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The occurrence of alternative Nod factor (NF)-independent symbiosis between legumes and rhizobia
was first demonstrated in some Aeschynomene species that are nodulated by photosynthetic
bradyrhizobia lacking the canonical nodABC genes. In this study, we revealed that a large diversity of
non-photosynthetic bradyrhizobia, including B. elkanii, was also able to induce nodules on the NF-
independent Aeschynomene species, A. indica. Using cytological analysis of the nodules and the
nitrogenase enzyme activity as markers, a gradient in the symbiotic interaction between
bradyrhizobial strains and A. indica could be distinguished. This ranged from strains that induced
nodules that were only infected intercellularly to rhizobial strains that formed nodules in which the
host cells were invaded intracellularly and that displayed a weak nitrogenase activity. In all non-
photosynthetic bradyrhizobia, the type Ill secretion system (T3SS) appears required to trigger nodule
organogenesis. In contrast, genome sequence analysis revealed that apart from a few exceptions, like
the Bradyrhizobium ORS285 strain, photosynthetic bradyrhizobia strains lack a T3SS. Furthermore,
analysis of the symbiotic properties of an ORS285 T3SS mutant revealed that the T3SS could have a
positive or negative role for the interaction with NF-dependent Aeschynomene species, but that it is
dispensable for the interaction with all NF-independent Aeschynomene species tested. Taken
together, these data indicate that two NF-independent symbiotic processes are possible between

legumes and rhizobia: one dependent on a T3SS and one using a so far unknown mechanism.
The ISME Journal (2016) 10, 64—74; doi:10.1038/ismej.2015.103; published online 10 July 2015

Introduction

The legume-rhizobium symbiosis is of immense
biological and ecological importance. It is a major
contributor to the global nitrogen cycle, and serves
as a model to study plant-microbe interactions.
A major advance in our understanding of the
legume-rhizobium symbiosis was the discovery, in
the early 1990s, that this interaction relies on the
exchange of diffusible signal molecules between the
two partners (Lerouge et al., 1990). Flavonoids
secreted by the host plant roots activate in rhizobia
the expression of nodulation genes necessary for the
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synthesis and secretion of lipochitooligosaccharides,
named Nod factors (NFs). In return, the perception
of NFs by LysM-receptor-like kinase (LysM-RLKs)
induces a signal transduction cascade that is
required for infection and nodule organogenesis
(Oldroyd, 2013). For a long time, this molecular
dialogue was assumed to be a universal paradigm for
all legume-rhizobium interactions. However, in
2007, it has been shown that some photosynthetic
Bradyrhizobium strains that are able to induce
nitrogen-fixing nodules on some Aeschynomene
species lack the canonical nodABC genes required
for NF synthesis (Giraud et al., 2007). This indicated,
for the first time, that an alternative symbiotic
interaction independent of NFs was possible
between a legume and a rhizobium strain.

Since this discovery, two other examples of
NF-independent symbiosis have been reported.
In the model plant Lotus japonicus, which uses
normally a classical NF-dependent symbiotic process,
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it has been observed that double mutant lines
affected in some key determinants of the NF
signaling pathway were occasionally able to form
infected nodules when the plants were inoculated
with a compatible rhizobium strain unable to
produce NF (Madsen et al., 2010). More recently, it
has been shown that a NF-deficient mutant of
Bradyrhizobium elkanii could induce nodules on
Glycine max cv. Enrei mutated or not in the LysM-
RLK nfr1 Nod factor receptor (Okazaki et al., 2013).
In the later case, this NF-independent symbiosis was
shown to be only possible if the bacteria possessed a
functional type III secretion system (T3SS).
This secretory machinery initially identified in
animal and plant pathogens permits the delivery of
effector molecules inside the host cells that suppress
plant defense response system and favor the
infection (Hueck, 1998). It is proposed that in
B. elkanii, T3SS effectors could also activate host
nodulation signaling by bypassing NF recognition
(Okazaki et al., 2013).

These two examples of NF-independent symbiosis
which were put forward in an artificial system, using
plant and bacterial mutant backgrounds, appear
weakly efficient. Indeed, the frequency of nodulated
plants, the number of nodules formed per plant and
the level of infection of these nodules were drasti-
cally reduced in comparison with the normal context
in which plant and bacteria are not altered in the NF
signaling pathway. In addition, these interactions do
not involve the formation of infection threads in
either root hairs or nodule tissues but use an
intercellular infection mode that is considered more
ancestral. This suggests that the NF-independent
process may constitute the ground state of rhizo-
bium-legume symbiosis which has been maintained
in legumes during evolution but which was over-
ridden by the acquisition of a more sophisticated
process involving NF signaling and infection thread
formation.

In the Aeschynomene genus, only a monophyletic
clade encompassing 12 species, including A. indica
and A. evenia, were found to be nodulated by nod
gene-lacking photosynthetic bradyrhizobia (Chaintreuil
et al, 2013). In contrast to other legumes, the
NF-independent pathway appears to be dominant
in this clade and most probably exclusive because
most of the natural symbionts either lack nod genes
or they can be inactivated without effect on the
efficiency of nodule formation (Bonaldi et al., 2011).
Furthermore, besides lacking nod genes, most photo-
synthetic bradyrhizobia lack a T3SS. Again the
ORS285 strain is an exception and probably acquired
nod and T3SS genes simultaneously by lateral gene
transfer (Mornico et al., 2011). This indicates that
photosynthetic bradyrhizobia could interact with
Aeschynomene using another pathway than the
one operating during the interaction between a
NF-deficient B. elkanii mutant and soybean.

To clarify the different alternative NF-independent
pathways, we examined in this study the ability of a
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large collection of rhizobia to interact symbiotically
with A. indica. We found that a large number of non-
photosynthetic bradyrhizobia are able to induce
nodules on A. indica but that the bacterial infection
and nitrogen fixation largely differed between
species. By mutagenesis, we demonstrated for
two strains (B. elkanii and Bradyrhizobium sp.
STM6978) that the T3SS has an essential role in
nodule organogenesis. In parallel, we examined the
symbiotic role of the T3SS in the interaction
of Bradyrhizobium sp. ORS285 with various
NF-dependent and NF-independent Aeschynomene
species. The obtained data indicate that photo-
synthetic and non-photosynthetic Bradyrhizobium
strains can nodulate Aeschynomene species via two
NF-independent processes that differ in the require-
ment of a T3SS.

Materials and methods

Bacterial strains and growth conditions

All tested bacterial strains are listed in Table 1 and
Supplementary Table S1. Strains were grown in YM
medium at 28 °C (Vincent, 1970). The mutants of B.
elkanii USDA61 (BEnodC, BErhc] and BEttsnod)
were previously obtained (Okazaki et al., 2013).
The GusA- and GFP-tagged strains of USDA61
were obtained by introducing plasmids pCAM120
(Wilson et al.,, 1995) and pDG70 (Gage 2002),
respectively. For their culture, appropriate anti-
biotics were added as indicated in (Okazaki et al.,
2013). The ORS285AT3SS and STM6978AT3SS
mutants were constructed for this study (see
Supplementary Method). For their culture, the
medium was supplemented with kanamycin
(50 pgml™) and cefotaxime (20 pg ml™), respectively.

Research of the presence of a T3SS by PCR

The presence of a T3SS gene cluster in the various
Bradyrhizobium strains was analyzed by PCR. Two
pairs of degenerated primers were designed from
conserved regions of rhcN genes of B. elkanii
USDAG®61, B. japonicum USDA110 and Bradyrhizo-
bium sp. ORS285: thcN.univ.f1 (5'-GGRGAACTDTG
CYTVYTGCAGGATC-3’)/thcN.univ.rl (5'-CCATAR
ATTCCRATCCGCTGRCCTTC-3’) and rhcN.univ.f2
(5'-TGGTCGCTYGAGGCBGARGTNATCGGT-3’)/rhcN.
univ.r2 (5'- GCTCGCCCATRCCGGCKCGCTCCAAC-3).
In the case of a positive result, the PCR product
obtained was sequenced to analyze the amplification
specificity.

Molecular phylogeny of internal transcribed spacer

For bacterial strains for which no internal tran-
scribed spacer sequence was available, the 16-23S
rDNA internal transcribed spacer region was ampli-
fied and sequenced as described by Guye et al., 2009.
The resulting sequences were aligned with ClustalX
(Thompson et al., 2002), and subsequently used to
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Table 1 Symbiotic properties of various Bradyrhizobium strains on Aeschynomene indica

Strain Accession Nodulation® Infection® ARA activity” T35S
B. betae LMG 21987 T 0 — 0 —
B. canariense LMG 22265 T 0 — 0 -
B. elkanii USDA61 20.6 Inter 0 GS
B. elkanii USDA76 14.6 Inter 0 GS
B. elkanii USDA94 25 Inter 0 GS
B. japonicum USDA4 0 — 0 GS
B. japonicum USDA110 0 — 0 GS
B. japonicum USDA38 0 — 0 GS
B. japonicum USDA122 0 — 0 GS
B. japonicum USDA124 0 — 0 GS
B. liaoningense LMG 18230 T 0 — 0 +
B. yuanmingense LMG 21825 0 — 0 +
Bradyrhizobium sp. DOA9 0 — 0 +
Bradyrhizobium sp. ORS86 19 ND 0 +
Bradyrhizobium sp. ORS101 0 — 0 +
Bradyrhizobium sp. ORS110 14.4 ND 0 +
Bradyrhizobium sp. ORS111 17.6 ND 0 +
Bradyrhizobium sp. ORS112 15.6 ND 0 +
Bradyrhizobium sp. ORS121 6.6 inter 0 +
Bradyrhizobium sp. ORS149 0 — 0 +
Bradyrhizobium sp. ORS159 0 — 0 +
Bradyrhizobium sp. ORS162 0 — 0 +
Bradyrhizobium sp. ORS163 0 — 0 +
Bradyrhizobium sp. ORS186 0 — 0 +
Bradyrhizobium sp. ORS187 0 — 0 +
Bradyrhizobium sp. ORS278 21.6 intra 100%-5/5 -
Bradyrhizobium sp. ORS1824 19.6 ND 0 +
Bradyrhizobium sp. ORS1836 0 — 0 +
Bradyrhizobium sp. STM3557 4.6 intra 0 +
Bradyrhizobium sp. STM3560 9.2 inter 0 +
Bradyrhizobium sp. STM3561 7.5 intra 8.5%-3/5 +
Bradyrhizobium sp. STM3562 10.4 inter 0 +
Bradyrhizobium sp. STM3564 0 — 0 -
Bradyrhizobium sp. STM3565 0 — 0 -
Bradyrhizobium sp. STM3566 0 — 0 +
Bradyrhizobium sp. STM3567 10.6 inter 0 +
Bradyrhizobium sp. STM3569 25.8 inter 0 +
Bradyrhizobium sp. STM3571 9 intra 7.2%-3/5 +
Bradyrhizobium sp. STM6978/0ORS3257 12 intra 14%—4/5 +
Bradyrhizobium sp. STM6980/0ORS3409 12.5 intra 0 +

“Number of nodules per plant (mean estimated on five plants). "inter, intercellular; intra, intracellular; ND, no bacteria detected in the nodule
tissue; —, No nodule formed. “First, relative acetylene reduction activity (percentage of ORS278) estimated on 5 whole plants; Second, number
of plants displaying an acetylene reduction assay (ARA) activity on the five plants tested. “Presence of T3SS (GS, deduced from the genome
sequence; +, PCR using universal primers positive; —, PCR using universal primers negative).

construct a phylogenetic tree using the Neighbor
Joining method (Saitou and Nei, 1987). A bootstrap
confidence analysis was performed on 1000 repli-
cates to determine the reliability of the obtained
phylogenetic tree (Felsenstein, 1985).

Plant cultivation and symbiotic analysis

The accessions of Aeschynomene species used in
this study, their geographic origin and their sources
are listed in Supplementary Table S2. Seed steriliza-
tion and plant culture was performed as before
(Bonaldi et al., 2011). Four days after the transfer of
the plantlets to test tubes covered by aluminium foil
to protect root system from light, each seedling was
inoculated with 1ml of cell suspension resulting
from a 4-day-old bacterial culture washed in buffered
nodulation medium and adjusted to reach an optical
density of one at 600nm. Fourteen days after
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inoculation, five plants were analyzed for the pre-
sence of root nodules and nitrogenase enzyme activity
as previously described (Bonaldi et al., 2010).

Cytological analysis of the nodules

Semi-thin nodule sections (30-40-pm-thick) were
prepared using a vibratome (VT1000S; Leica,
Nanterre, France). Nodules elicited by the ORS285
GFP-tagged strain were analyzed as previously
described (Bonaldi et al., 2011). For the nodules
elicited with the non-tagged strains, the nodule
sections were incubated for 15min in live/dead
staining solution (5 pM SYTO 9 and 30 um propidium
iodide in 50mm Tris pH 7.0 buffer; Live/Dead
BacLight, Invitrogen, Carlsbad, CA, USA). Sections
were then removed and incubated an additional
15 min in 10 mm phosphate saline buffer containing
calcofluor white M2R (Sigma, Munich, Germany) to



a final concentration of 0.01% (wt/vol) to stain the
plant cell wall (Nagata and Takebe, 1970). Analyses
were carried out using a confocal laser-scanning
microscope (Carl Zeiss LSM 700, Jena, Germany).
Calcofluor was exited at 405 nm with emission signal
collection at 405—470nm. For SYTO 9 and propi-
dium iodide, an excitation wavelength of 488 and
555 nm was used with emission signal collection at
490-522nm and  555-700nm, respectively.
Images were obtained using the ZEN 2008 software
(Zeiss, Oberkochen, Germany).

Results

B. elkanii is able to induce nodules on some
NF-independent Aeschynomene species in

a T3SS-dependent manner

We first analyzed the ability of B. elkanii USDA61
and its derivatives BEnodC (AnodC), BErhc] (Arhc/, a
T3SS-deficient mutant) and the double mutant
BEttsnod to nodulate the NF-independent A. indica
species. Nodulation was analyzed 14 days post
inoculation, a lapse of time during which photosyn-
thetic bradyrhizobia are able to establish a functional

Number of nodules per plant
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symbiosis with this species (Bonaldi et al., 2011).
As shown in Figure 1a, the B. elkanii wild-type (WT)
strain was able to elicit a comparable number of
‘nodules’ on A. indica roots as compared with the
photosynthetic Bradyrhizobium ORS278 strain that
was used as control for a natural host bacterium.
As observed for ORS278, these nodules were
formed at the emergence of lateral root but they
differed by their size, which was slightly smaller,
and their shape, which was not perfectly spherical
(Figures 1c and {).

When we analyzed the BEnodC, no effect of the
mutation was detected, that is, the number of
nodules and their shape was comparable with that
obtained with the WT strain, confirming the absence
of a recruitment for NFs during the interaction
of B. elkanii with A. indica (Figures 1a and d).
In contrast, no nodules were formed when the plants
were inoculated with BErhc] or BEttsnod (Figures 1a
and e). This indicates that the T3SS is absolutely
required to initiate the symbiotic interaction with
A. indica.

Despite the presence of nodules, A. indica plants
inoculated by B. elkanii showed typical nitrogen
starvation symptoms, that is, foliar chlorosis and

Figure 1 Bradyrhizobium elkanii is able to induce nodules on Aeschynomene indica in a T3SS-dependent manner. (a) Number of
nodules per plant elicited by B. elkanii USDA61, BEnodC, BErhc], BEttsnod and Bradyrhizobium ORS278 strain on A. indica plants at
14 days post inoculation (d.p.i.). Error bars represent s.d. (n=5). (b) Comparison of the growth of the plants (aerial part), non-inoculated
(NI) or inoculated with B. elkanii USDA61 and Bradyrhizobium ORS278 (at 14 d.p.i.). (c-f) Nodules elicited by B. elkanii USDA61 (c),
BEnodC (d), BErhc] (e), ORS278 (f). Bars, 1 mm. (g) Transversal section of a nodule elicited by B. elkanii tagged with gusA and stained with
X-Gluc. Bar, 200 pm. Black arrows indicate the presence of necrotic area. (h and i) Confocal microscopy observation of nodules elicited by
B. elkanii tagged with GFP. Bars, 200 pm (h) and 10 pm (i). A full colour version of this figure is available at the ISME journal online.
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reduced plant growth, indicating that the formed
nodules were non-effective (Figure 1b). In agree-
ment, no nitrogenase activity could be detected on
these plants using the acetylene reduction assay
(Table 1). To examine the level of infection of these
nodules, we performed cytological analysis of
nodules elicited by a GFP or GusA-tagged WT strain
using optical and confocal microscopy. As shown in
Figures 1g—i, we observed that the nodules were only
weakly infected and contained bacteria that prolif-
erated in enlarged intercellular spaces between host
cells. Neither intracellular infection nor the forma-
tion of infection threads was detected. Noteworthy is
the occurrence of brown necrotic areas in almost all
the nodules, suggesting the induction of a plant
defense response when B. elkanii cells enter the
nodule tissue (Figure 1g). Taken together, these data
indicate that B. elkanii is able to initiate nodule
organogenesis in A. indica plants through a T3SS-
dependent-NF-independent process but the bacterial
infection is rapidly arrested likely owing to the
elicitation of plant defense reactions.

We next addressed the question whether other
NF-independent Aeschynomene species would be
more permissive and allow a more intimate contact
with B. elkanii. For this purpose, 12 additional
Aeschynomene accessions corresponding to 9 differ-
ent species and 4 different ecotypes of A. evenia spp.
evenia were inoculated with the GFP-tagged
B. elkanii strain. We observed that only 7 out of the
12 tested accessions were nodulated and more
unexpectedly among the four A. evenia spp. evenia
ecotypes tested, only two were nodulated by
B. elkanii (Supplementary Figures 1A and M). Thus,
a high specificity of recognition which controls the
triggering of nodule organogenesis exists between
B. elkanii and the Aeschynomene species. On the
other hand, cytological analysis of the nodules
elicited on the compatible Aeschynomene species,
showed that in all cases, the infection was
restricted to the intercellular space (Supplementary
Figures 1N and Q). This indicates that B. elkanii does
not possess all the keys to establish a functional
endosymbiosis with Aeschynomene plants.

The ability to induce nodules on NF-independent
Aeschynomene species is widespread among
Bradyrhizobium species

The increasing availability of genome sequences has
revealed that the presence of a T3SS is frequent
among rhizobia (Tampakaki, 2014). We therefore
hypothesized that some strains could be able to
exploit this T3SS machinery to develop a more
compatible symbiotic relationship with Aeschynomene.
To examine this possibility, we screened a large
collection of rhizobium strains belonging to the
Allorhizobium, Azorhizobium, Bradyrhizobium,
Rhizobium, Sinorhizobium, Mesorhizobium genus
as well as some Beta-rhizobia for their ability to
induce nodules on A. indica. Among the 72 strains
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tested, only strains belonging to the Bradyrhizobium
genus were able to elicit nodules (Supplementary
Table S1 and Table 1). A phylogenetic tree based on
the internal transcribed spacer region showed that
the nodulation-positive strains, representing ~50%
of the Bradyrhizobium strains tested, do not form a
specific clade but are scattered within the genus
(Figure 2). This indicates that the ability to nodulate
NF-independent Aeschynomene species is a wide-
spread character among the Bradyrhizobium species
and that it is not strictly correlated with a specific
phylogenetic position. By PCR and sequencing, using
universal primers targeting the canonical rhcN gene
required for the functioning of the T3SS injectisome,
we confirmed that all the positive strains contained a
T3SS (Table 1). However, the presence of a T3SS is
not the unique criteria required to induce nodules on
A. indica because among the strains unable to induce
nodules on this species, a large number, including the
B. japonicum strains, do contain a T3SS. This suggests
that the positive strains, beside a T3SS apparatus,
produce specific type III effectors that are necessary to
initiate nodule organogenesis.

Some non-photosynthetic Bradyrhizobium strains
induce nitrogen-fixing nodules on A. indica in
a T3SS-dependent manner
Among the positive strains, several, like STM6978,
induced on A. indica larger nodules than those
observed with B. elkanii USDA61 (Figure 3e). These
nodules displayed an irregular shape with several
deformations suggesting perturbations in nodule
development (Figures 3e and f). However, hand-
sectioning of those nodules showed, similar as the
control ORS278 strain, a central tissue with a light
pink color suggesting the presence of leghemoglobin,
an indicator of nitrogenase activity (Figures 3i and j).
In agreement, acetylene reduction assays showed
that some plants inoculated with some of these
strains displayed a weak nitrogenase activity that
represented at maximum (for strain STM6978)
10-15% of the one obtained with the ORS278 strain
(Table 1). Although, this activity was not sufficient to
support plant growth (Figure 3d), these data indicate that
several non-photosynthetic Bradyrhizobium strains are
able to establish a more intimate symbiotic relation
with A. indica as compared with B. elkanii USDAG61.
Using the live-dead staining protocol (Haag et al.,
2011), a systematic cytological analysis was per-
formed by confocal microscopy on the nodules
elicited by all the positive strains. As observed
previously for B. elkanii USDA61, some strains, such
as STM3560, only infected the nodule tissue inter-
cellularly and induced plant defense reactions
(Figures 3b, ¢ and h and Table 1). In contrast, other
strains, such as STM6978, formed nodules with a
central tissue completely infected by bacteria as
observed for nodules formed by the ORS278 strain
(Figures 3f, g and n and Table 1). The host cells were
filled with viable bacteria as indicated by the green
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Figure 2 The ability to induce nodules on NF-independent Aeschynomene species is widespread among Bradyrhizobium species.
Neighbor joining phylogenetic relationship among the Bradyrhizobium strains tested for their ability to form nodules on A. indica based
upon aligned sequences of 16S-23S rDNA IGS regions. Percent of bootstrap replicates (1000 replicates) are indicated at each tree node
(only if >50%). In red, negative strain; in green, positive strains; in blue, photosynthetic Bradyrhizobium strains that are able to induce
nitrogen-fixing nodules on A. indica; in bold, strains for which an intracellular infection is observed. A full colour version of this figure is

available at the ISME journal online.

SYTOQ9 staining (Figures 3g and 1). However, in contrast
to nodules induced by the ORS278 strain, the morpho-
logical bacterial transition from a rod to a spherical
shape during bacteroid differentiation (Figure 30) was
very rarely observed with the other Bradyrhizobium
strains and when it occurred, the spherical bacteroids
were stained red by propidium iodide, indicating that
the bacteria were dead (Figure 3m).

We also tested whether the STM6978 strain could
induce more efficient nodules on other Aeschynomene
species. Of the 12 additional species tested, 7 were
nodulated and for 4 of them, an intracellular invasion

of plant cells could be observed (Supplementary
Figure 2). However, only with one species, A. scabra,
a nitrogenase activity could be detected. Similary as
observed with A. indica, this activity remained weak
and the same disorder in bacteroid differentiation was
observed (Supplementary Figure 2). This indicates that
although the STM6978 strain is recognized as friendly
and internalized by the plant host cells in some
Aeschynomene species, it is blocked at the bacteroid
differentiation step which has been shown to go
along with the establishment of nitrogenase activity
(Bonaldi et al., 2011).
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6978AT3SS

STM6978

ORS278

Figure 3 Symbiotic phenotypes of Bradyrhizobium STM3560 and STM6978 on A. indica. (a and e) Nodules elicited by Bradyrhizobium
STM3560 (a) and STM6978 (e). Bars, 1 mm. (b, f and h—j) Transversal section of nodules elicited by Bradyrhizobium STM3560 (b and h),
STM6978 (f and i) and ORS278 (j). Bars, 200 pm. (d) Comparison of the growth of the plants (aerial part), non-inoculated (NI) or inoculated
with STM6978, and Bradyrhizobium ORS278 (at 14 d.p.i.). (¢, g and n) Confocal microscopy observation of nodules elicited by
Bradyrhizobium STM3560 (c), STM6978 (g) and ORS278 (n). (I, m and o) Confocal microscopy images showing the morphology of the
intracellular bacteria. Note that STM6978 bacteroids showed mainly a rod shape (1) and rarely a spheric shape (m) whereas the ORS278
bacteroids were all spherical (0). Live bacteria are stained green, whereas dead bacteria stain red owing to uptake of propidium iodide.
Bars, 200 pm (c, g and n) and 10 pm (I, m and o). (k) A. indica roots inoculated with Bradyrhizobium STM6978AT3SS. Bar, 1 mm. A full

colour version of this figure is available at the ISME journal online.

To confirm that the T3SS is required for the
establishment of this more intimate symbiotic
relationship, we constructed a T3SS mutant of the
STM6978 strain. This mutant strain had completely
lost its ability to induce nodules whatever the
Aeschynomene species tested (Figure 3k).

The T3SS of the photosynthetic Bradyrhizobium ORS285
strain is not required for NF-independent symbiosis but
contributes to the NF-dependent nodulation

Unlike other photosynthetic Bradyrhizobium strains
with sequenced genomes, the ORS285 strain con-
tains nod genes and a T3SS gene cluster (Mornico
et al., 2011). The composition and organization of
this T3SS cluster is exactly the same as found in
B. elkanii and B. japonicum USDA110 suggesting
that it is functional (Supplementary Figure 3). This
raises the question whether this T3SS has a
symbiotic role. To examine this, we constructed a
285ArhcN mutant and analyzed its symbiotic prop-
erties on various NF-dependent and NF-independent
Aeschynomene species. On the three NF-independent
species tested (A. indica, A. evenia and A. sensitiva),
no effect of the T3SS mutation was observed. The
number of nodules per plant, the morphology of the
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nodules and the nitrogenase activity of the plants
were comparable between the WT strain and
the T3SS mutant (Figure 4a). In contrast, on
NF-dependent hosts plants, various effects of the
ArhcN mutation were observed (Figures 4a and b):
(i) no effect on A. nilotica, (Figures 4a—c and h),
(ii) a positive effect on A. uniflora, that is, the mutant
induced a higher number of nodules per plant which
were more developed (Figures 4a, b, d and i)—
however, like for the WT strain, nodules induced by
the ArhcN mutant are not efficient in nitrogen
fixation—and (iii) a negative effect on A. afraspera,
that is, the mutant induced less nodules as compared
with the WT strain (Figure 4a).

On A. afraspera plants, we previously noticed that
the ORS285 strain induces atypical nodules char-
acterized by the presence of an outgrowth on the top
of the nodules which is constituted by giant plant
cells infected by the bacteria (Bonaldi et al., 2011),
(Figures 4e—g). In contrast to bacteria in the infected
central tissue, the bacteria in the outgrowth remain
enclosed in large tubular structures of plant origin
that look like permanent infection threads (Bonaldi
et al., 2011). Interestingly, besides forming fewer
nodules, we observed that the nodules elicited by the
285AT3SS mutant lack this unusual infected tissue
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Figure 4 Comparison of the symbiotic properties of Bradyrhizobium ORS285 and the AT3SS mutant on various NF-dependent and NF-
independent Aeschynomene species. (a) Number of nodules per plant elicited by Bradyrhizobium ORS285 (blue bars) and ORS285AT3SS
(red bars) on various Aeschynomene species. (b) Acetylene-reducing activity (ARA) in various Aeschynomene plants inoculated with
Bradyrhizobium ORS285 (blue bars) and ORS285AT3SS (red bars). A.U., Arbitrary Unit. Error bars in a and b represent s.d. (n=5). (c—e, hj).
Aspect of the nodules elicited by ORS285 and 285AT3SS on A. nilotica (¢ and h), A. uniflora (d and i) and A. afraspera (e and j). Bars, 1 mm.
(f-k, g-1) Cytological observations of the A. afraspera nodules elicited by ORS285 (f and g) and 285AT3SS (k and 1). Bars, 500 pm (f and 1)
and 100 pm (g and 1). A full colour version of this figure is available at the ISME journal online.

suggesting that its formation is dependent of the
T3SS (Figures 4j—1). We also examined the ability of
B. elkanii USDA®61 and strain STM6978 to nodulate
A. afraspera (Supplementary Figure 4). Both strains
were able to induce efficient nodules on this species,
but unlike ORS285 and similar to the 285AT3SS
strain, these nodules lack this unusual outgrowth
(Supplementary Figures 4C-E). In addition, inactiva-
tion of the T3SS in these two strains did not affect
the interaction with A. afraspera (Supplementary
Figures 4A and B).

Altogether, these data suggest that the ORS285
strain possesses a specific cocktail of T3SS effectors
that can have an impact on the nodulation of NF-
dependent hosts but that do not have a crucial role
on the nodulation of NF-independent ones.

Discussion

In this study, we demonstrate that NF-independent
Aeschynomene species can be nodulated and
infected by highly diverse Bradyrhizobium strains
via two distinct processes that differ by the require-
ment of a T3SS.

This observation is rather puzzling considering
that in nature, mainly photosynthetic Bradyrhizo-
bium strains, lacking a T3SS, were isolated from root
and stem nodules of NF-independent Aeschynomene
species (Lorquin et al., 1993; Molouba et al., 1999;
Montecchia et al., 2002). Nevertheless, one study
reported the isolation of a few non-photosynthetic
Bradyrhizobium strains isolated from A. indica
species growing in French Guiana (Miché et al.,
2010). These strains efficiently induce nodules on
both the root and the stem of Aeschynomene and
occupy a distinct phylogenetic position between
photosynthetic and classical bradyrhizobia. They
may, thus, represent a new Bradyrhizobium species.
However, genome sequence analysis of one repre-
sentative strain (STM3843) revealed the absence of
the canonical nodABC genes as well as a T3SS
gene cluster (Mornico et al., 2011). This suggests
that these bacteria use a NF-independent T3SS-
independent process, probably similar to the one
used by photosynthetic bradyrhizobia, to interact
symbiotically with Aeschynomene plants. Therefore,
it remains unclear whether the ability of non-
photosynthetic bradyrhizobia to nodulate A. indica
using a T3SS does exist in natural settings,
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considering the weak nitrogen fixation activity of the
positive strains identified in this study in compar-
ison with the photosynthetic ones.

Several observations emphasize a very high spe-
cificity of the NF-independent T3SS-dependent
interaction: (i) despite the frequent presence of a
T3SS among the rhizobia tested, only Bradyrhizo-
bium strains are found to be able to induce nodules
on Aeschynomene, (ii) similarly, not all of the tested
Bradyrhizobium strains possessing a T3SS, such as
Bradyrhizobium japonicum strains, are able to
nodulate A. indica, (iii) the host spectra of B. elkanii
and strain STM6978 towards NF-independent
Aeschynomene species do not overlap perfectly
and (iv) most surprisingly, different ecotypes of the
same A evenia spp. evenia species respond differ-
ently to the Bradyrhizobium strains. To explain the
high specificity of the T3SS-dependent interaction,
some parallels with the conventional NF-dependent
symbiosis can be advanced. The involvement of
plant flavonoids to trigger the expression of the T3SS
genes might constitute a first level of specificity.
Indeed, it has been demonstrated in rhizobia that the
expression of most T3SS genes encoding the trans-
port machinery and secreted effectors is dependent
on plant flavonoids which trigger a regulatory
cascade controlled by the transcriptional activators
NodD1, NodD2, SyrM2 and TtsI (Wassem et al.,
2008). We examined this possibility during the
interaction of B. japonicum USDA110 with A. indica
or A. evenia by adding genistein to the plant culture
medium, a flavonoid known to induce T3SS genes in
this bacterium (Zehner et al., 2008). However, no
effect of genistein was observed, suggesting that
B. japonicum is hampered at another level to interact
positively with these Aeschynomene species.
A second possible level of specificity is the plant
immune system that confers to the host the capacity
to recognize and respond to bacterial infection (For
review, Wang et al., 2012; Gourion et al., 2014). The
perception of microbe-associated molecular patterns
(MAMPs) by host pattern recognition receptors
triggers MAMP-triggered immunity. It is suggested
that rhizobial surface polysaccharides (exopoly-
saccharide, capsular polysaccharide or lipopolysac-
charide) could suppress or help to evade this first
basal defense (Fraysse and Couderc, 2003; D’'Haeze
and Holsters, 2004; Aslam et al., 2008). In addition,
this MAMP-triggered immunity could be dampened
by T3SS effectors delivered into the host cell. In turn,
plants also have the ability to recognize these
effector proteins through the direct or indirect action
of resistance (R) genes to initiate a second barrier of
defense, the so-called effector-triggered immunity.
The effector-triggered immunity is much stronger
and faster than MAMP-triggered immunity and often
involves a form of localized cell death called the
hypersensitive response (Dodds and Rathjen, 2010).
The necrotic tissues observed in the A. indica
nodules elicited by B. elkanii and others strains are
reminiscent to hypersensitive response and could

The ISME Journal

also be the result of T3SS effectors recognized by R
gene products of the host. If that would be the case,
the T3SS permits nodulation but, at the same time,
inhibits the intracellular colonization by eliciting
defense reactions in developed nodules. Taken
together, all the different plant and bacterial actors
susceptible to modulate the plant immune response
could constitute key determinants governing this
host specificity.

Besides interfering with the plant immunity
system, we hypothesize that the non-photosynthetic
Bradyrhizobium strains nodulating Aeschynomene
also possess effectors able to activate the symbiotic
signaling pathways. In conventional rhizobium—
legume symbiosis, Nod factors activate two distinct
spatial and temporal programs: bacterial infection
and nodule organogenesis (Oldroyd et al., 2011).
Among the non-photosynthetic bradyrhizobia able to
induce nodules on Aeschynomene through their
T3SS, two distinct classes could be distinguished: a
first group, including B. elkanii strains, for which the
infection remains limited to intercellular spaces, and
a second group, including STM6978, for which the
host cells are infected intracellularly. It is tempting
to speculate that the bacteria of these two groups
share in common some effectors that trigger the
nodule organogenesis signaling pathway. On the
other hand, bacteria of the second group could
posses other specific effectors able to trigger an
infection program or additional signals such as
exopolysaccharide suggested to have a direct signal-
ing role in bacterial release (Kelly et al., 2013).

Although we identified some non-photosynthetic
Bradyrhizobium strains able to go very far in the
symbiotic relationship with Aeschynomene, we
observed that these bacteria are unable to fix
nitrogen efficiently. This is surprising because all
the conditions appear to be gathered in the nodule
for an efficient nitrogen fixation. The host cells are
filled with bacteria indicating that the plant
furnished appropriate nutrients for bacterial multi-
plication and leghemoglobin synthesis is observed
indicating that the partial oxygen tension should be
suitable for a nitrogenase activity. However, our
cytological observations indicate that these bacteria
are compromised in the differentiation step as in
contrast to photosynthetic Bradyrhizobium strains
for which the rod-shaped bacteria transform into
spherical bacteroids, this morphological change is
rarely observed in the nodules infected with the non-
photosynthetic Bradyrhizobium strains. Recent data
suggested that Aeschynomene species impose a
differentiation process on their endosymbionts
through the use of a class of nodule-specific cysteine
rich peptides (NCR) (Czernic P, personal commu-
nication), a modus operandi which is very similar to
the one described in Medicago species (Van de Velde
et al., 2010). NCRs are related to antimicrobial
peptides of innate immunity that target the bacteria
and convert them in a differentiated, enlarged
and polyploid state (Van de Velde et al., 2010).



It is possible that the impairment of non-photo-
synthetic Bradyrhizobium strains to differentiate in
Aeschynomene results from a higher sensitivity of
the bacteria to the NCR peptides. In accordance, the
few bacterial cells displaying a spherical shape are
dead as indicated by their red staining owing to
propidium iodide uptake. Alternatively, it is also
possible that the NCRs are not imported in the
bacterial cell owing to the lack of a specific
transporter or that the NCRs do not find the
appropriate bacterial targets to trigger the differentia-
tion process. Further studies are necessary to clarify
the mode of action of the NCRs and to determine
whether they constitute specificity determinants for
the nitrogen fixation stage.

How the photosynthetic bradyrhizobia interact
symbiotically with Aeschynomene plants remains
unknown. Up to date, the different mutagenesis
strategies (random or targeted) that have been used
have failed in the isolation of a strict nodulation
minus mutant (Giraud et al., 2007; Bonaldi et al.,
2010). Furthermore, we do not have any experimen-
tal evidence indicating that a diffusible bacterial
signal molecule triggers early symbiotic responses as
observed for NFs. It is therefore tempting to
speculate that the triggering of the symbiotic pro-
gram involves a direct contact between the plant and
the bacterium, probably through the perception of a
bacterial surface component by a plant receptor.
Increasing evidence now suggests that NFs percep-
tion might have evolved from plant innate immunity
signaling and the possibility has been evocated that
the first function of Nod factors was to suppress
defense reaction (Liang et al., 2014). The presented
results that non-photosynthetic bradyrhizobia can
interact symbiotically in the absence of NFs but
through a T3SS which is also known to interfere with
the plant immunity reinforces the hypothesis that
the suppression of the MAMP-triggered immunity
constituted the first evolutionary step towards
symbiosis. It therefore makes sense to hypothesize
that the NF-independent symbiosis between photo-
synthetic bradyrhizobia and Aeschynomene involves
the activation of a common symbiotic program but
relies first on a specific mechanism of MAMP-
triggered immunity suppression. Two elements
led us suppose a co-evolution between photosyn-
thetic Bradyrhizobium strains and NF-independent
Aeschynomene species; (i) photosynthetic bradyrhi-
zobia are the main natural symbionts of Aeschynomene
and these bacteria were not found to be able to
nodulate other legume species and (ii) both photo-
synthetic Bradyrhizobium strains and NF-independent
Aeschynomene species form a monophyletic group
(Chaintreuil et al., 2013). We therefore hypothesize that
the co-evolution between these two partners has
involved the modification of a specific MAMP signal
and its cognate plant receptor to avoid the development
of plant defense reactions during the interaction.

The deciphering of the molecular basis of these
two alternative NF-independent symbiotic processes

Alternative Nod factor-independent symbiotic processes
S Okazaki et al

should shed new light on the evolution of the
rhizobium-legume interaction and might deepen
our knowledge on how the plant evolved symbiosis
from pathogen resistance mechanisms.
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