated this time in
WT-inoculated roots were also identified: (1) an NCR gene
(AeNCR12); (2) the two Ethylene transcriptional factors ERN1
and ERN3, described to play antagonist role in the expression
control of NF-elicited genes (Cerri et al., 2012); and (3) the E3
ubiquitin ligase-PUB1 that negatively regulates rhizobial and
mycorrhizal symbioses in Medicago truncatula (Verni�e
et al., 2016).

Above transcriptomic data provide a general overview of the
functions that could be modulated by ErnA and provide a first
set of candidate genes whose expression could be directly targeted
by it, some of which have been verified by real-time quantitative
polymerase chain reaction (RT-qPCR) analysis (Fig. S2).

Mutant-based analysis of the T3SS-dependent pathways in
A. evenia N76

Although A. evenia N76 is less efficiently nodulated by nonpho-
tosynthetic bradyrhizobia using their T3SS than the accession
N21, the availability of EMS mutant lines in various symbiotic
genes that are required for the NF/T3SS-independent process
makes this accession yet valuable to investigate whether these
determinants are also recruited during the T3SS-dependent
nodulation process.

We analysed the symbiotic properties of five nonphotosyn-
thetic Bradyrhizobium strains, for which nodulation to varying
degrees was previously observed on A. evenia WT N76, on six
mutant lines (crk, pollux, ccamk, cyclops, nsp2 and nin) (Fig. 1c).
It should be noted that no nodules are observed on these six
mutant lines when they are inoculated with photosynthetic bra-
dyrhizobia such as ORS278 strain (Fig. 5a), (Quilb�e
et al., 2021). For the five analysed strains, a number of common
observations could be done (Fig. 5a): (1) no significant difference
in the number of nodules was observed between the WT and the
crk mutant and (2) no nodulation was observed for the nsp2 and
nin mutants. These data are informative as they indicate on the
one hand that CRK is dispensable for the T3SS-dependent sym-
biotic process and, on the other hand, that this signalling path-
way requires NIN and NSP2 like the other symbiotic nitrogen-
fixing processes described to date.

The impact of the mutations in the symbiotic determinants
POLLUX, CCaMK and CYCLOPS depended on the strain
tested: (1) for the two strains (ORS3257 and LMG09283), no
nodules were observed on these three mutant lines; (2) for the
two strains (CCBAU23086 and WSM1744), the pollux and
ccamk mutations completely aborted nodulation, while a few
nodules could still be observed in the cyclops mutant for
CCBAU23086, and this mutation has no effect on nodulation
for WSM1744 (Fig. 5a); and finally (3) for the ORS86 strain,
nodules could be observed in all three mutant lines (Fig. 5a,b).
These results indicate that several symbiotic determinants are dis-
pensable in A. evenia for nodulation by certain Bradyrhizobium
strains using their T3SS.

New Phytologist (2024)
www.newphytologist.com

� 2024 The Author(s).

New Phytologist� 2024 New Phytologist Foundation.

Research

New
Phytologist8

 14698137, 0, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.20139 by C

ochrane France, W
iley O

nline L
ibrary on [05/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://nph.onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fnph.20139&mode=


Cooperativity between ET-Nods for nodulation activation

These observed differences between the strains may be explained
by the fact that each of them injects a specific set of T3Es. In par-
ticular, the ORS86 strain, which can bypass the mutation of sev-
eral canonical symbiotic genes, has two ET-Nods (ErnA and
Sup3). We examined in this strain the effect of the mutation of
each ET-Nod as well as the effect of the T3SS mutation. As
expected, inactivation of the T3SS completely abolished nodula-
tion, confirming that the nodules induced on WT A. evenia N76
plants are dependent on T3SS (Fig. 5c). Inactivation of ernA or
sup3 significantly reduced the number of nodules on WT N76
plants suggesting that these two ET-Nods act synergistically to
activate nodulation. This synergistic effect seems to be essential
to bypass the mutation of plants in POLLUX, CCaMK,
CYCLOPS. Indeed, the Ωsup3 mutant strain was unable to
induce nodules in these three A. evenia mutant lines, while the
ΩernA mutant strain only induced a few nodules in the pollux
mutant (Fig. 5c).

As Sup3 is the only difference in the ET-Nod content between
the ORS86 and ORS3257 strains, we also investigated the effect
of introducing this T3E into ORS3257 and its ORS3257DernA
mutant. Since previous functional data were obtained with the
Sup3 of WSM1744 strain (Camuel et al., 2023), we decided to
work with this homologue. The data obtained confirm the syner-
gistic effect between these two ET-Nods, as the addition of
sup3WSM1744 in the WT strain ORS3257 resulted in a 4 times
higher nodulation capacity on the WT N76 and the crk mutant
plants (Figs 5d, S3). However, this synergistic effect appears to
be more limited than that observed with the ORS86 strain, since
no nodules were formed on the other plant mutant lines tested,
with the exception of the cyclops mutant, where a nodule was
occasionally observed on some plants (two plants out of eight
with one nodule). Given that ORS3257 induced a very low num-
ber of nodules on WT N76 plants compared with ORS86, this
difference observed with strain ORS86 could be due to incom-
patibility factors (T3Es, or surface polysaccharide compounds),
which could compromise the symbiosis. In the ORS3257ΔernA
mutant, the addition of sup3WSM1744 restored nodulation to a
level comparable to that of the ORS3257 WT strain, but did not
facilitate nodulation in the cyclops mutant (Figs 5d, S3).

Taken together, these data indicate that ET-Nods can have a
cumulative effect on the activation of nodule organogenesis and
allow some strains to nodulate plants with mutations in key sym-
biotic determinants such as POLLUX, CCaMK and CYCLOPS.

Discussion

The model legume A. evenia for the study of the
T3SS-dependent symbiotic process

The discovery of a novel alternative symbiotic pathway between
bradyrhizobia and legumes based on the T3SS is recent (Okazaki
et al., 2013). If progresses have been made these last years on the
bacterial partner through the identification of various T3Es trig-
gering nodulation in the absence of NFs, nothing is known on

their mode of action and on the plant pathways activated after
their translocation into the host cell.

So far, only certain species of two legume genera have been
shown to have the capacity to be nodulated via a T3SS-
dependent process: (1) the Glycine max (soybean) cultivar Enrei
which can be nodulated by a nodC mutant of B. elkanii USDA61
(Okazaki et al., 2013); and (2) several Aeschynomene species
including A. indica which has been preferentially used given its
robust nodulation response to a large diversity of Bradyrhizobium
strains (Okazaki et al., 2016).

Like most legumes, Glycine max uses in nature a NF-
dependent process. Thus, to decipher the molecular mechanism
specific to the T3SS process in this legume species, the use of a
plant mutant in the NF receptors (like nfr1 (Ikeda et al., 2008)),
and/or a bacterial mutant affected in the nod genes is necessary
(Okazaki et al., 2013). By contrast, in the NF-independent
Aeschynomene species, an interference with NF-mediated activa-
tion is less likely to occur, although genes encoding NF receptors
(NFP/LYK3) are present in A. evenia, several indications suggest
that these genes are not functional (Quilb�e et al., 2021). Further-
more, nod gene mutants of strains USDA61 and ORS285 nodu-
late A. indica as well as the original WT strains showing that NFs
are not necessary to activate nodulation in such species (Bonaldi
et al., 2011; Okazaki et al., 2016). This is consistent with the fact
that NF-independent Aeschynomene spp. are naturally nodulated
by photosynthetic bradyrhizobia lacking nod genes (Giraud
et al., 2007).

Among the NF-independent Aeschynomene species, A. evenia
N76 was chosen as model plant to decipher at the plant level
the molecular mechanism of the NF-independent, T3SS-
independent symbiotic process used by photosynthetic bradyrhi-
zobia (Arrighi et al., 2012). The T3SS-dependent interaction is
much specific because the reference A. evenia line N76 is poorly
nodulated by the majority of nonphotosynthetic Bradyrhizobium
strains. This bradyrhizobial selectivity is shared by most of the
accessions tested here except for three accessions, including N21,
which belongs to the same ecotype. Strikingly, A. evenia N21
showed a high nodulation efficiency and was permissive to a large
set of Bradyrhizobium strains using their T3SS as evidenced pre-
viously for A. indica (Okazaki et al., 2016). The contrasting
responses of the N21 and N76 to nonphotosynthetic bradyrhizo-
bia provide an opportunity to search for the genetic
determinant(s) that control(s) rhizobium promiscuity, a nodula-
tion trait that is still poorly understood in legumes. In addition,
the selected N21 line can be used in pair with the reference line
N76 to investigate now different NF-independent nodulation
processes in the Bradyrhizobium-A. evenia symbiotic system.

RNA-seq analysis reveals a dual role of ErnA in plant
defence responses and nodule organogenesis

The usefulness of the A. evenia N21 accession to progress in the
understanding of the T3SS-dependent process was demonstrated
in this study by investigating the genes modulated by ErnA. By
comparing the transcriptome of A. evenia N21 roots inoculated
with the ORS3257 WT or its derivative ΔernA mutant, two main
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functional groups emerged: the repression in the roots inoculated
by the WT strain of numerous plant defence genes and the mod-
ulation, positively or negatively, of several genes related in auxin
transport and signalling, a key hormone involved in root and
nodule development (Mathesius, 2008). Interestingly, a similar
transcriptomic analysis was recently performed in Glycine max
nfr1 roots inoculated with USDA61 WT strain and its derivative
bel2-5 mutant, Bel2-5 was shown to be the key T3Es governing
nodulation during this latter interaction (Ratu et al., 2021). This

study also revealed the repression of plant defence genes in WT-
inoculated Glycine max roots. While auxin-related genes were not
shown to be differentially expressed, several genes involved in
cytokinin biosynthesis are upregulated in the WT conditions. As
the hormone cytokinin also plays a key role in nodule organogen-
esis (Boivin et al., 2016), we hypothesize that the ET-Nods ErnA
and Bel2-5 play a similar dual role. On the one hand, they repress
the plant immune system to allow intracellular acceptance of bac-
teria, and on the other hand, they activate nodule organogenesis
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by modulating the cytokine/auxin balance but using different
pathways.

This RNA-seq analysis revealed a long list of candidate genes
that could be direct targets of ErnA, including genes encoding
transcription factors, genes involved in plant signalling or genes
related to plant hormone synthesis or signalling. One of the pre-
cautions to be taken in this type of experiment is that the bacter-
ium injects a cocktail of effectors into the host cell and that these
effectors may interact antagonistically or synergistically (Teulet
et al., 2022). Although an isogenic ΔernA mutant is used, it can-
not be excluded that the observed effects are the consequence of
other effectors that arise due to the absence of ErnA. To over-
come this type of ‘artefact’ and to narrow the list of possible ErnA
targets, experiments are in progress to conduct transcriptomic
analyses of A. evenia roots overexpressing ernA using a
dexamethasone-inducible promoter (pDEX). The fact that roots
of the A. evenia N21 line overexpressing ernA, like A. indica
roots, form nodule-like structures is encouraging to pursue this
type of approach.

It may be puzzling that some symbiotic genes (POLLUX,
CCaMK, CYCLOPS, NSP2 and NIN) that have been shown to
be required during the ORS3257/A. evenia symbiosis (to be
described later) were not found to be differentially expressed
between roots inoculated with the WT strain and the
ORS3257ΔernA mutant. In fact, several of these genes (POL-
LUX, CCaMK and NSP2), which are initially expressed in noni-
noculated roots, are also not found to be overexpressed during
nodulation in other symbiotic models (Medicago, Lotus and
Aeschynomene nodulated, respectively, by S. meliloti, M. loti and
Bradyrhizobium sp. ORS278) (Benedito et al., 2008; Mun
et al., 2016; Gully et al., 2018; Quilb�e et al., 2022). Only NIN
and CYCLOPS expression was found to be upregulated during
nodulation in these different symbiotic processes. In the case of
the ORS278/A. evenia interaction, NIN overexpression was only
detected from the time point (4 dpi) when nodules were clearly
visible and CYCLOPS only in mature nodule at 7 and 14 dpi
(Gully et al., 2018; Quilb�e et al., 2022). The absence of differen-
tial expression of NIN and CYCLOPS between roots inoculated
with the ORS3257 WT strain and the ORS3257ΔernA mutant

could be therefore explained by the fact that the transcriptomic
analysis was carried out at a stage that is still too early (the T3SS-
dependent process being a much slower process), and also by the
fact that the RNA-seq analysis was carried out on whole roots,
which could mask a highly localized specific expression. As the
bacteria specifically colonize the axillary root hairs at the base of
lateral roots, a very localized expression of genes after injection of
T3Es into these plant cells can be assumed. For a more detailed
transcriptomic analysis, it would be interesting to use single-cell
RNA sequencing technology, which is extremely powerful in
detecting very local changes in expression levels and is beginning
to be used to study rhizobium–legume symbiotic interactions in
other model legumes (Cervantes-P�erez et al., 2022; Frank
et al., 2023; Liu et al., 2023).

Some key determinants of the NF-signalling pathway are
recruited during the T3SS-dependent process

Distinct ET-Nods were identified in T3SS-containing Bradyrhi-
zobium strains (Camuel et al., 2023). To make a first determina-
tion of whether these various ET-Nods act at different levels of
the plant signalling pathways, we took advantage of several A. eve-
nia N76 mutant lines unable to form nodules with the model
strain ORS278 that uses a NF/T3SS-independent process. This
analysis provided several interesting insights. First, the AeCRK
determinant encoding a CRK, which has been shown to be neces-
sary for NF-independent nodulation by strain ORS278 (Quilb�e
et al., 2021, 2022), is dispensable in the case of strains using a
T3SS-dependent process. CRK is thought to be part of a receptor
complex sensing non-Nod symbiotic signal(s) synthesized by
photosynthetic bradyrhizobia that remains to be disclosed. Bra-
dyrhizobia that use a T3SS-dependent process and inject a set of
effectors directly into the host cell thus probably do not need this
first initial recognition step by plant membrane receptors to acti-
vate nodulation. These observations reinforce the idea that
AeCRK acts in the very early stages of NF/T3SS-independent.

Second, the NSP2 and NIN transcriptional factors are key
determinants of the T3SS-dependent pathway since all the five
tested strains were Nod� on the corresponding mutants. These

Fig. 5 Some Bradyrhizobium strains can nodulate certain Aeschynomene evenia N76 mutant lines affected in key symbiotic genes and this required a
synergetic role of effectors triggering nodulation (ET-Nods) during type III secretion system (T3SS)-dependent symbiosis. (a) Nodule number on wild-type
(WT) A. evenia N76 and its different ethyl methane sulfonate (EMS) mutant lines (crk, pollux, ccamk, cyclops, nsp2 and nin) after inoculation with the
photosynthetic BradyrhizobiumORS278 strain using a T3SS-independent process and five others Bradyrhizobium strains (ORS3257, LMG09283,
CCBAU23086, WSM1744 and ORS86) able to nodulate A. evenia N76 using their T3SS. Observations were made at 21 d postinoculation (dpi). Box plots
show the results of one of the two experiments performed independently (eight plants each). *, P ≤ 0.01; **, P ≤ 0.001; ***, P ≤ 0.0005; ****,
P < 0.0001, significant differences between the WT line and each EMS mutant lines using a nonparametric Kruskal–Wallis test, ns, not significant. (b)
Column 1: photograph of roots and nodules induced by ORS86 on A. evenia N76 plants and its EMS mutant lines. Column 2: Micro-sections of nodules
observed using light microscopy. Bars: (row 1) 0.2 cm; (row 2) 250 lm. (c) Nodule number on WT A. evenia N76 and its different EMS mutant lines (crk,
pollux, ccamk, cyclops, nsp2 and, nin) after inoculation with ORS86 and its respective mutants in T3SS (ΩrhcN ) and the two identified ET-Nods (ΩernA
and Ωsup3). Box plots show the results of one of the two experiments performed independently (eight plants each). *, P < 0.05; ***, P < 0.001; ****,
P < 0.0001, significant differences between the WT and the mutants (plant or bacteria) using a nonparametric Kruskal–Wallis test, ns, not significant. (d)
Effect of the addition of the sup3WSM1744 gene into ORS3257 and its ORS3257ΔernAmutant on the nodulation of WT A. evenia N76 and its EMS mutant
lines. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001, significant differences between the WT strain (or the WT plant) and each mutant using a
nonparametric Kruskal–Wallis test, ns, not significant. All box plots show the results of one of the two experiments performed independently (eight plants
each). For all the box plots, the central rectangle extends from the first quartile to the third quartile; the line inside the rectangle represents the median, and
the whiskers above and below the box indicate the positions of the maximum and minimum values, respectively.
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data suggest that the different ET-Nods identified in these five
strains (ErnA, Sup3, Ubi1, Ubi2 and Ubi3) all act, in combina-
tion or alone, upstream of these two TFs to activate the nodula-
tion process.

Third, some canonical symbiotic genes are dispensable for
some Bradyrhizobium strains to activate nodulation in a T3SS-
dependent manner. For example, strain WSM1744, and strain
CCBAU23086 at a lower level, can induce nodules on a cyclops
mutant. This observation is surprising as these two strains have a
Nod� phenotype on the ccamk mutant, while in the NF-
signalling pathway, CYCLOPS acts downstream of CCaMK. In
this pathway, CYCLOPS phosphorylation by CCaMK activates
the expression of related symbiotic genes including NIN (Singh
et al., 2014). To explain our data, we could assume that CCaMK
phosphorylates other actors than CYCLOPS that also play a pro-
minent role in the activation of nodulation. The hypothesis that
CCaMK has other yet unknown targets (X) has already been pro-
posed by Limpens & Bisseling (2014) to explain the divergent
symbiotic phenotypes observed between cyclops and ccamk
mutants in Lotus japonicus.

The symbiotic phenotype of strain ORS86 is also amazing as
this strain is able to bypass the requirement of several key symbio-
tic genes (POLLUX, CCaMK and CYCLOPS) for nodulation.
This strain has previously been shown to be one of the most effi-
cient strains in nodule induction on A. indica plants and the same
was found with the A. evenia N76 line. The ORS86 strain has
two ET-Nods (ErnA and Sup3), and we showed that both of
them are required to bypass the POLLUX, CCaMK and
CYCLOPS mutations, suggesting that they act synergistically to
trigger nodulation. At this stage, it is difficult to envisage how this
cooperativity between these two ET-Nods works. Do they act at
different levels of the signalling pathway or do they intervene on
the same actor(s) and by cumulating their action allow them to
reach a sufficient ‘threshold’ level to trigger the nodule organo-
genesis process? These important questions remain to explored in
future research to better understand the T3SS-dependent process.

In conclusion, this study identified the A. evenia N21 accession
as suitable for functional analyses to elucidate the molecular
mechanisms of the T3SS-dependent nodule organogenesis.
While this research can benefit of all the genetic tools and data
acquired on the closely related A. evenia N76 that is used to study
the NF/T3SS-independent nodulation process, the promiscuous
nodulation character of the N21 accession makes it highly fitting
to investigate the multiple mechanisms by which different ET-
Nods can induce nodulation.

The identification of possible targets of ErnA by the RNA-seq
analysis as well as the evidences that T3SS-dependent nodule
organogenesis requires some classical symbiotic determinants
such as NSP2 and NIN and that others can be dispensable con-
stitute major advances in the understanding of this process. Iden-
tifying the targets of ET-Nods and understanding their mode of
action are important knowledge gaps that need to be filled now.
This knowledge will provide insights into the functioning of the
root nodule symbiosis and could contribute to the development
of a more sustainable agriculture. Furthermore, understanding
by which mechanisms the bacterium can bypass several key

players in the symbiotic/nodulation signalling pathway while
continuing to induce nodule organogenesis may also be an
important avenue to explore in the future to transfer the symbio-
tic capacity to cereals.
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