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Abstract 

Background  Symbiotic nitrogen fixation (SNF) is a complex process regulated by numerous genes extensively 
studied in legumes that undergo intracellular infection, such as Lotus japonicus, Medicago truncatula, and Glycine max. 
However, the molecular and genetic mechanisms of SNF in legumes that rely on the intercellular infection pathway, 
such as peanut (Arachis hypogaea L.), remain poorly understood. In a previous study, we identified two chromosome 
segment substitution lines (CSSLs), 12CS_051 and 12CS_044, each contains a wild segment on homeologous regions 
of chromosomes A02 and B02 respectively, that are severely impaired in nitrogen fixation. In this study, we have com-
pared the transcriptomes of those lines with that of their recurrent parent, Fleur11, in roots inoculated with the effec-
tive Bradyrhizobium vignae strain ISRA400 to identify candidate genes associated with the reduced nitrogen fixation 
observed in these CSSLs.

Results  A comparative analysis of the transcriptome profiles of the CSSLs and Fleur11 revealed significant changes 
in the expression of genes involved in plant immune signaling and key symbiotic genes, such as NIN, EFD, FEN1 
or SNF-related transporters. These results align with the phenotypic differences observed during the symbiotic pro-
cess in the CSSLs. When focusing on each QTL region, we found that only the orthologs of the symbiotic gene FEN1, 
which is responsible for the failure in the enlargement of infected cells in L. japonicus, exhibited a lack of expression 
in the two CSSLs compared to Fleur11. FEN1 encodes a homocitrate synthase that is essential for the nitrogenase 
activity. We hypothesize that changes in the expression of FEN1 could affect the nitrogenase activity, potentially lead-
ing to the unfair SNF observed in these lines.

Conclusions  In this study, we analyzed the expression profiles of two ineffective nitrogen-fixing chromosome seg-
ment substitution lines and identified FEN1 as a suitable candidate gene involved in peanut symbiosis. This research 
provides valuable insights into understanding and improving SNF in peanut.
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Background
Cultivated peanut (Arachis hypogaea L.) is an allotetra-
ploid legume with an AABB genome (2N = 4x = 40), 
which originated from a single recent hybridization 
between two wild diploid species, Arachis duranensis 
(2N = 2x = 20, AA) and Arachis ipaensis (2N = 2x = 20, 
BB), followed by chromosome duplication [1]. Peanut is 
an important oilseed crop that can meet up to 55–68% 
of its nitrogen needs through symbiotic nitrogen fixa-
tion (SNF) [2, 3], thanks to its interaction with rhizobia 
of the genus Bradyrhizobium [4, 5]. The fixed nitrogen is 
vital for the growth and production of this legume crop, 
and also serves as an important nitrogen source for inter-
cropped cereals especially in low input farming systems 
[6]. However, SNF in peanut is not yet well understood. 
In a previous study, we used a population of 83 chromo-
some segment substitution lines (CSSLs) derived from 
the cross between the cultivated peanut variety Fleur11 
(AABB genome) and the synthetic tetraploid AiAd 
[(A. ipaensis Krapov. and W. C. Gregory, KG30076 (BB 
genome) ´ A. duranensis Krapov. and W. C. Gregory, 
V14167 (AA genome)]4X´ [7], to identify quantitative trait 
loci (QTLs) related to nitrogen fixation. We identified 
four major QTLs, two of which were mapped on homeol-
ogous regions of chromosome A02 (line 12 CS_051) and 
chromosome B02 (line 12 CS_044) [8]. The wild alleles 
associated with these QTLs had a significant negative 
impact on several traits associated with nitrogen fixation 
such as chlorophyll content, plant biomass, nitrogenase 
activity and the presence of functional bacteroids [8]. The 
wild chromosome segments present in these two lines 
span approximately 76 Mbp on chromosome A02 and 
82.5 Mbp on chromosome B02 and contain too many 
genes to pinpoint those that are likely responsible for the 
observed phenotypes.

In peanut, rhizobia penetrate the root through the 
middle lamella between adjacent root hair cells then 
spread intercellularly by separating cortical cells along 
their middle lamellae. Large basal cells associated with 
some axillary root hairs are the first cells to be infected 
intracellularly. These cells then undergo repeated divi-
sions, ultimately forming nodule tissue [9]. However, 
the molecular and genetic mechanisms of SNF in leg-
umes that rely on the intercellular infection pathway, 
remain poorly understood [10]. Over the past two dec-
ades, studies have focused on the genetic and molecular 
mechanisms of SNF in the model legumes Lotus japoni-
cus and Medicago truncatula. In these species, rhizobial 
infection follows a distinct pathway, involving the forma-
tion of infection threads that enable intracellular bacte-
rial entry through root hairs [11–13]. Briefly, the legume 
releases exudates containing flavonoids into the rhizos-
phere, which are recognized by soil rhizobia as symbiotic 

signals [14]. This recognition attracts the bacteria around 
the root by chemotaxis and leads to the production and 
release of Nod factors (NFs), which can be recognized by 
NF membrane receptors (LjNFR1/LjNFR5 or MtLYK3/
MtNFP) on plant cells [12]. NF recognition leads to 
nuclear calcium oscillations caused by the activation of 
an NF co-receptor (LjSYMRK/MtDMI2), membrane pro-
teins (LjCASTOR, LjPOLLUX/MtDMI1) and nucleopro-
teins (LjNUP85, LjNUP133, LjNENA) [11]. Subsequently, 
a complex consisting of the proteins LjCCamK/MtDMI3 
and LjCYCLOPS/MtIPD3 decodes these calcium oscil-
lations and induces several transcription factors (TF) 
such as LjNSP1, LjNSP2, LjNIN, LjCRE1, LjERN1, which 
are key genes involved in bacterial infection and nodule 
organogenesis [11, 12]. Afterwards, nodule function-
ing requires genes involved in the activation of the bac-
terial nitrogenase, metabolism and transport, such as 
leghemoglobins (LjHB), nitrogenase dependent cofactor 
homocitrate (FEN1), symbiotic ammonium transporter 
(GmbHLm1), copper transporter (MtCOP1) and iron 
transporter (LjSEN1) [13].

RNA-Seq has widely been used in some model legumes 
crops such as soybean and common bean to gain insights 
into global gene expression and the molecular mecha-
nisms involved in SNF [15–20]. The recent genome 
sequencing of cultivated peanut and its two wild dip-
loid ancestors (A. duranensis and A. ipaensis) [1, 21, 22], 
offers the opportunity to start deciphering the genetic 
and molecular basis of the SNF process. For example, 
phylogenetic and transcriptomic analysis allowed, on 
the one hand, to identify the orthologs of many symbi-
otic genes previously described in model legumes and, 
on the other hand, to study their expression profiles dur-
ing the SNF process [13, 23–28]. In addition, functional 
analyses available for a small set of symbiotic genes like 
AhCCaMK, AhCYCLOPS, AhHK1, AhNFR1, AhNFR5, 
and AhNSP2 confirmed that the main molecular actors 
involved in the nodulation of model legumes play a simi-
lar role in peanut [29–33]. However, certain genes like 
RPG (Rhizobium Directed Polar Growth) required for 
infection thread formation during intracellular infec-
tion are absent in peanut [9, 23, 25–28], pointing out the 
existence of different molecular mechanisms that thus, 
that have not yet been explored.

In this study, we performed a comparative analysis of 
the transcriptome profiles of the two CSSLs and their 
recurrent parent Fleur11, to identify transcriptional sig-
natures and candidate gene (s) related to the Fix- pheno-
types observed in these CSSLs. Specific and differential 
expression patterns of genes were identified between 
the CSSLs and Fleur11. We identified FEN1 as a poten-
tial candidate gene located in the wild chromosome seg-
ments carried by the two CSSLs. These findings provide a 
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basis for further investigations to elucidate the molecular 
mechanisms underlying nitrogen fixation in peanut.

Materials and methods
Plant materials and experimental design
Two CSSLs (12 CS_051 and 12 CS_044) along with their 
recurrent parent Fleur11 were descripted in our previ-
ous study [7]. The two CSSLs exhibited a lower symbi-
otic efficiency compared to Fleur11 when inoculated 
with Bradyrhizobium vignae strain ISRA400 [8]. For 
each genotype, the seeds were provided by the Centre 
de Recherche pour l’Amélioration de l’Adadptation à la 
Sécheresse (CERAAS) located in Thiès, Senegal, which 
developed the CSSL population. The rhizobial strain 
ISRA400 was provided by the Laboratoire Commun de 
Microbiologie (LCM) located in Dakar, Senegal, which 
maintains a large collection of peanut rhizobia.

The seeds were sterilized using a 7% calcium hypochlo-
rite solution, then washed three times with sterilized 
water. They were germinated on water agar Petri dishes 
medium for three days at 28 °C [5]. Afterward, the seed-
lings were transplanted into Leonard jars filled with 
sterilized vermiculite [34] and watered with nitrogen-
free BNM nutrient solution [35]. Two treatments were 
applied: one without nitrogen, and another without 
nitrogen but inoculated with the efficient B. vignae strain 
ISRA400 [5]. Three time points were investigated: 0, 12 
and 21 days post-inoculation (dpi). The experimental 
design was a randomized complete block with five rep-
licates. For each genotype, one replicate corresponds to 
one plant. The plants were grown in a growth chamber at 
28 °C with a photoperiod lighting 16 h of light (150 mmol.
m2.s−1) and 8 h of darkness and 70% humidity. Seven days 
after planting, each seedling was inoculated with 1 ml of 
B. vignae inoculum. The inoculum was prepared by cul-
turing the bacteria in yeast mannitol medium in the dark 
for 4 days at 28 °C while shaking at 250 rpm, until a cell 
suspension with an absorbance of approximately 0.7 at 
600 nm. Non-inoculated plants served as control group. 
Nitrogen fixation effectiveness was assessed 21 days 
after inoculation (dpi) by estimating the leaf chlorophyll 
content of the third youngest leaf using a SPAD meter 
(soil plant analysis development; Konica-Minolta, Oka-
saka, Japan) [8]. Each CSSL was compared to the recur-
rent parent Fleur11 with Dunnett’s multiple test at p < 
0.05 using R software [36], as described in [8]. For each 
genotype, the whole root system of three replicates was 
harvested at 0, 12, and 21 dpi, and the collected samples 
were cleaned and immediately frozen in liquid nitrogen 
for RNA extraction. The remaining two replicates were 
used for histological analyses of nodules. The harvested 
time points 12 and 21 dpi, were selected according to 

previous results [26, 27], and correspond to immature 
and mature nodule development stages in peanut.

Histological analyses of nodules
For each genotype, nodule development was recorded at 
0, 12 and 21 dpi. Macroscopic observations of nodules 
and roots were conducted using a SMZ74557 stereo-
scopic microscope (Nikon, Tokyo, Japan) equipped with 
a GO-3 camera (Q-Imaging, Ontatio, Canada). Images 
were captured using Q-capture software (Q-Imaging). To 
visualize the structure of nodules and their infection by 
the bacteria, fresh nodules were excised at 21 dpi, fixed 
in 4% paraformaldehyde for 24 h at 4 °C, and then stored 
at room temperature in 70% ethanol. Four to five nodules 
were dehydrated in an ethanol gradient (80, 90, 95, and 
100%) and embedded in a Technovit 7100 resin (Kulzer, 
Hanau Germany). The embedded samples were sectioned 
at 5–6 µm using an RM 2145 rotary microtome (Leica 
Biosystems, Nussloch, Germany). Finally, the sections 
were stained with 0.01% toluidine blue for 2  min and 
observed using a H550S light microscope (Nikon, Tokyo, 
Japan) equipped with a Micropublisher 3.3 STV camera 
(Q-Imaging, Ontario, Canada).

RNA extraction, cDNA library construction and sequencing
Frozen samples were individually ground into a fine pow-
der in liquid nitrogen using a mortar and a pestle. For 
each sample, the total RNA was extracted from approxi-
mately 100 mg of powdered material by following the 
RNeasy Minikit protocol (Qiagen, Hilden, Germany). 
cDNA libraries were constructed using Stranded mRNA 
Prep ligation kit (Illumina, San Diego, USA) and 2 µg of 
total RNA. In total, 27 libraries (3 genotypes ´ 3 stages ´ 3 
replicates) were generated and sequenced on a NovaSeq 
6000 sequencer (Illumina, San Diego, USA) at MGX-
Montpellier Genomix platform (MGX, France, https://​
www.​mgx.​cnrs.​fr/​index.​php). Libraries were sequenced 
in single reads of 100 nucleotides.

Quality control and sequence data preprocessing
The quality of the raw reads from the RNA-seq was 
analyzed using Fastqc (https://​www.​bioin​forma​tics.​
babra​ham.​ac.​uk/​proje​cts/). Adapters and low-quality 
sequences (Phred score < 30) were removed using Cuta-
dapt [37]. The remaining high-quality sequences were 
aligned to the A. hypogaea var. Tifrunner reference 
genome (arahy.Tifrunner.gnm1.KYV3.genome_main.fna, 
downloaded from PeanutBase: https://​www.​peanu​tbase.​
org/) using the nf-core/rnaseq pipeline [38, 39]. Briefly, 
reads were aligned to the reference sequence using STAR 
[40]. The quality of the alignment was assessed using 
Qualimap [41], and gene expression was quantified using 
Salmon [42] to count the reads that mapped to a single 

https://www.mgx.cnrs.fr/index.php
https://www.mgx.cnrs.fr/index.php
https://www.bioinformatics.babraham.ac.uk/projects/
https://www.bioinformatics.babraham.ac.uk/projects/
https://www.peanutbase.org/
https://www.peanutbase.org/
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gene model annotated in the A. hypogaea var. Tifrunner 
GFF file (arahy.Tifrunner.gnm1.ann1.CCJH.gene_mod-
els_main.gff3, downloaded from PeanutBase.

Identification of differentially expressed genes, gene 
ontology enrichment
For each genotype, the expression levels of transcripts 
from control samples (0 dpi) and inoculated (12, 21 
dpi) samples were compared to identify differentially 
expressed genes (DEGs) during the SNF process. The 
DEGs were identified using the EdgeR Bioconductor 
package [43]. Only genes with a False Discovery Rate, 
adjusted by the Benjamini & Hochberg method, of ≤ 0.05 
and an absolute log2 FoldChange (log2 FC) of ≥ 2 were 
considered differentially expressed. Veen diagrams, heat 
maps, and volcano plots were generated using the ggveen 
[44], ComplexHeatmap [45] ggplot2 [46] packages 
respectively. The Gene Ontology (GO) terms for DEGs in 
the genome annotation were also retrieved from the GFF 
file downloaded from PeanutBase website. To investigate 
the cellular components (CC), molecular functions and 
biological process (BP) associated with DEGs, GO term 
enrichment analysis was performed using Goseq Biocon-
ductor package (Galaxy version 1.50.0 + galaxy0), based 
on the Wallenius method [47]. For the annotated GFF 
file, we classified and plotted DEGs according to the offi-
cial classification using Wego 2.0 [48, 49].

Identification of symbiotic genes
We identified orthologs of genes known to be involved 
in root nodule symbiosis in other species using the 
Orthofinder pipeline [25, 50]. The database comprised 
the proteomes of 14 legumes: A. hypogaea, A. ipaensis, A. 
duranensis, Cercis canadensis, Phaseolus vulgaris, Vigna 
unguiculata, Glycine max, L. japonicus, M. truncatula, 
Lupinus albus, Aeschynomene evenia, Nissolia schottii, 
Chamaecrista fasciculata and Mimosa pudica. These 
were downloaded from the Legume Information System 
(https://​legum​einfo.​org/​https://​legum​einfo.​org/) and the 
National Center for Biotechnology (https://​www.​ncbi.​
nlm.​nih.​govht​tps://​www.​ncbi.​nlm.​nih.​gov) websites. The 
analysis led to the identification of 228 orthogroups con-
taining 248 symbiotic genes [13, 51, 52] and 856 peanut 
orthologs potentially involved in SNF. Those genes are 

hereinafter referred as orthologs of symbiotic genes. The 
expression profile of these peanut orthologs was ana-
lyzed in each genotype. Steps used to identify orthologs 
of symbiotic genes in each QTL region that are differen-
tially expressed are summarized in Supplementary Data 
(Fig. S1).

Quantitative reverse transcription PCR (qRT‑PCR) analysis
qRT-PCR were performed using the same samples pre-
viously used for RNAseq experiments. However, the 
Fleur11 replicate sample at 12 dpi that appeared to be 
outlier (see results) was replaced with another sample 
corresponding to the same conditions. Single strand 
cDNA was synthesized from 500 ng of total RNA using 
Quanti Tect Reverse Transcriptase kit (Qiagen, Hilden, 
Germany). qRT-PCR was performed on a StepOne 
Applied Biosystems apparatus (Thermo Fisher Scien-
tific, Waltham, MA, USA) with the Takyon SYBR qPCR 
Blue Master Mix (Eurogentec, Seraing, CA, Belgium) 
under the following conditions: 95 °C for 5  min, 40 
cycles of 95 °C for 10 s, and 60 °C for 30 s. The primer 
set was designed using Beacon Designer software (Pre-
mier Biosoft International, Palo Alto, CA, USA) and can 
be seen as Supporting Information (Table S1). Expression 
values were normalized using the expression level of the 
AhUBC1 gene encoding ubiquitin.

Results
The two CCSLs exhibit symptoms associated with nitrogen 
fixation impairment
Traits related to nitrogen fixation were assessed 
between the two CSSLs and Fleur11 at 21 dpi. In the 
control treatment, no difference in leaf chlorophyll con-
tent (measured by SPAD) was observed between the 
genotypes. However, in the inoculated treatment, the 
CSSLs displayed significantly lower leaf chlorophyll 
content compared to Fleur11 indicating that nitrogen 
fixation was impaired in those CSSLs as previously 
described [8] (Fig. S2). Prior to inoculation, no nodules 
were detected in the roots for all genotypes (Fig. 1a, f, 
k). Fleur11 formed immature nodules (white color) at 
12 dpi (developmental stage) which evolved to mature 
nodules (pink color) at 21 dpi (functional stage) (Fig. 1b 
and c). The histological analysis of nodule sections from 

(See figure on next page.)
Fig. 1  Nodule development and histological features in plants inoculated with a Bradyrhizobium vignae. Fleur11, the recurrent parent and the two 
segment substitution lines 12 CS_051 and 12 CS_044 are shown per column from left to right. a-c, f–h and k-m: micrographs of root systems at 0, 
12 and 21 days post inoculation (dpi) (scale bar = 500 µm). d, i and n: longitudinal sections of nodules at 21 dpi stained with toluidine blue (d-n: 
scale bar = 100 µm). e, j and o: magnified areas of d, i and n sections, showing infected plant cells (scale bar = 10 µm). * Corresponds to the areas 
of d, i and n magnified in e, j and o. FZ = fixation zone, VB = vascular bundles, NP = nodule parenchyma, N = nucleus, DB = differentiated bacteria, 
UB = undifferentiated bacteria, V = vacuole

https://legumeinfo.org/https://legumeinfo.org/
https://www.ncbi.nlm.nih.govhttps://www.ncbi.nlm.nih.gov
https://www.ncbi.nlm.nih.govhttps://www.ncbi.nlm.nih.gov
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Fig. 1  (See legend on previous page.)
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Fleur11 at 21 dpi showed an aeschynomenoid-type tis-
sue structure. This includes a central area (fixation 
zone) infected by bacteria, which terminally differen-
tiated into bacteroids with the characteristic rounded 
shape, a peripheral parenchyma composed of unin-
fected cells, and vascular bundles (Fig. 1d and e). Both 
CSSLs displayed a nodule structure similar to that of 
Fleur11 at 21 dpi except that the nodules formed by line 
12 CS_051 were slightly smaller and appeared imma-
ture (Fig. 1g and h). Histological sections indicated that 
very few bacteria in this line had differentiated into bac-
teroids (Fig. 1i and j). For line 12 CS_044, we observed 
immature nodules of very small size, characterized by 
a scarce number of infected cells and the presence of 
a few bacteroids in the intracellular space (Fig. 1l-o). A 
similar number of nodules was observed in 12 CS_051 
compared to Fleur11, but slightly fewer nodules were 
present in line 12 CS_044 (data not shown).

Sequencing, quality analyses, and mapping
A total of approximately 1.2 Gb of clean reads was 
obtained from the 27 RNA-seq libraries, averaging 
~ 44 Mb per sample. The data size per sample and 
stage ranged from 36 to 62 Mb on average (Table  1). 
All samples showed standard %GC contents (43–46%), 
indicating the RNA sequencing reads were of good 
quality. In total, 52% to 66% of the reads were uniquely 
mapped to the A. hypogaea genome, with an average 
of 35% of the reads mapped to more than one locus 
(Table 1). Out of the 67,124 genes annotated in the A. 
hypogaea cv. Tifrunner genome (from PeanutBase), 
61.9% passed the post-quality filtering criteria, result-
ing in a final set of 41,559 genes for further analysis. 
A principal component analysis revealed a clear dis-
tinction between the uninoculated (0 dpi, or control) 
group and the inoculated groups (12 and 21 dpi). Good 
reproducibility was observed between biological rep-
licates, except for one Fleur11 sample at 12 dpi (Fig. 

Table 1  Summary of raw Illumina sequencing reads after preprocessing and mapping to A. hypogaea genome in each library

dpi means days post-inoculation. R1, R2 and R3 correspond to the replicates sequenced for genotype at each stage

RNA extraction 
stage

Samples Clean reads Mapped reads (%) Uniquely mapped 
(%)

Multiple loci mapped 
(%)

%GC

0 dpi Fleur11-R1 48,496,083 98.9 63.6 35.3 44

Fleur11-R2 55,297,710 98.8 63.3 35.5 44

Fleur11-R3 39,751,820 98.7 63.2 35.5 44

12 CS_051-R1 46,866,066 98.8 62.8 36 44

12 CS_051-R2 54,597,493 98.8 62.9 35.9 44

12 CS_051-R3 42,689,417 98.5 62.5 36 44

12 CS_044-R1 42,187,774 98.5 62.7 35.8 43

12 CS_044-R2 51,378,233 98.5 62.5 36 44

12 CS_044-R3 47,997,547 98.4 62.9 35.5 44

12 dpi Fleur11-R1 46,333,603 83 52.6 30.4 46

Fleur11-R2 54,100,316 97 61.3 35.7 44

Fleur11-R3 86,165,092 98.3 62.2 36.1 45

12 CS_051-R1 44,167,388 97.6 61.6 36 44

12 CS_051-R2 25,994,541 98.2 62.2 36 44

12 CS_051-R3 38,373,385 97.3 61.2 36.1 45

12 CS_044-R1 38,808,175 97.7 60.7 37 45

12 CS_044-R2 44,513,728 96.6 60.5 36.1 45

12 CS_044-R3 44,487,845 97.6 61.2 36.4 45

21 dpi Fleur11-R1 38,299,519 99 65.7 33.3 43

Fleur11-R2 44,037,899 99 65.4 33.6 44

Fleur11-R3 37,543,103 99.2 66 33.2 43

12 CS_051-R1 43,058,388 98 63.2 34.8 44

12 CS_051-R2 44,187,512 99 63.8 35.2 44

12 CS_051-R3 35,315,475 98.8 64.2 34.6 43

12 CS_044-R1 33,690,447 98.6 63.2 35.4 44

12 CS_044-R2 38,098,437 99 63.3 35.7 44

12 CS_044-R3 39,080,945 98.9 63.5 35.4 44
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S3a). For further analysis, this particular sample was 
considered as an outlier and removed (Fig. S3b). The 
results obtained for this developmental stage are pro-
vided in the Supplementary Data (Fig. S9, Table S2, S3 
and S6).

Identification of differentially expressed genes
At the functional stage, a total of 4243, 2383, and 2549 
DEGs were identified in Fleur11, 12 CS_051, and 12 
CS_044, respectively (Fig.  2a). In Fleur11, most of the 
downregulated (55–63%) and upregulated (43–52%) 
genes were not shared with either of the two CSSLs 
(Fig.  2b and c). This distribution of DEGs likely indi-
cates strong differences in gene expression between the 

Fig. 2  Gene expression profile in the recurrent parent Fleur11 and the CSSLs 12 CS_051 and 12 CS_044 between 0 and 21 days post-inoculation. 
a Bar plot of the number of differentially expressed genes (DEGs) identified of each genotype. b, c Venn diagrams showing the number of DEGs 
downregulated and upregulated in Fleur11 and each CSSL. d Volcano plots of gene expression showing the significance level (p-value ≤ 0.05) 
of gene expression (log2 FoldChange ≤ −2 or ≥ 2) for each genotype
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functional nodules of Fleur11 and the poorly functional 
nodules of the two CSSLs. A Volcano plot illustrating 
for each genotype, the significance of differences in gene 
expression between control and inoculated samples is 
presented in Fig. 2d.

Functional classification of DEGs
To investigate the functional categories associated with 
differential gene expression between Fleur11 and the two 
CSSLs we performed a gene ontology (GO) analysis.

Transcriptome profile description of Fleur11
In Fleur11, GO term enrichment analysis of 4243 DEGs, 
including 2138 downregulated and 2105 upregulated 
genes, identified 63 significantly enriched GO terms, 
distributed across 21 biological process (BP), 30 molec-
ular functions (MF), and 11 cellular components (CC) 
(Table S2). Gene functions related to responses to biotic 
stimulus, oxidative stress and bacteria, and DNA tran-
scription were particularly over-represented (Table  S2). 
Among the most highly expressed genes were those 
encoding non-symbiotic hemoglobin (Arahy.C5DNVC, 
Arahy.9R3RK8, Arahy.SU9 WSI), sulfate transporter 
(Arahy.0G5 TBZ, Arahy.WH3 JRW), subtilisin-like 
serin protease (Arahy.8L903M, Arahy.4RTA8 J), and 
cysteine-rich secretory proteins, antigen 5, and pathogen-
esis-related 1 proteins (CAPs) (Arahy.USL2 FX, Arahy.
HUGM4D) and several genes encoding uncharacterized 
proteins (Fig. 2d, Table S3).

Comparison of transcriptome profiles between line 12 
CS_051 and Fleur11
A GO term enrichment was conducted on the 339 down-
regulated and 506 upregulated genes that were exclu-
sively detected in line 12 CS_051 when compared to 
Fleur11 (Fig. 2b and c). A total of ten GO terms related 
to oxidoreduction activity, cell wall and enzyme inhibitor 
activity were significantly enriched among the downregu-
lated genes (Fig. 3a, Table S4). For upregulated genes, 10 
GO terms were significantly enriched, including “heme 
binding” and “protein serine/threonine kinase activity” 
(Fig.  3b, Table  S4). In addition, we performed a func-
tional classification on 1569 downregulated and 1136 
upregulated genes in Fleur11 which displayed expression 
levels that were not changed in line 12 CS_051 (Fig.  2b 
and c). The functional classification of the downregu-
lated genes revealed 28 significantly enriched GO terms, 
such as “response to biotic stimulus”, “heme binding”, 
“O-glycosyl hydrolase activity” and “response to oxi-
dative stress” (Fig.  3c, Table  S4). For the upregulated 
genes, six GO terms were significantly enriched, includ-
ing “DNA transcription” and “oxidoreduction activity” 
(Fig.  3d, Table  S4). The most highly expressed genes in 

line 12 CS_051, as in Fleur11, include genes encoding a 
non-symbiotic hemoglobin, a sulfate transporter, and a 
subtilisin-like serin protease (Fig. 2d, Table S3).

Comparison of transcriptome profiles between line 12 
CS_044 and Fleur11
A total of 574 downregulated and 699 upregulated genes 
were identified exclusively in line 12 CS_044 when com-
pared to Fleur11 (Fig. 2b and c). Among the downregu-
lated genes, 19 Go terms including"response to biotic 
stimulus","cell wall", and"oxidoreduction activity"(Fig. 4a, 
Table S4) were significantly enriched. For the 699 upreg-
ulated genes, 18 GO terms were overrepresented, includ-
ing functions such as"defense response","heme binding", 
and"protein kinase activity"(Fig. 4b, Table S4). In contrast, 
in Fleur11, we identified 1505 downregulated and 1462 
upregulated genes, that did not show significant expres-
sion in line 12 CS_044 (Fig.  2b and c). The functional 
classification of the downregulated genes revealed 22 
GO terms significantly enriched, encompassing"response 
to biotic stimulus","response to oxidative stress","heme 
binding", and"O-glycosyl hydrolase activity"(Fig.  4c, 
Table  S4). Among the upregulated genes, 11 GO 
terms were significantly enriched, relating functions 
such as"DNA transcription","b-glucanases activity", 
and"oxidoreduction activity"(Fig.  4d, Table  S4). In con-
trast to Fleur11, genes associated with the jasmonic acid 
pathway, such as those encoding jasmonate-zim-domain 
protein 1 (Arahy.DQCW8 K) and RING/U-box protein 
(Arahy.UIUY7Y/Arahy.N0BVKE) were found among the 
most highly expressed genes in line 12 CS_044, (Fig. 2d, 
Table S3). Nevertheless, some orthologs of genes encod-
ing a non-symbiotic hemoglobin and a sulfate transporter 
were also highly expressed in line 12 CS_044 (Table S3).

Identification and analysis of expression of symbiotic 
genes
In order to identify the DEGs that are likely to be directly 
involved in SNF, we performed an Orthofinder analysis 
to identify the peanut orthologs of genes that were shown 
to be involved in SNF in other legumes.

Identification of orthologs of known symbiotic genes 
in the peanut genome
Based on the available proteomes from several leg-
umes including those from the two models, M. trunca-
tula and L. japonicus, the Orthofinder analysis allowed 
the identification of peanut orthologs of 212 symbiotic 
genes described in other species (Table  S5) [13, 25, 27, 
52]. Notably, we did not find orthologs for a subset of 
36 known symbiotic genes. This subset includes genes 
that are absent from the peanut genome such as RPG, 
LegH (Leghemoglobin), DNF2/7 (Defective in Nitrogen 
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Fixation), CLE12 (Cytokinin signaling) or SymCRK (Sym-
biotic Cysteine-rich Receptor-like Kinase) as previously 
described by [27]. Among this subset of genes, certain are 

not yet annotated in the peanut genome and are absents 
in the peanut proteome, but their presence can be con-
firmed by BLAST analysis, such as NSP2 (Nodulation 

Fig. 3  Top 10 significantly enriched GO terms of differentially expressed genes identified only in Fleur11 or line 12 CS_051. The p.adjust 
is the corrected p-value ranging 0 to 1. a, b and c, d correspond to GO terms significantly enriched in downregulated and upregulated genes 
exclusively in line 12 CS_051 and Fleur11, respectively
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Signaling Pathway), ERN1/2 (Ethylene response factor 
required for nodulation), LAN (Lack of Symbiont Accom-
modation), CLV2 (CLAVATA2, receptor-like protein), 
CLE13 or RSD (Regulator of symbiosome development). 

The orthologs of symbiotic genes clearly identified in 
peanut genome were categorized into seven different 
functions based on their role during the nodulation pro-
cess, as described by Raul et al. [27] and Roy et al. [13].

Fig. 4  Top 10 significantly enriched GO terms of differentially expressed genes identified only in Fleur11 or line 12 CS_044. The p.adjust 
is the corrected p-value ranging 0 to 1. a, b and c, d correspond to GO terms significantly enriched in downregulated and upregulated genes 
exclusively in line 12 CS_044 and Fleur11, respectively
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Peanut orthologs of symbiotic genes show different patterns 
in CSSLs compared to Fleur11
A total of 116, 82 and 77 orthologs of symbiotic genes 
were among the DEGs in Fleur11, line 12 CS_051 and 
line 12 CS_044, respectively (Table S6). Interestingly, we 
found several orthologs of symbiotic genes among the 
genes showing the highest expression levels in Fleur11 
(Table  S3). These included Glb1/AhSymH1-3 (Arahy.
C5DNVC, Arahy.9R3RK8 and Arahy.SU9 WSI), encoding 
class I hemoglobins (phytoglobins also called non-sym-
biotic hemoglobin) that have replaced leghemoglobins in 
peanut, SST1 (Arahy.0G5 TBZ/Arahy.WH3 JRW) encod-
ing a sulfate transporter, and AglAG12 (Arahy.4RTA8 J), 
encoding a subtilase (Tables S3 and S6). Furthermore, 
RNA-Seq analysis revealed that two orthologs of the 
Nodule Inception (NIN) gene, Arahy.I65 W25/Arahy.
V4BGUX, which serves as a master symbiotic regulator 
of various genes and process related to nodule organo-
genesis, were significantly induced (Table  S6). In 12 
CS_051, the orthologs of SST1, SymH, and AglAG12 were 
also among the highly expressed genes, and NIN gene 
orthologs were induced, though at lower levels com-
pared to Fleur11 (Tables S3 and S6). In contrast, only two 
phytoglobin orthologs were among the highly expressed 
genes in the line 12 CS_044, and remarkably, none of the 
NIN orthologs was induced (Tables S3 and S6).

A comparative analysis of the differentially expressed 
orthologs of symbiotic genes in Fleur11 and the CSSLs 
revealed significant expression differences in genes 
involved in various symbiotic functions (Fig. S4). For 
instance, several orthologs of SNF genes involved in bac-
terial recognition and early signaling were induced only 
in the CSSLs compared to Fleur11. These included genes 
coding for a nucleotide binding site leucine-rich repeat 
resistance protein (Rj2), a chalcone synthase (CHS) 
and a chalcone reductase (CHR) (Fig. S4). On the other 
hand, some orthologs of key genes required for nodule 
organogenesis such as response regulator (RR5/9/11), 
ethylene response factor (EFD), nodule root transcrip-
tional regulator (NOOT) and KNOX homeodomain 
(KNAT3/5/9/10), were not induced in the CSSLs (Fig. 
S4), pinpointing the reduction of nodule size observed in 
these CSSLs.

Focusing on 33 known symbiotic genes required for 
nodule functioning (symbiosome formation, and nodule 
metabolism and transport) at 21 dpi, which corresponds 
to a mature nodule stage, we observed upregulation 
of several genes encoding SNF-related transporters in 
Fleur11. These included copper transporter (COP1), 
symbiotic ammonium transporter (GmbHLm1), sul-
fate transporter (SST1), zinc efflux transporter (MTP2), 
molybdate transporter (MOT1.2), oxygen carrier hemo-
protein (Glb1/Glb3-2) (Fig.  5). In contrast, orthologs of 

genes encoding the iron transporter (NRAMP), water 
channels (TIP1 g) and ammonium transporter (AMT.1.1) 
were downregulated. Additionally, orthologs of FEN1 (a 
homocitrate synthase involved nitrogenase activity) and 
SymREM1 (remorin protein involved in symbiosome 
formation) were induced in Fleur11. When comparing 
12 CS_051 with Fleur11, a similar gene expression pat-
tern was observed, except for two orthologs of MTP2 
and Glb3-2, and one of MOT1.2 and FEN1, which 
exhibited significantly lower expression levels in line 
12 CS_051(Fig.  5). In line 12 CS_044, however, most of 
genes encoding SNF-related transporters were not signif-
icantly induced compared to Fleur11. These include three 
orthologs of Glb3-2 and COPT1, two orthologs MTP2 
and GmbHLm1, and one ortholog of MOT1.2. Further-
more, two orthologs of FEN1, exhibited a significant 
lower level of expression in line 12 CS_044 (Fig. 5).

In addition to the orthologs of 212 symbiotic genes 
identified in the peanut genome, we also investigated the 
expression of genes encoding a cysteine-rich proteins 
and peptides, which are associated with plant-pathogen 
interaction and terminal differentiation of rhizobia. In 
Fleur11, we observed a significant induction of 22 genes 
encoding defensin-like nodule specific cysteine-rich pep-
tides (NCRs), and 43 CAPs, 40 of which are known to be 
specially induced in nodules (Table  S7, Fig. S5). Some 
NCRs and CAPs genes were also induced in the CSSLs, 
although at lower levels compared to Fleur11, especially 
in line 12 CS_044 (Fig.S5).

qRT-PCR analysis performed on a set of seven genes, 
including NIN, FEN1, and AglAG12. In each genotype, 
the expression patterns of at least six genes were consist-
ent with the RNA-Seq data across the different stages of 
the SNF process in each genotype (Table 2). The results 
of qRT-PCR strongly corroborated the finding from 
RNA-seq analysis.

Analysis of gene expression in regions corresponding 
to the QTLs
To investigate the candidate gene(s) responsible for the 
impaired symbiotic phenotypes recorded in the two 
CSSLs, we focused our analysis on genes located in the 
QTL regions on chromosomes A02 (line 12 CS_051) 
and B02 (12 CS_044). The targeted regions are located 
between SSR markers Seq12E03 and RM2H10 on chro-
mosome A02, and between the SSR markers Seq1B09 
and Ah3 TC13E05 on chromosome B02 [8]. The QTL on 
chromosome A02 is 76 Mbp in size and contains 1180 
annotated genes. On chromosome B02, the QTL is 82.5 
Mbp in size and contains 1095 annotated genes. The 
comparison of QTL sequences from homeologous chro-
mosomes A02 and B02 of Arachis hypogaea cv. Tifrunner 
revealed a good collinearity suggesting that the sequences 



Page 12 of 20Nzepang et al. BMC Genomics          (2025) 26:556 

are syntenic (Fig. S6). Among the annotated genes found 
on these QTLs, orthologs of 10 symbiotic genes were 
identified on chromosome A02, while 06 orthologs were 
found on chromosome B02 (Table 3).

We compared the expression of those genes between 
Fleur11 and the two CSSLs. We identified 67 DEGs 
situated in the QTL region on chromosome A02 in 
Fleur11, of which 37 were downregulated and 30 were 

upregulated. In line 12 CS_051, we found 21 DEGs, with 
09 downregulated and 12 upregulated (Table S8, Fig. S7). 
Similarly, in the QTL region on the chromosome B02 we 
identified 60 DEGs in Fleur11, of which 26 were down-
regulated and 34 were upregulated. In line 12 CS_044, 
there were 26 DEGs, with 13 downregulated and 13 
upregulated (Table S8, Fig. S8). Interestingly, among the 
DEGs situated in each QTL region, we found R genes 

Fig. 5  Comparative analysis of the expression profile of peanut orthologs of symbiotic genes involved in nodule functioning between Fleur11 
and the CSSLs. For each genotype, gene expression (log2 FoldChange) was evaluated by comparing the inoculated treatment (21 dpi) 
with the control (0 dpi, uninoculated). A gene was considered to be differentially expressed if the absolute value of log2 FoldChange 3 2 
and the p-value £ 0.05. Up and down regulated genes were indicated in red and blue, respectively. The white dotted lines indicate gene that have 
a fold change greater than the specified threshold but with a non-significant p-value
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(TIR-NBS-LRR class, encoding resistance proteins) that 
exhibited different expression levels between the corre-
sponding line and Fleur11 (Table S8, Fig. S7 and S8).

Regarding orthologs of SNF-related genes situated 
within the QTL regions, we found no differentially 
expressed genes between the uninoculated treatment and 
the inoculated treatment at 21 dpi in the chromosome 
A02 for line 12 CS_051 or in the chromosome B02 for 
line 12 CS_044. In contrast, we identified two orthologs 
of FEN1 (Arahy.R43499 on chromosome A02 and Arahy.
Y8 K7 VT on chromosome B02) that were induced in 
Fleur11 between 0 and 21 dpi (Fig. 6). FEN1 is involved 
in nodule metabolism and transport, particularly in the 
activity of nitrogenase. Notably, the expression of Arahy.
R43499 was at least twofold lower in 12 CS_051 com-
pared to Fleur11. The expression of Arahy.Y8 K7 VT was 
at least threefold lower in line 12 CS_044 compared to 
Fleur11. Interestingly, Arahy.Y8 K7 VT transcript lev-
els were three times more abundant in line 12 CS_051 
compared to line 12 CS_044. Additionally, although the 
expression of Arahy.R43499 in 12 CS_044 was not sta-
tistically significant, we did observe a 1.30-fold increase 
when compared to 12 CS_051.

Discussion
In this study, we performed a comparative analysis 
of transcriptomic profiles of two CSSLs impaired for 
nitrogen fixation, 12 CS_051 and 12 CS_044 and their 
recurrent parent, Fleur11, aiming to identify signal-
ing pathways and candidate gene(s) associated with the 
symbiotic phenotypes observed in these two CSSLs. The 
CSSLs harbor large homeologous wild introgressions on 
chromosomes A02 and B02 [7], which were associated 
with the disruption of root-nodule symbiosis process. 
Plants used in this study exhibited previously described 
features including low levels of chlorophyll content and 
abnormal nodule development [8].

Recurrent parent Fleur11, showed a transcriptome prolife 
similar to previously reported transcriptome of peanut 
during SNF
As previously described in transcriptome analysis of 
other peanut accessions at the functional nodule stage 
(21 dpi) [26, 27], gene functions related to “heme bind-
ing”, “iron binding”, “response to biotic stimulus”, “oxy-
gen transport”, “response to oxidative stress”, “defense 

Table 2  qRT-PCR validation of RNA-seq results

dpi indicates days post-inoculation. For qRT-PCR analysis, the expression of each gene was calculated using the comparative threshold cycle method. TMM counts 
refer to raw read counts normalized using the Trimmed Mean of M-values (TMM) method. TMM counts correspond to quantification of gene expression by RNA-Seq. 
R2 indicates the correlation between qRT-PCR and RNA-Seq data

Genes Genotypes qRT-PCR RNA-Seq (TMM counts) R2

0 dpi 12 dpi 21 dpi 0 dpi 12 dpi 21 dpi

Arahy.4RTA8 J (AhAglAG12) Fleur11 1 135.46 196.09 0 1444.99 4095.89 0.86

12 CS_051 1 539.32 1345.19 0 601.29 2648.36 0.96

12 CS_044 1 0.97 1.75 0.72 2.92 128.96 0.99

Arahy.8L903M Fleur11 1 14.43 123.33 0 4433.19 6412.84 0.64

12 CS_051 1 81.81 196.78 0 2125.28 7256.66 0.98

12 CS_044 1 1.53 5.12 0.37 7.82 191.79 0.99

Arahy.Y8 K7 VT (AhFEN1) Fleur11 1 3.50 39.13 0 222.51 1844.99 0.99

12 CS_051 1 7.95 66.00 0 59.29 568.01 1.00

12 CS_044 1 2.17 3.59 2.59 1.87 32.60 0.77

Arahy.R43499 (AhFEN1) Fleur11 1 0.61 0.62 5.16 14.37 13.90 0.99

12 CS_051 1 0.84 0.63 188.50 60.22 48.85 0.73

12 CS_044 1 0.76 2.17 12.51 4.63 24.25 0.93

Arahy.B4MRFB (AhMOT1.2) Fleur11 1 2.73 2.61 495.91 3116.47 1242.18 0.58

12 CS_051 1 2.02 3.86 1015.57 2147.44 3083.87 0.95

12 CS_044 1 0.89 3.36 769.92 18.56 1644.38 0.81

Arahy.I65 W25 (AhNIN) Fleur11 1 1.30 4.60 119.15 1185.18 3729.47 0.95

12 CS_051 1 1.35 3.99 169.53 653.00 1547.78 0.94

12 CS_044 1 2.28 3.00 128.22 54.12 181.58 0

Arahy.IUYB4 A (AhCRE1) Fleur11 1 1.75 0.20 2576.64 4416.04 381.37 0.99

12 CS_051 1 1.55 0.63 3409.96 2549.10 2068.29 0

12 CS_044 1 0.44 0.90 3376.13 207.18 1718.04 0.86
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response to bacterium”, “oxidoreduction activity”, 
“O-glycosyl hydrolase activity” and “DNA transcrip-
tion” were particularly over-represented among the 
DEGs identified in Fleur11. The peanut orthologs 
of nodule-specific expressed genes, including Glb1/
AhSymH1-3, SST1, AglAG12 and CAPs, were among 
the highly expressed genes. Furthermore, peanut 
orthologs of key SNF-related genes such NIN, EFD, 
FEN1, RR5/9/11 and nodule-induced transporters 
genes were upregulated in Fleur11. Similar results were 
described not only in other peanut accessions [26, 27], 
but also in other nitrogen-fixing species particularly 
for genes such as NIN, Glb1, SST1 and AglAG12 [28]. 
We conclude that in our conditions, the transcriptome 
of Fleur11 plants infected by ISRA400 B. vignae strain 
shows the same patterns previously described for other 
peanut accessions in interaction with other rhizobial 
strains. However, thanks to our Orthofinder analysis 
we were able to include the expression analysis of many 
orthologs of symbiotic genes that were not considered 
in previous studies [23, 26, 27].

Expression of plant immunity and symbitotic genes 
reflects the phenotypic differences between CSSLs 
and Fleur11
Genes related to plant immunity were expressed dif-
ferentially in the CSSLs compared to Fleur11. Several 
genes involved in protein kinase activities or defense 
response were significantly upregulated only in the two 
CSSLs. Protein kinases play a crucial role in pattern trig-
gered immunity pathway during pathogen recognition 
and subsequent induction of plant defense mechanisms, 
including the activation of transcription factors and sys-
temic responses [53]. This suggest that the induction of 
these genes may have led to the recognition of rhizobia 
as a pathogen, triggering defense responses that arrest 
further rhizobial invasion and eliminate ineffective nod-
ules. The presence of necrosed tissues and/or high pro-
portion dead bacteria in nodule sections of the CSSLs [8] 
supports this idea. Interestingly, transcriptome profiles 
revealed that genes encoding nodule-specific cysteine-
rich proteins and peptides (CAPs and NCRs), exhibited 
lower expression levels in the two CSSLs compared to 

Table 3  Identification of orthologs of previously known SNF-related genes present in QTLs regions corresponding to the QTLs on 
chromosome A02 and B02

Chr Chromosome

Chr Gene ID Orthologs Function

M. truncatula A. hypogaea A. duranensis/
A. ipaensis

A02 MtLAX2 MtrunA17_Chr7 g0241841 Arahy.974 NLB Aradu.ZM0 JI Nodule organogenesis

MtNOOT MtrunA17_Chr1 g0171771 Arahy.D2XTM9 Aradu.31ZLJ

GmARF8a/8b MtrunA17_Chr5 g0433301 Arahy.TZ3SVZ Aradu.STB9 F

MtSCARN MtrunA17_Chr4 g0004861 Arahy.ENX9PF Aradu.Z3EUJ Rhizobial infection

MtVAMP721 MtrunA17_Chr2 g0291651 Arahy.3 N3RG9
Arahy.JUA6LJ

Aradu.3XT84
Aradu.Q6 WYU​

Symbiosome formation

MtSymREM1 MtrunA17_Chr8 g0386521 Arahy.E67BSD -

LjFEN1 MtrunA17_Chr7 g0226821 Arahy.SVFK59 Aradu.0 A06I Nodule metabolism and transport

MtrunA17_Chr1 g0213481 Arahy.R43499 Aradu.F9 JCM
Aradu.TP8 FN

LjAMT1.1 MtrunA17_Chr1 g0168631 Arahy.E0EAR0 Aradu.KH25 W

GmPT5 MtrunA17_Chr7 g0261231 Arahy.XB7U2 C Aradu.ZC0SW Aradu.E3REX

MtFER3 MtrunA17_Chr4 g0005581 Arahy.MAQ2UP Aradu.N8 FJN Senescence

B02 MtLAX2 MtrunA17_Chr7 g0241841 Arahy.B2YEC9 Araip.TU273 Nodule organogenesis

MtNOOT MtrunA17_Chr1 g0171771 Arahy.K4 FBU4 Araip.RJS33

MtSCARN MtrunA17_Chr4 g0004861 Arahy.6 AJ8U6 Araip.0SG8 W Rhizobial infection

LjFEN1 MtrunA17_Chr7 g0226821 Arahy.I9 TRT4
Arahy.T5GDAR

Araip.82ZQZ
Araip.N3U2H

Nodule metabolism and transport

MtrunA17_Chr1 g0213481 Arahy.14SFHV
Arahy.I3BSCY
Arahy.Y8 K7 VT

Araip.J9L15
Araip.VLA9D
Araip.X1RXQ

MtFER3 MtrunA17_Chr4 g0005581 Arahy.B2GHU0 Araip.S9G3 C Senescence

GmBEHL1 MtrunA17_Chr5 g0403631 Arahy.ZGY2QD Araip.C7RCE Autoregulation of nodule number



Page 15 of 20Nzepang et al. BMC Genomics          (2025) 26:556 	

Fleur11. As observed in Fleur11, high expression of CAPs 
and NCRs has been previously linked to efficient nitro-
gen fixation in peanut [26, 27], and other legumes such 
as Aeschynomene evenia [52, 54], and pea [55]. The role 
of cysteine-rich proteins in legume-rhizobia symbiosis is 
still not completely understood. Given their broad range 
of potent antimicrobial activities [56, 57], it is assumed 
that these proteins may play a role in inhibiting plant 
defense mechanisms and regulating terminal rhizobial 
differentiation. In M. truncatula, the lack in expression 
of some NCR-encoding genes inhibits bacteria differen-
tiation and leads to severe symptoms of impaired nitro-
gen fixation, such as senescence of nodules and death of 
rhizobia inside nodules [58, 59].

In addition, some orthologs of chalcone synthase and 
reductase (CHS and CHR), involved in flavonoid bio-
synthesis were induced at 21 dpi only in the CSSLs 
compared to Fleur11. At the early stage of legume sym-
biosis, flavonoids play a crucial role as symbiotic signal 
molecules promoting the formation of nodules [60, 61], 
whereas their expression at the late stages is possibly 

related to their role in defense mechanisms [62]. Indeed, 
once rhizobial infection has occurred, flavonoid induc-
tion is not required during determinate nodule forma-
tion in compatible symbiosis interactions [63]. On the 
other hand, it was reported that most of genes involved 
in plant immunity such as those involved in the jasmonic 
acid signaling pathway, were notably downregulated dur-
ing SNF in peanut [26]. In contrast, the gene encoding 
for jasmonate-zim-domain (JAZ) protein 1 exhibited the 
highest expression level in line 12 CS_044. JAZ proteins 
are known as the key regulators of jasmonate signaling, 
an important integrator of plant–microbe interactions 
[64]. The involvement of JAZ proteins in root nodules 
symbiosis was demonstrated in peanut [65]. The analysis 
of the expression pattern of JAZ genes at different time 
points of peanut nodulation showed an enhanced expres-
sion during the early stage (4–8 dpi), which decreased 
considerably at later stage (12–30 dpi) [26, 65]. Moreo-
ver, while the two QTLs contain orthologs of R and SNF-
related genes which are differentially expressed between 
the CSSLs and Fleur11, there is no clear evidence to 

Fig. 6  Volcano plots of expression for FEN1 orthologs highlighting significance (p ≤ 0.05) and gene expression thresholds (log2 FoldChange ≤ −2 
or ≥ 2) across genotypes
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suggest that changes in gene expression related to plant 
immunity is either the cause or consequence of impaired 
nitrogen fixation observed in the CSSLs.

At the mature nodule stage, we found 154 peanut 
orthologs corresponding to 33 genes involved in nod-
ule functioning during symbiosis in model legumes. The 
large number of orthologs found in the peanut genome 
is linked to tetraploidization and subsequent gene dupli-
cation events. In Fleur11, most of genes encoding SNF-
related transporters are induced at the functional nodule 
stage, similarly to previous results obtained in others 
peanut accessions [27]. In contrast, we found that some 
orthologs of genes encoding SNF-related transporters 
such as, MTP2 [66], Glb3-2 [52], MOT1.2 [67], Gmb-
HLm1 [68] showed low levels of expression in the two 
CSSLs. The lack of nodule induced transcripts of SNF-
related transporter genes can impair bacteria differentia-
tion, and lead to severe reductions in nodule fitness and 
nitrogenase activity.

Remarkably, some orthologs of FEN1 were not induced 
at 21 dpi in the two CSSLs compared to Fleur11. Previ-
ous studies have demonstrated that fen1 mutants fail to 
enlarge infected cells and form white nodules that are 
unable to fix efficiently nitrogen in L. japonicus [69–71]. 
On the other hand, the lines 12 CS_051 and 12 CS_044 
produced nodules that were, respectively, slightly smaller 
and very small in comparison to those of Fleur11, as 
previously described [8]. Nodule size is possibly related 
to the expression levels of genes related to organogen-
esis. Most of the key transcription factors required for 
nodule organogenesis were upregulated in Fleur11 at 21 
dpi. In contrast, even the master regulator gene, NIN, 
was induced in line 12 CS_051, other transcriptions fac-
tors, including ethylene response factor required for 
nodule differentiation (EFD) [72] and response regula-
tor (RR5/9/11) [73] were not significantly induced. The 
lack of induction of these genes leads to the inhibition 
of cytokinin signaling, which in turn affects the nodule 
development and suppresses the initiation of new nod-
ules in M. truncatula. In the line 12 CS_044, we found 
that NIN, EFD and RR5/9/11 orthologs were not signifi-
cantly induced, and this is possibly related to the pro-
nounced reduction in nodule size observed in this line. 
Indeed, a defective expression of NIN is known to affect 
rhizobial infection, nodule number and development 
[74]. Interestingly, the analysis of transcriptome pro-
files at 12 dpi, revealed that in the CSSLs, NIN, EFD and 
RR5/9/11 are expressed at similar levels compared to that 
observed to 21 dpi (Table S6, Fig.S9). These finding sug-
gest that the phenotypic and transcriptomic variations 
observed at the functional nodule stage may be a con-
sequence of a deficiency manifested at the early stages. 
This implies that the symbiotic process could be blocked 

at the organogenesis stage in the CSSLs. Assuming that 
the gene(s) responsible of phenotypic and transcriptomic 
variations are located within the wild introgression car-
ried by each line, we can investigate the hypothesis out-
lined above.

A candidate gene potentially involved in SNF was found 
in the homoeologous QTLs on chromosomes A02 and B02
It clearly appears that homeologous QTLs on chromo-
somes A02 and B02 have different effects on SNF-related 
traits and expression of SNF-related genes in the corre-
sponding line. These finding may be attributed to various 
genetic factors, such as gene dosage effects, allelic inter-
actions, functional divergence (neo-functionalization) 
of genes, redundancy or compensation (sub-functional-
ization) of genes. Changes in gene expression of home-
ologous QTLs, leading to various phenotypic effects 
have been extensively reported in allopolyploids, such 
as wheat and cotton [75]. In the two targeted regions on 
chromosomes A02 and B02, we found two orthologs of 
FEN1, Arahy.R43499 and Arahy.Y8 K7 VT, respectively, 
which were induced in Fleur11, but not in the corre-
sponding line. The ortholog Arahy.Y8 K7 VT is known to 
be expressed only nodules in peanut [27]. FEN1 encodes 
for a homocitrate synthase, which is an essential cofac-
tor provided by the legume, to activate the nitrogenase 
of rhizobia [69, 76]. In L. japonicus, the lack of nodule-
specific FEN1 expression in fen1 mutants leads to nitro-
gen deficiency symptoms, including the formation of 
small, pale and pink nodules that are infected by dif-
ferentiated bacteria but do not fix nitrogen (Fix-) [69]. 
It was demonstrated that, FEN1 overcomes the lack of 
rhizobial homocitrate synthase (NifV) during the sym-
biosis with Mesorhizobium loti [69]. However, NifV 
is not present in most rhizobia that can establish effi-
cient SNF [76]. Nevertheless, there is no clear evidence 
to prove that the presence of NifV gene is related to the 
absence of FEN1 expression in legume-rhizobia sym-
biosis. The efficient B. vignae ISRA400 strain used as 
inoculum in this study contains a NifV gene [77], while 
the efficient Bradyrhizobium sp. SEMIA6144, used as 
inoculum in previous studies in peanut [26, 27], does 
not. Interestingly, both strains form efficient nitrogen fix-
ing nodules and FEN1 shows high level of expression in 
A. hypogaea [27]. Taken together, these results suggest 
that FEN1 could be essential for rhizobial nitrogenase 
activity in peanut-Bradyrhizobium symbiosis and can 
be a suitable candidate gene to explain phenotypic vari-
ations observed in the two CSSLs. We hypothesize that 
the lack of expression of one FEN1 ortholog may impair 
nitrogenase activity, thereby contributing to nitrogen 
fixation deficiency observed in the CSSLs. The expression 
of the two orthologs of FEN1 in the CSSLs compared to 
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Fleur11, coupled with the observed differences in pheno-
types, suggest distinct or complementary gene functions. 
This hypothesis is supported by the RNA-Seq analysis at 
nodule development stage (12 dpi), which showed that 
Arahy.Y8 K7 VT was induced only in Fleur11 and line 
12 CS_051, whereas Arahy.R43499 was not differentially 
expressed in all genotypes (Table  S3). Arahy.Y8 K7 VT 
appears to be involved in downstream stages of symbiosis 
such as nodule organogenesis. A significant increase in 
the expression of Arahy.Y8 K7 VT was reported at 10 dpi 
during symbiosis in peanut [27]. Moreover, a mutation 
that could potentially alter protein function was found 
between the coding sequences of Arahy.R43499 from the 
available A. hypogaea and A. duranensis genomes (from 
PeanutBase). While, for the coding sequences of Arahy.Y8 
K7 VT, no difference was found between the A. hypogaea 
and A. ipaensis genomes (Fig. S10). These findings sug-
gest that the lack of expression of FEN1 orthologs in the 
CSSLs, compared to Fleur11, could be linked to changes 
in the regulatory sequence (promoter or enhancer/
silencer) of the corresponding ortholog. Interestingly, 
although the promoter regions of Arahy.R43499 and 
Aradu.TP8 FN are almost identical, a “CTCTT” motif 
characteristic of the promoters that are activated in nod-
ules [78, 79] is only present in the promoter regions of 
Arahy.R43499 (Fig. S11a).

To investigate and validate the role of plant homoci-
trate (FEN1) in the phenotypic characteristics observed 
in the CSSLs, it would be valuable to carry out a fine 
mapping experiment by developing near-isogenic lines. 
This approach would allow to refine QTL regions and 
facilitate the validation of candidate gene within these 
narrowed QTL regions [80–83]. Additionally, genome 
editing techniques, such as CRISPIR/Cas9 could be 
used together with hairy root transformation to target 
peanut orthologs of FEN1 located in the QTL regions 
in loss of function or swapping gene experiments [32, 
84–87]. These genetic approaches could be combined 
with assessments on the ability of B. vignae ISRA400 to 
fix nitrogen in their free-living state, and to form efficient 
nitrogen-fixing nodules, even in the absence of the NifV 
gene. A summary highlighting FEN1 as a suitable can-
didate gene for the phenotype observed in CSSLs, along 
with the genetic approaches to investigate its role during 
peanut SNF, are provided in Supplementary Figure S12.

Conclusion
Homoeologous wild introgressions/QTLs harbored by 
the two CSSLs negatively affect the process of SNF, and 
this is reflected in significant differences in the expres-
sion of genes involved particularly in plant immune 
signaling and symbiosis. The changes in transcriptome 

profiles support a specific effect of these QTLs in SNF 
process. Of particular interest, two orthologs of FEN1 
located on chromosome A02 and chromosome B02 are 
the suitable candidate genes to explain the phenotypic 
characteristics caused by these introgressions.
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