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Abstract 

Background:  Peanut is the most essential oil and food crop globally due to its high oil and protein content. Root-
knot nematode infects peanut roots, causing poor development and severely limiting peanut yields worldwide. The 
discovery of peanut genome identified a considerable number of genetic loci controlling the peanut root-knot nema-
tode; however, the molecular mechanism of root-knot nematode remains unknown.

Results:  The heterogeneous response to root-knot nematode stress in peanut roots was identified using whole-tran-
scriptome RNA-seq. A total of 430 mRNAs, 111 miRNAs, 4453 lncRNAs, and 123 circRNAs were found to have differen-
tial expression between infected and non-infected peanuts. The expression profiles of the lncRNA/circRNA-miRNA-
mRNA network were developed to understand the potential pathways that lead to root-knot nematodes in peanut 
roots. During root-knot nematodes stress, a total of 10 lncRNAs, 4 circRNAs, 5 miRNAs, and 13 mRNAs can create 
competing endogenous RNA and participate in the oxidation–reduction process as well as other biological metabo-
lism processes in peanuts. The findings will highlight the role of peanut ceRNAs in response to root-knot nematodes.

Conclusion:  The GO classification and KEGG pathway enrichment study of core regulatory networks revealed that 
ceRNAs are involved in oxidation–reduction, peroxidase activity, lignin synthesis in the xylem, and flavonoid synthesis. 
Overall, these findings may help researchers better understand the role of non-coding RNAs in response to root-knot 
nematodes.

Keywords:  Peanut, Root-knot nematode, Molecular mechanism, Competing endogenous RNA, Regulatory network

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
The root-knot nematode (Meloidogyne incognita) is one 
of the most dangerous plant-parasitic nematodes in the 
world [1]. Chemical insecticides, crop rotation, and host 
plant resistance were the primary means of controlling 
root-knot nematode for many years. Chemical insecti-
cides (such as dibromochloropropane) have a crucial role 
in preventing and treating root-knot nematode disease, 
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but they also generate significant environmental pollu-
tion [2]. Furthermore, due to the wide feeding range of 
worms in the kingdom Plantae, crop rotation has limited 
nematode control [3]. As a result, it is essential to develop 
crop resistance against root-knot nematode disease.

Peanut is a major oil crop, and roots nematode disease is 
one of the most dangerous diseases in peanut production 
areas worldwide [4]. One of the most efficient approaches 
to control root-knot nematode disease is to cultivate and 
plant disease-resistant peanut species. Root-knot nema-
tode resistance in peanut cultivars is weak at the moment, 
and no effective peanut cultivars against root-knot nema-
tode have been found so far [2]. The regulation mecha-
nism of peanut against root-knot nematode is complex, 
and previous studies have identified several genetic loci 
[5]. However, the significance of RNAs in peanut root-
knot nematode features remained unknown.

The condensation of ribonucleotides through phos-
phoric acid two ester bonds results in RNA. RNA is 
classified as messenger RNA (mRNA) or non-coding 
RNA (ncRNA) based on its structure and function [6]. 
Non-coding RNAs are classified as long non-coding 
RNAs (lncRNAs), circular RNAs (circRNAs), and tiny 
RNAs (miRNAs) based on their molecular weight [7, 
8]. MiRNAs bind to mRNA via complete or incom-
plete base complementation and regulate target gene 
expression by impeding translation or directly causing 
the degradation of mRNA [9]. However, endogenous 
RNAs that contain the miRNA binding domain, such 
as lncRNA and circRNA, may alleviate miRNA repres-
sion on target genes (mRNA) [10]. Next-generation 
sequencing technology significantly aided the identifica-
tion of lncRNAs, circRNAs, and miRNAs in plants [6, 
8]. The ncRNA plays a crucial role in plant response to 
biotic and abiotic challenges such as diseases and pests, 
temperature, and drought based on gene regulation at 
the post-transcriptional stage [11]. In Arabidopsis, the 
miR472-RDR6 could suppress the pathway-modulated 
PAMP through post-transcriptional disease resistance 
control [12]. Overexpression of miR160a and miR398b in 
Oryza sativa increased resistance to Magnaporthe ory-
zae [13]. The expression of mi172a was hindered upon 
Aspergillus flavus infection in Arachis hypogaea [14]. 
In peanuts, a total of 347 circRNAs influencing flower-
ing times were discovered [15]. In Arabidopsis, 1583 heat 
stress-specific circRNAs were discovered [16]. A total of 
481 and 545 lncRNA demonstrated differential expres-
sion under dark and blue light treatments in Arabidopsis, 
respectively [17]. There were 1229 differently expressed 
heat-responsive lncRNAs in Chinese cabbage [18]. In 
the maize root, a total of 40 distinct expressed lncR-
NAs implicated in nitrogen uptake were discovered [19]. 
The competitive endogenous (ce) RNA hypothesis has 

gained traction as a putative stress-resistance regulation 
mechanism in plants. In maize [20], a miRNA-regulated 
network including 8834 mRNAs, 117 lncRNAs, and 77 
miRNAs was built. A putative ceRNAs network contain-
ing 33 miRNA and 186 lncRNAs was built in tomato 
chilling resistance [8]. A ceRNA containing three lncR-
NAs (lncR9A, lncR117, and lncR616) as well as miR398 
has been shown to improve winter wheat cold tolerance 
[21]. One miRNA (osamiR156aL + 1), two mRNAs, and 
13 lncRNAs were discovered in the ceRNAs regulatory 
network, which enriched the putative regulation mecha-
nism of glyphosate-tolerant [22].

In this study, cDNA and RNA libraries were created from 
nematode-caused root knots (treatment) and the same 
region portions of root tissues (control) in peanut (Huayu 
22). A total of 430 mRNAs, 111 miRNAs, 4453 lncRNAs, 
and 123 circRNAs were differentially expressed between 
root-knot nematode-infected and uninfected peanut tis-
sues. The ceRNAs network was built using the interaction 
of mRNAs, lncRNAs, circRNAs, and miRNAs. This net-
work has the potential to improve understanding of mecha-
nisms in response to root-knot nematodes and improve 
edible oil and edible plant tissues for humans and livestock.

Materials and methods
Plant materials and phenotype evaluation
Huayu22 peanut seed (The peanut cultivar was recognized 
by China’s Shandong Crop Variety Approval Committee in 
March 2003, https://​baike.​so.​com/​doc/​50493​90-​52764​42.​
html) was cultivated in the planting pot in the greenhouse 
in Linyi, China (117.24°E, 34.22°N) from May of 2019 to 
May of 2020. The soil was sourced from an experimental 
region in Qingdao, China (120.41°E, 36.39°N), where the 
root-knot nematode was extensively burst. The root-knot 
nematode reproduced and grew in growing tomato plants. 
Tomato plants were used to propagate root-knot nema-
todes [8]. Wet sieving was used to collect the eggs from 
diseased tomato roots that had been sterilized. The peanut 
seed was sown after the eggs of root-knot nematodes were 
mixed with sandy soil. The trial’s management adhered 
to standard breeding pot protocols. Peanuts flourish in a 
photoperiod of 16/8 light at 25  °C. Peanut samples with 
root-knot nematodes were collected and counted 21 days 
after germination (five-leaf stage planting). This study 
used three separate biological replicates samples gathered 
from different plants. The miRNAome and transcriptome 
analyses samples were maintained in a -80 °C freezer, and 
total RNA was extracted using the Trizol method [23, 24]. 
The SPSS software package (SPSS, statistics) was used to 
perform statistical analyses, and the one-way analysis of 
variance (ANOVA) was applied to determine statistical 
differences [24].

https://baike.so.com/doc/5049390-5276442.html
https://baike.so.com/doc/5049390-5276442.html
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The whole transcriptome sequencing and data analysis
Trizol reagent was used to extract total RNA from the 
peanut root. TruSeq Small RNA Sample Prep Kits were 
used to create the small RNA database (Illumina, San 
Diego, USA). Total RNA-seq provides a comprehensive 
whole-genome analysis. TruSeq RNA Sample Prep Kits 
were used to create the RNA libraries (miRNA and ribo-
some free strand-specific RNA sequencing library) after 
ligating the RNA 3’ and 5’ adapters (Illumina, San Diego, 
USA). The Illumina Hiseq 2 × 500 platforms sequence the 
prepared libraries (LC Science, Lianchuan Biotechnology 
Co., Ltd, Hangzhou, China). The Illumina procedure was 
used to obtain 2 × 150  bp paired-end reads and 150  bp 
single-end reads for mRNAs, lncRNAs, circRNAs, and 
miRNAs [8, 14].

High-quality reads with less than 5% missing nucleo-
tides, sequence lengths more than 19 nt, and no continu-
ous dimer nucleotides were chosen [8, 25]. Using TopHat 
version 2.1.1 software, the clean RNA-seq reads were 
mapped to the peanut (Arachis hypogaea L.) genome 
(http://​peanu​tgr.​fafu.​edu.​cn/​index.​php). After removing 
tRNA, scRNA, snoRNA, and rRNA from the GenBank 
non-coding RNA database, clean reads were assembled 
and merged to the final transcriptome using Cufflinks-
version 2.2.1 and Cuffmergeversion 2.1.1 software, and 
the hairpin structures of miRNA precursors were pre-
dicted using Mireap v0.2 software (http://​sourc​eforge.​
net/​proje​cts/​mireap) [8]

Differently expression mRNA, lncRNAs, circRNAsand 
miRNA identification
The differentially expressed mRNA between root-knot 
nematodes-infected peanut root and non-infected iden-
tical tissues was detected after the final transcriotome 
was generated using the stringent criterion of P < 0.01, 
FDR < 0.01, and |log2 (FPKM Treat/FPKM CK)|> 2 [24]. 
The differentially expressed lncRNAs were identified 
using the following criteria: greater than 200 bp, coding 
potential calculator < 0 and coding non coding index < 0, 
P < 0.01, Q < 0.01 and |log2 (FPKM Treat/FPKM CK)|> 2. 
Differentially expressed circRNAs were detected using 
the P < 0.01 and |log2 (SRPBM Treat/SRPBM _CK)|> 2 
criteria [8]. To identify differentially expressed miRNAs, 
the following requirements were met: length from 18 
to 25 nucleotides, P < 0.01 and |log2 (RPM Treat/ RPM 
_CK)|> 2 [14].

Target prediction and the creation of a CE network
Co-expression, genetic co-location, and free energy 
building secondary structures between lncRNAs, cir-
cRNAs, miRNA, and mRNA were used to determine 
the target of ncRNAs. After sequence blasting and free 
energy calculations, the lncRNA and circRNA were 

identified as candidate target ncRNAs of mRNA [8]. The 
potential association between miRNAs and mRNAs was 
determined through miRTarBase (http://​mirta​rbase.​
mbc.​nctu.​edu.​tw/)​,Targe​tScan (http://​www.​Targe​tscan.​
org/) and RNA22 (https://​cm.​Jeffe​rson.​edu/​rna22/) 
[26]. The miRNA-mRNA network was built using Tar-
getfinder software with the following criteria: one mis-
match and base deletion are scored one; the match with 
G: U is scored 0.5, and the mismatch in the core region 
(from 2 to 13 nt) is scored one. This study defined the 
actual miRNA-mRNA regulation network as having 
a final alignment score of < 4. The miRNA-lncRNA/
circRNA was constructed by software of Ssearch36 
(36.3.6) of biomarker technology (http://​www.​biocl​oud.​
net/​zhuan​yongji) with criteria: the bulge is in the mid-
dle of mature miRNA; the mismatches of the base were 
less than 4, two consecutive mismatches of the base 
were deleted. The ceRNA network was built and visu-
alized using Cytoscape V 3.6.1 software based on the 
given association.

Enrichment analysis using GO and KEGG
The top GO R packages and KOBAS software were used 
to assess the biological functions of target ncRNA by GO 
classification and KEGG pathway enrichment analysis. 
GO annotations will be classified into three categories if 
the p-value is less below 0.01 (cellular component, molec-
ular function, and biological process). Furthermore, with 
a false discovery rate (FDR) < 0.05, biological signal path-
ways of mRNAs and lncRNAs may be identified using the 
KEGG pathway database [26].

RT‑PCR quantitative analysis
Revert Aid First Strand cDNA Synthesis kit (Cat No: 
K1621, Thermo Scientific, Lithuania, EU) and Mir-
XTM miRNA First-Stand Synthesis kit (Cat No: 638313, 
Takara Bio USA, Inc.) was used to generate total cDNA 
for the mRNA and miRNA expression profiles, respec-
tively. The mRNA and miRNA primers are presented in 
Table S8. By using stem-loop quantitative RT-PCR (qRT-
PCR) and qRT-PCR, researchers could determine the 
relative expression of miRNA and mRNA. On a Roche-
LightCycler 96RTPCR System (Roche, Germany), real-
time qPCR was used to validate gene expression using 
2 × SYBR® Green Supre-mix with the following thermal 
cycling conditions: 3 min at 95  °C, then 45 cycles of 5 s 
at 95  °C and 34 s at 60  °C. The melting curve was stud-
ied at temperatures ranging from 65 to 97 °C with a 1 °C 
per cycle increment and 4-s hold duration. The relative 
quantification of gene expression was measured using the 
two-dimensional computed tomography (CT) approach. 
MiRNA and mRNA expression studies were conducted 
using the SPSS software suite [24].

http://peanutgr.fafu.edu.cn/index.php
http://sourceforge.net/projects/mireap
http://sourceforge.net/projects/mireap
http://mirtarbase.mbc.nctu.edu.tw/),TargetScan
http://mirtarbase.mbc.nctu.edu.tw/),TargetScan
http://www.Targetscan.org/
http://www.Targetscan.org/
https://cm.Jefferson.edu/rna22/
http://www.biocloud.net/zhuanyongji
http://www.biocloud.net/zhuanyongji
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Results
Different peanut root morphology types caused 
by root‑knot nematodes
The Huayu22 infected with the root-knot nematode 
showed a considerable increase in root node number 
(21.33 ± 4.416 vs. 0, p = 0.00089) as compared to the non-
infected peanut (Figs.  1 and 2a, Table  1). Concurrently, 
root-knot nematodes may cause short primary root 
length (25.06 ± 1.79 vs. 28.26 ± 1.38, p = 0.0013) (Fig. 2c, 
Table 1), reduced gross root surface area (644.94 ± 21.53 
vs. 478.36 ± 42.96, p = 0.0039) (Fig.  2d, Table  1), nar-
rower root angle (79.26 ± 7.47 vs. 106.58 ± 8.94, (Figs.  1 
and 2b, Table  1), less lateral root density (0.48 ± 0.026 
vs. 0.69 ± 0.021, p = 0.00041) (Fig. 2e, Table 1) but more 
lateral root number (52.33 ± 5.13 vs. 41 ± 3,p = 0.029) in 
infected peanut (Figs. 1 and 2b, Table 1).

The differential expression mRNA in response to peanut 
root‑knot nematode
The quality score of the entire transcriptome sequenc-
ing is shown in Fig. S1. The highest base calling score 

from complete transcriptome sequencing was 36 
(Sanger/Illumina 1.9 encoding). Infected and non-
infected peanut rRNA had Rfam values ranging from 
46.99% to 65.00%. Concurrently, the percentages of 
tRNA, snRNA, and snoRNA varied between 28.11 and 
46.49%, 1.17 and 2.41%, and 0.95 and 1.98%, respec-
tively. In this work, the length distribution of total 
sRNA counts was 24, implying that the sequencing and 
libraries were high quality.

After studying the entire genome gene expression 
profile of peanuts in response to root-knot nematodes, 
researchers discovered a total of 430 differentially 
expressed mRNAs (427 up-regulated and 3 down-reg-
ulated) in response to root-knot nematodes (Fig. S3a, 
Table S1). The length of differentially expressed mRNA 
ranged from 200 to 12,283 base pairs (with an average of 
1672 base pairs) (Fig. 3c, Table S1).

Differentially expressed genes were found on all 20 
chromosomes. The number of differentially expressed 
mRNAs ranged from 11 on A02 chromosome to 35 on 
A01 and A03 chromosomes (with an average of 21.5). 

Fig. 1  The infected and no-infected peanut (Huayu22) phenotype. a The different colors and size leaf between no-infected and infected peanut. b 
The peanut root-knot. c The root morphology types caused by root-knot nematodes
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Sub-A genome (213) and sub-B genome (217) both 
have a similar number of differentially expressed genes 
(Fig. S2). Heat shock cognate protein, cytochrome 
P450, pathogenesis-related protein, peroxidase, and 
WRKY and MYB transcription factors were among 
the 329 differentially expressed genes (329 out of 430) 
that were found to be associated with stress adapta-
tion (Table S1). Defense response, oxidation–reduc-
tion process, signal transduction, response to injury, 
nucleus, protein binding, and other GO annotations 
were among the top GO annotations of differentially 
expressed mRNAs (Table S1).

Fig. 2  The no-infected and infected peanut root morphology traits caused by root-knot nematodes

Table 1  The difference root morphology types between 
no-infected and infected peanut caused by root-knot nematodes

P < 0.01 is considered as highly significant and labeled as **. P < 0.05 is considered 
as significant and labeled as *

Traits No-infected peanut Infected peanut

Root-knot nematode number 
(n)

0 21.33 ± 4.16**

Primary root length (cm) 28.26 ± 1.38** 25.06 ± 1.79

Lateral root number (n) 41 ± 3 52.33 ± 5.13*

Total root surface area (cm2) 644.94 ± 21.53** 478.36 ± 42.96

Root angle (°) 106.58 ± 8.94* 79.26 ± 7.47

Lateral root density (cm/n) 0.6902 ± 0.0208** 0.4801 ± 0.0263
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The differential expression of miRNAs and their target 
genes
The expression patterns of miRNAs and target genes 
were discovered to demonstrate the involvement of 
miRNA in response to root-knot nematodes. The length 
of differentially expressed miRNA ranged from 19 to 25 
nucleotides (on average, 21.75) (Fig. 3, Table S2). A total 
of 77 miRNAs were differentially expressed between 
root-knot nematode infected and non-infected cells. Fur-
thermore, 35 of 77 genes were found to be up-regulated 
in exposure to root-knot nematodes (Fig. S3, Table S2).

The target genes of those 77 miRNAs comprised 
1771 mRNAs. In response to root-knot nematodes, 
111 out of 1771 target genes were found to be differen-
tially expressed (Table S3). Disease resistance-like pro-
tein DSC1, peroxidase, and WRKY transcription factor 
were among the 111 target genes annotated. Target 
genes were shown to be engaged in a variety of adversity 
response pathways, including plant-pathogen interaction, 
MAPK signaling pathway-plant, and starch and sucrose 
metabolism, according to GO and KEGG analysis (Table 
S3). The mRNAs-miRNAs regulatory networks con-
tained miRNA (gma-MIR482c-p5 2ss12GA19CT) and 
mRNA (CTM7LX, JF37M9, NEIN3W, X5NWFC, and 

Z9NEHU) (Fig. 4); miRNA (PC-3p-30685 85) and mRNA 
(AJ79N4, NK4UTA, R13KY7, andXA3BQV); miRNA 
(PC-3p-14080 193) and mRNA (42IH8X, DQ3LYR, and 
S1GD6Q) were constructed (Figs. 5a, 4 and S4).

CircRNAs acts as the sponge of miRNAs in response 
to peanut root‑knot nematode
In response to peanut root-knot nematodes, a total of 
123 differentially expressed circRNAs (60 up-regulated 
and 63 down-regulated) were discovered (Figs. S3c and 
S5). The number of circRNAs on each chromosome is 
irregularly distributed, ranging from 1 on A03 chromo-
some to 15 on A09 chromosome (with an average of 
6.15) (Fig. S5). Out of 123 differentially expressed cir-
cRNAs, 6 (two up-regulated and four down-regulated) 
were predicted to bind to 7 miRNAs (with two up-reg-
ulated and five down-regulated). According to GO and 
KEGG analyses, the differentially expressed circRNAs 
are involved in defense response, response to oxida-
tive stress, reaction to temperature stimuli, and so on 
(Table S4). The circRNAs-miRNAs regulatory channels 
were constructed by circRNAs (circRNA113 and cir-
cRNA442) and miRNA (gma-miR10420 L + 1R-1); cir-
cRNAs (circRNA226) and miRNA (PC-3p-14080 193); 

Fig. 3  Sequence length distribution of differential expressed mRNAs, miRNAs, circRNAs and lncRNAs. a The length of differential expressed mRNAs. 
b The length of differential expressed miRNAs. c The length of differential expressed circRNAs. d The length of differential expressed lncRNAs
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circRNAs (circRNA320) and miRNA (gma-MIR482c-
p5 2ss12GA19CT); circRNAs (circRNA43) and miRNA 
(ptc-miR393a-3p) (Figs. 5b and S4).

The role of lncRNAs played in regulatory ceRNA 
under root‑knot nematode stress
By using a false discovery rate (FDR) of 0.05, 4439 signifi-
cantly differentially expressed lncRNAs were discovered, 
of which 2904 differentially expressed lncRNAs were 
up-regulated, and 1535 differentially expressed lncRNAs 
were down-regulated (Fig. S3d, Table S5).

The length of differentially expressed lncRNAs ranged 
from 200 to 93,464 nucleotides (most lncRNAs were 
200–300) (Fig. 3d). There were 13 differentially expressed 
lncRNAs (6 up-regulated and 7 down-regulated) bind to 
6 miRNAs (with 3 up-regulated and 3 down-regulated). 
The lncRNAs-miRNAs regulator interactions were con-
structed by lncRNAs (MSTRG.12823, MSTRG. 17,002, 

MSTRG.33245 and MSTRG.42738) and miRNA (PC-3p-
14080 193 and PC-3p-30685 85); lncRNAs (MSTRG.2115, 
MSTRG.30601, MSTRG.30599 and MSTRG.31962) 
and miRNA (gma-MIR482c-p5 2ss12GA19CT); lncR-
NAs (MSTRG.3150 and MSTRG.37521) and miRNA 
(mtr-miR319a-3p R + 1) (Figs. 5d and S3).

The regulatory ceRNA network of lncRNA/
circRNA‑miRNA‑mRNA in response to root‑knot nematode 
stress
Differentially expressed lncRNA, circRNA, mRNA, and 
miRNA were discovered (Figs.  3 and S3, Tables S1-S7). 
Reconstruction of the critical lncRNA/circRNA-miRNA-
mRNA competitive endogenous RNA tetraploid sub-net-
work linked to root-knot nematode stress response (Figs. 5 
and S3, Tables S3, S6, and S7). The first sub-network 
included six lncRNAs (MSTRG.41742, MSTRG.43398, 
MSTRG.47397, MSTRG.55943, MSTRG.56279, and 
MSTRG.58883), two circRNAs (circRNA113 and 

a

b
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d

e

f

g

h

Fig. 4  Expression analysis of root-knot nematodes-related mRNA and miRNAs using qRT-PCR and whole transcriptome resequencing. a The relative 
expression of key mRNA involved in the root-knot nematode stress ceRNAs network using qRT-PCR. b The expression of key mRNA involved in 
the root-knot nematode stress ceRNAs network using whole transcriptome resequencing. c The relative expression of key miRNA involved in the 
root-knot nematode stress ceRNAs network using qRT-PCR. d The expression of key miRNA involved in the root-knot nematode stress ceRNAs 
network using whole transcriptome resequencing
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circRNA442), three miRNAs (gma-miR10420 L + 1R-1, 
vvi-MIR3630-p5 2ss19 (LMT1MP, J7B49U, 322B5E, and 
K6N5RU). In response to the peanut root-knot nematode, 
two lncRNAs, one circRNA, and two mRNA were shown 
to be up-regulated. Meanwhile, four, one, three, and two 
lncRNAs, circRNAs, miRNAs, and mRNAs were shown 
to be down-regulated under root-knot nematode stress, 
correspondingly. Four lncRNAs (all down-regulated), 
one circRNA (down-regulated), one miRNA (up-regu-
lated), and five mRNAs make up the second sub-network 
(three up-regulated and two down-regulated). One down-
regulated circRNA, one up-regulated miRNA, and four 
mRNAs (two up-regulated and two down-regulated) 
were used to create the final sub-network (Figs. 4, 6 and 
S4). According to GO and KEGG analyses, the RNAs in 
the ceRNA network were engaged in peroxidase activity, 
lignin biosynthetic process, and oxidation–reduction pro-
cess (Figs. 7 and S6).

Discussion
Root-knot nematodes are one of the most destructive 
agricultural pests globally [1]. After being infected with 
root-knot nematodes, several physiological and bio-
chemical changes occurred, including root tissue necro-
sis, decreased peanut root activity, and reduced peanut 
photosynthetic and respiratory intensity [27]. However, 

there was limited research on the role of peanut root 
morphology. The peanuts grown in the presence of root-
knot worms had a shorter primary root length, a minor 
total root surface area, a narrower root angle, and a lower 
lateral root density but a higher lateral root number than 
those grown in the absence of root-knot nematodes 
(Figs.  1 and 2). The peanut root produced a root-knot 
after being infected with root-knot nematodes and did 
not extend. The most important organs for receiving 
nutrients and water are the roots. Root-knot hinders pea-
nuts from absorbing nutrients from their environment. 
After being infected by the root-knot nematode, peanut 
roots generated additional lateral roots to absorb more 
nutrients [28]. Root-knot nematodes, on the other hand, 
have limited movement. As a result, the distribution of 
the root-knot nematode in the soil is critical for peanut 
disease. We used tomato infection to breed root-knot 
nematodes and incubate them quickly. The nematode 
was then extracted and evenly distributed throughout the 
soil.

A series of broad host plant gene regulations was gen-
erated when plants were infected with root-knot nema-
todes. Recent investigations have discovered several 
resistance genes (Mi, Ma, rhg1, TIR-NBS-LRR gene) in 
tomato, plum, soybean, and peanut [5, 29–31]. However, 
it remained unclear what role RNAs had in the regulation 
mechanism of peanut against root-knot nematode. In this 

Fig. 5  The number of differential expressed mRNAs, miRNAs, circRNAs, lncRNAs and the construction of regulatory networks. a The differential 
expressed miRNAs and the target mRNAs. b The differential expressed miRNAs and the target circRNAs. c The co-expressed differential expressed 
mRNAs and the lncRNAs. d The differential expressed miRNAs and the target lncRNAs. e The co-expressed differential expressed mRNAs and the 
circRNAs. f The ceRNAs regulatory network contains lncRNA/circRNA-miRNA-mRNA. g The mRNA-miRNAs-circRNAs regulator network. h The 
mRNA-miRNAs-lncRNAs regulator network
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study, 430 differentially expressed mRNAs, 77 differen-
tially expressed miRNAs, 123 differentially expressedcir-
cRNAs, and 4439 differentially expressed lncRNAs were 
implicated in the root-knot nematode regulatory mech-
anism investigated (Fig. S3, Tables S1-S5). Meanwhile, 
under soybean cyst nematode stress, the number of dif-
ferentially expressed genes in resistant and susceptible 
genotypes of Glycine soja was 2290 and 555, respectively 
[32]. In peanuts, there were 5595 differentially expressed 
mRNA responses to nematode infection. In diverse pea-
nut genotypes, 3178 genes out of 5595 formed three co-
expression gene clusters, independent of resistance and 
susceptibility types [5]. According to the top enrich GO 
analysis, the constitutively differentially expressed genes 
involved in cell proliferation and stress resistance, such 
as cell division, DNA replication initiation, mitosis, stress 
response, salt stress response, and water deprivation, 
implying that resistant peanut root genotypes had greater 
growth vitality than susceptible peanut root genotypes 
under nematode infection [5]. Defense reaction, includ-
ing defense response to bacteria, oomycetes, virus, a 
gram-negative bacterium, and fungus, and cell prolifera-
tion process, including DNA binding transcription factor 
activity, were both examined in our studies (Figs.  7 and 
S6). In conclusion, several lncRNA, circRNA, miRNA, 
and mRNA were found to be differentially expressed in 
response to peanut root-knot nematode stress, imply-
ing that RNAs were important in root morphological 
changes and regulation mechanisms in peanut against 
root-knot nematodes.

The competing endogenous RNA model (Fig. 5) associ-
ated with root-knot nematode stress response was recon-
structed using miRNA-mediated differentially expressed 
lncRNA, circRNA, and mRNA. Peroxidase activity, the 
lignin, and the flavonoid biosynthesis process were all 
affected by the target miRNA-mediated regulatory RNAs 
that were differentially expressed in the stress-resist-
ant biological processes (Figs.  7 and S6, Tables S1-S7). 
Increased miRNA (gma-MIR482c-p5 2ss12GA19CT) 
down-regulated the mediator of RNA polymerase II tran-
scription subunit 15-like isoform X1 (NEIN3W) () when 
peanut was exposed to root-knot nematode stress, accord-
ing to the ceRNA network. To lessen the inhibition of 
mRNA by miRNA, one circRNA (circRNA320) and four 
lncRNAs (MSTRG.2115, MSTRG.30599, MSTRG.30601, 
and MSTRG.31962) established a competitive endogenous 
RNA model to maintain the growth of peanut roots. Mean-
while, to sustain the peanut development under nematode 
stress, the expression of the JF37M9 gene (CLK4-associat-
ing serine/arginine-rich protein) was elevated. Pre-mRNA 
splicing regulator—serine/arginine-rich protein plays an 
essential function in plant response to high-temperature 
stress [33]. Cold-responsive protein kinase 1-like isoform 
X4 (DQ3LYR) and G-type lectin S-receptor-like serine/
threonine-protein kinase At5g35370 isoform X1 gene 
(42IH8X) activities were both suppressed by another regu-
latory network. Plant tolerance to salt stress is positively 
regulated by the G-type lectin S-receptor-like serine/thre-
onine-protein kinase [34]. The synthesis of peroxidase was 
enhanced (S1GD6Q) using circRNA (circRNA226) and 

Fig. 6  The regulatory ceRNA network of lncRNA/circRNA-miRNA-mRNA in response to root-knot nematode stress
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lncRNA (MSTRG.42738), resulting in the scavenging of 
free radicals and the reduction of damage to peanut roots 
(Figs. 7 and S4).

Together, the integrated analysis of the lncRNA/cir-
cRNA-miRNA-mRNA expression profiles may likely 
reveal the complex ceRNAs regulatory network and 
mechanism that operates during the stressful condition 
of peanut root-infested with nematodes.

Conclusion
This study identified 430 mRNAs, 77 miRNAs, 4439 
lncRNAs, and 123 circRNAs to have differential expres-
sion between infected and non-infected peanuts using 
whole transcriptome RNA-seq. In peanut, a total of 10 
lncRNAs, 4 circRNAs, 5 miRNAs, and 13 mRNAs can 
consistently regulate mRNA production during root-knot 

nematode stress by creating competing endogenous RNA 
and participating in the oxidation–reduction process as 
well as other biological metabolism pathways. The results 
obtained will give insight into the importance of ceRNAs 
in peanut response to root-knot nematodes.

Abbreviations
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RNA; DE: Differently expression.
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sequence category. c, the Biological Replicate quality control. d, The 
length distribution of counts of total sRNAs in this study.
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