
PNAS  2022  Vol. 119  No. 51  e2214703119� https://doi.org/10.1073/pnas.2214703119   1 of 9

RESEARCH ARTICLE | 

Significance

Legumes can supply their own 
nitrogen needs through forming 
a nitrogen-fixing root nodule 
symbiosis with rhizobia. 
However, this symbiosis shows a 
high level of specificity, such that 
nodulation capacity and nitrogen 
fixation effectiveness vary 
enormously between different 
plant–bacteria interactions. 
Understanding the plant and 
bacterial genes that regulate this 
specificity will facilitate genetic 
manipulation of the symbiotic 
partnership to boost its potential 
for sustainable agriculture. We 
report the identification of a pair 
of receptors in the legume 
Medicago truncatula that confer 
resistance to nodulation by a 
wide spectrum of Sinorhizobium 
meliloti strains. We also cloned a 
bacterial gene that is required for 
activation of this receptor-
mediated nodulation restriction. 
Our discovery reveals a 
previously undescribed 
mechanism regulating specificity 
in host–bacterial symbiosis.
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Plants have evolved the ability to distinguish between symbiotic and pathogenic 
microbial signals. However, potentially cooperative plant–microbe interactions often 
abort due to incompatible signaling. The Nodulation Specificity 1 (NS1) locus in the 
legume Medicago truncatula blocks tissue invasion and root nodule induction by many 
strains of the nitrogen-fixing symbiont Sinorhizobium meliloti. Controlling this strain-
specific nodulation blockade are two genes at the NS1 locus, designated NS1a and NS1b, 
which encode malectin-like leucine-rich repeat receptor kinases. Expression of NS1a and 
NS1b is induced upon inoculation by both compatible and incompatible Sinorhizobium 
strains and is dependent on host perception of bacterial nodulation (Nod) factors. Both 
presence/absence and sequence polymorphisms of the paired receptors contribute to the 
evolution and functional diversification of the NS1 locus. A bacterial gene, designated 
rns1, is required for activation of NS1-mediated nodulation restriction. rns1 encodes a 
type I-secreted protein and is present in approximately 50% of the nearly 250 sequenced 
S. meliloti strains but not found in over 60 sequenced strains from the closely related 
species Sinorhizobium medicae. S. meliloti strains lacking functional rns1 are able to 
evade NS1-mediated nodulation blockade.

Medicago | nodulation | symbiosis | specificity | receptors

Plants encounter a wide variety of pathogenic and symbiotic microbes in their habitats. 
Interactions with these microbes are mediated by cell-surface or intracellular receptors 
that perceive microbial signals to trigger immunity or symbiosis signaling (1–3). Despite 
their unique features, pathogens and beneficial symbionts present several common 
microbe-associated molecular patterns and utilize similar tactics to facilitate their infection 
of the host, thereby requiring host plants to distinguish between them based on species- or 
strain-specific signals (4–10). However, this level of surveillance is complicated by the 
fast-evolving nature of such signals and cognate perception mechanisms (11, 12). 
Consequently, potentially mutualistic interactions often terminate due to a lack of genetic 
and molecular adaptations between the interacting partners (11, 13).

In the legume–rhizobial symbiosis, bacteria induce the formation of a specialized organ 
known as the root nodule. The bacteria infect the nodule cells and subsequently differen-
tiate into bacteroids that are capable of nitrogen fixation. In most legumes, rhizobial 
infection and nodule organogenesis require host recognition of rhizobium-secreted lipo-
chitooligosaccharides known as nodulation (Nod) factors (14). Nod factors dictate the 
host range of rhizobia, thus functioning as both specificity factors and master-regulatory 
inputs (9, 15–18). While Nod factor perception is often sufficient for nodule primordium 
formation, bacterial infection is also modulated by host perception of other rhizobial 
signals, including secreted effector proteins, microbe-associated molecular patterns, and 
cell-surface molecules (19–21). Perception of these secondary bacterial signals can trigger 
or suppress host immunity responses, leading to restriction or promotion of infection 
depending on host genetic background (21–23). In certain instances, rhizobial-secreted 
effector proteins can induce root nodule symbiosis in the absence of Nod factor production 
or recognition (24, 25). Under all these scenarios, symbiosis development requires the 
bacteria to be able to evade or manipulate host immune responses (3).

Several dominant genes have been cloned in soybeans that confer resistance to rhizobial 
infection in a strain-specific manner (22, 26, 27). Such genes encode nucleotide-binding 
leucine-rich repeat immune receptors or defense-response proteins that recognize rhizobial 
effectors delivered into the plant cell through the type III secretion system, resembling 
“gene-for-gene” resistance against bacterial pathogens (23, 28). These examples illustrated 
an important role of effector-triggered immunity in regulation of symbiosis specificity. 
However, in the Medicago–Sinorhizobium symbiosis, the bacterial symbionts generally do D
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not possess type III secretion machinery (20), raising the question 
of how nodulation specificity is regulated in this system. Here, we 
report the identification of two malectin-like leucine-rich repeat 
receptor-like kinases at the Medicago truncatula Nodulation 
Specificity 1 (NS1) locus that function together to confer resistance 
against many strains of Sinorhizobium meliloti. Activation of NS1-
mediated nodulation restriction requires a species-specific bacterial 
gene, called rns1, which is widely present in S. meliloti but absent 
in the currently sequenced Sinorhizobium medicae strains.

Results

NS1 Locus Confers Resistance to Infection and Nodulation in a 
Strain-Specific Manner. We previously identified the NS1 locus 
in the M. truncatula accession F83005 that restricts nodulation 
(Nod−) by S. meliloti Rm41 (Rm41) (29). When inoculated with 
Rm41, F83005 formed barely visible nodule primordia devoid of 
bacteria due to failed initiation or elongation of infection threads, 
but the plant formed mature nitrogen-fixing nodules (Nod+/Fix+) 
with other strains such as S. meliloti Rm1021 (Rm1021) and 
S. medicae ABS7 (ABS7). The dominant nature of this nodulation-
restrictive locus, together with the ability of Rm41 to induce root 

hair curling and nodule primordium formation, indicates that this 
incompatibility is not caused by a lack of Nod factor perception 
or signaling. Moreover, unlike the resistance gene-mediated 
nodulation restriction in soybeans (22, 26, 27), this specificity 
is independent of bacterial type III effectors because Rm41 does 
not possess type III secretion machinery (30).

NS1 Locus Encodes Two Receptor Kinases, NS1a and NS1b, 
Both Required for Resistance to Infection and Nodulation by 
Rm41. We delimited the NS1 locus to a small genomic region on 
chromosome 8, based on linkage mapping in two F2 populations 
involving three parents, one derived from the cross between 
F83005 (Nod−) and A20 (Nod+) and another from the cross of 
F83005 (Nod−) and DZA045 (Nod+). In the reference genome 
of Jemalong A17 (Nod+/Fix−), this region is ~50 kb in length and 
annotated as containing a gene (Medtr8g028110) that consists 
of 13 exons and encodes a receptor-like kinase (version Mt 4.0) 
(31) (Fig. 1A). This receptor-like kinase comprises an N-terminal 
signal peptide, an extracellular malectin-like domain, at least three 
predicted leucine-rich repeats, a single-pass transmembrane (TM), 
and an intracellular serine-threonine kinase domain. Notably, 
adjacent to Medtr8g028110 is a partial duplication (annotated 
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Fig. 1. Positional cloning and functional validation of the candidate genes at the NS1 locus. (A) Top: Gene structure of NS1a and NS1b. The exons and introns are 
indicated by boxes and lines, respectively. Bottom: Diagram presenting the domain structure of the NS1a and NS1b proteins. SP, signal peptide; LRRs, leucine-
rich repeats; TM, transmembrane domain. (B) Genomic organization of the candidate genes NS1a and NS1b in the three mapping parents and the reference 
genotype Jemalong A17, showing the presence/absence polymorphisms and the dominant/recessive alleles. (C–F) Functional validation of the candidate genes by 
complementation tests. The transgenic hairy roots (blue) were distinguished from wild-type ones (white) by GUS staining. Introduction of NS1b (F83005) into A20 
led to prevention of nodulation on the transgenic roots (C), while the transgenic A20 roots expressing the NS1a allele of F83005 retained the Nod+ phenotype (D). 
Conversely, transgenic roots expressing the NS1b allele of F83005 in DZA045 failed to convert the Nod+ phenotype to Nod− (E), but transfer of NS1a of F83005 
into DZA045 confers resistance to nodulation by Rm41 (F). At least 40 transgenic hairy roots were obtained for each experiment and all showed the same results.D
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as Medtr8g028115) encoding a partial kinase domain (Fig. 1B). 
Sequencing and annotation of the genomic regions surrounding 
the NS1 locus of the three parents revealed both presence/absence 
and sequence-level polymorphisms for the two tandem gene copies 
(Fig. 1B and SI Appendix, Figs. S1–S3). In particular, F83005 
(Nod−) and DZA045 (Nod+) both possess full-length copies of 
Medtr8g028110 and Medtr8g028115, while Medtr8g028115 is 
missing in the genome of A20 (Nod+). We therefore postulated 
that Medtr8g028110 (hereafter referred to as NS1a) and 
Medtr8g028115 (hereafter referred to as NS1b) constitute the 
functional NS1 locus in F83005 controlling resistance to infection 
by Rm41.

We explored the dominant/recessive nature of NS1a and NS1b 
in A20 and DZA045 through transgenic complementation 
(Fig. 1B). The absence of an NS1b allele in A20 (Nod+) and a lack 
of nonsynonymous substitutions between the NS1a alleles of A20 
(Nod+) and F83005 (Nod−) (SI Appendix, Fig. S1) suggested that 
the NS1b allele of F83005 (Nod−) prevents nodulation by Rm41. 
Consistent with this reasoning, transgenic hairy roots of A20 
expressing the NS1b allele of F83005 (Nod−) showed a Nod− 
phenotype (Fig. 1C), while transgenic roots expressing the NS1a 
allele of F83005 retained the Nod+ phenotype (Fig. 1D). 
Surprisingly however, no nonsynonymous substitutions exist 
between the NS1b alleles of F83005 (Nod−) and DZA045 (Nod+) 
within the cosegregated region (SI Appendix, Fig. S2); accordingly, 
introduction of the NS1b allele of F83005 (Nod−) into DZA045 
(Nod+) failed to convert the Nod+ phenotype to Nod− (Fig. 1E). 
However, the NS1a alleles are polymorphic between the two par-
ents (SI Appendix, Fig. S1), and transfer of NS1a of F83005 
(Nod−) into DZA045 (Nod+) prevented nodulation by Rm41 
(Fig. 1F). Based on these experiments, we concluded that NS1a 
and NS1b are both required for nodulation restriction in F83005 

(Nod−). We further validated this conclusion by CRISPR/Cas9-
mediated gene knockouts (SI Appendix, Fig. S4). For this purpose, 
we designed single-guide RNAs (sgRNAs) that targeted either or 
both of NS1a and NS1b in F83005 (Nod−). The experiments 
demonstrated that knockout of either of the two genes led to the 
formation of mature infected nodules.

Expression of NS1a and NS1b Is Induced and Dependent on 
Host Perception of Nod Factors. A search of the M. truncatula 
Gene Expression Atlas (MtExpress V2) for the reference genotype 
Jemalong A17 (containing only NS1a) suggested specific 
expression of NS1a in rhizobium-inoculated roots and nodules 
(Fig. 2 A and B) (32–34). In the fully developed nodules, NS1a 
was predominantly expressed in the meristematic and infection 
zones (Fig.  2B) (33, 34). We further analyzed the expression 
pattern of NS1a and NS1b by assaying their promoter activity 
in the transformed roots of F83005 using the pNS1a/b::GUS 
reporters. GUS (β-glucuronidase) activity was barely detectable 
in noninoculated transgenic roots but strongly induced upon 
inoculation with either incompatible (Rm41) or compatible (ABS7) 
strains, and such induced expression occurred exclusively in the 
susceptible zone prone to rhizobial colonization or differentiation 
zones forming nodule primordia (Fig. 2 C and D and SI Appendix, 
Fig. S5). We next used the NS1a and NS1b promoters to drive the 
expression of a nuclear-localized eYFP reporter enhanced yellow 
fluorescent protein-nuclear localization signal (eYFP-NLS). This 
experiment revealed the expression of pNS1a/b:eYFP-NLS in both 
epidermal and cortical cells of the nodule primordium (Fig. 2 E 
and F and SI Appendix, Fig. S5). These observations suggested that 
the expression of NS1a and NS1b is dependent on host perception 
of Nod factors. Supporting this inference, a nodC mutant of Rm41 
deficient in Nod−factor biosynthesis failed to induce the NS1a and 
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Fig. 2. Expression of NS1a. (A and B) RNA-seq analysis of NS1a expression in rhizobium-inoculated roots (A) and nodules (B) of Jemalong A17. The data from 
previously published experiments were extracted from the MtExpress V2 database (32–34). Trimmed Mean of M-values-normalized counts were used for analysis. 
In the boxplots, whiskers represent the minimum/maximum values, the box defines the interquartile range, the centerline represents the median, and box 
bounds represent the lower and upper quartiles. Z-I, meristematic zone; Z-IID, distal infection zone; Z-IIP, proximal infection zone; Z-III, nitrogen-fixation zone; 
IZ, interzone between Z-II and Z-III. (C and D) Expression of pNS1a::GUS in transgenic hairy roots of F83005 inoculated by Rm41 (C) and ABS7 (D). GUS staining 
images of Agrobacterium rhizogenes-mediated transformed hairy roots were taken 10 d post inoculation. GUS activity was observed only in susceptible zones or 
nodules. (Scale bars, 100 μm.) (E and F) Expression of pNS1a::eYFP-NLS in transgenic hairy roots inoculated by Rm41 (E) and ABS7 (F); Confocal microscopic images 
were captured 10 d post inoculation. Rhizobia were labeled with DsRed. (Scale bars, 100 μm.) (G and H) RT-PCR analysis of NS1a and/or NS1b expression in the 
roots of F83005 inoculated by a nodC mutant of Rm41 (G) and in the roots of the A17 dmi1-3 mutants inoculated by wild-type Rm41 (H).D
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NS1b expression in the roots of F83005 (Fig. 2G), and the plant 
mutants defective in Nod factor signaling (i.e., dmi1, dmi2, and 
dmi3) in the A17 background were also unable to express NS1a 
in the rhizobium-inoculated roots (Fig. 2H). Furthermore, NS1a 
expression was absent in the rhizobium-inoculated roots of plant 
mutants defective in Nod factor perception (i.e., nfp and lyk3) 
(33, 35).

NS1a Interacts with NS1b at the Plasma Membrane. We generated 
a translational fusion of NS1a to an enhanced green fluorescent 
protein (eGFP) and showed that the protein localized to the plasma 
membrane based on transient expression in Nicotiana benthamiana 
leaves (Fig. 3A). Because of the dependence of both NS1a and 
NS1b for resistance to infection by Rm41, we tested whether the 
two receptor-like kinases physically interact with each other. We 
first performed bimolecular fluorescence complementation (BiFC) 
assays in Nicotiana benthamiana leaves. This experiment suggested 
that NS1a interacts with a truncated version of NS1b consisting of 
the extracellular domain (ECD) and TM (NS1bECD+TM) and that 
NS1a, but not NS1b, self-associates to form homomers; however, 
they do not interact with Does Not Make Infections 2 (DMI2), 
an essential signaling component in the nodulation pathway that 
shares a similar domain structure with NS1a and NS1b (Fig. 3B). 
We further validated the interactions by pull-down assays using 
DMI2 as a negative control. For the pull-down assay, we expressed 
the FLAG (DYKDDDDK)- or six histidine (HIS)-tagged ECDs 

of NS1a and NS1b in insect cells. The insect cell-expressed 
NS1aECD-HIS and NS1bECD-HIS, but not DMI2ECD-HIS, were 
pulled down by NS1aECD-FLAG (Fig. 3C), and NS1aECD-HIS 
was pulled down by NS1bECD-FLAG (Fig. 3D), supporting the 
results from the BiFC experiments.

Identification of rns1, A Rhizobial Gene Required for Activation 
of NS1-Mediated Resistance to Nodulation. To search for the 
bacterial molecule that activates NS1-mediated nodulation 
restriction, we carried out random mutagenesis of Rm41 using a 
Rhizobiaceae compatible mariner transposon (36). This effort led 
to isolation of three independent insertion mutants in the coding 
region of BN406_06091 that gained the ability to infect and 
nodulate F83005 but did not alter the compatible interactions 
with A20 and DZA045 (Fig. 4 A and B). The transposon insertion 
sites were located at the positions 376, 661, and 737 from the start 
codon. Creating a targeted insertion mutant of this gene using a 
spectinomycin resistance gene cassette (cloned into the SmaI site 
at the position 568) further validated its essential role in eliciting 
NS1-mediated nodulation restriction. We thus named this gene 
rns1 (required for activation of the NS1 locus) and chose one of 
the transposon insertion mutants (insertion at the position 376), 
designated Rm41_rns1::Tn, for further experiments.

rns1 is predicted to encode a protein of 449 amino acids, containing 
at its N terminus five parallel beta-helix (PbH1) repeats (Fig. 4A) that 
are often present in polysaccharide lyases such as pectate lyases and 
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Fig. 3. Interaction of NS1a and NS1b. (A) Localization of NS1a in the plasma membrane. NS1a tagged with eGFP at its C terminal was transiently expressed in 
N. benthamiana epidermal cells and analyzed by confocal laser scanning microscopy. The plasma membrane marker AtPIP2a-mCherry was used as a control. (Scale 
bars, 20 μm.) (B) BiFC assays showing interaction of NS1a and NS1bECD+TM (Top), self-association of NS1a and NS1aECD+TM (Middle), and no detectable interaction 
between DMI2 and NS1aECD+TM (Bottom) in N. benthamiana epidermal cells. NS1aECD+TM = NS1a1–541 and NS1bECD+TM = NS1a1–539 (SI Appendix, Fig. S3). (Scale bars, 
20 μm.) (C) Pull-down assays showing interaction of NS1aECD-FLAG and NS1bECD-HIS and self-association of NS1aECD-FLAG and NS1aECD-HIS using NS1a-FLAG 
as a bait. (D) Pull-down assays showing interaction of NS1aECD-HIS and NS1bECD-FLAG using NS1bECD-FLAG as a bait. Coomassie Brilliant Blue (CBB) staining of 
NS1aECD-HIS, NS1bECD-HIS and DMI2ECD-HIS are shown as loading controls. NS1aECD = NS1a29–514, NS1bECD = NS1b29–512 and DMI2ECD = DMI230–521; The ECD coding 
sequences were codon-optimized for insect cell expression and engineered with an N-terminal gp67 secretion SP.D
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exopolysaccharide (EPS) glycanases (37, 38). Notably, rns1 is located 
in an ~55-kb strain-specific gene cluster on the megaplasmid pSymB 
that is present in approximately 50% of the nearly 250 sequenced 
S. meliloti strains (e.g., AK83 and Sm11 described below) but missing 
in many others including the reference strain Rm1021 (SI Appendix, 
Table S1) (39). However, Basic Local Alignment Search Tool (BLAST) 
searches did not identify the presence of rns1 in over 60 sequenced 
S. medicae genomes. Most genes in this cluster are predicted to be 
involved in polysaccharide biosynthesis or transport, and the presence/
absence of rns1 is associated with the dynamic architecture of this 
gene cluster. We further characterized the strains AK83 and Sm11 
that carry this gene cluster along with a functional rns1 gene and are 
incompatible with F83005. We demonstrated that the incompatibility 
of AK83 and Sm11 with F83005 is also conditioned by the NS1 locus 
and dependent on the rns1 gene. Deletion of rns1 in AK83 
(AK83Δrns1) and Sm11 (Sm11Δrns1) (Fig. 4 C and D) or knockout 
of either NS1a or NS1b in F83005 (Fig. 4 E and F) converted the 
incompatible interactions into compatible, and the bacterial mutants 
remained compatible with A20 and DZA045 (SI Appendix, Fig. S6). 
We noted that AK83 was previously reported to be Fix- on certain 
Medicago genotypes, which was hypothesized to be due to absence of 
genes for microaerophilic growth (40). However, AK83 forms Fix+ 
nodules with A20 and DZA045, and it is striking that it regains Fix+ 
phenotype with F83005 when the rns1 gene is deleted.

Rns1 Activates NS1-Mediated Nodulation Restriction When 
Expressed in Compatible Strains Rm1021 and ABS7. In view 
of the coexistence of rns1 with the strain-specific gene cluster, 

we wondered whether other linked genes in the cluster may 
also be required for NS1-mediated nodulation restriction. We 
addressed this question by transforming the F83005-compatible 
strains Rm1021 and ABS7 lacking the rns1 gene cluster with the 
broad host-range vector pHC60 expressing rns1 under control 
of its native promoter (pRNS1). The pRNS1 plasmid was able 
to complement Rm41_rns1::Tn back to the Rm41 wild-type 
phenotype (Fig.  5A). Our experiments showed that the two 
transformed strains Rm1021/pRNS1 and ABS7/pRNS1 became 
incompatible with F83005 while remaining compatible with 
A20 and DZA045 (Fig. 5 B and C and SI Appendix, Fig. S7). 
We further explored the association of rns1 with NS1-mediated 
incompatibility by screening 55 S. meliloti and S. medicae strains 
for their nodulation capability on F83005. The experiment 
revealed that strains carrying this gene cluster along with the rns1 
gene are incompatible with F83005, while strains lacking rns1 
or carrying insertion/deletion mutations in rns1 are compatible 
(SI Appendix, Table S2 and Fig. S8).

Rns1 Is a Type I-Secreted Protein. Rns1 shares a similar domain 
structure with PlyA and PlyB, two Rhizobium leguminosarum 
extracellular glycanases that are secreted via a type I secretion system 
(T1SS) (38). To test whether Rns1 is also a secreted protein, we 
transformed Rm41_rns1::Tn with a pHC60 plasmid expressing 
both an Hemagglutinin (HA)-tagged Rns1 and a GFP protein 
(pRNS1-HA/GFP). The transformed strain showed a similar 
nodulation phenotype as wild-type Rm41, demonstrating that 
fusion of the HA tag to the C terminus of Rns1 maintained its 

N C

Rm41 Rm41_rns1::Tn AK83 AK83Δrns1 Sm11 Sm11Δrns1

A

B C D

Knockout of NS1a Knockout of NS1b Knockout of NS1a Knockout of NS1b
F83005/AK83 F83005/Sm11E F
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1
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Fig. 4. Functional validation of rns1. (A) Domain structure of Rns1, consisting of five predicted parallel beta-helix (PbH1) repeats at its N terminus. (B–D) Loss-
of-function mutation of rns1 in the F83005-incompatible strains Rm41 (B), AK83 (C), and Sm11 (D) produced a Nod+ phenotype on F83005. (E and F) CRISPR/
Cas9-mediated knockout of NS1a or NS1b in F83005 enables nodulation of the knockout roots with AK83 (E) and Sm11 (F). The arrows indicate the knockout 
roots forming nitrogen-fixing pink nodules. Plants and root nodules were photographed 3 wk post inoculation.
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function (SI Appendix, Fig. S9A). We were able to detect the presence 
of HA-tagged Rns1 (but not GFP) in the culture supernatant of 
Rm41_rns1::Tn transformed with pRNS1-HA/GFP, indicating 
that Rns1 is a secreted protein (Fig. 6). To examine whether the 
Rns1 secretion is dependent on T1SS, we created an Rm41 mutant, 
designated Rm41ΔtolC, in which the tolC gene (BN406_01245) 
that encodes an outer membrane protein essential for assembling 
a functional T1SS was deleted. Rm41ΔtolC was defective in 
nodulation with Rm41-compatible plant genotypes, forming only 
a reduced number of Fix- nodules, and unable to nodulate F83005 
(SI Appendix, Fig. S9B), presumably because the mutant affects 
EPS biosynthesis and secretion, which is essential for symbiosis 
development in Medicago (41). Rns1 was not detectable in the 
culture supernatant of Rm41∆tolC transformed with pRNS1-HA/
GFP (Fig. 6), suggesting that Rns1 secretion is mediated by T1SS. 
Despite being a secreted protein, we were not able to detect physical 
interactions between Rns1 and NS1a/b proteins.

Discussion

Monitoring microbial signals by host receptors plays a central role 
in regulating the outcomes of plant–microbe interactions. We 
have demonstrated that NS1-mediated resistance to nodulation 
in M. truncatula is conferred by a pair of receptor-like kinases, 
NS1a and NS1b, which function together to discriminate against 
S. meliloti strains carrying a species-specific rns1 gene. The NS1 
locus appears to be specific to the Medicago lineage because the 
gene content flanking the NS1 locus is highly conserved in 
non-Medicago legumes, but NS1a and NS1b orthologs appear to 

be constrained to the Medicago genus, appearing in the genomes 
of M. truncatula, Medicago sativa and Medicago italica (SI Appendix, 
Table S3). The presence of both NS1a and NS1b alleles is rare 
among M. truncatula accessions, suggesting a selection against the 
distribution of this resistance locus in natural populations because 
it precludes nodulation with a large number of S. meliloti strains. 
The significance of the induced expression of NS1a and NS1b by 
Nod factor perception is not clear, given that both genes are dis-
pensable for nodulation with compatible strains. The expression 
of these genes may enhance nodulation capacity in compatible 
interactions, which was not perceived by this study.

The rns1 gene is widespread in S. meliloti but presents numerous 
loss-of-function variants, suggesting coevolutionary interactions 
between host and symbionts to promote symbiosis development. 
However, we did not detect physical interaction of Rns1 with the 
NS1a/b receptors, suggesting that Rns1 is not a direct ligand rec-
ognized by the receptors or there may be other bacterial proteins 
involved in the recognition process. The presence of the rns1 gene 
cluster could affect structural features of cell-surface polysaccha-
rides that facilitate adaptation of the bacterium to its specific 
niche. Since NS1a and NS1b both contain a putative carbohy-
drate-binding domain of malectin, we envisaged that NS1a and 
NS1b receptors might mediate perception of rhizobial surface 
polysaccharides or their metabolites that are known to play roles 
in modulating host–bacterial interactions (21, 42–44). We actu-
ally generated a series of Rm41 mutants that are defective in the 
production of capsular polysaccharide (KPS), EPS, or lipopoly-
saccharide (LPS) and assayed their nodulation phenotypes with 
F83005, A20, and DZA045. These experiments demonstrated 

Rm41Δrns1 
    (Nod+)

 Rm41Δrns1/ 
pRNS1 (Nod-)

 ABS7 
(Nod+)

ABS7/ pRNS1 
       (Nod-)

Rm1021
 (Nod+)

Rm1021/ pRNS1 
       (Nod-)

A B C

Fig. 5. Rns1 elicits a Nod− phenotype on the roots of F83005 when expressed in the compatible strains ABS7 and Rm1021. (A) pRNS1 complemented Rm41∆rns1 
back to the Rm41 wild-type phenotype (Nod−). (B and C) Introducing pRNS1 into ABS7 (B) and Rm1021 (C) resulted in a Nod− phenotype. Plants and root nodules 
were photographed 3 wk post inoculation. Experiments were repeated three times with similar results.
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GMIINGPLRVMADDVVIKNSEITFDSTWGVDAEGANN
FTIQDSDIVGPGSSGDSNSAILGSGTFLRNDISQVEN
GITLTGGSSAVKGNYIHDLEDSASDPHYDGISVQGGQ
DGVLIEGNTILARDTSAVFIKNDFGAINDVNVTNNFL
GGTPGYDIYVDGRANGGPITNVSITDNHLSMGGYGYY
SVDNASPTISGNTELPAGTSPSEISGGGVGAGLAPDD
ATSAGITNSPASGTIEPTVESTSSSIGEEASTTSGGT
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Fig. 6. Rns1 is a type I-secreted protein. (A) The HA-tagged Rns1 was detected in the culture supernatant of the Rm41_rns1::Tn strain transformed with pRNS1-
HA/GFP, but not detected in the culture supernatant of Rm41∆tolC transformed with the same plasmid. The nonsecreted GFP protein was used as a negative 
control. It is noteworthy that the band size of Rns1-HA in the immunoblot was significantly larger than the predicted size, and in the tolC mutant, there existed an 
additional larger band. These observations are probably due to posttranslational modification of the Rns1 protein, which is further complicated by the disruption 
of the T1SS machinery. (B) The putative Rns1-HA band from the supernatant was subjected to in gel digestion with trypsin followed by LC–MS/MS analysis. This 
analysis identified 45 peptide fragments from Rns1, covering ~39% of the protein (boxed).D
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that the rkp-1, rkpK, and rkpM mutants defective in KPS produc-
tion and the lpsL, lpsB, and lpsC mutants impaired in LPS core 
and O-antigen biosynthesis all behaved similarly to the wild-type 
Rm41, suggesting that KPS and LPS are neither essential for nod-
ulation nor bacterial determinants of symbiosis compatibility in 
the tested plant genotypes. In contrast, the exoB (AK631) and 
exoY mutants deficient in EPS production failed to nodulate all 
the three genotypes, indicating that EPS biosynthesis is indispen-
sable for establishing a symbiosis with the compatible plant gen-
otypes. However, whether recognition specificity associated with 
the NS1 locus involves EPS remains elusive. It is conceivable that 
EPS are required for nodulation but the same EPS or their met-
abolic derivatives may also serve as the signals to trigger immune 
responses in the presence of the NS1 locus (45); under this sce-
nario, disruption of EPS production renders a rhizobium incom-
patible with all the three genotypes. Further research is needed to 
identify other bacterial genes involved in the specificity determi-
nation, address the biochemical function of Rns1, identify the 
ligand of the receptors, and characterize the downstream signaling, 
which will provide new insights into the molecular mechanisms 
that regulate specificity in plant–microbe interactions.

Materials and Methods

Plant Material and Nodulation Assay. M. truncatula accessions used in this 
study included Jemalong A17, A20, F83005.5 (F83005), and DZA045.5 (DZA045). 
Seeds were treated with concentrated sulfuric acid and geminated on wet filter 
papers in the dark for 2 d. Seeds with emerging radicles were transferred to plastic 
pots filled with sterilized vermiculite (PVP Industries, Inc.) and turface (Turface 
Athletics) in a 1:1 mixture. Plants were grown under nitrogen-free conditions in 
a growth chamber programmed for 16-h light at 22 °C and 8-h dark at 20 °C. 
For nodulation assay, roots of one-wk-old seedlings were flood-inoculated with 
rhizobial bacteria, with each plant receiving ~1.0 mL cell suspension with an 
optical density of OD600 = 0.1. Nodulation phenotypes were recorded 3 wk post 
inoculation.

Rhizobial Strains and Growth Conditions. The wild-type bacterial strains 
used in this study are listed in SI Appendix, Table S2. The strains used for fluo-
rescence microscopy contained either the plasmid pHC60 containing a consti-
tutively expressed GFP or the plasmid pBHR-mRFP harboring a constitutively 
expressed red fluorescent protein. The mutant strains, including Rm41_rns1::Tn, 
Rm41ΔtolC, AK83Δrns1, and Sm11Δrns1 were generated as described below. 
Strains were cultured on the TY agar medium at 28 °C with appropriate antibiotics.

Complementation Tests and CRISPR/Cas9-Mediated Gene Knockouts. For 
complementation tests, the genomic fragments of Medtr8g028110 (NS1a) and 
Medtr8g028115 (NS1b) were PCR-amplified from F83005 and cloned into the 
binary vector pCAMBIA1305.1 using the In-Fusion Advantage PCR Cloning Kits 
(Clontech). The expression of these genes was driven by their native promoters. 
The vector also contained a GUS reporter gene, allowing for identification of 
transgenic roots through GUS staining. The CRISPR/Cas9 gene knockout con-
structs were developed using the pKSE401 vector (46). Three pairs of oligos were 
designed to specifically target NS1a, NS1b, and both NS1a and NS1b, respec-
tively (SI Appendix, Fig.  S4). The oligo pairs were first annealed to produce a 
double-stranded fragment with 4-nt 5′ overhangs at both ends and then ligated 
into the BsaI-digested pKSE401 vector. We also PCR-amplified the GUS gene 
expression cassette from pCAMBIA1305.1 and cloned into the pKSE401 vector.

Hairy Root Transformation and Analysis of the Transformed Roots. 
Plasmids carrying various gene expression cassettes were transformed into the 
Agrobacterium rhizogenes strain ARqua1, and hairy root transformations were 
performed following the published procedures (47). Composite transgenic plants 
were transferred to plastic pots filled with a 1:1 mixture of sterilized vermiculite 
and turface and grown for 1 wk before inoculation. The transformed roots were dis-
tinguished from wild-type roots by GUS staining. For CRISPR/Cas9-based knockout 
experiments, transgenic roots were subjected to DNA isolation, PCR amplifica-
tion, and DNA sequencing to validate the targeted DNA mutations. If the initial 

sequencing indicated the presence of multiple heterogeneous mutant alleles, 
the PCR products were ligated into the pGEM T-Easy Vector System (Promega), 
and 10 to 15 colonies were selected for sequencing.

Promoter Activity Analysis. Putative promoter regions of NS1a (1,152 bp) and 
NS1b (2,029 bp) were PCR-amplified from the genomic DNA of F83005 using 
primers containing the attB sites. The fragments were first cloned into the entry 
vector pDONR/Zeo (Invitrogen) and then subcloned into the destination vector 
pMDC163 carrying a GUS reporter gene to create promoter-GUS constructs using 
the Gateway cloning system (Invitrogen). The same promoters were also used 
to drive an eYFP reporter fused with a NLS at the C terminus. For this purpose, 
the GUS gene in the promoter-GUS constructs was replaced with the eYFP-NLS 
fusion. The eYFP-NLS fragment was amplified from the pSITE-3CA vector (48) with 
the primer pair containing the Xba I and Sac I restriction sites and a C-terminal 
nuclear localization signal. The plasmids carrying these promoter fusions were 
transformed into the A. rhizogenes strain ARqua1 for hairy root transformation.

Subcellular Localization and BiFC Assay. The full-length cDNA of NS1a and 
an alternatively spliced cDNA lacking the kinase domain coding sequence of 
NS1b were cloned into the entry vector pDONR/ZEO (Invitrogen) through the 
Gateway BP reaction (Invitrogen). For subcellular localization, the fragments were 
recombined into the pSITE_2NB vector (47) with an eGFP reporter fused at their 
C-termini under control of a double 35S promoter. As a control, we used the 
pCMU-PMr vector expressing AtPIP2a-mCherry under control of the AtUBQ10 
promoter as a plasma membrane marker (49). For BiFC, the NS1a and NS1b 
fragments were recombined into the pSITE-nYFP-N1 and pSITE-cYFP-N1 vectors 
(48), respectively. We also cloned the Medicago DMI2 gene into the same vectors 
to test its association with NS1a and NS1b. These plasmids were transformed 
into Agrobacterium tumefaciens strain LBA4404. For agroinfiltration in Nicotiana 
benthamiana, the Agrobacterium strains carrying different expression constructs 
were grown overnight in a liquid Luria-Bertani (LB) medium supplemented with 
appropriate antibiotics. Cells were harvested by centrifugation and resuspended 
in infiltration buffer containing 10 mM MgSO4·7H2O and 100 μM acetosyringone. 
Leaves of 3 to 4-wk-old N. benthamiana plants were infiltrated with needleless 
syringes. For subcellular localization, the diluted bacterial culture (OD600 = 0.2) 
was mixed with a 1/10 volume of an A. tumefaciens strain expressing the silenc-
ing suppressor p19. For BIFC, N. benthamiana leaves were coinfiltrated with 
10:10:1 v/v mixture strains expressing tested pairs of pSITE-nYFP-N1, pSITE-cY-
FP-N1 fusions, and p19, respectively. Infiltrated plants were grown under normal 
growth conditions for 48 to 72 h. Fluorescence imaging was performed using an 
Olympus Fluoview FV1000 confocal microscope

Expression and Purification of the Ectodomains of NS1a, NS1b, and DMI2. 
We used Simple Modular Architecture Research Tool (SMART) (https://smart.embl.de) 
to predict the SP, ECD, and TM of the receptor-like kinases (50). The ECD coding 
sequences (excluding the signal sequences) were codon-optimized and fused in 
frame with an N-terminal gp67 secretion SP and a C-terminal hexahistidine (HIS) 
or FLAG tag for insect cell expression (GeneScript). These fragments were cloned 
into the transfer vector pFastBac1, and recombinant baculoviruses were obtained 
using the Bac-to-Bac Baculovirus Expression System following the protocols pro-
vided by the manufacturer (Thermo Scientific). Briefly, the pFastBac1 constructs 
were transformed into DH10Bac competent cells for site-specific transposition of 
the expression cassette into bacmid. Purified bacmid DNA was then transfected 
into Sf9 insect cells using Cellfectin II and cultured at 26 °C in the Sf-900 II SFM 
medium. After three rounds of virus amplification, fresh Sf9 cells were infected 
with recombinant passage-three virus particles (1:100 volume ratio to Sf-900 
II SFM medium) and cultured in suspension for 4 d. Medium supernatant was 
harvested by centrifugation and was subjected to protein purification. Purification 
of HIS-tagged proteins was performed using the HisPur Ni-NTA Resin (Thermo 
Scientific) following the manufacturer’s instructions. The FLAG-tagged proteins 
were purified with Pierce Anti-DYKDDDDK Magnetic Agarose (Thermo Scientific).

In Vitro Pull-Down Assay. A medium supernatant containing the insect cell-ex-
pressed FLAG-tagged ECD domain of NS1a (NS1aECD-FLAG) was added to the 
prewashed anti-FLAG magnetic agarose beads (Thermo Scientific) and incubated 
at 4 °C with mixing for 30 min. The beads were then magnetically harvested 
and washed three times with a washing buffer (phosphate-buffered saline, PH 
7.4) and one time with purified water. The beads bound by NS1aECD-FLAG were D
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subsequently mixed with the purified HIS-tagged ECD domain of NS1a (NS1aECD-
HIS), NS1b (NS1bECD-HIS), or DMI2 (DMI2ECD-HIS) and incubated at 4 °C for 3 h 
with gentle shaking in a binding buffer (25 mM TrisHCl pH 7.4, 150 mM NaCl, 
1% NP-40, 1 mM EDTA, 5% glycerol). The magnetic agarose beads were then 
collected with a magnetic stand and washed three times with a washing buffer. 
The pull-down proteins were eluted by an elution buffer (Pierce™ 3× DYKDDDDK 
Peptide) and detected by an immunoblot with an anti-HIS antibody.

Random Transposon Insertion Mutagenesis of Rm41 and Screen of 
Mutants that Altered the Nodulation Phenotype. The mariner transpo-
son pSAM_Rl vector (36) was introduced into an Rm41 derivative resistant to 
streptomycin by biparental mating. The donor E. coli strain WM3064 carrying the 
transposon vector and the recipient strain Rm41 were cultured in the LB medium 
supplemented with 0.3 mM diaminopimelic acid (LB DAP) or with 1 mM MgSO4 
and 1 mM CaCl2 (LB MC), respectively, to an OD600 of ~1.2 to 1.5 and were pooled 
in a ratio of 1.0 mL recipient to 0.5 mL donor in a 1.5-mL Eppendorf tube. After 
centrifugation at 12,500 rpm for 3 min, the pellet was washed and then suspended 
in 100 μL sterile distilled water. The cell suspension was then spotted onto a LB MC 
DAP agar plate and incubated overnight at 30 °C. The conjugation spot was scraped 
and suspended in 1.0 mL sterile distilled water, and 100 µL of the suspension was 
spread onto a LB MC agar plate supplemented with 400 µg/mL kanamycin and 
100 µg/mL streptomycin and incubated at 30 °C for 3 d. Rhizobial conjugants 
resistant to kanamycin and streptomycin were washed down with the liquid LB 
medium containing 20% (v/v) glycerol and stored at −80 °C until further use.

The mutant libraries were inoculated onto the roots of F83005 seedlings. 
Nodules induced by the mutants were collected, surface sterilized with 70% 
(v/v) ethanol for 3 min, washed in a large volume of sterile distilled water, and 
then crushed in 200 µL water. A dilution series of the suspensions were spread 
onto LB MC plates with 200 µg/mL kanamycin and 100 µg/mL streptomycin. 
Genomic DNA samples were isolated from the colonies, digested with XbaI and 
EcoRI enzymes, and the fragments were ligated into the pBluescript vector. After 
transformation of the ligated DNA into E. coli MDS42 RecA blue cells (Scarab 
Genomics Inc.), colonies resistant to both ampicillin and kanamycin were isolated. 
Sequences flanking the transposon insertion sites were determined with the help 
of the transposon-specific primers.

Site-Directed Mutagenesis of Rm41. For plasmid integration mutagenesis, 
internal fragments of the targeted genes were amplified and cloned into the 
pK19mob vector. For resistance cassette mutagenesis, ~1.5 to 2.0-kb targeted 
gene fragments were first amplified and cloned into pK18mobSacB, and then a 
spectinomycin resistance cassette was amplified and cloned into the middle of 
the gene fragments in the vector. For targeted gene deletions, DNA fragments of 
similar size upstream and downstream of the targeted deletion were joined and 
cloned into vector pK18mobSacB. The constructs were introduced into rhizobia by 
biparental mating as described above, and bacteria with the construct integrated 
into the bacterial genome via homologous recombination were selected on a 
medium containing kanamycin (400 µg/mL). For the isolation of mutants with the 
insertion of the antibiotic cassette or with deletion, single colonies were chosen 
randomly and inoculated into 1.0 mL liquid LB MC medium. After 12 to 16-h 

inoculation, 100 µL from serial dilutions were spread on LB MC plates containing 
10% sucrose. Single colonies that appeared on the sucrose-containing plates were 
replicated on LB MC (and 100 µg/mL spectinomycin in the case of the cassette 
insertion mutants) and LB MC with 200 µg/mL kanamycin. Kanamycin-sensitive 
colonies that lost the vector via recombination through the second flanking frag-
ment were tested by colony PCR for the presence of the deletion or the antibiotic 
cassette insertion.

Assay for Rns1 Secretion. To test the secretion of Rns1, a pHC60 plasmid 
expressing both an HA-tagged Rns1 and a GFP protein was transformed into 
Rm41_rns1::Tn and Rm41ΔtolC. Bacterial cultures were grown overnight at 28 
°C in a TY medium to an optical density of OD600 = 0.5–0.6. The bacterial cells 
and supernatants were harvested by centrifugation for 15 min at 10,000 rpm at 
4 °C. The cell pellets were resuspended in an 1× PBS buffer supplemented with 
10 mM β-mercaptoethanol and sonicated for 12 s for 10 times at 4 °C to yield a 
preparation of total cellular proteins. Supernatant proteins were concentrated by 
precipitation with 20% trichloroacetic acid (w/v) and incubated on ice for at least 
1 h, followed by centrifugation at 4,000 rpm for 20 min at 4 °C. The protein pellets 
were washed three times with 0.01M HCl/90% acetone. Cellular and supernatant 
proteins from an equivalent of 10 mL cell culture were separated by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis with 12.5% acrylamide and 
visualized by an immunoblot with an anti-HA or anti-GFP antibody. The gel band 
detected by anti-HA antibody was subjected to liquid chromatography with tan-
dem mass spectrometry after trypsin digestion, using the services provided by 
MS Bioworks.

Data, Materials, and Software Availability. All study data are included in 
the article and/or SI Appendix. The sequences reported in this paper have been 
deposited in the GenBank database (accession nos. OP846969 and OP846970).
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