
1 23

Journal of Plant Research
 
ISSN 0918-9440
 
J Plant Res
DOI 10.1007/s10265-015-0719-6

Sequence and expression analysis of
putative Arachis hypogaea (peanut) Nod
factor perception proteins

Fernando Ibáñez, Jorge Angelini, María
Soledad Figueredo, Vanina Muñoz,
María Laura Tonelli & Adriana Fabra



1 23

Your article is protected by copyright and all

rights are held exclusively by The Botanical

Society of Japan and Springer Japan. This e-

offprint is for personal use only and shall not

be self-archived in electronic repositories. If

you wish to self-archive your article, please

use the accepted manuscript version for

posting on your own website. You may

further deposit the accepted manuscript

version in any repository, provided it is only

made publicly available 12 months after

official publication or later and provided

acknowledgement is given to the original

source of publication and a link is inserted

to the published article on Springer's

website. The link must be accompanied by

the following text: "The final publication is

available at link.springer.com”.



1 3

J Plant Res
DOI 10.1007/s10265-015-0719-6

REGULAR PAPER

Sequence and expression analysis of putative Arachis hypogaea 
(peanut) Nod factor perception proteins

Fernando Ibáñez1 · Jorge Angelini1 · María Soledad Figueredo1 · Vanina Muñoz1 · 
María Laura Tonelli1 · Adriana Fabra1,2 

Received: 8 October 2014 / Accepted: 15 January 2015 
© The Botanical Society of Japan and Springer Japan 2015

symbionts previously reported, suggest that peanut and 
soybean could share some of the determinants involved in 
the signalling cascade that allows symbiosis establishment.
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Introduction

In order to avoid nitrogen limitation, legume plants are able 
to establish a mutualistic symbiotic association with soil 
bacteria collectively known as rhizobia. Symbiosis devel-
opment depends on a molecular dialogue between plants 
and bacterial symbionts, and specific molecular signals 
are necessary for mutual recognition between the partners. 
Rhizobial Nod factors (NFs) are among the best character-
ized of these molecules. NFs consist of a backbone of 3–5 
units of N-acetyl-glucosamine acylated on the non-reduc-
ing glucosamine with a fatty acid of variable length and 
degree of unsaturation. In addition, different species spe-
cific NFs substitutions (glycosylations, sulfations, acetyla-
tions, methylations) determine host specificity (Perret et al. 
2000).

In most known legumes, perception of specific NFs 
structure triggers a signalling cascade that allows the estab-
lishment of nitrogen fixing symbiosis. Genetic analyses 
allowed the identification of NFs receptors in model leg-
umes. In Lotus japonicus, NFs are perceived by two Recep-
tor-Like Kinases (RLKs), LjNFR1 and LjNFR5, which 
are predicted to form a heterocomplex (Madsen et  al. 
2011). Direct binding of NFs to receptors LjNFR1 and 
LjNFR5 has been experimentally demonstrated (Brogham-
mer et al. 2012). LjNFR1 and LjNFR5 belong to the lysin 
motif class of RLKs (LysM-RLKs). They are localized in 

Abstract  Peanut, like most legumes, develops a symbi-
otic relationship with rhizobia to overcome nitrogen limita-
tion. Rhizobial infection of peanut roots occurs through a 
primitive and poorly characterized intercellular mechanism. 
Knowledge of the molecular determinants of this symbiotic 
interaction is scarce, and little is known about the mol-
ecules implicated in the recognition of the symbionts. Here, 
we identify the LysM extracellular domain sequences of 
two putative peanut Nod factor receptors, named AhNFR1 
and AhNFP. Phylogenetic analyses indicated that they cor-
respond to LjNFR1 and LjNFR5 homologs, respectively. 
Transcriptional analysis revealed that, unlike LjNFR5, 
AhNFP expression was not induced at 8 h post bradyrhizo-
bial inoculation. Further examination of AhNFP showed 
that the predicted protein sequence is identical to GmNFR5 
in two positions that are crucial for Nod factor perception 
in other legumes. Analysis of the AhNFP LysM2 tridimen-
sional model revealed that these two amino acids are very 
close, delimiting a zone of the molecule essential for Nod 
factor recognition. These data, together with the analysis 
of the molecular structure of Nod factors of native peanut 
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the plasma membrane and possess a conserved structure 
consisting of an intracellular region exhibiting homology 
to a serine/threonine kinase, a single pass transmembrane 
portion and an extracellular region containing three LysM 
domains separated by characteristic CXC (Cysteine-any 
amino acid-Cysteine) motifs (Madsen et al. 2003; Radutoiu 
et al. 2003). LjNFR1 and its orthologs LYK3 of Medicago 
truncatula and SYM37 of Pisum sativum contain an active 
protein kinase domain. Moreover, LjNFR1 is capable of 
autophosphorylating in 24 residues and also phosphorylates 
LjNFR5 in vitro (Madsen et al. 2011). In contrast, LjNFR5 
and its orthologs MtNFP and PsSYM10 contain an inac-
tive kinase domain (Arrighi et al. 2006; Madsen et al. 2003; 
Radutoiu et al. 2003).

LysM domains are protein motifs of about 44–65 amino 
acid originally described in bacterial autolysins (Birkeland 
1994; Joris et  al. 1992) and later found in many eukary-
otic proteins, associated with diverse domains (Buist et al. 
2008). However, association between LysM and protein 
kinase domains seems to takes place exclusively in plants 
(Ponting et al. 1999). LysM domains are implicated in the 
binding of peptidoglycan and chitin, most likely recogniz-
ing the N-acetylglucosamine moiety. In legumes, LysM 
domains of RLKs mediate rhizobial NFs perception. In 
addition, it was recently shown that NFP gene also partici-
pates in M. truncatula resistance to pathogens (Gough and 
Jacquet 2013; Rey et al. 2013). Interestingly, LysM domain 
sequences within RLKs diverge considerably. Bensmihen 
et  al. (2011) reported that each LysM domain of MtNFP 
contributes with different relevance to the function of the 
receptor. The authors also demonstrated the importance of 
the NFP LysM2 domain for rhizobial infection and identi-
fied a single leucine residue within LysM2 (Leu154) that is 
essential for nodulation. Similarly, a single leucine residue 
of LjNFR5 (Leu118 within LysM2) is required for specific 
recognition of Rhizobium leguminosarum DZL NFs (Radu-
toiu et al. 2007).

Different root invasion processes and nodule morphoge-
netic programmes have been described in legume–rhizobia 
symbiosis (Oldroyd and Downie 2008). The most studied 
invasion mechanism involves infection thread formation, 
and occurs in most legumes (Lotus japonicus, Medicago 
truncatula, Vicia, Trifolium, Pisum, Phaseolus, Glycine, 
Vigna, Macroptilium among others). An alternative and 
less investigated mode of infection involves intercellular 
penetration of roots. This mechanism is considered more 
primitive, and remains poorly characterized. Interestingly, 
in the usually root-hair infected L. japonicus, unusual inter-
cellular crack entry infection process and formation of 
trans-cellular infection threads within the root nodules have 
been reported in absence of functional NFR1 and NFR5 
receptors (Madsen et al. 2010). Similarly, a NF independ-
ent crack entry invasion of Glycine max roots has also been 

described (Okazaki et  al. 2013). This process depends on 
the presence of an intact type III secretion system (T3SS) 
in the microsymbiont, which is used to deliver into the host 
molecules that activate the symbiotic signalling cascade. 
These findings support the hypothesis that alternative inva-
sion modes have been maintained during evolution and 
that they are not mutually exclusive (Madsen et al. 2010). 
Arachis hypogaea L. (peanut) exhibits a particular mode 
of intercellular invasion and nodule morphogenetic pro-
gramme. In this legume, infection threads never form, not 
for epidermal or cortical invasion or for nodular dissemi-
nation (Boogerd and van Rossum 1997). Peanut rhizobia 
penetrate the root at the junction of a hair cell with epider-
mal and cortical cells through structurally altered cell walls 
(Uheda et al. 2001). Within cortical cells, rhizobia multiply 
and the infected cells divide repeatedly, giving raise to the 
typical aeschynomenoid nodules whose core infected zone 
is not interspersed with uninfected cells (Boogerd and van 
Rossum 1997). In previous work, we demonstrated that 
development of such particular nodule morphogenetic pro-
gramme depends on the perception of rhizobial NFs for 
the reinitiation of meristematic activity of cortical cells 
to form the nodule primordia (Ibañez and Fabra 2011). 
However, peanut NFs receptors and the components of the 
symbiotic signalling pathway initiated by their recognition 
have not been studied in detail, despite some exceptions 
such as CCaMK (Sinharoy and DasGupta 2009). To a cer-
tain extent, this missing information is due to the lack of 
genomic and molecular-genetic resources associated with 
peanut.

With the aim of gaining insight into the determinants 
involved in early recognition events in peanut-bradyrhizo-
bium symbiosis, in this work we identify putative peanut 
Nod factor receptors that are named AhNFR1 and AhNFP, 
as well as NFR1 paralog copies. We also examined the 
three dimensional structure of the deduced amino acid 
sequence of AhNFP and analyzed its expression profile 
after bradyrhizobial inoculation. Advances in the knowl-
edge of the molecular basis of intercellular infection will 
contribute to the understanding of the evolution of symbio-
sis, and may allow the identification of target molecules for 
further improving of the association through biotechnologi-
cal applications.

Materials and methods

Identification of Arachis hypogaea L. Nod factor 
receptors in sequence databases

In order to identify LjNRF1 and LjNFR5 homologs in 
available peanut sequences, BLASTN searches (Alts-
chul et  al. 1997) were performed against a consensus 
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transcriptome assembly developed for tetraploid peanut 
(Pandey et al. 2012, available at http://nespal.org/oziasakin-
slab) and PeanutDB 1.0 (Duan et al. 2012).

Plant growth conditions and DNA extraction

A. hypogaea L. (var. Granoleico) seeds were surface steri-
lized by soaking in ethanol for 30 s followed by 6 % H2O2 
for 15  min, and then washed six times with sterile dis-
tilled water. Seeds were germinated at 28 °C in sterilized 
Petri dishes with one layer of Whatman No. 1 filter paper 
and moist cotton, until the radicle reached approximately 
2 cm. Seedlings were sown in previously sterilized plas-
tic cups filled with sand. Plants were grown under con-
trolled environment (light intensity of 200  µE  m−2  s−1, 
16-h  day/8-h night cycle, at a constant temperature of 
28  °C and a relative humidity of 50  %), and watered 
regularly with Hoagland’s solution (Hoagland and Arnon 
1950). Plants were harvested 3  weeks after emergence 
and DNA was extracted from young leaves with Nucle-
oSpin Plant II Genomic DNA extraction kit (Macherey–
Nagel, Düren, Germany) according to the manufacturer’s 
instructions.

For inoculation experiments, plants were grown and 
spot-inoculated as described previously (Ibañez and Fabra 
2011). Briefly, plantlets grown between the wall of a beaker 
and a rolled filter paper were inoculated with a Bradyrhizo-
bium sp. SEMIA6144 bacterial culture (MIRCEN, Brazil) 
in the junction of a first- and second-order lateral roots. 
Inoculated roots were sampled at 8 h PI (post inoculation). 
Uninoculated roots were used as controls.

Amplification of Arachis hypogaea L. NFP gene

PCR primers were designed based on conserved sequences 
of Nod factor perception proteins from the legumes G. max 
(ABQ59609), M. truncatula (CAO02950 and AET03984), 
Melilotus dentatus (AEN71536), and L. japonicus 
(CAE02597). These primers, named AhNFP-F and 
AhNFP-R (Table S1), amplify a fragment of approximately 
509  bp of NFP gene (AhNFP). PCR was performed in a 
20 μl reaction mixture containing 1X PCR buffer, 1.5 mM 
MgCl2, 200  μM of each nucleotide (Promega), 1  μM of 
each primer, 1 U of Taq DNA polymerase (Promega) and 
1 μl of template DNA solution. Temperature profile was as 
follows: initial denaturation at 95 °C for 3 min; 35 cycles 
of denaturation at 94 °C for 1 min, annealing at 57 °C for 
1 min, extension at 72 °C for 1 min, and a final extension 
step at 72 °C for 10 min.

Amplification products in 5 μl sub-samples were sepa-
rated according to molecular size by horizontal electropho-
resis on 1.2 % (w/v) agarose gels stained with SYBR green 
(molecular probes).

Sequence analysis

A PCR product of the expected size (509 bp) was cloned 
into pGEM-T vector (Promega). Afterwards, the cloned 
fragment was sequenced with M13 primers by Macrogen 
(Korea).

Homologous sequences were identified using BLASTN 
and BLASTX algorithms (Altschul et  al. 1997). For 
sequence analysis, LysM-RLKs sequences were down-
loaded from the GenBank database and aligned using 
ClustalW (Larkin et al. 2007).

Phylogenetic analysis was conducted using PhyML 
(Guindon and Gascuel 2003). Best fit substitution mod-
els were selected according to MEGA 5 software (Tamura 
et al. 2011).

AhNFP LysM2 model building

Modeling of the three dimensional structure of the LysM2 
domain of AhNFP protein was performed by Swissmodel 
homology modeling programs (Arnold et  al. 2006). Ter-
tiary structure was predicted using homology modeling by 
taking as template the NMR structure of a LysM domain 
from E. coli MLTD, a membrane-bound lytic murein trans-
glycosylase D (Bateman and Bycroft 2000).

RNA isolation and preparation of peanut cDNA

RNA was prepared from three replicates samples of 
4 plants each that were pooled to reduce noise arising 
from biological variations. Susceptible root zones from 
spot inoculated and non-inoculated plants were ground 
with sterile mortars and pestles under liquid nitrogen. 
Total RNA was isolated using the NucleoSpin RNA 
Clean-Up Kit (Macherey–Nagel) according to the manu-
facturer’s protocol. First strand cDNA synthesis was car-
ried out using MMLV Reverse Transcriptase 1st Strand 
cDNA Synthesis Kit (epicentre) according to the manu-
facturer’s specifications with oligodT primers. The reac-
tion conditions for cDNA synthesis consisted of 2 min at 
65 °C, followed by 60 min at 37 °C and finally 5 min at 
85 °C.

Quantitative real‑time PCR (q‑PCR) of AhNFP

Real Time-PCR was performed in 20  μl reaction mix-
tures containing 1X Brilliant SYBR green QPCR mas-
ter mix (Stratagene), 1:10 dilution of synthesized cDNA 
and 200  nM of AhNFP139F and AhNFP139R primers 
(Table S1). Results obtained from the different treatments 
were standardized to the Actin mRNA level, which was 
amplified with 200 nM of the primers PA1-Right and PA-
1Left (Table S1). Real-Time PCR determinations were 
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carried out with cDNA synthesized from RNA that was 
extracted from three independent biological samples, and 
the threshold cycle (Ct) was determined in triplicates. 
Relative levels of transcription were calculated using the 
2−ΔΔCt method (Livak and Schmittgen 2001). Melting 
curves were recorded after cycle 40 by heating from 55 
to 95 °C.

Statistical analysis

Data were analysed using SigmaStat Software v3.5. A 
p ≤ 0.05 significance level was used throughout.

Accession numbers

Nucleotide sequence of AhNFP gene was deposited in 
GenBank databank under accession number JX860404.

Results

LjNFR1 orthologs are present in peanut genome

Fragments of mRNA sequences encoding LysM extra-
cellular domains from LjNFR1 and LjNFR5 (Genbank 

Fig. 1   Similarity and phyloge-
netic relationship of NFR1-like 
Nod factor perception proteins 
among different legumes. a 
Alignment of NFR1-like Nod 
factor perception proteins 
from different legumes. Grey 
boxes indicate LysM domains. 
Empty boxes indicate CXC 
motifs in the inter-domain 
spacer regions. Genbank acces-
sion numbers of the provided 
sequences are as follows: 
GmNFR1A (ABB30246), 
MtLYK3 (XP_003616972), 
PsSYM37A (ACE81772), LjN-
FR1a (CAE02589), LjNFR1b 
(CAE02590). b Phylogenetic 
tree of different LYK proteins 
inferred using the maximum-
likelihood method and JTT 
matrix-based model (Jones 
et al. 1992). A discrete Gamma 
distribution was used to model 
evolutionary rate differences 
among sites (+G = 1.003). 
References: Gm, Glycine max; 
Lj, Lotus japonicus; Lp, Lotus 
pedunculatus; Mt, Medicago 
truncatula, Ps, Pisum sativum. 
Denomination of phylogenetic 
groups was performed accord-
ing to Zhang et al. (2007)
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AJ575248 and AJ575254, respectively) were used to 
search within A. hypogaea sequence databases. A total of 
four EST contigs showing significant similarity to LjNFR1 
were identified (c5561, c6035, c18043 and c85956). Contig 
sequences were translated in silico and BLASTP analysis 
reported significant alignments with extracellular domains 
of RLKs from several legumes. Further analyses indi-
cated that identity between proteins sequences predicted 
from contigs c85956 and c5561 was 99  %. Therefore, 
only c6035, c85956 and c18043 were used for additional 
studies. Three extracellular LysM domains were detected 
in the predicted protein sequences, with typical CXC 
motifs in the interspacers domains lying between LysM1-
LysM2 and LysM2-LysM3 (Fig.  1a). Phylogenetic analy-
sis (Fig.  1b) revealed that the protein encoded by contig 
c85956 belongs to a group of LjNFR1 orthologs. Hence, 
it was named AhNFR1. This predicted protein sequence 
shows high identity and similarity percentages with extra-
cellular domains of RLKs from several legumes (Table 1). 
On the other hand, protein sequences predicted from c6035 
to c18043 contigs belong to a group containing LjNFR1 
paralog copies.

In contrast, no sequences showing significant alignments 
to the portion encoding for the extracellular LysM domains 
of LjNFR5 were obtained in any of the two databases ana-
lyzed. The same result was obtained using GmNFR5 as 
query (Indrasumunar et al. 2010).

Identification and sequencing of AhNFR5 (LjNFR5 
homolog) in peanut

A PCR-based strategy was used for identifying LjNFR5 
peanut ortholog. In a first approach, the primer pair 

RosidNFP0-F/R was used for PCR amplification. Although 
a band of the expected size was obtained using G. max 
genomic DNA as template (positive control), no PCR-prod-
ucts were obtained for A. hypogaea. Further sequencing of 
the amplicon from soybean confirmed its similarity with 
GmNFR5A (data not shown).

In a second approach, a primer pair (AhNFP-F/R) based 
on conserved sequences of NF perception proteins from 
different legumes was designed. By using these primers, a 
single amplicon of the expected size (509 bp) was obtained. 
The PCR product was cloned and sequenced. Analysis of 
the obtained sequence showed high identity percentages 
with genes encoding LjNFR5-like RLKs of several leg-
umes. Afterwards, the DNA sequence was translated in 
silico and the predicted protein sequence obtained revealed 
high similarity and identity percentages with NF perception 
proteins from several legumes (Table  2). Subsequently, it 
was determined that the sequence obtained corresponds to 
a portion of the gene that encodes for 169 amino acids of 
the extracellular region of AhNFP, and includes the typi-
cal three extracellular LysM domains of NF receptors and 
CXC motifs in the two spacers lying between LysM1-
LysM2 and LysM2-LysM3 domains (Fig. 2a).

The general topology of an unrooted phylogenetic tree 
constructed with AhNFP and different RLKs of M. trunca-
tula, G. max, L. japonicus and Arabidopsis thaliana indi-
cated that they grouped in three clades (Fig.  3). One of 
them (LjNFR5 paralogs I) contains GmLYK8, AtLYK5 and 
GmLYK4 sequences. The second one (LjNFR5 paralogs II) 
includes AtLYK2 and GmLYK10, while LjNFR5 and its 
orthologs MtNFP and GmNFR5A and B are included in the 
third clade. Interestingly, AhNFP falls within this group, 
closely related to LjNFR5.

Table 1   Identity and similarity 
percentages of AhNFR1 and 
LysM-RLKs of different 
legumes

Sequence Identity (%) Similarity (%) Query coverage (%)

ABB30246 NFR1A Glycine max 66 80 99

ACE81768 putative LysM RLK1A Pisum sativum 63 80 100

CAZ66916 NFR1 Lotus pedunculatus 63 79 100

CAE02590 NFR1b Lotus japonicus 64 82 92

Table 2   Identity and similarity percentages between AhNFP and LysM-RLKs of different legumes

Sequence Identity (%) Similarity (%) Query coverage (%)

CAZ66917.1 Nod-factor receptor 5 Lotus pedunculatus 72 83 100

BAG85157.1 Nod factor receptor protein Glycine soja 71 83 100

CAE02597.1 Nod-factor receptor 5 Lotus japonicus 72 81 100

BAG85175.1 Nod factor receptor protein Glycine max 71 83 100

CAO02950.1 LysM-domain containing receptor-like kinase Medicago truncatula var.  
truncatula

64 82 100
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Tridimensional modeling of AhNFP LysM2

A tridimensional homology model was obtained for AhNFP 
LysM2 (Fig. 2b), a domain crucial for NFs perception in L. 
japonicus and M. truncatula (Bensmihen et al. 2011; Radu-
toiu et  al. 2007). Examination of the model reveals close 
proximity between two positions that proved to be essential 
for the recognition of specific NFs in these legumes (Leu 
118 in L. japonicus and Leu 154 in M. truncatula, repre-
senting positions 63 and 98 of AhNFP). Proximity predicted 

between these positions in the model suggests that they 
define a well-delimited area of the molecule directly related 
to NFs perception. In these positions, AhNFP possesses two 
residues that are identical to those found in GmNFR5 (glu-
tamine and isoleucine, respectively).

Transcriptional analysis of AhNFP

In order to analyse the AhNFP expression profile at 
early times post-bradyrhizobial inoculation, qRT-PCR 

Fig. 2   Similarity of NFR5-like 
Nod factor perception proteins 
among different legumes and 
a model of LysM2 of AhNFP. 
a Alignment of NFR5-like 
Nod factor perception proteins 
from different legumes. Grey 
boxes indicate LysM domains. 
Asterisk indicates position 
118 of Lotus japonicus NFR5 
sequence (CAE02597). Dragger 
indicates position 154 of Med-
icago truncatula NFP sequence 
(AET75784). Empty boxes indi-
cate CXC motifs in the inter-
domain spacer regions. b Model 
of LysM2 of AhNFP. Residue in 
grey represents Q (glutamine) in 
position 63 of AhNFP. Residue 
in black represents I (Isoleu-
cine) in position 98 of AhNFP. 
Genbank accession numbers of 
the provided sequences are as 
follows: MtNFP (AET75784), 
LpNFR5 (CAZ66917), LjNFR5 
(CAE02597), GsNFR5 
(BAG85157), GmNFR5A 
(BAG85175)
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experiments were performed. Results demonstrated that at 
8, 16 and 24 h post-inoculation (PI), no significant differ-
ences in AhNFP transcript levels were observed when com-
pared to uninoculated roots (Fig. 4).

Discussion

Peanut is a very economically important legume that 
belongs to the family Fabaceae, subfamily Papilionoideae 
and to the aeschynomenoid/dalbergioid clade (Doyle and 
Luckow 2003). This particular legume clade includes spe-
cies such as Aeschynomene indica and A. sensitiva that can 
be nodulated without NFs and others such as A. afraspera 
which depend on NFs for nodulation (Bonaldi et al. 2011; 
Giraud et al. 2007). Interestingly, peanut roots are invaded 
through a NF dependent intercellular mechanism (Ibañez 
and Fabra 2011), and it constitutes a very interesting 
model for studying evolution of nitrogen fixing symbiosis. 
In contrast to other crops, the peanut genome is not fully 
sequenced yet. Moreover, it lacks taxonomic proximity to 
any major model legume and there are few studies dealing 

with the molecular determinants involved in peanut-rhizo-
bia symbiotic association. In this work, we obtained and 
analyzed the sequence, tridimensional modelling and 
expression profile of putative peanut NF receptors.

It is known that LysM-RLKs belong to an important 
family that has undergone duplication and functional diver-
sification in legumes, leading to the emergence of differ-
ent members of the family (Arrighi et  al. 2006). In order 
to identify peanut LysM-RLKs, homology searches were 
performed against a transcriptome assembly developed for 
tetraploid peanut plants. This database includes 211,244 
contigs and was generated by combining publicly-available 
sequences with data from more than 350 Mb of transcript 
sequences generated by the University of Georgia (UGA), 
USA (Pandey et  al. 2012). In addition, searches were 
also performed against PeanutDB 1.0 (Duan et  al. 2012), 
which contains a total of 198,156 sequences including pea-
nut core nucleotide sequences, ESTs and Genome Survey 
Sequences. Three different EST contigs showing significant 
similarity to LjNFR1 and typical features of this receptor 
(three extracellular LysM domains with CXC motifs in the 
interspacers domains between LysM1-LysM2 and LysM2-
LysM3) were identified. Phylogenetic analysis indicated 
that one of them (named AhNFR1) represents LjNFR1 pea-
nut ortholog and the others correspond to paralog copies. 
In contrast, no sequences showing significant alignments 
to the extracellular LysM domains of LjNFR5 or GmNFR5 
were obtained. Absence of these sequences within EST 
databases could be related to a low level of expression of 
the gene. Therefore, a PCR based approach using primer 
pair RosidNFP0-F/R (Op den Camp et al. 2011) was used 
to identify the LjNFR5 ortholog in peanut. However, no 

Fig. 3   Unrooted phylogenetic tree of different LYK proteins. The 
tree was inferred using the maximum-likelihood method and Whelan 
and Goldman model (Whelan and Goldman 2001). A discrete 
Gamma distribution was used to model evolutionary rate differences 
among sites (+G  =  2.717). References: At, Arabidopsis thaliana, 
Gm, Glycine max; Lj, Lotus japonicus; Mt, Medicago truncatula. 
Denomination of phylogenetic groups was performed according to 
Zhang et al. (2007)

Fig. 4   Relative expression of AhNFP gene in uninoculated roots 
and at 8, 16 and 24 h post rhizobial inoculation (PI). No statistically 
significant differences were found between the treatments, ANOVA 
α = 0.05
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amplification product was obtained using peanut DNA as 
template. Lack of amplification in peanut was unexpected, 
since this primer pair was shown to be useful for LysM-
RLK amplification not only in a legume (soybean) but also 
in the phylogenetically distant non-legume P. andersonii. 
Therefore, degenerated primers were constructed from con-
served regions of LysM-RLKs of different legumes. Due to 
the degenerated sequence of these primers and the fact that 
they were designed from conserved regions of LysM-RLKs 
from several legumes, they could be helpful for identifi-
cation and sequencing of genes encoding for NF percep-
tion proteins in other species that, as peanut, lack of many 
sequences deposited in databases. By using this primer 
pair, we obtained a sequence corresponding to a putative 
peanut NF receptor denominated AhNFP. Phylogenetic 
analysis confirmed that it corresponds to a peanut ortholog 
of LjNFR5, and is closely related to this receptor. Relat-
edness between A. hypogaea and L. japonicus sequences 
is not unexpected, since previous data indicated similarity 
between genomic sequences and the codon usage pattern 
of these legumes (Jayashree et  al. 2005). Further analy-
sis of the AhNFP sequence revealed that it shows typical 
features of LysM-RLKs, including three LysM extracellu-
lar domains and CXC motifs in the spacer region between 
them. Cysteine residues of AhNFP CXC motifs aligned 
with those of MtNFP found in positions 102, 104, 164 
and 166. In MtNFP, Cys166 is essential for NFP activity, 
and either Cys102 or Cys104 should be present for proper 
NFP activity, being Cys164 required if Cys104 is mutated 
(Lefebvre et  al. 2012). Considering that LysM2 is crucial 
for specific NF perception in M. truncatula and L. japoni-
cus (Bensmihen et al. 2011; Radutoiu et al. 2007), a tridi-
mensional model for this domain was obtained. Analysis 
of the model indicated that the region for NFs perception 
has similar molecular features to those of GmNFR5, and 
led us to speculate that AhNFP and GmNFR5 could recog-
nize structurally related lipochitooligosaccharides. There-
fore, we compared the previously described structure of 
NFs from the native peanut symbionts Bradyrhizobium 
sp. NLH25, Bradyrhizobium sp. NDEHE and Bradyrhizo-
bium sp. NOD31 (Taurian et al. 2008) with those produced 
by known rhizobia. In accordance with our interpreta-
tion, the structure of NFs produced by native peanut sym-
bionts is similar to that synthesized by soybean symbiont 
Bradyrhizobium elkanii USDA61 (Carlson et  al. 1993; 
Stokkermans et  al. 1996). Moreover, these similarities 
(fatty acid moieties C18:1 and C16:0 and methyl and car-
bamoyl substituents) are mostly found in the non-reducing 
end of the NFs backbone, which is predicted to be recog-
nized by NFs perception proteins in M. truncatula and L. 
japonicus (Bensmihen et al. 2011; Radutoiu et al. 2007).

The expression profile of AhNFP gene revealed that 
it was not induced at 8, 16 or 24  h PI. Interestingly, for 

Lotus-Mesorhizobium interaction, Lohmann et  al. (2010) 
reported a slight but statistically significant increase in 
NFR5 expression at 8  h PI. Considering that both Lotus 
and peanut develop determinate nodules after interac-
tion with their specific microsymbionts, variations in the 
receptor expression pattern between these legumes could 
not be attributed to the nodule morphogenetic programme, 
but could instead reflect differences between two dissimi-
lar mechanisms of rhizobial invasion (infection thread vs. 
intercellular invasion). However, further work will be per-
formed in order to test this hypothesis.

Taken together, results from this work allowed identify-
ing sequences coding for LysM-RLKs representing puta-
tive NF receptors in an intercellularly infected legume 
lacking of many genomic and molecular resources. Further 
sequence and modelling analysis indicated that, despite 
considerable overall sequence similarity between L. japoni-
cus and A. hypogaea genomes, peanut could share with 
soybean some of the determinants involved in the symbi-
otic signalling cascade implicated in nitrogen fixing sym-
biosis development. Moreover, transcriptional analysis of 
AhNFP suggests differences in the NF receptor expression 
pattern between A. hypogaea intercellular and L. japonicus 
infection thread mechanisms. Considering the particular 
characteristics of the nodule morphogenetic programme 
that occurs in peanut, it will be interesting to determine 
the cortical or epidermal localization of NFs receptors and 
their functional implication in symbiosis development. 
These results could shed light on the evolution of symbio-
sis, and the transition from the more primitive intercellular 
mode to the more elaborated infection thread via of rhizo-
bial invasion.
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