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Summary

Dalbergoids are typified by crack-entry symbiosis
which is evidenced to be Nod Factor (NF)-independent
in several Aeschynomene legumes. Natural symbionts
of the dalbergoid legume Arachis hypogaea are always
NF-producing, prompting us to check whether symbio-
sis in this legume could also be NF-independent. For
this, we followed the symbiosis with two NF-containing
bradyrhizobial strains – SEMIA6144, a natural symbiont
of Arachis and ORS285, a versatile nodulator of
Aeschynomene legumes, along with their
corresponding nodulation (nod) mutants. Additionally,
we investigated NF-deficient bradyrhizobia like BTAi1,
a natural symbiont of Aeschynomene indica and the
WBOS strains that were natural endophytes of Oryza
sativa, collected from an Arachis-Oryza intercropped
field. While SEMIA6144ΔnodC was non-nodulating,
both ORS285 and ORS285ΔnodB could induce func-
tional nodulation, although with lower efficiency than
SEMIA6144. On the other hand, all the NF-deficient
strains – BTAi1, WBOS2 and WBOS4 showed compara-
ble nodulation with ORS285 indicating Arachis to har-
bour an NF-independent mechanism of symbiosis.
Intriguingly, symbiosis in Arachis, irrespective of
whether it was NF-dependent or independent, was
always associated with the curling or branching of the
rosette root hairs at the lateral root bases. Thus,

despite being predominantly described as an NF-
dependent legume, Arachis does retain a vestigial,
less-efficient form of NF-independent symbiosis.

Introduction

Root nodule symbiosis (RNS) within legumes leads to the
formation of nodules which house diazotrophs called
rhizobia responsible for nitrogen fixation (Oldroyd, 2013).
RNS consists of two main developmental pathways – rhizo-
bial invasion and nodule organogenesis (Oldroyd
et al., 2011). The most common mode of rhizobial invasion
happens via ‘root hair entry’ through intracellular infection
threads (IT) which is encountered within legumes like Medi-
cago spp., Glycine max (G. max), Lotus japonicus (L.
japonicus) (Oldroyd et al., 2011; Okazaki et al., 2013). A
slight variation to this mode of entry is seen within legumes
like Sesbania rostrata (S. rostrata) and Neptunia where the
rhizobia enter via epidermal cracks followed by the forma-
tion of transcellular IT (Goormachtig et al., 2004). Contrary
to these, 25% of legumes, mostly plants of the subtropical
genera Aeschynomene, Stylosanthes and Arachis are
supported by a simpler mode of rhizobial invasion called
‘crack-entry’ where the bacteria enter the plant via epider-
mal cracks at the lateral root bases (LRBs), in an inter-
cellular manner, without the formation of any IT
(Sprent, 2007). These diverse modes of rhizobial invasion
are governed by either of the two underlying mechanisms
of symbiosis, NF-dependent or NF-independent (Madsen
et al., 2010). During NF-dependent symbiosis, initiation of
RNS involves perception of the plant flavonoids by the
incoming rhizobia which in turn secrete specialized lipo-
chitooligosaccharides called the Nod Factors (NFs)
(Oldroyd et al., 2011). These NFs are recognized by certain
legume receptor kinases known as the Nod-Factor recep-
tors which signal a downstream ‘Sym Pathway’ that causes
the root hair curling (RHC) and IT formation which eventu-
ally results in RNS (Oldroyd et al., 2011; Oldroyd, 2013).
This NF-dependent mechanism of symbiosis is functional
within both IT as well non-IT legumes and was considered
the sole pathway for establishment of RNS. However, with
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the discovery of a set of bradyrhizobia lacking the canonical
nodulation (nodABC) genes responsible for the production
of NFs, the existence of the NF-independent mechanism
came to light. Certain legumes of the Aeschynomene
genus are evidenced to undertake RNS with these NF-
deficient bradyrhizobia (Giraud et al., 2007).

The genus Aeschynomene exhibits intrageneric diversity
in terms of the mechanism of symbiosis adapted by them.
Classified into three cross-inoculation (CI) groups according
to their associated microbes, members of CI-I and CI-II
groups and their cognate bradyrhizobia like Aeschynomene
americana–Bradyrhizobium sp. DOA9 (CI-I) and
Aeschynomene afraspera–Bradyrhizobium sp. ORS285
(CI-II) use the NF-dependent mechanism of symbiosis for
RNS (Chaintreuil et al., 2013). However, the CI-III group
which includes Aeschynomene indica (A. indica) and its
diploid progenitor Aeschynomene evenia (A. evenia)
nodulates with NF-deficient Bradyrhizobium sp. BTAi1 or
with NF containing ORS285 in an NF-independent manner
(Miche et al., 2010; Arrighi et al., 2012; Okubo et al., 2012).

Arachis is a ‘crack-entry’ legume which is phylogeneti-
cally close to the Aeschynomene genus (Lavin
et al., 2001). Despite having physical resemblance in
their patterns of colonization, under field conditions,
Arachis is preferentially colonized by nod containing
Bradyrhizobium (Guha et al., 2016). With the cognate
strain Bradyrhizobium sp. SEMIA6144, it undertakes
nodulation using the NF-dependent mechanism (Ib�añez
and Fabra, 2011). However, under controlled conditions,
this legume is evidenced to induce suboptimal yet persis-
tent functional nodulation with NF-deficient strains like
BTAi1 (Noisangiam et al., 2012). Additionally, bra-
dyrhizobial WBOS strains that were isolated as endo-
phytes from Oryza and were demonstrated to be nod
deficient by both PCR and Southern Hybridisation experi-
ments could also induce functional nodulation in Arachis,
raising the possibility of the existence of an NF-
independent mechanism (Guha et al., 2016). Neverthe-
less, these observations were performed with unlabelled
strains, raising the question of nodulation by potential
NF-producing rhizobia. In this study, a labelled collection
of Bradyrhizobium strains comprising of SEMIA6144,
ORS285, their corresponding nod mutants and some nat-
ural NF-deficient strains were used to demonstrate the
existence of NF-independent symbiosis within Arachis.

Results

Selection of bradyrhizobial strains for studying NF-
independent symbiosis in Arachis and their Tn7-based
labelling

To undertake a systematic investigation for demon-
strating an NF-independent nodulation within Arachis,

our first objective was to develop fluorescently labelled
bradyrhizobial strains. For this, we checked the nodulation
efficiencies of two NF containing strains – SEMIA6144, a
natural symbiont of Arachis and ORS285, a versatile
nodulator of Aeschynomene legumes, along with their
corresponding nod mutants across four Arachis cultivars
(Fig. 1). Unlike ORS285, which showed cultivar specificity,
SEMIA6144 was a robust nodulator across all the four culti-
vars. Both ORS285 and ORS285ΔnodB were able to
develop functional nodules in Arachis cv. JL501, whereas
SEMIA6144ΔnodC was non-nodulating in all the four culti-
vars. Additionally, we chose to investigate NF-deficient
strains like BTAi1, a natural symbiont of A. indica, and the
strains from the WBOS series that were natural endophytes
of Oryza, collected from an Arachis-Oryza intercropped
field. BTAi1 could nodulate all the four cultivars of Arachis
but WBOS strains could be classified into cultivar-specific
and cultivar-independent nodulators (Fig. 1). We selected
three WBOS strains from each of these two categories for
further investigation. Since all the selected strains were sen-
sitive to spectinomycin (Table S1), we used pUC18-mini-
Tn7T-aad9 for designing the fluorescent tag bearing plas-
mids (Lehman et al., 2016) (Table S2). Tn7 transposition
occurs downstream to the glmS gene which encodes
Glucosamine-6-phosphate synthetase (Choi et al., 2005)
(Fig. S1A). To confirm Tn7 insertion, PCR was performed,
using primer pairs glmS-down/aad9-rev, spanning the 30 end
of glmS, and the 30 end of the aad9 gene encoding specti-
nomycin cassette whereby a band of approximately 1.5 kb
size was amplified from the labelled strains (Fig. S1B). Sub-
sequent sequencing of the amplicons revealed the Tn7
cluster to be inserted 25 base pairs downstream to the
glmS in all the labelled strains, which matched earlier
reports (Choi et al., 2005) (Fig. S1C). The strains
maintained their fluorescence under free-living conditions,
even in the absence of antibiotics (Fig. S1D).

Aeschynomene indica, a strictly NF-independent
nodulator is successfully nodulated by WBOS strains

While the NF-independent nodulation in A. indica is well
established with BTAi1, ORS285 and its nod mutant, the
symbiotic behaviour of the WBOS strains remain
untested. So our next objective was to check whether the
WBOS strains could support nodulation in an established
NF-independent legume, A. indica. A total of 50 plants
per strain were harvested at 30 dpi and checked for nod-
ulation, plant growth promotion and nitrogen fixation. All
nodules produced on A. indica during the nodulation
assays were either GFP or mCherry labelled, depending
on the strains used. The frequency of A. indica plants
nodulated by WBOS strains was irregular and low in
comparison to BTAi1, ORS285 and ORS285ΔnodB
(Fig. 2A; Table S3). Among the selected WBOS strains,
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WBOS1, WBOS2 and WBOS8 could nodulate A. indica
and WBOS4, WBOS7 and WBOS16 failed to nodulate
but could successfully colonize the LRBs (Fig. 2B and E;
Table S3). While all BTAi1, ORS285 and ORS285ΔnodB
infected plants nodulated (~10–16 nodules/plant), only
~40%–50% of the plants induced functional nodules in
presence of WBOS1 and WBOS2 (~4 nodules/plant).
Intriguingly, in spite of low nodulation there was a consid-
erable increase in biomass in WBOS1 and WBOS2
infected plants compared to the optimal symbionts BTAi1
or ORS285. (Fig. 2A, C, D; Fig. S2; Table S3). Ultrastruc-
tures of the fluorescent nodules induced by both WBOS1
and WBOS2 had typical aeschynomenoid infection zones
which upon magnification revealed spherical bacteroids
identical to those produced by BTAi1, ORS285 and
ORS285ΔnodB (Fig. 2E and F). Compared to WBOS1
and WBOS2, nodulation was insignificant with WBOS8

(~1 nodule/plant) where the developed nodules were
always non-fixing with undifferentiated rod-shaped
rhizobia (Fig. 2B, D, F; Table S3). Similar to WBOS8,
the NF containing SEMIA6144 and its nodC mutant also
showed insignificant nodulation in A. indica (~1 nodule/
plant) with only 4%–10% of the plants nodulating and
the nodules formed were always non-functional
(Fig. 2B, D, F; Table S3). It may be noted that in spite of
insignificant nodulation with WBOS8, SEMIA6144 and
SEMIA6144ΔnodC, we consistently observed some
increase in biomass among the nodulated plants without
any signs of nitrogen starvation (Fig. 2C; Fig. S2;
Table S3). Taken together, although Arachis and
Aeschynomene are phylogenetically close crack-entry
legumes, we find that the WBOS strains which were
nodulating in Arachis may not nodulate A. indica. Our
results indicate that WBOS1 and WBOS2 have the

Fig. 1. Comparative nodulation behaviour of selected Bradyrhizobium across four Arachis cultivars. The four Arachis cultivars are represented
by – JL24 (A), Lal badam (B), ICGV9114 (C), and JL501 (D). Solid bars represent the number of functional nodules produced by the indicated
strains, whereas hollow bars represent non-functional nodulation by the same. Strains marked in red asterisks exhibit cultivar specificity. Strains
marked in cyan asterisks induced non-functional nodules in the form of uncolonized ‘bumps’, whereas the rest of the strains having hollow bars
produced non-fixing white nodules. Strains marked in black asterisks were selected for further experiment. The number of plants per strain (n)
was 20.
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Fig. 2. Legend on next page.
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required tools for the inception of functional NF-
independent symbiosis, specifically adapted in A. indica.

Arachis can undertake NF-independent symbiosis

For an in-depth analysis of NF-independent symbiosis
within Arachis, we monitored nodulation in presence of
SEMIA6144, SEMIA6144ΔnodC, ORS285, ORS285ΔnodB
and NF-deficient strain BTAi1 in the cultivar JL501. Among
the WBOS strains, we chose WBOS2, which could
nodulate A. indica and WBOS4 which despite being NF-
deficient did not nodulate A. indica. A total of 100 plants
per strain were harvested at 30 dpi and checked for nodu-
lation, plant growth promotion and nitrogen fixation. All the
nodules produced in Arachis during the nodulation assays
were either GFP or mCherry labelled depending on the
strain used (Fig. S3.). When the NF-cassette was disrupted
in SEMIA6144, it failed to nodulate Arachis, whereas con-
trary to this, disruption of NF-cassette in ORS285 did not
affect the ability of the strain to nodulate (Fig. 3A). This indi-
cates ORS285 to undertake an NF-independent symbiosis
in Arachis, which is similar to its symbiotic behaviour dem-
onstrated in A. indica (Bonaldi et al., 2011). In fact, the fre-
quency of nodulation of NF-deficient strains – BTAi1,
WBOS2 and WBOS4 in Arachis was lower than
SEMIA6144 but was comparable with ORS285 and
ORS285ΔnodB (Fig. 3A; Table S4). While all the
SEMIA6144 inoculated plants registered nodulation (~25
nodules/plant), only 10%–25% of the plants were nodulated
with ORS285, ORS285ΔnodB and the NF-deficient strains
(~3–5 nodules/plant) (Fig. 3A and B; Table S4).
Irrespective of the stark difference in nodulation frequency,
all the strains with the exception of SEMIA6144ΔnodC
showed a consistent increase in biomass, almost similar to
SEMIA6144 (Fig. 3C; Fig. S4; Table S4). The growth pro-
motion effects of WBOS strains on Arachis has been
reported earlier (Guha et al., 2016), and it was interesting
to observe that BTAi1 induced similar growth promotion,
despite being a weak nodulator. The plant growth promo-
tion of the strains might result from a number of factors

other than nitrogen fixation, particularly, siderophore pro-
duction which is evidenced to increase the nitrogen content
of legume shoots (Jaiswal et al., 2021). The nodules
induced by all the NF-deficient strains had a red interior
which is related to the presence of leghaemoglobin and is
an indicator of an effective nodule nitrogen fixation activity.
In addition, positive response in acetylene reduction assays
further confirmed these nodules to be functional (Fig. 3D
and E; Table S4). The nitrogen fixation abilities of the NF-
deficient strains were significantly less compared to
SEMIA6144 but intriguingly the fixation ability of both
ORS285 and ORS285ΔnodB was significantly higher than
the NF-deficient strains (P-value = <0.0001) (Fig. 3D;
Table S4). In accordance with the functional nodules devel-
oped with the strains, the ultrastructural analysis revealed
all the strains to mature into well-differentiated spherical
bacteroids identical to SEMIA6144 (Fig. 3F). Additionally,
the fact that WBOS2 and WBOS4 strains differentially
nodulated A. indica, but induced comparable nodulation in
Arachis, indicates the diversities of NF-independent
mechanisms.

Finally, SEMIA6144ΔnodC failed to nodulate Arachis,
indicating that the mere absence of NFs does not ensure
symbiosis in Arachis but requires some other dependen-
cies such as that present in ORS285 as well as in the
NF-deficient strains.

Both NF-producing and NF-deficient Bradyrhizobium
induce RHC in Arachis

Aeschynomene legumes have characteristic axillary root
hairs at their LRBs which are commonly referred to as
rosette root hairs in Arachis (Sinharoy et al., 2009;
Bonaldi et al., 2011). While RHC is not reported within
the NF-dependent or independent Aeschynomene
legumes (Bonaldi et al., 2011; Noisangiam et al., 2012),
an earlier report indicated RHC in Arachis
(Chandler, 1978). So, we next monitored two traits in
Arachis: bradyrhizobial colonization at the LRBs and
RHC. The efficiencies of both the traits were determined

Fig. 2. Nodulation in Aeschynomene indica by selected Bradyrhizobium strains.
A. Percentage incidence of nodulation within A. indica by selected Bradyrhizobium strains. The black and grey areas per bar represent the per-
centage of nodulated and non-nodulated plants respectively, infected with the indicated Bradyrhizobium where number of plants per strain (n)
was 50. For all nodulating strains, only nodulated plants were used for quantification of nodules/plant, plant dry weight and acetylene reduction
assay.
B. The number of nodules per plant.
C. Plant growth promotion.
D. nmoles of ethylene produced by the plants per hour infected with the indicated strains. For (B–D), each data point represents one independent
replicate and each experiment involved 10 plants per strain. One-way ANOVA was used to assess the significant differences among the groups
with P-values adjusted by Tukey’s Multiple Comparison Test. Comparisons with positive control strain BTAi1 indicated. P > 0.05 is considered
not significant (n.s.), whereas ‘*’, ‘**’,‘***’ and ‘****’ indicate P ≤ 0.05, P ≤ 0.01, P ≤ 0.001 and P ≤ 0.0001 respectively.
E. Stereomicroscope images of fluorescent nodules and colonized roots induced in A. indica by indicated strains. Nodules are represented as
merged images of bright-field + GFP/mCherry. Scale bar: 500 μm (for A. indica nodules); 2 mm (for A. indica roots).
F. Microscopy of the whole nodule sections, induced by the indicated strains (left) and corresponding enlarged view of the infection centres
(right). Scale bars for whole nodule sections – 200 μm; for enlarged view of the infection centres – 20 μm (ORS285), rest – 40 μm .
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Fig. 3. Legend on next page.
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by calculating the number of LRBs/plant colonized by the
strains and the number of RHCs/LRB respectively. All the
tested strains colonized the LRBs of infected plants as
annular fluorescent rings, indicating that the colonization
of these strains was independent of NFs. While all the
plants infected with SEMIA6144 and SEMIA6144ΔnodC
were colonized (~11–15 LRBs/plant), only 40%–60% of
the plants were colonized by ORS285, its nodB mutant
and the NF-deficient strains (~1–5 LRBs/plant) (Fig. 4A
and C; Table S5). SEMIA6144ΔnodC additionally
appeared to form a biofilm in the vicinity of the LRBs,
something that we occasionally noticed also with BTAi1
and WBOS2 (Fig. 4E). Intriguingly, symbiosis in Arachis,
irrespective of whether it was NF-dependent or indepen-
dent, was always associated with the curling or branching
of the rosette root hairs at the LRB. Except for
SEMIA6144ΔnodC, which failed to induce any nodulation
in Arachis, all the tested strains were found to induce root
hair branching and RHC (Fig. S5 and Fig. 4B and E).
Thus, both an NF-dependent and an independent mech-
anism can induce RHC in Arachis. While SEMIA6144
infected plants developed ~15 RHCs/LRB, ORS285 and
ORS285ΔnodB developed ~4 RHCs/LRB and for the NF-
deficient strains, only ~1–2 RHCs/LRB was noted, indi-
cating the NF-independent trigger to be less potent
(Fig. 4D and E; Table S5). In addition to RHC, entrap-
ment of rhizobia was occasionally noticed only with
SEMIA6144 and ORS285 but never with ORS285ΔnodB
or the NF-deficient strains (Fig. S6 and Fig. 4E).

Competition between SEMIA6144 and the NF-deficient
strains

Competition assays are relevant as they closely resem-
ble in-field realistic scenarios where Arachis face a multi-
tude of strains having different dependencies (like
presence of nod and absence of nod genes) and the
cumulative symbiotic outcome is a result of the competi-
tive interactions between them (Guha et al., 2016). Binary
competitions were set between SEMIA6144 and the

NF-deficient strains BTAi1, WBOS2 and WBOS4. A total of
10 plants per competition category were harvested at
30 dpi and the nodules were classified as single infected or
mixed, based on the emitted fluorescence and subsequent
isolation and identification of the colonized rhizobia. The
outcome of the competition experiments was widely differ-
ent, highlighting the complexity of interactions between
Arachis and its rhizobial symbionts. While co-infection with
BTAi1 and with WBOS4 did not affect the nodule numbers
compared to SEMIA6144 single strain infected plants
(~22–29 nodules/plants), co-infection with WBOS2 signifi-
cantly repressed the overall nodule count (~13 nodules/
plant) (Fig. 5B; Table S6). In all the mixed inoculation
experiments, singly occupied and mixed nodules were
found among all the experimental plants (Fig. 5A and C;
Table S7). In WBOS2-SEMIA6144 co-inoculation experi-
ments, only 11% nodules were singly occupied by
SEMIA6144, whereas 55% was occupied by WBOS2 and
the rest were mixed nodules (Fig. 5C; Fig. S7; Table S7).
Interestingly, during single infection, WBOS2 could only
make ~2–3 nodules/plant compared to ~7 nodules/plant in
all the WBOS2-SEMIA6144 co-inoculated plants (See
Fig. 3B; Table S4). On the other hand, in case of
BTAi1-SEMIA6144 co-inoculation, almost ~58% nodules
were occupied exclusively by SEMIA6144 compared to
~11% by BTAi1 only and in case of WBOS4-SEMIA6144,
~37% nodules were singly occupied with SEMIA6144 while
the rest were mixed (Fig. 5C; Fig. S7; Table S7). Micros-
copy analyses revealed all singly occupied nodules in
these co-inoculation experiments to resemble the nodules
developed during single strain inoculation experiments, with
properly developed spherical bacteroids (Fig. 5D). But in all
cases of dually occupied nodules, microscopy analyses
revealed that only SEMIA6144 differentiated into spherical
symbiosomes (Fig. 5D). The NF-deficient rhizobia, how-
ever, remained rod-shaped within the intercellular spaces,
indicating that they were sanctioned against being endo-
cytosed. In rare cases, BTAi1 formed functional spherical
symbiosomes along with SEMIA6144 in the same nodule
but in distinct zones (Fig. S8). On the other hand, WBOS4

Fig. 3. Nodulation in Arachis by selected Bradyrhizobium strains.
A. Percentage incidence of nodulation among Arachis by the selected Bradyrhizobium strains. The black and grey areas per bar represent the
percentage of nodulated and non-nodulated plants respectively, infected with the indicated Bradyrhizobium where number of plants per strain (n)
was 100. For all nodulating strains, only nodulated plants were used for quantification of nodules/plant, plant dry weight and acetylene reduction
assay.
B. Number of nodules per plant.
C. Plant growth promotion induced by the strains.
D. nmoles of ethylene produced by the plants infected with the indicated strains. (B–D) Each data point represents one independent replicate
and each experiment involved 10 replicates per strain. One-way ANOVA was used to assess the significant differences among the groups with
P-values adjusted by Tukey’s Multiple Comparison Test. P > 0.05 is considered not significant (n.s.), whereas ‘*’, ‘**’,‘***’ and ‘****’ indicate
P ≤ 0.05, P ≤ 0.01, P ≤ 0.001 and P ≤ 0.0001 respectively.
E. Nodule half sections and non-nodulated roots by indicated strains (Scale bar for nodule half-sections – 500 μm; for non-nodulated root
– 2 mm).
F. Fluorescent images of whole nodule sections induced by the indicated strains are represented as bright-field + mCherry or GFP merged
images while the corresponding enlarged views of the infection centres are shown as mCherry or GFP and Calcofluor merged images. Scale
bars: For whole nodule sections – 200 μm, for enlarged view of the infection centres – 40 μm .
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was largely restricted to the nodule surface suggesting it to
be sanctioned against entering the nodule (Fig. 5D and
Fig. S9). Thus, we observed that NF-deficient WBOS2

which successfully nodulate A. indica and Arachis can
work much better in presence of an NF-producing strain,
whereas BTAi1 which is a natural symbiont of A. indica

Fig. 4. Legend on next page.
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and WBOS4 which can only nodulate Arachis during
single-strain infection are poor competitors under similar
conditions. The outcome was further intriguing when
we did the co-inoculation with SEMIA6144 and
SEMIA6144ΔnodC that failed to generate any nodule
during single inoculation (See Fig. 3A and E). However,
in all the SEMIA6144ΔnodC-SEMIA6144 co-inoculated
plants, there were at least 11 nodules/plant (39%) which
were singly occupied by SEMIA6144ΔnodC where the
rhizobia matured into spherical bacteroids while almost
20% of the nodules were occupied by SEMIA6144 and
the rest were mixed (Fig. 5C and D; Fig. S7; Table S7).
In the mixed nodules, SEMIA6144ΔnodC was confined
to the extracellular spaces while the WT strain formed
proper spherical bacteroids. Taken together, these obser-
vations clearly indicate that the trans-acting NFs from
SEMIA6144 were necessary and sufficient to allow suc-
cessful nodulation by SEMIA6144ΔnodC although in
mixed nodules, the NF-containing SEMIA6144 is prefer-
entially intracellularized.

Discussion

Demonstration of NF-independent symbiosis within
Aeschynomene legumes of the Dalbergoid clade was a
paradigm shift in our understanding of RNS (Giraud
et al., 2007). Depending on the species, Aeschynomene
legumes can be either Nod-dependent or independent
(Miche et al., 2010). Arachis is also a ‘crack-entry’
legume where all its natural symbionts are found to be
NF-producing, and there is scattered evidence of this
legume being nodulated by NF-deficient Bradyrhizobium
(Noisangiam et al., 2012; Guha et al., 2016). This led to
the question: Is Arachis able to support an NF-
independent symbiosis similar to the aeschynomenoid
legumes? This study is the first systematic attempt that
demonstrates that in addition to the NF-dependent symbi-
osis, there exists an NF-independent symbiosis in
Arachis.
RNS can be either NF-dependent or NF-independent

where host plants usually support a single mechanism of

symbiosis (Madsen et al., 2010). Arachis seems to utilize
both the mechanisms depending upon the nature of the
rhizobia. This is similar to what was observed in soybean
(G. max cv. Enrei) which was nodulated by both
Bradyrhizobium elkanii USDA61 and its nodC mutant
(Okazaki et al., 2013). The profuse nodulation by the cog-
nate symbiont SEMIA6144 and the observed ‘no-nodula-
tion’ phenotype by SEMIA6144ΔnodC indicate that
SEMIA6144 mediated ‘crack-entry’ mode of symbiosis in
Arachis happens via the Nod-dependent mechanism
(Fig. 3B and E). This draws parallel to similar observa-
tions in wild-type IT legumes such as Medicago and L.
japonicus, which fail to nodulate with strains that have
been artificially disrupted to produce NFs (Truchet
et al., 1991; Karas et al., 2005). Interestingly in L.
japonicus, only the gain of function snf1 mutants are
shown to undertake ‘crack-entry’ mode of symbiosis in
an NF-independent manner (Madsen et al., 2010).

While NF-dependence of symbiosis in Arachis was
highlighted by the absence of nodulation by
SEMIA6144ΔnodC as has been previously demonstrated
by Ib�añez and Fabra (2011), the NF-independent mecha-
nism of symbiosis was clearly demonstrated by nodula-
tion being unaffected in presence of ORS285ΔnodB
(Fig. 3B). Interestingly, ORS285 and ORS285ΔnodB
could also nodulate A. indica with equal efficiency
(Bonaldi et al., 2011; Lamouche et al., 2019) (Fig. 2B).
Thus, the symbiotic behaviour of ORS285 is similar in
Arachis and A. indica though the efficiency of symbio-
sis was much lower in Arachis. The inability of
SEMIA6144ΔnodC to nodulate Arachis does indicate
that NFs are important for a successful interaction
between Arachis and its cognate microsymbiont. But it
also indicates that the absence of NFs does not ensure
symbiosis using the NF-independent mechanism. Addi-
tional dependencies specifically encoded by ORS285
and the naturally nod lacking strains seem to be instru-
mental factors allowing Arachis to undertake symbiosis
with them. Also, the NF-independent symbiosis is
restricted to specific cultivars and is not as robust as
the NF-dependent symbiosis (Fig. 1). Thus, we find

Fig. 4. Lateral root base colonization and root hair curling in Arachis.
A, B. Percentage of Arachis showing lateral root base colonization (A) and root hair curling (B) infected by the indicated Bradyrhizobium strains
where the number of plants per strain (n) is 10. The black and grey areas per bar represent the percentage of colonized and non-colonized plants
respectively. Only plants that were responsive for lateral root base colonization were used for scoring the frequencies of colonization and root hair
curling per plant.
C. Box plot showing the frequency of lateral root colonization per plant in Arachis by the selected Bradyrhizobium strains.
D. Box plot showing the frequency of root hair curling per plant in Arachis by the selected Bradyrhizobium strains. Each data point represents
one independent replicate and each experiment involved 10 replicates per strain. One-way ANOVA was used to assess the significant differ-
ences among the groups with P-values adjusted by Tukey’s Multiple Comparison Test. P > 0.05 is considered not significant (n.s), whereas ‘*’,
‘**’,‘***’ and ‘****’ indicate P ≤ 0.05, P ≤ 0.01, P ≤ 0.001 and P ≤ 0.0001 respectively.
E. Lateral root base colonization and root hair curling within Arachis induced by the indicated strains. Microscope images of lateral root bases
are represented as bright-field + mCherry/GFP merged image showing annular colonization (left), scale bar – 500 μm; Bright-field confocal image
of a single lateral root base showing the root hair curlings indicated by black arrowheads (centre), scale bar – 200 μm; Enlarged view of a single
root hair curl (right), scale bar for SEMIA6144ΔnodC – 40 μm; rest – 20 μm.
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Fig. 5. Legend on next page.
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that the choice of the mechanism depends both on the
host as well as on the rhizobia encountered. The
importance of the rhizobia is further highlighted when
we see that for the same host, we get variable nodula-
tion results depending on the incoming rhizobia. While
all the NF-deficient strains included in this study suc-
cessfully nodulated Arachis, we obtained a gradient of
phenotypes within A. indica (Fig. 2B and E). The con-
sistent nodulation by the NF-independent strains within
Arachis proves that the operative NF-independent
symbiosis is less stringent here in comparison to A.
indica (Fig. 3B). Moreover, the lower degree of nodula-
tion by the NF-deficient strains compared to high nodu-
lation by SEMIA6144 and other nod-containing strains,
together with the fact that Arachis is preferentially
nodulated in the fields by nod-containing strains indi-
cate the secondary or vestigial nature of the observed
NF-independent symbiosis in this legume (Guha
et al., 2016).
This collection of Bradyrhizobium strains could repre-

sent excellent systems for comparative genomics studies
to enhance our understanding regarding the genetic fac-
tors responsible for undertaking NF-independent
nodulation.
During the co-infection assays, based on the contribu-

tion of the competing NF-deficient strains and
SEMIA6144ΔnodC, we were able to classify the inter-
strain interactions. It seems as if both SEMIA6144ΔnodC
and WBOS2 use SEMIA6144 to gain access into
Arachis, similar to non-rhizobial Gammaproteobacter
which have been evidenced to gain access within
Arachis nodules using SEMIA6144 (Ib�añez et al., 2009).
Such cases of assisted entry were also seen in L.
japonicus nodules where Rhizobium KAW12 uses the
Mesorhizobium loti (M. loti) induced IT for accessing the
nodules during M. loti-KAW12 competition and in S.
rostrata, where co-infection with a surface polysaccharide
mutant and a nodA mutant of Azorhizobium caulinodans
allowed selective nodulation by the nodA mutant
(D’Haeze et al., 1998; Zgadzaj et al., 2015). Thus, the
presence of SEMIA6144 positively affected the competi-
tiveness of both SEMIA6144ΔnodC and WBOS2. For
BTAi1-SEMIA6144 and WBOS4-SEMIA6144, there was

substantial suppression of nodulation by the NF-deficient
strains (Fig. 5C). Moreover, WBOS4 was completely
sanctioned from the nodules, indicating that the presence
of SEMIA6144 had a negative effect on these NF-
deficient strains (Fig. 5C and D). However, within the
mixed nodules, the better-adapted SEMIA6144 was the
dominant population, preventing differentiation by the
nod-lacking strains (Fig. 5D). What triggers this repres-
sion, however, is open to further investigation. The mixed
nodules could therefore be looked upon as reservoirs
meant solely for the persistence of the comparatively
lesser efficient NF-deficient strains which would be
released in soil following nodule senescence.

In summary, the discovery of NF-independent symbi-
osis within Arachis which already has a well-researched
NF-dependent mechanism makes it the only crack-entry
legume that is capable of undertaking both. Intriguingly,
Arachis shares some additional symbiotic features of
NF-independent symbiosis with Aeschynomene. For
example, a cysteine-rich receptor-like kinase which has
been implicated in A. evenia to be the driver behind the
NF-independent symbiosis was significantly upregulated
during SEMIA6144-Arachis interaction, necessitating
further investigation of this receptor in RNS of Arachis.
(Karmakar et al., 2018; Quilbé et al., 2021). Also,
Arachis develops S-morphotype (spherical) bacteroids
that are specific for the Aeschynomene spp. using an
NF-independent symbiotic process, while the E-
morphotype (elongated rod) is specific to the
Aeschynomene spp. using an NF-dependent one
(Czernic et al., 2015). On the other hand, Nod Factor
Hydrolase 1 is absent in A. evenia, but its expression in
Arachis is consistent with the NF-dependent symbiosis
with SEMIA6144 (Cai et al., 2018; Karmakar
et al., 2018; Quilbé et al., 2021). Type III Secretion Sys-
tem (T3SS) has emerged to be a major determinant in
NF-independent symbiosis (Okazaki et al., 2016). In
Aeschynomene legumes, it can either be independent
of T3SS as undertaken by photosynthetic bradyrhizobia
like BTAi1, or it can be T3SS dependent where ΔT3SS
mutants of the non-photosynthetic bradyrhizobia are
completely unable to undertake symbiosis, for example
as undertaken by ORS3257 (Teulet et al., 2019).

Fig. 5. Competition between SEMIA6144 and the NF-deficient strains.
A. Percentage incidence of nodulation among Arachis by the selected competition category. The black areas per bar represent the percentage of
nodulated plants infected with the indicated strain combination where number of plants per strain (n) was 10.
B. Number of nodules per plant produced during competition assays between indicated strain combinations. Triangles indicate nodules produced
during single strain inoculations (Dark green: SEMIA6144; Deep-pink: SEMIA6144ΔnodC; Light green: BTAi1; Purple: WBOS2 and Gold:
WBOS4) where number of plants per strain (n) was 15.
C. Grouped box plots indicating percentage of singly infected fluorescent nodules and mixed nodules (grey) per competition category. Each data
point represents one independent replicate where number of plants per competition category (n) was 10.
D. Microscopy of mixed nodules and singly occupied nodules by the NF-deficient produced by the indicated competition categories, shown as
individual fluorescent fields and GFP/mCherry and Calcofluor stained merged images. Scale bar for WBOS4 + SEMIA6144 – 200 μm; rest
– 40 μm.
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Similarly, in G. max, crack-entry mediated NF-
independent symbiosis by nonphotosynthetic bra-
dyrhizobia USDA61 requires an absolute involvement of
T3SS (Okazaki et al., 2013; Ratu et al., 2021). In anal-
ogy to these findings, the T3SS-independent mecha-
nism appears to be functional in Arachis since
photosynthetic bradyrhizobia BTAi1 successfully
nodulates it. However, it remains to be understood how
T3SS might affect the NF-dependent and NF-
independent symbiosis in various cultivars of Arachis.
Further investigations in Arachis might highlight the
steps for the evolution of NF as well as T3SS depen-
dence of RNS.

Experimental procedures

Bacterial strains and growth conditions. The bacterial
strains and plasmids used in the study are listed in
Table S2. Bradyrhizobium sp. SEMIA6144 was provided
by Dr. Adriana Fabra and Bradyrhizobium
sp. SEMIA6144ΔnodC was provided by Dr. Fernando
Ib�añez, both from CONCINET-UNRC, Rio Cuarto,
Argentina. Bradyrhizobium sp. BTAi1, ORS285 and
ORS285ΔnodB were provided by Dr. Eric Giraud of
LSTM (Laboratory of Tropical and Mediterranean Symbi-
oses), Montpellier, France. The pUC18-Tn7T-mini-aad9
plasmid, the GFP and mCherry clusters were kindly pro-
vided by Prof. Philip. S. Poole and Dr. Beatrice Jorrín,
Department of Plant Sciences, University of Oxford. The
WBOS strains were included from a previous study
(Guha et al., 2016). Escherichia coli strains were grown
at 37�C in Luria–Bertani medium with antibiotics: ampicil-
lin (100 μg ml�1), kanamycin (20 μg ml�1), spectinomycin
(100 μg ml�1) or gentamicin (10 μg ml�1). Unlabelled
Bradyrhizobium strains were grown in Arabinose-
Gluconate (AG) media at 28�C. SEMIA6144ΔnodC was
grown in AG media having kanamycin (50 μg ml�1). The
labelled bradyrhizobial strains were grown in AG media
fortified with 200 μg ml�1 spectinomycin and for labelled
SEMIA6144ΔnodC, 200 μg ml�1 spectinomycin and
50 μg ml�1 kanamycin.

Plant sterilization, growth and bacterial infection.
Aeschynomene indica seeds were obtained from
Dr. Fabienne Cartieaux of LSTM (Laboratory of Tropical
and Mediterranean Symbioses), Montpellier, France. Sur-
face sterilization of A. indica seeds was done according
to Bonaldi et al. (2010) followed by gentle rocking in
water for 5 h. After abundant washing, the seeds were
incubated overnight in sterile water at 4�C. They were
transferred onto sterile 0.8% water agar plates and ger-
minated upside down overnight at 28�C in the dark. One
day old seedlings were aseptically transferred to sterile

vermiculite (Soilrite, Keltech Energies). Two days old
plants were used for infection.

Arachis cultivars JL24 (ICRISAT, Hyderabad),
ICGV9114 (ICRISAT, Hyderabad), JL501 (Oilseed
Research Station, Jalgaon), and locally cultivated Lal
Badam (Guha et al., 2016) were used in this study.
Seeds were surface-sterilized following Sinharoy
et al. (2009), germinated on sterile moist filter paper over-
night at 28�C in dark. One day old seedlings were asepti-
cally transferred to sterile vermiculite. Seven days old
plants were used for infection. Both the plants were
maintained at 28�C under 16 h/8 h day–night cycle.

The bacterial strains were grown till the early stationary
phase (OD600–0.5) in AG broths, the colony forming units
was adjusted to 106 cells ml�1 and 1 ml of this was used
to inoculate each plant. For all nodulating strains, only
nodulated plants were used for quantification of nodules/
plant, plant dry weight and acetylene reduction assay.

Bacterial genetic manipulations and plasmid construc-
tion. All PCRs were performed using GoTaq® DNA Poly-
merase (Promega) using primers listed in Table S2. The
plasmids pUC18T-mini-Tn7T-aad9-mCherry and pUC18T-
mini-Tn7T-aad9-GFP were constructed by cloning the
sfGFP and mCherry cassettes into the BamH1-Pst1 sites
of pUC19-mini-Tn7T-aad9 plasmid, using In-Fusion HD
Cloning Kit (Clontech) using the primers BamH1-tag-for-
ward/Pst1-tag-reverse. All plasmids were verified by restric-
tion digestion and DNA sequencing. The plasmids were
transferred into the bradyrhizobia by tetra-parental mating
with pRK2013 and pTNS3 (Choi et al., 2006).

Tn7 site of insertion detection. To confirm the insertion of
the sfGFP and mCherry cassettes within the strains, we
undertook a PCR-based approach, using suitable primer
pairs spanning the bradyrhizobial glmS gene, and the
aad9 gene of the Tn7 cluster, encoding spectinomycin
cassette using the primer pairs glmS-down/aad9-rev. The
resulting amplicons were cloned with pGEMT-Easy vec-
tors (Promega) and subsequently sequenced. Multiple
sequence alignment of the clones with the region down-
stream to the glmS in the labelled strains indicated the
point of Tn7 insertion.

Acetylene reduction assay. Aeschynomene indica and
Arachis infected with the selected strains were harvested at
30 dpi. The plants were placed in 250 ml Schott bottles (the
true volume being 320 ml) along with a moistened filter
paper. 2% of the headspace atmosphere was replaced with
acetylene gas (6.4 ml) using a 10 ml syringe fitted with a
22–24 gauge needle. After a 25 h interval, 1 ml of the head-
space atmosphere was analyzed by gas chromatography
with flame ionization, using Clarus 460 Perkin Elmer Gas
Chromatograph fitted with a 50 cm Poropak N column at
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70.8�C. The oven temperature was maintained at 80�C with
flame ionization detector temperature set to 150�C. The
flow rate of the nitrogen carrier gas was set at 20 ml min�1.
Nitrogen fixation was calculated as the quantity (nmoles) of
ethylene produced per hour per plant according to Haskett
et al. (2021). For each strain, 10 nodulated plants were
assayed for nitrogen fixation. 10 uninoculated plants were
included as controls for each strain.

Plant growth promotion experiments. Following acety-
lene reduction assays, the shoots and roots of the plants
were separated and left to dry at 70�C for 7 days follow-
ing which the dry weights of individual plants were mea-
sured as the sum of the dry weights of the corresponding
shoots and roots. Uninoculated controls were included in
the measurements. All measurements were done with
sets of 10 plants per strain.

Lateral root base colonization and root hair curling mea-
surements. We grew Arachis embryonic axes on
Murashige and Skoog agar plates for 7 days. This was
done to make the experiment tractable by generating
smaller-sized plants having reduced root systems and
countable LRBs. Following the emergence of young roots,
the plants were transplanted into sterile vermiculite and
were then inoculated with the respective strains (10 plants/
strain). The observations were initiated at 4 dpi for
SEMIA6144 and SEMIA6144ΔnodC infected plants and at
8 dpi for the plants infected with ORS285, ORS285ΔnodB
and the NF-deficient strains, due to delayed onset of colo-
nization for the later strains. The root systems were gently
washed with sterile Milli-Q water and were observed under
stereofluorescent microscope. Only plants that were
responsive for LRB colonization were used for scoring the
frequencies of colonization and RHC per plant.

Competition experiments. We grew each strain to the
early stationary phase (OD600-0.5). We co-inoculated
7 days old seedlings of Arachis with 1 ml of dual strain
combinations mixed in a 1:1 ratio. The final CFU was
adjusted to 106 cells ml�1. We inoculated 10 plants per cat-
egory which were harvested at 30 dpi. At 30 dpi the plants
were harvested, the nodules counted and classified as sin-
gle infected or mixed based on the emitted fluorescence,
under stereofluorescent microscope. Nodules which had
either GFP or mCherry fluorescence were considered sin-
gly infected while those emitting both the signals were con-
sidered mixed nodules. Single or dual infection was further
confirmed by observing the nodule interiors under confocal
microscope and finally, by identifying the infecting rhizobial
population by amplification and sequencing of the house-
keeping gene, recA, according to Guha et al. (2016).

Sectioning and microscopy. All sample preparation for
microscopy was carried out following Haynes et al. (2004).
Image acquisition of the fluorescent whole nodules and
nodule half-sections was done using a Leica stereo fluo-
rescence microscope M205FA equipped with a Leica
DFC310FX digital camera. The nodules were embedded
in Shandon Cryomatrix (Thermo scientific) and semi-thin
sections (30- to 40-mm-thick) were prepared using a
rotary cryomicrotome CM1850 (Leica Microsystems). The
sections were then stained with Calcofluor (Life Technol-
ogies) and observed under Leica TCS SP5 II confocal
microscope with filters for GFP (excitation 488 nm and
emission 509 nm) and mCherry (excitation 587 nm and
emission 610 nm). All digital micrographs were
processed using Adobe Photoshop CS6 Extended.

Statistical analyses and data visualization. All statistical
analyses were performed using GraphPadPrism8. Data
visualization was done using the R packages ggplot2
and ggpubr.
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Supporting Information

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Fig. S1. Labelling of Bradyrhizobium via Tn7 transposition
(A) Map representing the sfGFP and mCherry cassettes along
with the spectinomycin encoding gene aad9, bounded by Tn7L
and Tn7R which indicate the left and right extremities of the
insertion clusters, marked with a crimson line, integrated down-
stream to the glmS gene of bradyrhizobial genomes. The black
arrows marked ‘glmSdown’ and ‘aad9rev’ represent the primer
positions used for identifying the point of Tn7 insertion.
(B) Comparative DNA gel images showing the absence and
presence of a 1.5 kb amplicon corresponding to the PCR
against the primer pair glmSdown-aad9rev in the unlabelled and
labelled Bradyrhizobium. Positive PCR indicates the integration

of the Tn7 cluster within the selected strains. (C) Nucleotide
sequence alignment showing the region downstream to the
glmS gene (shaded in ash) of the labelled Bradyrhizobium
strains. The Tn7 point of insertion has been marked with a grey
‘*’ into which the clusters (marked with crimson line) integrate.
The intervening 25 base pair (bp) distance is shown.
(D) Confocal images of free-living Bradyrhizobium cells fluores-
cently labelled via Tn7 transposition. Scale Bar-1 μm
Fig. S2. Plant growth promotion in A. indica by
Bradyrhizobium sp. strains Comparison of growth of A.
indica plants (aerial part), non-inoculated control (Control) or
inoculated with the indicated Bradyrhizobium strains at
30 dpi.
Fig. S3. Fluorescent nodules induced in Arachis by indicated
Bradyrhizobium sp. strains. Scale bar for SEMIA6144:1 mm;
Scale bar for rest:500 μm .
Fig. S4. Plant growth promotion in Arachis by Bradyrhizobium
sp. strains. Comparison of growth of Arachis plants (aerial
part), non-inoculated control (Control) or inoculated with the
indicated Bradyrhizobium strains at 30 dpi.
Fig. S5. Root hair branching in Arachis infected by
Bradyrhizobium sp. strains. Scale bar- 40 μm .
Fig. S6. Confocal image of SEMIA6144 induced root hair
curl showing occasional bacterial entrapment within the
curled root hair. Scale bar- 200 μm (left) and 40 μm (right).
Fig. S7. Stereomicroscope images of the different types of nod-
ules produced during competition assays. Stereofluorescent
images of mixed nodules and singly occupied nodules by the
NF-deficient produced by the indicated competition categories,
shown as individual fluorescent fields and GFP/mCherry and
Calcofluor stained merged images. Scale bar- 500 μm
Fig. S8. Mixed nodule produced during BTAi1 + SEMIA6144
competition assay (A) Entire nodule section showing dominant
BTAi1 and restricted SEMIA6144 population. Scale bar-
200 μm (B) Enlarged view of infection zone of the mixed nod-
ule showing spherical bacteroids of SEMIA6144 co-existing
with BTAi1. Scale bar-40 μm
Fig. S9. Colonization of WBOS4 during WBOS4 + SEMIA6144
competition (A) Entire nodule section showing GFP-labelled
SEMIA6144 induced infection zone while mCherry labelled
WBOS4 is restricted to the outer epidermis. (B) and
(C) represent progressive magnified images clearly indicating
WBOS4 to be stuck to the outer epidermis of the nodule. Scale
bar for (A)-200 μm; (B)-40 μm; (C)-10 μm
Table S1. Antibiotic sensitivities of the Bradyrhizobium
strains used in the study
Table S2. List of strains, plasmids and primers used in the
study
Table S3. Nodulation efficiencies of the selected strains in
A. indica
Table S4. Nodulation efficiencies of the selected strains in
Arachis.
Table S5. Lateral root base colonization and root hair curling
counts in Arachis induced by the selected strains
Table S6. Nodulation efficiencies during competition assays
in Arachis
Table S7. Singly occupied nodules and mixed nodules
formed by each competition category
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