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Abstract Allelopathy is the main cause of continu-

ous cropping obstacles. Peanut wild species Arachis

correntina (Burkart) Krapov. & W.C. Gregory is more

resistant to continuous cropping obstacle than culti-

vated peanut, but its molecular mechanism in response

to allelochemicals remains unknown. Benzoic acid

(BA) and p-cumaric acid (PCA) are known allelo-

chemical. To gain more insight into cellular response

to BA and PCA, we applied high-throughput genetic

sequencing to study the transcriptome changes of

peanut cultivated variety Xiaobaisha and wild species

A. correntina in the presence of 2 mM BA and PCA.

The result showed that A. correntina resistance to BA

and PCA stress was more weaker than Xiaobaisha. BA

and PCA decreased significant shoot length and dry

matter weight of A. correntina. Differentially

expressed genes (DGEs) related to flavonoid biosyn-

thesis, phenylpropanoid biosynthesis, plant–pathogen

interaction and plant hormone signal transduction

were transcribed less in A. correntina than Xiaobaisha

under BA and PCA stress, including the less up-

regulated genes involving in phenylpropane and

flavonoid biosynthesis, detoxifying enzymes, Auxin

responsive protein, WRKY family and Ef-hand, which

might contribute to A. correntina’s weak resistance to

BA and PCA stress. The results showed that the

resistance to single allelopathic substance might not be

the reason for A. correntina resistance to continuous

cropping obstacle. In addition, DGEs of both A.

correntina and Xiaobaisha were significantly enriched

in the pathways associated with isoflavonoid biosyn-

thesis and glutathione metabolism under BA and PCA

stress. This was the first report on identification of

DGEs under BA and PCA stress between peanut

cultivated variety and wild species. The result would

be great helpful to insight into the mechanisms of

peanut response to allelochemicals stress.

Keywords Benzoic acid � p-cumaric acid � Peanut �
Transcriptome � Differentially expressed genes �
Function analysis

Zhong Li and Faqian Xiong have contributed equally to this

work and should be considered co-first authors.

Electronic supplementary material The online version of
this article (https://doi.org/10.1007/s10722-019-00859-6) con-
tains supplementary material, which is available to authorized
users.

Z. Li (&) � W. Guo � C. Mo

Guangxi Crop Genetic Improvement and Biotechnology

Lab, Guangxi Academy of Agricultural Sciences,

Nanning, Guangxi, China

e-mail: gxlizhong@126.com

F. Xiong � H. Wu

Guangxi Academy of Agricultural Sciences Economic

Crops Research Institute, Nanning, Guangxi, China

L. Du

Guangxi Science and Technology Museum, Nanning,

Guangxi, China

123

Genet Resour Crop Evol (2020) 67:9–20

https://doi.org/10.1007/s10722-019-00859-6(0123456789().,-volV)( 0123456789().,-volV)

https://doi.org/10.1007/s10722-019-00859-6
http://crossmark.crossref.org/dialog/?doi=10.1007/s10722-019-00859-6&amp;domain=pdf
https://doi.org/10.1007/s10722-019-00859-6


Introduction

Peanut is one of the main oil crops in China.

Continuous cropping obstacle positively affects the

growth, yield and quality of peanut, which seriously

restricts peanut production. The main reasons for

peanut successive cropping obstacle include imbal-

ance of soil nutrients, allelopathy, imbalance of

microbial communities and increase of soil pathogenic

microorganisms. Plant allelochemicals produced by

the stem and leaf volatile, plant residue, leaf and root

secretion release to the environment, which affect the

surrounding plant growth and development (Rice

1984a). Allelochemicals in root secretion is the most

important cause of continuous cropping obstacle (As-

lam et al. 2017).

Peanut wild species have broader genetic diver-

sity and many excellent traits, which cultivated

peanut don’t have. Peanut wild species resistance to

some diseases and insect pests, such as leaf spot

disease, late blight and thrips, is significantly higher

than that of cultivated peanut species (Krapovickas

et al. 2007). Peanut wild relatives has a good

application prospect in peanut genetic improvement

(Leal-Bertioli et al. 2015; Ratnaparkhe et al. 2014;

Bertioli et al. 2016). At present, there are few

reports on the study of peanut resistance to contin-

uous cropping obstacle. In the early stage, we

carried out a study on screening and identification of

wild germplasm resources, and preliminarily

screened and identified a wild peanut species,

Arachis correntina (Burkart) Krapov. & W.C.

Gregory, which is more resistant to continuous

cropping obstacle than cultivated peanut (Li et al.

2018). Arachis correntina also is one of the few

wild peanut species that is compatible with culti-

vated peanut species. There are obvious differences

in root exudates and allelopathic effects between A.

correntina and peanut cultivars. A. correntina has

less autotoxicitic compounds in root exudates than

peanut cultivars (li et al. 2015). Rhizosphere

substances of continuous cropping soil and hydro-

ponic root exudates of peanut cultivar have signif-

icant inhibitory effects on plant height, root length,

dry matter weight of peanut cultivar seedlings, while

A. correntina show no significant inhibitory effects

under the same treatment (li et al. 2015). We

speculate that A. correntina resistance to continuous

cropping obstacle was closely related to the specific

genes of root response. Finding these genes with

specific expression and understanding the role of

these genes products in metabolism can reveal the

molecular mechanism of peanut continuous cropping

resistance. However, the molecular mechanism of A.

correntina’s continuous cropping tolerance is still

not completely clear, the number and species of

genes isolated and identified are limited. The study

on allelopathic effect of peanut wild species and

cultivated variety provides the reference and theo-

retical basis to identify and evaluate their resistant

abilities for continuous cropping obstacle.

Organic acids, phenols and terpenoids have been

found to be the most common allelochemicals (Rice

1984b; Blum et al. 1999). Organic acids especially

phenolic acids are typical kinds of allelochemicals

such as salicylic acid, BA, ferulic acid and malic

acid (Bezuidenhout et al. 2012; Chen et al. 2011;

Uddin et al. 2012). BA has been isolated from

cucumber root secretion, which is one of

the main autotoxins in cucumber (Singh et al.

1999). BA also is isolated from ginseng rhizosphere

soil, and significantly inhibit ginseng seed germina-

tion and growth (He et al. 2009; Li et al. 2011). In

previous study, BA and PCA is isolated from peanut

root secretions and its allelopathic inhibitory effects

has been identified (Sène et al. 2000). Although BA

and PCA has long been identified as allelochemi-

cals, but molecular mechanism of plants response to

BA and PCA is poorly understand. Transcription

factors play an important role in the plants response

to the abiotic stress (Thiruvengadam et al. 2016).

With the development of tanscriptome technology, it

is possible to study systematically plant adversity

stress related to molecular mechanisms. The tran-

scription factor of plant induced by allelochemicals

stress can be united in wedlock with corresponding

cis element, starting the corresponding gene tran-

scription, regulation of a series of molecular

response mechanism to reduce the adversity stress

damage. Wild Peanut genome is published in 2016

(Bertioli et al. 2016), which allowes more precisely

research related to peanut transcription factors

induced by allelochemicals stress. Therefore this

study intends to analyze peanut transcription factor

expression changes under BA and PCA stress by

using RNA-Seq methods, and preliminary clear the

molecular mechanism of peanut response to BA and

PCA.
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Materials and methods

Plant materials and treatments

Peanut wild species A. correntina and cultivated

variety Xiaobaisha were used for the experiments.

Peanut wild species A. correntina was obtained from

the national wild peanut germplasm nursery (Guangxi,

China). Peanut cultivated variety Xiaobaisha was

provided by Guangxi academy of agricultural sciences

economic crops research institute (Guangxi, China).

The experiment was carried out On March 18, 2018 in

Guangxi crop genetic improvement and biotechnology

lab, Nanning, Guangxi, China. Five peanut seeds were

soak in a petri dish for 4 days (d) at 25 �C temperature

in dark, treated with concentration of 2 mM BA and

PCA, with sterile water as the control (cont4). Then

five peanut seeds were sown in plastic pots (height

20 cm, width 13.3 cm) containing 450 mL MS liquid

medium with plastic plates at 25 �C temperature light

incubator cultured for 8d, which set up the same BA

and PCA treatment, with no added BA and PCA as the

control (cont8), six repeat each treatment. Then peanut

seedling roots from BA and PCA stressed treatment

and control were collected for determination of RNA

extraction.

RNA extraction, library construction and RNA-

sequencing

RNA extracted from the roots of per sample by total

RNA Purification Kit (TIANDZ, Beijing, China)

treated with DNase I (TaKaRaBiotechnology, Dalian,

China). RNA concentration estimated was quantified

by NanoDrop 2000 (Thermo). RNA integrity was

assessed using the RNA Nano 6000 Assay Kit of the

Agilent Bioanalyzer 2100 system (Agilent Technolo-

gies, CA, USA).

A total amount of 3 lg RNA per sample was used

as input material for the RNA sample preparations.

Sequencing libraries were generated using NEBNext

UltraTM RNA Library Prep Kit for Illumina (NEB,

USA) following manufacturer’s recommendations

and index codes were added to attribute sequences to

each sample. Briefly, mRNA was purified from total

RNA using poly-T oligo-attached magnetic beads.

Fragmentation was carried out using divalent cations

under elevated temperature in NEBNext First Strand

Synthesis Reaction Buffer (5X). First strand cDNA

was synthesized using random hexamer primer and

M-MuLV Reverse Transcriptase (RNase H-). Second

strand cDNA synthesis was subsequently performed

using DNA Polymerase I and RNase H. Remaining

overhangs were converted into blunt ends via exonu-

clease/polymerase activities. After adenylation of 30

ends of DNA fragments, NEBNext Adaptor with

hairpin loop structure were ligated to prepare for

hybridization. In order to select cDNA fragments of

preferentially 240 bp in length, the library fragments

were purified with AMPure XP system (Beckman

Coulter, Beverly, USA). Then 3 ll USER Enzyme

(NEB, USA) was used with size-selected, adaptor-

ligated cDNA at 37 �C for 15 min followed by 5 min

at 95 �C before PCR. Then PCR was performed with

Phusion High-Fidelity DNA polymerase, Universal

PCR primers and Index (X) Primer. At last, PCR

products were purified (AMPure XP system) and

library quality was assessed on the Agilent Bioana-

lyzer 2100 system.

Data analysis

Prior to DGEs analysis, raw reads were edited to filter

out low-quality reads and containing adaptor sequence

in order to obtain clean reads. These clean reads were

then mapped to the reference genome sequence. Only

reads with a perfect match or one mismatch were

further analyzed and annotated based on the reference

genome. Hisat2 tools soft were used to map with

reference genome. DEGs analysis of two samples was

performed using the EBSeq R package (Leng et al.

2013). The resulting FDR (false discovery rate) were

adjusted using the PPDE (posterior probability of

being DE). The FDR\ 0.05 & |log2(foldchange)| C 1

was set as the threshold for significantly differential

expression.

Gene functional annotation

Functional annotation of genes including DEGs were

annotated against the following databases: Nr (NCBI

non-redundant protein sequences); Nt (NCBI non-

redundant nucleotide sequences); Pfam (Protein fam-

ily); KOG/COG (Clusters of Orthologous Groups of

proteins); Swiss-Prot (A manually annotated and

reviewed protein sequence database); KO (KEGG

Ortholog database); GO (Gene Ontology).
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qRT–PCR analyses

2 lg of total root RNA isolated as described above

was reverse transcribed using M-MLV reverse tran-

scriptase (Invitrogen, USA). Quantitative real-time

PCR (qRT-PCR) were performed with three biological

and technical replicates by using SYBR� Premix EX

TaqTM (Takara, Tokyo, Japan). Primers were designed

by used Premier3.0 primer design software online for

qRT-PCR. The PCR amplification conditions were

consist of one cycle of 95 �C for 30 s, followed by 40

cycles of 95 �C for 5 s, and 60 �C for 20 s. The

formula 2-DDCT method was employed to calculat

relative expression level of candidate genes (Livak

and Schmittgen 2001).

Results

Effects of BA and PCA on peanut growth

Morphological and physiological characters related to

plants growth and development had been widely used

in the research on effects of allelopathic substances.

The allelopathic inhibition of PCA and BA on

Xiaobaisha was significantly lower than that of A.

correntina. The result showned that both BA and PCA

significantly inhibited shoot length and dry matter

weight of A. correntina (p\ 0.05), while there was no

significant difference between treatments and control

in Xiaobaisha (Table 1). BA and PCA could promote

the root length of A. correntina, whereas slightly

decreased that of Xiaobaisha.

Output statistics of sequencing data

By sequencing, low-quality reads were removed and a

total of 90.57 Gb clean data was obtained (Table 2).

The Q30 bases percentage of each sample was not less

than 90.83%. Total DGEs of two peanut varieties on

the 8th day after BA and PCA stress was two times

more than those on the 4th day (Fig. 1). Compared

with the control, the number of DGEs in Xiaobaisha

was the highest on the 8th day after BA treatment, with

6113 genes being differentially expressed, including

2752 genes being up-regulated and 3361 genes being

down-regulated (Fig. 1). The number of DGEs in

Xiaobaisha was relatively small on the 4th day after

BA treatment, and there were 1897 DGEs, among

which 1167 genes were up-regulated and 730 genes

were down-regulated (Fig. 1).

DGEs analysis of peanut in response to BA

Gene ontology (GO) enrichment analysis of DEGs

was implemented by the GO seq R packages based

Table 1 Effect of BA and PCA on the growth of A. correntina and Xiaobaisha

Item Shoot length

(cm)

Root length

(cm)

Dry weight of stem and leaf (g) Dry weight of roots roots (g)

A. correntina-Cont-4 2.356 ± 0.201a 1.611 ± 0.237b 0.592 ± 0.090a 0.033 ± 0.003a

A. correntina-BA-4 2.000 ± 0.328b 1.533 ± 0.367b 0.184 ± 0.029b 0.022 ± 0.003b

A. correntina-PCA -4 1.933 ± 0.367b 2.311 ± 0.105a 0.167 ± 0.024a 0.019 ± 0.001b

A. correntina-cont-8 5.222 ± 0.356a 5.089 ± 0.662b 0.626 ± 0.003a 0.060 ± 0.002a

A. correntina BA-8 3.044 ± 0.361b 5.589 ± 0.842b 0.298 ± 0.075b 0.028 ± 0.003b

A. correntina-PCA -8 2.811 ± 0.454b 6.522 ± 0.471a 0.301 ± 0.065b 0.023 ± 0.002b

Xiaobaisha-Cont-4 2.778 ± 0.248a 1.967 ± 0.200a 0.758 ± 0.050a 0.048 ± 0.007a

Xiaobaisha-BA-4 2.644 ± 0.246a 1.900 ± 0.180a 0.739 ± 0.075a 0.044 ± 0.002a

Xiaobaisha-PCA-4 2.711 ± 0.226a 1.844 ± 0.188a 0.723 ± 0.074a 0.043 ± 0.006a

Xiaobaisha-Cont-8 5.122 ± 0.39a 4.778 ± 0.438a 0.880 ± 0.046a 0.083 ± 0.004a

Xiaobaisha-BA-8 4.756 ± 0.433a 4.667 ± 0.413a 0.759 ± 0.067a 0.079 ± 0.008a

Xiaobaisha-PCA-8 5.000 ± 0.278a 4.767 ± 0.367a 0.783 ± 0.047a 0.075 ± 0.003a

Note: Values followed by different small letters within a column are significantly different between continuous cropping and rotation

cropping at the same age at the 0.05 levels respectively
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Wallenius non-central hyper-geometric distribution

(Young et al. 2010), which could adjust for gene

length bias in DEGs. Through the GO function

annotation analysis, a total of 12,398 DGEs were

found in A. correntina less than 56.5% that of

Xiaobaisha (19,410). In molecular functions category,

transcriptome analysis revealed more DGEs related to

binding, catalytic activity and transporter activity in

Xiaobaisha than A. correntina under BA stress (Sup-

plemental Fig. S1; Supplemental Table S1). In the

category of biological process, the transcription of

DGEs associated with metabolic process, response to

stimulus and single-organism process were higher in

Xiaobaisha than in A. correntina (Supplemental

Fig. S1; Supplemental Table S1). In the category of

cell components, the number of DGEs associated with

membrane, organelle, cell and cell part were signif-

icant less in A. correntina than in Xiaobaisha (Sup-

plemental Fig. S1).

Different gene producted coordinate with each

other to perform biological functions in plant. Pathway

annotation analysis of DGEs was helpful to further

understand the function of genes. KEGG (Kanehisa

et al. 2008) was a database resource for understanding

high-level functions and utilities of the biological

system. We used KOBAS (Mao et al. 2005) software

Table 2 Transcriptome

statistics of A. correntina

and Xiaobaisha

Samples Clean reads Clean bases GC content (%) % C Q30

Xiaobaisha-Cont-4 30,360,211 9,064,164,822 44.57 94.11

Xiaobaisha-BA-4 32,466,163 9,699,855,636 45.61 93.70

Xiaobaisha-PCA-4 32,813,238 9,788,228,998 45.53 94.06

Xiaobaisha-Cont-8 21,078,392 6,309,582,884 44.75 90.85

Xiaobaisha-BA-8 20,396,682 6,108,695,354 45.72 91.06

Xiaobaisha-PCA-8 22,126,725 6,629,959,576 45.25 90.83

A. correntina-Cont-4 21,543,364 6,432,184,720 45.03 92.77

A. correntina-BA-4 26,270,440 7,847,079,322 45.03 94.04

A. correntina-PCA-4 29,132,613 8,700,660,058 45.67 94.05

A. correntina-cont-8 22,194,962 6,650,148,270 45.71 91.66

A. correntina-BA-8 23,034,396 6,901,539,336 45.19 91.92

A. correntina-PCA-8 21,502,612 6,440,124,866 44.55 91.02

0

1,000

2,000

3,000

4,000

5,000

6,000

7,000
DEGs Number
up-regulated
down-regulated

Fig. 1 The numberd of

DGEs in A. correntina and

Xiaobaisha under BA and

PCA stress
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to test the statistical enrichment of DGEs in KEGG

pathways. By KEGG class analysis, DGEs related to

fatty acid degradation, flavonoid biosynthesis, phenyl-

propanoid biosynthesis, plant hormone signal trans-

duction, plant–pathogen interaction and glycolysis/

gluconeogenesis were more strongly transcribed in

Xiaobaisha than in A. correntina (Supplemental

Fig. S2). In contrast to control, there were significant

differences for the DGEs of both Xiaobaisha and A.

correntina in the pathways of flavonoid biosynthesis,

isoflavonoid biosynthesis, phenylpropaboid biosyn-

thesis, tryptophan metabolism, circadian rhythm-plant

and photosynthesis-antenna proteins (Supplemental

Fig. S2). 51 DGEs of both in Xiaobaisha and A.

correntina were in response to BA stress at different

treat times (Supplemental Fig. S3 c). Among them, 38

DGEs were annotated (Supplemental Table S2),

involving in the pathway of carbohydrate transport

and metabolism, signal transduction mechanisms,

transcription, secondary metabolites biosynthesis,

transport and catabolism.

DGEs analysis of peanut in response to PCA

By GO function annotation analysis, more DGEs

responsed to biological process category, especially

response to stimulus in Xiaobaisha than in A.

correntina under PCA stress (Supplemental

Table S3; Supplemental Fig. S4). In the category of

molecular function, DGEs involved in associated with

binding and catalytic activity were more strongly

transcribed in Xiaobaisha than in A. correntina

(Supplemental Table. S3). For the category of cell

components, there were more DGEs related to mem-

brane, organelle, organelle part and cell part in A.

correntina compared with Xiaobaisha under PCA

stress (Supplemental Table S3).

Base on KEGG class analysis, DGEs related to

phenylpropanoid biosynthesis, plant hormone signal

transduction, plant–pathogen interaction and diter-

penoid biosynthesis were more strongly transcribed in

Xiaobaisha than in A. correntina. Most strongly

differentially transcribed DGEs of both Xiaobaisha

and A. correntina were identified in the pathways of

glutathione metabolism, phenylpropanoid biosynthe-

sis, flavonoid biosynthesis, circadian rhythm-plant,

linoleic acid metabolism, isoflavonoid biosynthesis,

cysteine and methionine metabolism, stilbenoid,

diarylheptanoid and gingerol biosynthesis,

diterpenoid biosynthesis compared with the control

(Supplemental Fig. S5). Xiaobaisha and A. correntina

shared 28 DGEs response to PCA stress at different

treat times (Supplemental Fig. S6; Supplemental

Table S4), among which 26 DGEs were annotated

(Supplemental Table S4), involving in phenyl-

propanoid biosynthesis, flavonoid biosynthesis,

alpha-Linolenic acid metabolism, Isoflavonoid

biosynthesis and glycerophospholipid metabolism.

DGEs analysis of peanut between BA and PCA

treatment in response to BA and PCA

Under BA and PCA stress treatment, there were

significant differences for the DGEs of both Xiao-

baisha and A. correntina in the pathways of flavonoid

biosynthesis, isoflavonoid biosynthesis, phenyl-

propaboid biosynthesis and circadian rhythm-plant

(Supplemental Fig. S2 and Supplemental Fig. S4).

DGEs related tophenylpropanoid biosynthesis (Sup-

plemental Tables S5–S6), flavonoid biosynthesis

(Supplemental Tables S7–S8), plant hormone signal

transduction (Supplemental Tables S9–S10) and

plant–pathogen interaction (Supplemental

Tables S11–S12) were more strongly transcribed in

A. correntina than in Xiaobaisha under BA and PCA

stress. And this result was also shown in the heat map

(Fig. 2), which showed changes in number of DGEs in

A. correntina and Xiaobaisha under BA and PCA

stress.

qRT-PCR validation of selected DGEs

To verify the accuracy of RNA-seq data, 8 DEGs were

selected to design primers for qRT-PCR, including

DGEs related to flavonoid biosynthesis, secondary

metabolites biosynthesis (arahy.Tifrunner.gnm1.an-

n1.Z23BQJ), transport and catabolism (arahy.Tifrun-

ner.gnm1.ann1.3G6AIR, arahy. Tifrunner.gnm1.

ann1.ZRN1TD, arahy.Tifrunner.gnm1.ann1.LW6UI8),

signal transduction mechanisms (arahy.Tifrunner.gn-

m1.ann1.3Z0Y0Z) and Transcription (arahy.Tifrun-

ner.gnm1.ann1.4TST71) (Supplemental Table S2;

Fig. 3a). Linear regression analysis showed that the

RT-PCR data were significantly correlated with the

RNA-seq data (R2 = 0.566, P\ 0.001) (Fig. 3b),

which indicated that the expression trend of DEGs

between RNA-Seq and qRT-PCR was basically
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consistent. The results indicate that RNA-seq data in this

study were reliable.

Discussion

Secondary metabolism provides a defense against

abiotic stresses in plants. Secondary metabolism are

the important sources of defensive substances includ-

ing flavonoids, phenols, glucosinolates, terpenes and

alkaloids, whose biosynthesis have the same core

metabolic pathways such as phenylpropane metabolic

pathways, tryptophan, tyrosine (Cramer et al. 2011;

Dixon and Paiva 1995). Then, the specific metabolites

are synthesized by using specific enzymes (Klieben-

stein 2012). Due to its strong antioxidant effect,

phenylpropane biosynthesis play an important role in

plant response to oxidative stress caused by plant

growth, disease resistance and abiotic stress (Yechun

et al. 2011). Simple and complex phenolic compounds

are thought to be antioxidants mainly derived from the

phenylpropane pathway (Dixon and Paiva 1995). The

accumulated material and reinforcement of cell wall

organization can prevent exogenous substrates expan-

sion and protect the integrity of the plant cells in

infection site, these chemical components include

alkaloids (Mao et al. 2011), lignin (József et al. 2007)

and terpenoid substances (Łaźniewska et al. 2012).

Phenylpropnaoid pathway is an important way of

promoting the synthesis of plant secondary metabo-

lites, and its mainly downstream branch pathway are

biosynthesis of lignin, flavonoids and other benzene

compounds, which are helpful to resist adversity stress

for plants as phytoalexin, cell wall structure elements

and signaling molecules (Dixon and Paiva 1995;

Neale et al. 2000; Vogt 2010; Bonawitz et al. 2012).

Flavonoid has a strong preventive effect on the

oxidation of unsaturated fatty acids and can scavenge

free radicals (Cao et al. 1997). In this study genes

related to phenylpropane (Supplemental Table S5) and

flavonoid pathway (Supplemental Table S7) were

transcribed more stongly in Xiaobaisha than in A.

correntina. The result implied mroe phenylpropane

and flavonoid biosynthesis were available to Xiao-

baisha, thereby could promote the accumulation of

secondary metabolites such as terpenes, flavonoids

and alkaloids, which were beneficial for plants to

adapt to adversity stress (Ramakrishna and Ravis-

hankar 2011). In addition enzyme genes related to

secondary metabolites were more up-regulatein Xiao-

baisha than in A. correntina under stress, including

cytochrome p450, dioxygenase, oxidoreductase, dehy-

drogenase, oxygenas, oxidas and peroxidase (Supple-

mental Table S6 and Supplemental Table S8). These

enzymes above had the functions of osmotic regula-

tion and free radical scavenging (Stone and Walker

1995; Vranová et al. 2000; Tahtiharju and Palva 2001;

Meskiere et al. 2003; Sheng 2003; Buchanan 2004),

which were more helpful for Xiaobaisha roots against

stress environment than A. correntina.

Signal transduction refers to a chemical or physical

signals in the form of a series of molecular events

through cell transfer, eventually leading to cell

reaction process (Bradshaw and Dennis 2010). At

the molecular level, these reactions include the change

of gene transcription and translation, post-transla-

tional and conformational changes in proteins, as well

as their location changes (Rodriguez et al. 1998;

Lorenzo et al. 2002; Schweighofer and Meskiene

Fig. 2 DGEs related to flavonoid biosynthesis, phenyl-

propanoid biosynthesis, plant–pathogen interaction and plant

hormone signal transduction between Xiaobaisha and A.

correntina
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Fig. 3 Validation of of 8

key DTGs of A. correntina

and Xiaobaisha by qRT-

PCR method
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2004). These molecular events are the basic mecha-

nisms controlling cell growth, prolifera-

tion, metabolism and many other processes (Sheen

1996; Krauss 2008). Plant hormone regulate plant

response to stress (Bogatek and Gniazdowska 2007).

The results of functional enrichment analysis showed

that DEGs of two peanut varieties participated in the

plant hormone signal transduction, including tran-

scription, protein modification, hormonal regulation

(Supplemental Table S9-S10). This suggested that the

response of peanut root to BA and PCA stress involved

in a very complex metabolic regulation network.

Auxin plays its normal function of promoting the

growth and development of plant roots. Aux/IAA

family is a special kind of gene family that is induced

by auxin (Worley et al. 2000), which has been found in

pisumsativum, soybean and tobacco (Abel and The-

ologis 1995; Reed 2001). Studies have showed that the

encoding product of Aux/IAA gene belongs to

degradable nucleoprotein, because it plays the role

of repressor protein in auxin signal transduction

pathway and can negatively regulate the process of

gene responsive auxin. The synthesis and degradation

of these gens is the key step of auxin signal transduc-

tion process (Tiwari et al. 2001; Worley et al. 2000),

thus caused the change of plant morphology and

growth patterns (Liscm and Reed 2002). There were

obivous different in plant hormone signal transduction

between Xiaobaisha and A. correntina. The transcrip-

tion of Aux/IAA and Auxin responsive protein were

higher in Xiaobaisha than A. correntina, moreover

most of Aux/IAA related genes were down-regulated

and Auxin responsive protein were up-regulated in the

former (Supplemental Tables S9–S10), which were

bennifit for Xiaobaisha to the smooth transfer of auxin

signal to the downstream, and could potentially reduce

the harm of stress.

Genes expression of plant–pathogen interaction are

induced in peanut under BA and PCA stress. With the

recognition of pathogens and signal transduction, the

downstream defense responses of plants are activated,

including cell wall strengthening, accumulation of

antimicrobial secondary metabolites and expression of

pathogenesis-related genes (van Loon et al. 2006).

There are two kinds of plant defense responses against

pathogens, caused by plant pathogens in infection of

host plants. PTI (PAMPs—triggered immunity) is the

first defense reaction, which can make plants produce

reactive oxygen species and the change in the amount

of the expression of defense genes in plants (Sanabria

et al. 2010; Dai et al. 2012; Jones and Dangl 2006).

The second defense response is effector-triggered

immunity (ETI), which is a kind of host immune

response caused by the recognition of pathogen

effectors (Jones and Dangl 2006). ETI can cause

hypersensitive reactions near the infection site (Jones

and Dangl 2006). Calcium (Ca2?) signaling is an

important part of the PTI response, operating through

Ca2? sensing proteins (Luan et al. 2002; Gao et al.

2014; Chin et al. 2009; Saand et al. 2015). Structural

the EF-hand Ca2?-binding proteins and calcium have

been recognized as the key players in all aspects of cell

function, starting with a cell’s birth during mitosis and

ending with its apoptotic death (Jones and Dangl

2006). A malfunction in EF-hand proteins-signaling is

considered the cause of many plant diseases. Func-

tionally, EF-hand proteins can be divided into two

general classes: the Ca2? sensors and the Ca2?buffers

(Kojetin et al. 2006; Brunet et al. 2005). The

exceptional versatility of the EF-hand proteins is

intimately associated with the diversity of the EF-hand

motifs, such as discrepancy in conformations, domain

organization, structural responses to calcium and so

on. Here, the transcription of EF-hand was lower in A.

correntina than in Xiaobaisha (Supplemental

Table S11–S12), which indicated that Ef-hand genes

were more activated and involved in the regulation of

calcium ion signals in Xiaobaisha. With the recogni-

tion of pathogens and signal transduction, the down-

stream defense responses of plants are activated,

including cell wall strengthening, accumulation of

antimicrobial secondary metabolites and expression of

pathogenesis-related genes (van Loon et al. 2006). It

could potentially better protect the Xiaobaisha roots

against abiotic stress. The multiple members of the

WRKY family are involved in the response of plants to

biological and abiotic stress. The promoter region

contains binding sequences of multiple stress-related

transcription factors (Ramamoorthy et al. 2008).

There is a strong synergistic and regulatory relation-

ship among WRKY family genes (Chujo et al. 2013;

Qiu et al. 2007). In this study, WRKY transduction

was more active in Xiaobaisha than in A. correntina

(Supplemental Table 11), which implied that WRKY

family might be closely related to Xiaobaisha resistant

ability to stress.
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Conclusions

The result suggested that Xiaobaisha had higher

resistance to BA and PCA stress than A. correntina.

Sequencing results showed that there were signifi-

cantly differences in transcriptome level between A.

correntina and Xiaobaisha at under BA and PCA

stress. DGEs associated with fatty acid degradation,

flavonoid biosynthesis, phenylpropanoid biosynthesis,

plant hormone signal transduction, Plant–pathogen

interaction and glycolysis/gluconeogenesis were more

transcribed under BA stress in Xiaobaisha compared

to A. correntina. Under PCA stress, DGEs related to

phenylpropanoid biosynthesis, plant hormone signal

transduction, plant–pathogen interaction and diter-

penoid biosynthesis were more strongly transcribed in

Xiaobaisha than in A. correntina. The transcription of

DGEs associated with secondary metabolites, plant–

pathogen interaction and plant hormone signal trans-

duction were higher in Xiaobaisha than A. correntina

uner BA and PCA stress. Moreover, the majority of

these genes were closely related to flavonoid biosyn-

thesis, phenylpropanoid biosynthesis, Aux/IAA and

Auxin responsive protein, EF-hand and WRKY

family.
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Isobe S, Guo BZ, Liao BS, Stalker HT, Schmitz RJ, Sch-

effler BE, Leal-Bertioli SCM, Xun X, Jackson SA,

Michelmore R, Ozias-Akins P (2016) The genome

sequences of Arachis duranensis and Arachis ipaensis, the

diploid an cestors of cultivated peanut. NatureGenet

48(4):438–446

Bezuidenhout SR, Reinhardt CF, Whitwell I (2012) Cover crops

of oats, stooling rye and three annual ryegrass cultivars

influence maize and Cyperus esculentus growth. Weed Res

52(2):153–160

Blum U, Shafer SR, Lehman ME (1999) Evidence for inhibitory

allelopathic interactions involving phenolic acids in field

soils: concepts vs an experimental model. Critical Rev

Plant Sci 18(5):673–693

Bogatek R, Gniazdowska A (2007) ROS and phytohormones in

plant–plant allelopathic interaction. Plant Signal Behav

2:317–318

Bonawitz ND, Soltau WL, Blatchley MR, Powers BL, Hurlock

AK, Seals LA, Weng JK, Stout J, Chapple C (2012) REF4

and RFR1, subunits of the transcriptional coregulatory

complex mediator, are required for phenylpropanoid

homeostasis in Arabidopsis. J Biol Chem

287(8):5434–5445

Bradshaw RA, Dennis EA (2010) Handbook of cell signaling,

2nd edn. Academic Press, Amsterdam. ISBN

9780123741455

Brunet S, Scheuer T, Klevit R, Catterall WA (2005) Modulation

of CaV1.2 channels by Mg2 ? acting at an EF-hand motif

in the COOH-terminal domain. J Gen Physiol

126(4):311–323

Buchanan BB (2004) Plant biochemistry and molecular bi-

ology. Science Press, Beijing, pp 563–569

Cao G, Sofic E, Prior RL (1997) Antioxidant and prooxidant

behavior of flavonoids: structure - activity relationship.

Free Radic Biol Med 22(5):749–760

Chen SL, Zhou BL, Lin SS, Li XY, Xue L (2011) Accumulation

of cinnamic acid and vanillin in eggplant root exudates and

the relationship with continuous cropping obstacle. Afr J

Biotechnol 10(14):2659–2665

Chin K, Moeder W, Yoshioka K (2009) Biological roles of

cyclic nucleotide-gated ion channels in plants: what we

know and don’t know about this 20 member ion channel

family. Botany 87:668–677

Chujo T, Miyamoto K, Shimogawa T, Shimizu T, Otake Y,

Yokotani N, Nishizawa Shibuya N, Nojiri H, Yamane H,

Minami E, Okada K (2013) OsWRKY28, a PAMP-re-

sponsive transrepressor, negatively regulates innate

immune responses in rice against rice blast fungus. Plant

Mol Biol 82(1/2):23–37

Cramer GR, Urano K, Delrot S, Pezzotti M, Shinozaki K (2011)

Effects of abiotic stress on plants: a systems biology

123

18 Genet Resour Crop Evol (2020) 67:9–20



perspective. BMC Plant Biol 11:163. https://doi.org/10.

1186/1471-2229-11-163

Dai JC, Huang JG, Wang CL, Zhao KJ (2012) Pathogen con-

servation molecules and PAMP-triggered innate immunity

in plants. Microbiol China 39(4):553–565 (in Chinese)
Dixon RA, Paiva NL (1995) Stress-induced phenylpropanoid

metabolism. Plant Cell 7:1085–1097

Gao X, Cox KL, He P (2014) Functions of calcium-dependent

protein kinases in plant innate immunity. Plants

3:160–176. https://doi.org/10.3390/plants3010160

He CN, Gao WW, Yang JX, Wu B, Zhang XS, Zhao YJ (2009)

Identification of autotoxic compounds from fibrous roots

of Panaxquinquefolium L. Plant Soil 318:63–72

Jones JDG, Dangl JL (2006) The plant immune system. Nature

444(7117):323–329
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