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Abstract
Background

The high content of oil and protein makes peanut the main oil and edible crop in the world. Root-knot
nematode forms root-knot by infecting peanut roots, which lead to poor development of peanut roots and
seriously restricts the yield of peanut in the world. With the release of peanut genome, a large number of
genetic loci controlling peanut root-knot nematode have been detected, but the molecular mechanism of
root-knot nematode is still unclear.

Results

The whole transcriptome RNA-seq was used to reveal the divergent response to root-knot nematode
stress in peanut roots. A total of 430 mRNAs, 111 miRNAs, 4453 lncRNAs and 123 circRNAs were
identi�ed differential expression between infected and no-infected peanut, respectively. To understand the
potential mechanisms in response to root-knot nematodes in peanut roots, the expression pro�les of
lncRNA/circRNA-miRNA-mRNA network were constructed. A total of 10 lncRNAs, 4 circRNAs, 5 miRNAs
and 13 mRNAs can regularly the expression of mRNA during root-knot nematodes stress by forming
competing endogenous RNA and participate in oxidation-reduction process and other various biological
metabolism pathways in peanut. The results gained will reveal the role of ceRNAs of peanut in response
to root-knot nematodes.

Conclusion

The GO classi�cation and KEGG pathway enrichment analysis of core regulatory networks revealing the
ceRNAs participate in oxidation-reduction, peroxidase activity, lignin synthesis in xylem and �avonoid
synthesis process. Overall, those results could gain the knowledge of the role of no-coding RNAs in
response to root-knot nematodes.

Background
Root-knot nematode (Meloidogyne incognita) is one of the most harmful plant parasitic nematodes in the
world [1]. For a long time, the control methods of root-knot nematode mainly depended on chemical
insecticides, crop rotation and host plant resistance [2]. Among them, the use of chemical insecticides
(such as dibromochloropropane) plays an important role in the prevention and treatment of root-knot
nematode disease, but it also causes serious environmental pollution [3]. In addition, due to the spacious
feeding range of nematodes in the plant kingdom, the effect of crop rotation on nematode control is not
ideal [4]. Therefore, it is of profound signi�cance to improve the resistance of crops to root-knot
nematode disease.

Peanut is an important oil crop, and the rooting nematode disease is one of the most destructive diseases
in peanut production areas worldwide [5]. At present, the cultivation and planting of disease-resistant
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peanut varieties has become one of the most effective ways to control root-knot nematode disease. Since
the resistance of peanut cultivars to root-knot nematode is weak at present, and no effective peanut
cultivars against root-knot nematode have been found [3]. The regulation mechanism of peanut against
root-knot nematode is complex, and many genetic loci were detected in previous studies [6]. However,
what the role of RNAs played in peanut root-knot nematode traits was still unclear.

RNA is formed by condensation of ribonucleotides through phosphoric acid two ester bonds. According
to the structure and function, the RNA can be divided into messenger RNA (mRNA) and non-coding RNA
(ncRNA) [7]. Based on molecular weight, non-coding RNAs are mainly divided into long non-coding RNAs
(lncRNA), circular RNAs (circRNAs) and small RNAs (miRNA) [8-9]. MiRNAs bind to mRNA through
complete or incomplete base complementation, and regulate the expression of target genes by inhibiting
translation or directly leading to mRNA degradation [10]. However, the competing endogenous RNA
including lncRNA and circRNA which contain the miRNA binding region could relieve the inhibition of
miRNA on target genes (mRNA) [11]. The application of next-generation sequencing technology greatly
facilitated the discovery of lncRNAs, circRNA and miRNA in plants [7, 9]. Based on the regulation of genes
from the post transcriptional level, the ncRNA played a key role in plants in response to biotic and abiotic
stresses such as diseases and pests, temperature and drought [12]. The miR472-RDR6 could silence the
pathway modulated PAMP through posttranscriptional control of the disease resistance
in Arabidopsis [13]. The over-expression of miR160a and miR398b enhanced resistance to Magnaporthe
oryzae resistance in Oryza sativa [14]. The expression of mi172a was inhibited upon Aspergillus
�avus infection in Arachis hypogaea [15]. A total of 347 cirRNAs controlling different �owering time were
detected in peanut [16]. There were 1583 heat stress-speci�c circRNAs were identi�ed in Arabidopsis [17].
There were 481 and 545 lncRNA showed differential expressions under dark treatments and different blue
light treatments in Arabidopsis, respectively [18].In Chinese cabbage, the number of differentially
expressed heat-responsive lncRNAs was 1229 [19]. A total of 40 differently expressed lncRNAs involved
in nitrogen acquisition in maize root were identi�ed [20]. The competing endogenous (ce) RNA hypothesis
has gained the potential regulatory mechanism of in plant stress resistance. There were miRNA-regulated
network involving 8834 mRNAs, 117 lncRNAs and 78 miRNAs were reconstructed in maize [21]. The
potential ceRNAs network which contains 33 miRNA and 186 lncRNAs was constructed in
chilling resistance of tomato [9]. A ceRNA including three lncRNAs (lncR9A, lncR117 and lncR616) and
miR398 is reported to improve cold resistance of winter wheat [22]. The ceRNAs regulatory network
consisted of one miRNA (osamiR156a_L + 1), two mRNA and 13 lncRNAs were observed enrich the
potential regulatory mechanism of glyphosate-tolerant [23]. 

In the present study, cDNA and RNA libraries from the root-knot caused by nematodes (treatment) and the
same area parts of root tissues (control) in peanut (Huayu 22) were constructed. A total of 430 mRNAs,
111 miRNAs, 4453 lncRNAS and 123 cirRNAs showed differential expression between infected and
uninfected by root-knot nematode of peanut tissues. The ceRNAs network based on the interaction
between mRNAs, lncRNAs, cirRNAs and miRNAs was constructed. That network could increase the
knowledge of mechanisms in response to root-knot nematodes, improving edible oil and improving edible
plant tissues for human and livestock.
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Materials And Methods
Plant materials and phenotype evaluation

The seed of the peanut Huayu22 (It was approved by Shandong crop variety Approval Committee of
China in March 2003. https://baike.so.com/doc/5049390-5276442.html) was grown 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
derived from the experimental area where the root-knot nematode was seriously bursts at Qingdao, China
(120.41°E, 36.39°N). The root- knot nematode was growth and reproduction in living tomato plants. Root-
knot nematodes were propagated by planting tomato ([9]). The infected tomato roots were sterilized and
the eggs were collected by wet sieving. After mixed the root-knot nematodes eggs and sandy soil, the
peanut seed was planted. Trial management followed standard breeding pot protocols. Peanuts grow
under 16/8 light photoperiod at 25 °C. After germination 21 days (�ve-leaf stage seeding), the peanut
samples with root-knot nematodes were collected and counted. Three independent biological replicates
samples which pooled from different plants were carried in this study. The sample which collected for
miRNAome and transcriptome analysis was kept at -80°C freezer, and the total RNA was isolated using
the Trizol method [30-31]. Statistical analyses were performed with the SPSS software package (SPSS,
statistics), and the one-way analysis of variance (ANOVA) was used to determine statistical difference
[31].

The whole transcriptome sequencing and data analysis

Total RNA-seq offers the most comprehensive whole transcriptome analysis. After ligating RNA 3’ and 5’
adapter, the RNA libraries (miRNA and ribosome free strand-speci�c RNA sequencing library) were
constructed through TruSeq RNA Sample Prep Kits (Illumina, San Diego, USA). Prepared libraries were
sequence on the Illumina Hiseq 2500 platform (LC Science, Lianchuan Biotechnology Co., Ltd, Hangzhou,
China). According to the Illumina protocol, the 2×150 bp paired-end reads and the 1×50 bp single-end
reads were generated for mRNAs, lncRNAs, cirRNAs and miRNAs ([9, 15]). 

The high quality reads with < 5% missing nucleotides, the length of sequence > 18nt and no continuous
dimer nucleotides were selected ([9, 32]. The clean RNA-seq reads were mapped to the peanut (Arachis
hypogaea L.) genome (http://peanutgr.fafu.edu.cn/index.php) using software of TopHat version 2.1.1.
After removing the tRNA, scRNA, snoRNA and rRNA in GenBank non-coding RNA database, the clean
reads were assembled and merged to �nal transcriptome using software of Cu�inks version 2.2.1 and
Cuffmerge version 2.1.1. The software of minreap (http://sourceforge. net/projects/mireap) were carried
in predicting the hairpin structures of miRNA precursors [9].

Differently expression mRNA, lncRNAs, cirRNAs and miRNA identi�cation

After �nal transcriotome was produced, the differentially expressed mRNA between root-knot nematodes
infected of peanut root and no-infected same tissues were identi�ed based on the rigorous criteria of P <
0.01, FDR < 0.01 and |log2 (FPKM_Treat/ FPKM_CK)|>2 [31]. The differentially expressed lncRNA were
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identi�ed with criteria: longer than 200bp, coding potential calculator < 0 and coding non coding index <
0, P < 0.01, Q < 0.01 and |log2 (FPKM_Treat/ FPKM_CK)|>2. The differentially expressed cirRNAs were
identi�ed based on the criteria of P < 0.01 and |log2 (SRPBM_Treat/ SRPBM _CK)|>2 [9]. The criteria of
differential expressed miRNAs were identi�ed with length from 18 to 25 nucleotides, P < 0.01 and |log2

(RPM_Treat/ RPM _CK)|>2 [15]. 

Target prediction and CE network construction

The target of ncRNAs was determined through co-expression, genetic co-location and free energy forming
secondary structures between lncRNAs, cirRNAs, miRNA and mRNA. After sequence blasting and free
energy calculating, the lncRNA and cirRNA were identi�ed as a candidate target ncRNAs of mRNA ([9]).
The potential association between miRNAs and mRNAs was determined through miRTarBase
(http://mirtarbase.mbc.nctu.edu.tw/), TargetScan (http://www.Targetscan.org/) and RNA22
(https://cm.Jefferson.edu/rna22/) [33]. Based on the above relationship, the ceRNA network was
constructed and visualized by software of Cytoscape V 3.6.1.

GO and KEGG enrichment analysis

To analyze the biological functions of mRNAs and lncRNAs, GO classi�cation and KEGG pathway
enrichment analysis were carried by the topGO R packages and KOBAS software, respectively. With p-
value < 0.01, GO annotations will be divided into three categories (cellular component, molecular function
and biological process).Moreover, biological signal pathways of mRNAs and lncRNAs could be revealed
through the KEGG pathway database with threshold of false discovery rate (FDR) < 0.05 [33].

Results
Different peanut root morphology types caused by root-knot nematodes

Compared with no-infected peanut, the Huayu22 infected by root-knot nematode showed signi�cant at
root node number (21.33±4.16 vs 0, p=0.00089) (Fig.1, Fig.2a, Table 1). At the same time, the root-knot
nematodes could cause short primary root length (25.06±1.79 vs 28.26±1.38, p=0.0013) (Fig.2c, Table 1),
decreased total root surface area (644.94±21.53 vs 478.36±42.96, p=0.0039) (Fig.2d, Table 1), narrower
root angle (79.26±7.47 vs 106.58±8.94, p=0.015) (Fig.2e, 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 (Fig.1, Fig.2b, Table 1). 

The differential expression mRNA in response to peanut root-knot nematode

After investigated the whole genome gene expression pro�le of peanut in response to root-knot
nematodes, a total of 430 differential expression mRNAs (427 up-regulated and 3 down-regulated) were
identi�ed in response to peanut root-knot nematode (Fig. S2a, Table S1.). The length of differential
expressed mRNA was range from 200bp to 12283 bp (with an average of 1672 bp) (Fig. 3c, Table S1).
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Differentially expressed genes were distributed on 20 chromosomes. The number of differential
expressed mRNAs (with an average of 21.5) was ranging from 11 on A02 chromosome to 35 on A01 and
A03 chromosomes. The number of differential expressed genes was close in sub-A genome (213) and
sub-B genome (217) (Fig S1). The functional annotation of differential expressed genes (329 out of 430)
showed related to stress adaptation, such as heat shock cognate protein, cytochrome P450,
pathogenesis-related protein, peroxidase and WRKY and MYB transcription factor (Table S1). The top GO
annotation of differential expressed mRNAs was including defense response, oxidation-reduction
process, signal transduction, response to wounding, nucleus, protein binding et al (Table S1).

The differential expression miRNAs and their target genes

To reveal the role of miRNA in response to root-knot nematodes, the expression pro�les of miRNAs and
target genes were identi�ed. The length of differential expressed miRNA was ranged from 18 to 25 (with
an average of 21.75) nucleotide (Fig.3, Table S2). A total of 80 miRNAs showed differential expressed
between infected and no-infected by root-knot nematode. In addition, 36 out of 80 showed up-regulated in
response to root-knot nematodes (Fig.S2, Table S2). 

A total of 1771 mRNAs were the target genes of those 80 miRNAs. There were 111 out of 1771 target
genes showed differential expressed in response to root-knot nematodes (Table S3). The 111 target
genes annotation were disease resistance-like protein DSC1, peroxidase and WRKY transcription factor et
al. According to the GO and KEGG analysis, target genes were involved in a series of adversity response
processes, such as, plant-pathogen interaction, MAPK signaling pathway-plant and starch and sucrose
metabolism (Table S3). The mRNAs-miRNAs regulatory networks contained miRNA (gma-MIR482c-
p5_2ss12GA19CT) and mRNA (CTM7LX, JF37M9, NEIN3W, X5NWFC and Z9NEHU); miRNA (PC-3p-
30685_85) and mRNA (AJ79N4, NK4UTA, R13KY7 and XA3BQV); miRNA (PC-3p-14080_193) and mRNA
(42IH8X, DQ3LYR and S1GD6Q) were constructed (Fig.4a, Fig.S3). 

CircRNAs acts as the sponge of miRNAs in response to peanut root-knot nematode

A total of 123 differential expressed circRNAs (with 60 up-regulated and 63 down-regulated) were
detected in response to peanut root-knot nematodes (Fig.S2c, Fig.S4). From 1 on A03 chromosome to 15
on A09 chromosome (with an average of 6.15), the number of circRNAs is unevenly distributed on each
chromosome (Fig.S4). A total of 6 (with 2 up-regulated and 4 down-regulated) out of 123 differential
expressed circRNAs were predicted bind to 7 miRNAs (with 2 up-regulated and 5 down-regulated). The GO
and KEGG analysis showed that the differential expressed circRNAs involving in defense response,
response to oxidative stress, response to temperature stimulus et al (Table S4). The circRNAs-miRNAs
regulatory networks were constructed by circRNAs (circRNA113 and circRNA442) and miRNA (gma-
miR10420_L+1R-1); circRNAs (circRNA226) and miRNA (PC-3p-14080_193); circRNAs (circRNA320) and
miRNA (gma-MIR482c-p5_2ss12GA19CT); circRNAs (circRNA43) and miRNA (ptc-miR393a-3p) (Fig.4b,
Fig.S3).

The role of lncRNAs played in regulatory ceRNA under root-knot nematode stress
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A total of 4453 signi�cantly differentially expressed lncRNAs were identi�ed by false discovery rate (FDR)
< 0.05, among which 2909 differentially expressed lncRNAs were up-regulated, and 1544 differentially
expressed lncRNAs were down-regulated (Fig.S2d, Table S5). The length of differentially expressed
lncRNAs were ranged from 200 to 552581 (most of lncRNAs were 200-300 nucleotide) nucleotide (Fig
3d). There were 13 differential 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
constructed by lncRNAs (MSTRG.12823, MSTRG. 17002, 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); lncRNAs (MSTRG.3150 and
MSTRG.37521) and miRNA (mtr-miR319a-3p_R+1) (Fig.4d, Fig S3).

The regulatory ceRNA network of lncRNA/circRNA-miRNA-mRNA in response to root-knot nematode
stress

The whole genome of differential expressed lncRNA, circRNA, mRNA and miRNA were detected (Fig.3,
Fig.S2, Table S1-S7). The key lncRNA/circRNA-miRNA-mRNA competing endogenous RNA tetraploid sub-
network associated with root-knot nematode stress response was reconstruction (Fig.4, Fig. S3, Table S3,
Table S6, Table S7). The �rst sub-network contained 6 lncRNAs (MSTRG.41742, MSTRG.43398,
MSTRG.47397, MSTRG.55943, MSTRG.56279 and MSTRG.58883), 2 circRNAs (circRNA113 and
circRNA442), 3 miRNAs (gma-miR10420_L+1R-1, vvi-MIR3630-p5_2ss19AG20CT_1 and PC-5p-7845_316)
and 4 mRNAs (LMT1MP, J7B49U, 322B5E and K6N5RU). A total of two lncRNAs, one circRNA and two
mRNA showed up-regulated in response to peanut root-knot nematode. Meanwhile, the number of
lncRNAs, circRNAs, miRNAs and mRNAs showed down-regulated under root-knot nematode stress were
four, one three and two, respectively. The second sub-network contains four lncRNAs (all down-regulated),
one circRNA (down-regulated), one miRNA (up-regulated) and �ve mRNAs (three up-regulated and two
donw-regulated). The �nal sub-network was constructed based on one down-regulated circRNA, one up-
regulated miRNA and four mRNAs (two up-regulated and two down-regulated) (Fig.5, Fig.S3). Based on
the GO and KEGG analysis, the RNAs in ceRNA network was involved in peroxidase activity, lignin
biosynthetic process and oxidation-reduction process (Fig.6, Fig.S5).

Discussion
Root-knot nematodes are major agricultural damaging pest worldwide [1]. After infected by root-knot
nematodes, a series of physiological and biochemical were changed such as caused root tissue necrosis,
affected peanut root activity, weakened peanut photosynthetic intensity and respiratory intensity [24].
However, what the role played in peanut root morphology were rarely studies. In present studies, the
peanut which planted in root-knot nematodes environment were short primary root length, small total root
surface area, narrow root angle, less lateral root density but more lateral root number than that in no root-
knot nematodes soil (Fig. 1, Fig. 2). After infected with root-knot nematodes, the peanut root formed the
root-knot and not extend. The roots are the most important organs for absorbing nutrients and water. The
root-knot prevents peanut from absorbing nutrients. In order to absorb more nutrients, peanut roots
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developed more lateral roots after being infected by root-knot nematode [25]. At the same time, the
mobility of root-knot nematodes is weak. Therefore, whether the root-knot nematode is evenly distributed
in the soil is crucial for peanut disease. In order to quickly incubate root-knot nematodes, we bred
nematodes by tomato infection. After that, the nematode was extracted and then evenly mixed into the
soil.

When plant infected with root-knot nematodes, a series of extensive host plant gene regulation was
formed. In the recent studies, several resistance genes (Mi, Ma, rhg1, TIR-NBS-LRR gene) were detected
involved in tomato, plum, soybean and peanut, respectively [6, 26–28]. However, what the role of RNAs
played in the regulation mechanism of peanut against root-knot nematode was unclear. In this study, a
total of 430 differential expressed mRNAs, 80 differential expressed miRNAs, 123 differential expressed
cirRNAs and 4453 differential expressed lncRNAs were involved in the process of root-knot nematode
regulation mechanism (Fig.S2, Table S1-S5). Meanwhile, the number of differentially expressed genes
were 2290 and 555 in resistant genotype and susceptible genotype of Glycine soja under Soybean cyst
nematode stress, respectively [29]. A total of 5595 differentially expressed mRNAs responses to
nematode infection were detected in peanut. A number of 3178 genes out of 5595 formed three co-
expression gene clusters were identi�ed in different genotypes peanut, independent of resistance and
susceptibility types [6]. According to the top enrich GO analysis, the constitutively differentially expressed
genes involved in the cell proliferation and stress resistance including cell division, DNA replication
initiation, mitosis, stress response, salt stress response and water deprivation, indicating that the
genotypes of resistant peanut root had more growth vitality than susceptible peanut under nematode
infection [6]. The same results of top enrich GO were analysis in our studies, which were defense
response including defense response to bacterium, oomycetes, virus, gram-negative bacterium and
fungus and cell proliferation process including DNA binding transcription factor activity (Fig. 6, Fig.S5). In
summary, a number of lncRNA, circRNA, miRNA and mRNA showed differentially expressed in response
to peanut root-knot nematodes stress, suggesting that RNAs played a crucial role in root morphological
changes and regulation mechanism in peanut against root-knot nematodes.

The highlight of miRNA-mediated differentially expressed lncRNA, circRNA and mRNA, the competing
endogenous RNA model (Fig. 4) related to root-knot nematode stress response was reconstruction. The
target differentially expressed RNAs of miRNA-mediated regulatory network were involved in biological
processes of stress resistance including peroxidase activity, lignin biosynthetic process and �avonoid
biosynthesis (Fig. 6, Fig.S5, Table S1-S7). The ceRNA network is revealing that when peanut faced to the
root-knot nematode stress, the mediator of RNA polymerase II transcription subunit 15-like isoform X1
(NEIN3W) were down-regulated by increased miRNA (gma-MIR482c-p5_2ss12GA19CT). In order to
maintain the growth of peanut roots, the one circRNA (circRNA320) and four lncRNAs (MSTRG.2115,
MSTRG.30599, MSTRG.30601and MSTRG.31962) formed the competing endogenous RNA model to
reduce the inhibition of mRNA by miRNA. Meanwhile, the expression of JF37M9 gene (CLK4-associating
serine/arginine rich protein) was increased to keep the peanut development under nematode stress.
Anther regulatory network showed that the processes of cold-responsive protein kinase 1-like isoform X4
(DQ3LYR) and G-type lectin S-receptor-like serine/threonine-protein kinase At5g35370 isoform X1 gene
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(42IH8X) were inhibited. With the help of cirRNA (circRNA226) and lncRNA (MSTRG.42738), the synthesis
of peroxidase was promoted (S1GD6Q) leading to the free radicals scavenging and damage of peanut
roots reducing (Fig. 6, Fig.S3).

Taken together, the integrated analysis of the lncRNA/circRNA-miRNA-mRNA expression pro�les could
reveal the complex ceRNAs regulatory network and mechanism during peanut root infected by
nematodes stress.

Conclusion
In this study, a total of 430 mRNAs, 111 miRNAs, 4453 lncRNAs and 123 circRNAs were identi�ed
differential expression between infected and no-infected peanut through whole transcriptome RNA-seq,
respectively. A total of 10 lncRNAs, 4 circRNAs, 5 miRNAs and 13 mRNAs can regularly the expression of
mRNA during root-knot nematodes stress by forming competing endogenous RNA and participate in
oxidation-reduction process and other various biological metabolism pathways in peanut. The results
gained will reveal the role of ceRNAs of peanut in response to root-knot nematodes.
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Tables
Table 1. The difference root morphology types between no-infected and infected peanut caused by root-
knot nematodes.
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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

Note: P < 0.01 is considered as highly signi�cant and labeled as **. P < 0.05 is considered as signi�cant
and labeled as *.

Figures
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Figure 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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Figure 2

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

Figure 4

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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Figure 5

The regulatory ceRNA network of lncRNA/circRNA-miRNA-mRNA in response to root-knot nematode
stress.

Figure 6

Regulator network model of the miRNAs-mediated lncRNA, circRNA and mRNA involved in root-knot
nematode stress.
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