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Integrated analyses reveal the response 
of peanut to phosphorus deficiency 
on phenotype, transcriptome and metabolome
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Abstract 

Background: Phosphorus (P) is one of the most essential macronutrients for crops. The growth and yield of peanut 
(Arachis hypogaea L.) are always limited by P deficiency. However, the transcriptional and metabolic regulatory mecha-
nisms were less studied. In this study, valuable phenotype, transcriptome and metabolome data were analyzed to 
illustrate the regulatory mechanisms of peanut under P deficiency stress.

Result: In present study, two treatments of P level in deficiency with no P application (–P) and in sufficiency with 
0.6 mM P application (+ P) were used to investigate the response of peanut on morphology, physiology, transcrip-
tome, microRNAs (miRNAs), and metabolome characterizations. The growth and development of plants were signifi-
cantly inhibited under –P treatment. A total of 6088 differentially expressed genes (DEGs) were identified including 
several transcription factor family genes, phosphate transporter genes, hormone metabolism related genes and 
antioxidant enzyme related genes that highly related to P deficiency stress. The Gene Ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) enrichment analyses indicated that 117 genes were annotated in the phe-
nylpropanoid biosynthesis pathway under P deficiency stress. A total of 6 miRNAs have been identified significantly 
differential expression between + P and –P group by high-throughput sequencing of miRNAs, including two up-
regulated miRNAs (ahy-miR160-5p and ahy-miR3518) and four down-regulated miRNAs (ahy-miR408-5p, ahy-miR408-
3p, ahy-miR398, and ahy-miR3515). Further, the predicted 22 target genes for 6 miRNAs and cis-elements in 2000 bp 
promoter region of miRNA genes were analyzed. A total of 439 differentially accumulated metabolites (DAMs) showed 
obviously differences in two experimental conditions.

Conclusions: According to the result of transcripome and metabolome analyses, we can draw a conclusion that by 
increasing the content of lignin, amino acids, and levan combining with decreasing the content of LPC, cell reduced 
permeability, maintained stability, raised the antioxidant capacity, and increased the P uptake in struggling for survival 
under P deficiency stress.
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Background
Peanut (Arachis hypogaea L.) is an important oil crop and 
nutritious food, which is rich in high-quality plant pro-
tein, oil and lipid compounds. Peanut ranks the fourth 
in oil crops and third in human protein sources all over 
the world [1]. Peanut shows not only better yield but also 
higher quality when it is planted on suitable soil nutrition 
condition [2]. Phosphorus (P) is one of the most essential 
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mineral nutrients for all crops due to its critical roles in 
plant physiological and biochemical processes [3]. Peanut 
always requires large amounts of P, which can participate 
directly in both the process of photosynthetic apparatus 
establishment and photosynthetic carbon assimilation. P 
also plays an important role in the formation of peanut 
yield and quality, in the transformation and accumulation 
of fats, proteins, phospholipids, fatty acids and nucleo-
tides. Regularly, the content of P in most plants generally 
accounts for 0.1%–0.5% of dry weight (DW), while that 
in peanut kernel ranges from 1%–2% DW among differ-
ent peanut varieties [4]. However, P deficiency is wide-
spread in many peanut field soils with the low availability 
and total P content [5]. Low soil available P is one of the 
important factors affecting the growth of peanuts [6]. The 
serious lack of available P in soil is not only a limiting fac-
tor for the development of agricultural production in the 
world but also an important bottleneck for the sustain-
able development of the peanut industry.

Under P deficiency stress, crop phenotype, physiology, 
biochemistry and even microscopic levels have adaptive 
changes, which are ultimately reflected in plant growth 
and yield [7, 8]. The root system is the main organ for 
P absorption while both morphology and architecture 
change to adapt to the P deficiency soil environment. The 
number of lateral roots and the density and length of root 
hairs are increased to expand the contact areas between 
the root system and the soil, which is very important to 
raise extraction efficiency at low P level [9, 10]. In addi-
tion, roots can also secrete ACP to activate insoluble 
organic phosphorus into absorbable  H2PO4

– or  HPO4
2– 

in soil to achieve more phosphorus absorption for growth 
[11–14]. Moreover, P in deficiency inhibits the photo-
synthesis system and lead to excessive accumulation of 
ROS, which causes damage to DNA, proteins and lipids 
[15, 16]. Meanwhile, plants activate their own internal 
antioxidant system to protect against ROS damage [17], 
including many enzymatic components, such as SOD, 
POD, and CAT. P is crucial for photosynthesis because 
most steps on photosynthesis require P nutrition [18]. At 
the physiological level, P in deficiency reduces the ability 
to utilize sunlight, as it can cause photosystem damage 
and photosynthetic rate decrease [19, 20]. Consequently, 
the inhibition of photosynthesis leads to a reduction in 
biomass and limits plant growth and development [21].

However, at the molecular and metabolic level, the 
regulation mechanisms under P deficiency still remains 
incomplete. Combined omics analyses provides inte-
grated and focused clues for intensive and comprehensive 
explanation of plant response mechanism. Transcrip-
tome analysis under P deficiency stress will be an efficient 
way to identify candidate genes and putative metabolites 
synthesis involved in low P stress response. MicroRNAs 

(miRNAs) can regulate diverse growth and development 
programs under stress conditions through post-tran-
scriptional repression by cleaving target genes mRNA in 
plant [22–26]. Metabolites were the production of genes 
expression and transcriptional regulation, which would 
directly affect the phenotype of stress response. Metabo-
lism can provide both type and quantity of endogenous 
metabolites. When joint analysis with transcriptome 
results, it was more helpful to elucidate relative genes, 
miRNAs, and focus on metabolite synthesis and regu-
lated pathways [27, 28].

In present study, we designed experiments in a hydro-
ponic system to examine the effect of P deficiency  on 
the phenotype, transcriptome and metabolome proper-
ties of peanut development. To investigate the effect of P 
deficiency on peanut development, two groups of plants 
grown on –P and + P application of Hoagland’s nutrient 
solution were carried out, respectively. The research tried 
to find the differences in plant phenotype and molecular 
mechanisms under low P condition. It is of great signifi-
cance to explore the adaptive adjustment of P absorption 
and utilization under P deficiency stress in peanut.

Results
Growth and development inhibition of peanut under P 
deficiency stress
The phenotypes of plant in two P level Hoagland nutri-
ent solutions for 60  days were investigated. Obvious 
variation was found between two groups for all tested 
growth parameters. The effect of P deficiency stress was 
significant for the inhibition of growth and development 
in peanuts. The plants under –P treatment was signifi-
cantly lower than that under + P treatment (Fig. 1A, B). 
The main root length, main stem height, lateral branch 
length, number of branches and number of leaves on the 
main stem decreased by 13.8%, 17.6%, 33.3%, 30.5% and 
8.7%, respectively, when P was deficient (Fig.  1C). DW 
of roots, stems and leaves under + P treatment were all 
heavier than that under –P treatment by 44.6%, 41.9% 
and 92.0%, respectively (Fig.  1D). The WinRHIZO root 
analysis system was used to scan the root morpholo-
gies of two treatments. The data showed that P defi-
ciency stress reduced root development compared 
with the P-sufficiency condition (Supplemental Table 
S1). Under + P treatment, mean value of total length 
(cm), mean value of total surfArea  (cm2), mean value 
of total volume  (cm3), and mean value of total tips were 
increased by 24.0%, 28.2%, 16.3%, and 25.7% compared 
with P deficiency stress condition.

To detect the plant P content, three samples were ran-
domly taken from each treatment. Under –P treatment, 
the P content of the peanut root, stem, and leaf were 
0.5, 0.6, and 1.0  g   kg−1 DW, respectively, which were 
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significantly lower compared with that under + P treat-
ment (Fig. 1E). After P supply, the P content values of the 
three parts were significantly increased to 4.4, 2.6, and 
3.1  g   kg−1 DW, respectively. Compared with –P treat-
ment, the total P content was increased under + P treat-
ment by 8.8, 4.3 and 3.0 times, respectively. This result 
indicated that the P content had a great impact on the 
whole plant and specially had the greatest impact on the 
roots. Additionally, the accumulative P amount (P con-
tent × DW) was detected. Compared with –P treatment, 
the cumulative P content in root, stem and leaf under + P 
treatment were 12.07, 6.24 and 6.15 times, respectively.

For the effect of P on photosynthesis, 4 photosynthetic 
indexes were carried out on the third fully expanded 
upper leaves of each plant by the CIRAS-3 portable pho-
tosynthesis system at 60  days after planting. The A, E 

and Gs values under + P treatment were extremely sig-
nificantly higher than that under –P treatment (P< 0.01), 
but there was no significance among the Ci value. Under 
P deficiency stress, A of peanut functional leaves was 
5.2 μmol  CO2  m–2   s–1, E was 2.4 mmol  H2O  m–2   s–1, Ci 
was 437.0  μmol  CO2  mol–1, and Gs was 70.9  mol  H2O 
 m–2  s–1. P application significantly improved the net pho-
tosynthetic rate by 95.0%, the transpiration rate by 49.8%, 
the stomatal conductance by 96.0%, whereas decreased 
the intercellular carbon dioxide concentration by 7.0% 
(Fig. 1F).

From the cross-section of primary root apex under + P 
treatment, the structure was obvious with small epider-
mal cells, a wide cortical area and a vascular cylinder in 
the internal part. The red lignified cell wall under P defi-
ciency stress was lighter in red accompanied by thinner, 

Fig. 1 Response of peanut plant to the different phosphorus supplies (–P, 0 mM Pi and + P, 0.6 mM Pi). A and B Differences of plant in two P level 
treatments. C Differences of phenotype indicators of peanut plant. D Differences of root, stem, and leaf dry weight. DW, dry weight. E P content in 
different tissues between two P level groups. F Differences of photosynthetic indicators in two P level treatments. A, net photosynthetic value; Ci, 
intercellular  CO2 concentration; E, transpiration rate; Gs, stomatal conductance. Column denoted mean value, and bars indicate standard errors. G 
Histochemical sections of primary root apex in two P levels. H and I Histochemical sections of the basal of main root in two P levels. PP, parenchyma 
pith; SXY, secondary xylem; SPH, secondary phloem; CO, cortex; EP, epidermis. *, P < 0.05. **, P < 0.01
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irregular cell shape. And many small cells were observed 
inside, indicating that it was still in the process of growth 
and development while Under + P treatment, the cell wall 
was darker red and the cell wall was thicker, the cell shape 
was regular (Fig.  1G). The root system first perceived 
the P deficit of soil. From the cross sections of the basal 
roots under two treatments, the secondary structure 
could be seen to be typical of leguminous coal. The PP 
was composed of parenchyma cells. The main function 
of the pith was to store essential nutrients such as water 
and sugar. The PP zone of the control group was nearly 
round, while the shape under –P treatment was irregular. 
With seriously P deficiency stress, the overall shape of PP 
cells decreased and became tighter with fewer intervals 
(Fig. 1H). The SXY was consisted of broad vessels. Both 
SXY and SPH under + P treatment were both apparently 
wider and more orderly than that under –P treatment. 
The CO cells composed of parenchyma cells were few, 
numerous, closely arranged and small in space under + P 
condition, and the structure was still regular and orderly. 

However, the cortical parenchyma cells under –P stress 
were larger, fewer in number and loosely arranged, and 
some were even broken, which were apparently at the 
same situation as the EP (Fig. 1I).

P deficiency stress changed the activities of enzymes 
related to antioxidants, plant growth and nutrient absorp-
tion. The activities of 10 enzymes in the peanut roots 
were detected by using ELISA methods (MDBio, Taipei, 
China). The P deficiency stress enormously increased the 
activities of CAT, SOD, ABA and ACP compared to that 
in + P condition, respectively. Simultaneously, –P stress 
obviously decreased the activity of GS, IAA, CTK, NR, 
and ETH. The activity of POD was also increased under 
P deficiency condition but with no significance (Fig.  2). 
The activities of enzymes related to antioxidants were 
also detected in leaves. Under –P treatment, the activities 
of GS and ETH were markedly increased, but the activi-
ties of ABA and NR were obviously decreased compared 
with that under + P treatment. Moreover, the activities 
of CAT, POD, SOD, and IAA under –P treatment were 

Fig. 2 Effect of phosphorus on activities of related enzymes and hormones in peanut roots. * indicates P < 0.05. ** indicates P < 0.01
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slightly higher than that under + P treatment with no sig-
nificance in leaves (Supplemental Fig. S1).

Transcriptome analysis of peanut roots under P deficiency 
stress
A total of 31.00  GB of high-quality clean data were 
obtained with the 5.16  GB average clean data of each 
sample, 94.73% at the Q30 level, average GC% at 44.96%, 
which suggested that the sequencing was highly accurate 
and reliable (Supplemental Table S2). The genome of the 
peanut cultivar Shitouqi (PGR: http:// peanu tgr. fafu. edu. 
cn/ Downl oad. php) was used as the Arachis hypogaea L. 
reference genome. The clean reads of each sample were 
mapped with the reference genome, and the mapped per-
centages ranged from 86.05% to 91.88%.

There were 6088 DEGs between –P treatment and + P 
treatment by using the criteria of false discovery rate 
(FDR) < 0.05 and |log2(fold change)|≥ 2. Compared 
with + P treatment, there were 3577 up-regulated and 
2511 down-regulated DEGs under –P treatment (Sup-
plemental Fig. S2; Supplemental Dataset S1). A total of 
6088 DEGs were assigned both GO annotation and GO 

classification (Fig.  3A, B). Among those DEGs, in the 
"molecular function" category, 2772 and 2283 genes were 
in "binding" and "catalytic activity", respectively. In the 
"cellular component" category, the major genes were in 
"cell part" (1803) and "membrane part" (2040). Finally, 
in the "biological process" category, 1405 and 1444 were 
concentrated in "metabolic process" and "cellular pro-
cess", respectively. Twenty GO terms were enriched in 
DEGs according to GO annotation analysis. A total of 56 
genes  were  enriched in the top category of "plant-type 
cell wall organization of biogenesis" (Fig. 3C). The analy-
sis of directed acyclic graph was conducted to focus on 
the GO structure (Fig. 3D). It is similar to GO analysis, 
three GO categories including "cell response to phos-
phate starvation", "peroxidase activity", "plant-type sec-
ondary cell wall biogenesis" were highlighted. The KEGG 
pathway analysis showed that functional annotation of 
DEGs was enriched into 18 subcategories (Fig. 3E). The 
most enriched KEGG orthology term was phenylpro-
panoid biosynthesis with 117 DEGs (Fig.  3F). Phenyl-
propane compounds played the important role in plant 
growth and stress response. The results suggested that 

Fig. 3 Analysis of transcriptome results. A GO annotation analysis. B and C GO enrichment analysis. D Directed acyclic graphs of GO annotation. E 
and F KEGG pathway annotation analysis and KEGG enrichment analysis

http://peanutgr.fafu.edu.cn/Download.php
http://peanutgr.fafu.edu.cn/Download.php
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genes of this pathway were closely related to P deficiency 
stress. This KEGG annotation provided valuable clues for 
investigating the genes and pathways involved in low P 
stress. Further joint analysis with metabolome was con-
ducted and provided below in metabolome results.

Many DEGs represented genes that were demonstrated 
to be related to responses to plant P deficiency stress in 
previous reports [29–31]. In particular, several transcrip-
tion factor (TF) family genes, phosphate transporter 
genes, hormone metabolism related genes and anti-
oxidant enzyme related genes that might be associated 
with P deficiency tolerance were detected (Supplemental 
Table S3). Under P deficiency stress, the induced expres-
sion of TFs, such as the WRKY family (Fig. 4A1), MYB 
family (Fig.  4A2), bHLH family, (Fig.  4A3) NAC family 

(Fig. 4A4),  bZIP family (Fig. 4A5), and zinc finger fam-
ily (Fig.  4A6) were identified. In this study, the results 
suggested these TFs played the crucial role in the tran-
scriptional regulation of downstream genes related to P 
deficiency. In plants, the transport and absorption of P 
were conducted by phosphate transporters including the   
PHT family (Fig. 4B1) and   SPX family (Fig. 4B2). PHT 
and proteins containing the SPX domain played the key 
role in maintaining P homeostasis and fine adjustment of 
P transport signaling [32–34]. In this study, PHT genes 
and SPX family genes were also found to be related under 
P deficiency stress. A total of 11 PHT genes and 6 SPX 
genes were up-regulated under –P treatment. In addi-
tion, one PHR1  (AH04G19770) has been identified up-
regulated in –P group, which could positively regulate 

Fig. 4 Transcriptional profiling of P deficiency related genes in the roots. A Six TF families: WRKY (A1), MYB (A2), bHLH (A3), NAC (A4), bZIP (A5), Zinc 
finger (A6) family genes. B DEGs encoding P uptake related genes: The DEGs of peanut PHT (B1), SPX (B2), and ACP (B3)  genes in the roots under 
P deficiency. C DEGs encoding hormone metabolism related genes and antioxidant enzyme related genes. (C1) ethylene response transcription 
factors (ERF). (C2) ABA related genes. (C3) auxin response factor (ARF), small auxin upregulated RNA (SAUR ), auxin binding protein genes (ABP), auxin 
induced protein genes. (C4) CTKCTK related genes. (C5) SOD genes. (C6) POD genes. D The number of up-regulated and down-regulated genes in 
17 gene families under low p stress. C, control (+ P) group; T, treatment (–P) group
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downstream PHT genes by binding the P1BS domain in 
promoter region. ACP played an important role in root 
P absorption. The ACP activity was remarkably higher 
under –P treatment than that under + P treatment, and 
several ACP genes were also significantly up-regulated 
under –P treatment. There is a strong positive correla-
tion between the higher expression level of ACP genes 
and the increased activity of ACP (Fig. 4B3). DEGs also 
included the genes encoding hormone metabolism 
related genes and antioxidant enzyme related genes. 
The ERF (Fig.  4C1), CAR  (Fig.  4C2), ARF, SAUR , ABP 
(Fig. 4C3), CTK related genes (Fig. 4C4) and SOD genes 
(Fig. 4C5), POD genes (Fig. 4C6) were also noted. Many 
ERF genes could be induced by abiotic stress including 
stress related hormone ETH and ABA. And ERF proteins 
conferred tolerance by binding to the promoter regions 
and activating the transcription of responsive genes. 
ERFs were involved in the regulation of ethylene depend-
ent transcription which positively or negatively regulated 
the expression level of downstream ethylene inducible 
gene [35]. Under –P treatment, the content of ethylene 
was significantly decreased which was likely associated 
with the different expression of 39 ERF genes up-regula-
tion and 20 ERF genes down-regulation. Two CAR  genes 
which belonging to a plant specific gene family, positively 
regulated ABA sensitivity [36], and were all up-regulated 
under –P treatment. Therefore, the increase ABA con-
tent under –P treatment might associate with the up-
regulated expression of these genes. Auxin played an 
important role across whole lifespan of plant. ARF, SAUR 
, ABP, and auxin induced protein genes were all belonged 
to auxin response genes which could be triggered rap-
idly and precisely by temporal and spatial changes of 
auxin level. And the level changes of auxin response 
genes led to level changes of downstream response genes. 
The auxin signal transduction finely regulated in plant 
developmental processes. Under –P treatment, 18 auxin 
response genes were identified as DEGs. The content 
of IAA was detected, which showed decreasing signifi-
cantly when P was in deficiency. Plants could accurately 
perceive small changes in auxin levels. Therefore, it was 
indicated that changes in auxin levels can be transformed 
into auxin response genes transcription signals, which 
involved in various processes of plant development. Both 
CKX (catalyze CTK degradation) genes and LOG (cata-
lyze CTK biosynthesis) genes were identified differen-
tially expressed between the two treatments. Under –P 
treatment, three CKX genes up-regulated and six were 
down-regulated. Three genes encoding LOG were up-
regulated and two were down- regulated. The compre-
hensive effect contributed to the decrease of CTK activity 
in –P peanut roots. 7 of 8 genes encoding SOD genes and 
23 of 36 POD genes were identified up-regulation under 

–P treatment which could well explain the results of the 
increased activities of SOD and POD. One metallothio-
nein gene that exerted large effect on homeostasis and 
ROS scavenging was also identified in this study. In sum-
mary, the number of up-regulated and down-regulated 
genes in 17 gene families under low p stress was shown in 
Fig. 4D. Altogether 8 up-regulated genes and two down-
regulated genes were confirmed to be highly consistent 
(R2 > 0.95) with the transcriptome results by qRT-PCR. 
The results of qRT-PCR proved the reliability of tran-
scriptome sequencing (Supplemental Fig. S3).

miRNAs and target genes analyses of peanut roots under P 
deficiency stress
The 6 libraries included 77.77 M raw reads in total with a 
mean of 12.9 M in each library. After filtering low quality 
reads and rRNA, tRNA, snoRNA, snRNA, and repbase 
sequences, we obtained total 67,627,933 miRNA clean 
reads (Supplemental Table S4). The lengths of miRNA 
in each sample ranged from 18 to 32 nucleotides (nt). 
Sequences between 21 to 24 accounts for the highest pro-
portion (Supplemental Fig. S4). The distribution of top15 
known miRNA expressed in each sample was shown in 
Supplemental Fig. S5.

DeSeq 2 software was used to analyses the signifi-
cantly different expression level between two treatments. 
The average value of change only at default parameters 
p-adjust ≤ 0.05 and |log2FC|≥ 1  was  accepted. In sum-
mary, we identified 6 miRNAs which showed significantly 
differential expression between + P and –P group. Among 
these, there were 2 up-regulated miRNAs including ahy-
miR160-5p and ahy-miR3518 while 4 down-regulated 
miRNAs including ahy-miR408-5p, ahy-miR408-3p, ahy-
miR398, and ahy-miR3515. To confirm the expression 
patterns results obtained by high-throughput sequenc-
ing, 5 miRNAs and 5 target genes were analyzed by qRT-
PCR (Supplemental Fig. S6). The qRT-PCR primers were 
designed according to the sequences of miRNAs and tar-
get genes, respectively (Supplemental Table S5). Further 
analysis of qRT-PCR validated consistent expression pat-
terns with the high-throughput sequencing.

To analyze the functions of the identified miRNAs 
responding to P deficiency stress in peanut roots, we 
predicted the target genes by psRobot (http:// omics lab. 
genet ics. ac. cn/ psRob ot/). Comprehensive analysis of 
miRNAs and target genes can benefit for identification 
the regulatory function and miRNA-mRNA modules. 
A total of 6 P deficiency responding miRNA sequences 
were aligned to the peanut genome. Sequence comple-
mentarity between target mRNA and mature miRNA 
was screening criteria [37]. A total of 69 predicted 
target genes were obtained and the expression pat-
tern of each target genes was subsequently analyzed 

http://omicslab.genetics.ac.cn/psRobot/
http://omicslab.genetics.ac.cn/psRobot/
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in transcriptome database. After discarding the same 
expression pattern with corresponding miRNA and 
uncharacterized proteins, a total of 22 target genes for 
6 miRNAs were found with higher or lower expression 
levels in P deficiency treatment (Fig.  5A, B; Table  1). 
The regulation network of miRNA-mRNA targets was 
conducted (Fig.  5C). To better understand the func-
tion of miRNAs, 22 predicted target genes according 
to transcriptome data were analyzed. Notably, 4 ARF 
genes have been found as the target genes of ahy-
miR160-5p. The expression level of ahy-miR160-5p was 
significantly up-regulated while the 4 target genes were 
significantly down-regulated under –P treatment. The 
function of ARF family is responsive to auxin and regu-
lating downstream auxin response genes by binding to 
promoters at AuxREs. It implies that ahy-miR160-5p 
involved in P deficiency stress by regulation of pea-
nut auxin signal transduction pathway. Moreover, we 
also made integrated analysis of ETH and ABA sig-
nal finding that one down-regulated ERF1 gene which 

was in the ETH signal transduction pathway and three 
down-regulated ABA receptor PYL genes in the ABA 
signal transduction pathway (Fig.  5D). Two glycerol-
3-phosphate transporter 1 genes and two aconitate 
hydratase 3 genes were identified as the target genes of 
ahy-miR398. PFP1, the target gene of ahy-miR3515 is 
involved in regulation of starch metabolism. Transcrip-
tome analysis revealed the expression level of PFP1α 
significant up-regulated in peanut –P stress. An MYB 
transcription factor KAN4 has also been identified as 
the target gene of ahy-miR3518 which is involved in 
the regulation of flavonoid synthesis in Brassica juncea 
[38]. The expression level of two YL3  genes targeted by 
ahy-miR408-5p were up-regulated in –P group. Gener-
ally, YL3 protein is a transfer protein for lipid and the 
gene  was  up-regulated during senescence in Arabi-
dopsis [39]. Two laccase-3 genes is also identified as 
target gene of ahy-miR408-3p. Plant laccases has been 
reported involved in the lignin biosynthesis and the 
response to abiotic stress. The results indicated that 

Fig. 5 Different expressed miRNA analysis. A Heat map of six significant changed miRNAs. B Transcriptional profiling of target genes. C Significant 
different expressed miRNAs and its target genes. D miRNAs and its target genes related to plant hormone signal transduction
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Table 1 Predicted targets genes of peanut miRNAs in response to P deficiency

miRNA Target gene ID Paired alignment Target gene Function 
annotation

GO annotation

ahy-miR160-5p AH18G04580 Auxin response factor 18 GO:0006355
GO:0009734
GO:0005634
GO:0003677

BP: regulation of transcription, 
DNA-templated
BP: auxin-activated signaling 
pathway
CC: nucleus
MF: DNA binding

ahy-miR160-5p AH09G34380 Auxin response factor 16 GO:0006355
GO:0009734
GO:0005634
GO:0003677

BP: regulation of transcription, 
DNA-templated
BP: auxin-activated signaling 
pathway
CC: nucleus
MF: DNA binding

ahy-miR160-5p AH10G14870 Auxin response factor 17 GO:0006355
GO:0009734
GO:0005634
GO:0003677

BP: regulation of transcription, 
DNA-templated
BP: auxin-activated signaling 
pathway
CC: nucleus
MF: DNA binding

ahy-miR160-5p AH08G13420 Auxin response factor 18 GO:0006355
GO:0009734
GO:0005634
GO:0003677

BP: regulation of transcription, 
DNA-templated
BP: auxin-activated signaling 
pathway
CC: nucleus
MF: DNA binding

ahy-miR3515 AH10G30920 CST complex subunit STN1 GO:0016233
GO:0005634
GO:0000784
GO:0003676
GO:0003697

BP: telomere capping
CC: nucleus
CC: nuclear chromosome, telom-
eric region
MF: nucleic acid binding
MF: single-stranded DNA binding

ahy-miR3515 AH10G31890 Pyrophosphate--fructose 
6-phosphate 1-phospho-
transferase subunit alpha

GO:0009749
GO:0015979
GO:0005737
GO:0005829
GO:0047334
GO:0003872
GO:0046872
GO:0005524
GO:0008443

BP: response to glucose
BP: photosynthesis
CC: cytoplasm
CC: cytosol
MF: diphosphate-fructose-6-phos-
phate 1-phosphotransferase 
activity
MF: 6-phosphofructokinase 
activity
MF: metal ion binding
MF: ATP binding
MF: phosphofructokinase activity

ahy-miR3515 AH14G39110 Eukaryotic translation ini-
tiation factor 3 subunit H

GO:0009733
GO:0009744
GO:0034286
GO:0009737
GO:0009749
GO:0045948
GO:0001732
GO:0005852
GO:0016282
GO:0005829
GO:0033290
GO:0042788
GO:0008237
GO:0003743

BP: response to auxin
BP: response to sucrose
BP: response to maltose
BP: response to abscisic acid
BP: response to glucoseBP: 
positive regulation of translational 
initiation
BP: formation of cytoplasmic 
translation initiation complex
CC: eukaryotic translation initiation 
factor 3 complex
CC: eukaryotic 43S preinitiation 
complex
CC: cytosol
CC: eukaryotic 48S preinitiation 
complex
CC: polysomal ribosome
MF: metallopeptidase activity
MF: translation initiation factor 
activity
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Table 1 (continued)

miRNA Target gene ID Paired alignment Target gene Function 
annotation

GO annotation

ahy-miR3515 AH13G55250 Pyrophosphate--fructose 
6-phosphate 1-phospho-
transferase subunit alpha

GO:0009749
GO:0015979
GO:0005737
GO:0005829
GO:0047334
GO:0003872
GO:0046872
GO:0005524
GO:0008443

BP: response to glucose
BP: photosynthesis
CC: cytoplasm
CC: cytosol
MF: diphosphate-fructose-6-phos-
phate 1-phosphotransferase 
activity
MF: 6-phosphofructokinase 
activity
MF: metal ion binding
MF: ATP binding
MF: phosphofructokinase activity

ahy-miR3518 AH15G29520 CRS2-associated factor 1, 
chloroplastic

GO:0003723 MF: RNA binding

ahy-miR3518 AH05G25950 CRS2-associated factor 1, 
chloroplastic

GO:0000373
GO:0003723

BP: Group II intron splicing
MF: RNA binding

ahy-miR3518 AH16G41080 Probable transcription 
factor KAN4

GO:0006355
GO:0005634
GO:0044212
GO:0003677

BP: regulation of transcription, 
DNA-templated
CC: nucleus
MF: transcription regulatory region 
DNA binding
MF: DNA binding

ahy-miR398 AH08G16610 Aconitate hydratase 3, 
mitochondrial

GO:0006099
GO:0006101
GO:0005829
GO:0005739
GO:0051539
GO:0047780
GO:0003994

BP: tricarboxylic acid cycle
BP: citrate metabolic process
CC: cytosol
CC: mitochondrion
MF: 4 iron, 4 sulfur cluster binding
MF: citrate dehydratase activity
MF: aconitate hydratase activity

ahy-miR398 AH13G11870 Putative glycerol-3-phos-
phate transporter 1

GO:0016021
GO:0022857

CC: integral component of 
membrane
MF: transmembrane transporter 
activity

ahy-miR398 AH03G29870 GMP synthase [glutamine-
hydrolyzing]

GO:0006541
GO:0006177
GO:0005829
GO:0003921
GO:0003922
GO:0016462
GO:0005524

BP: glutamine metabolic process
BP: GMP biosynthetic process
CC: cytosol
MF: GMP synthase activity
MF: GMP synthas
MF: pyrophosphatase activity
MF: ATP binding

ahy-miR398 AH18G06970 Aconitate hydratase 3, 
mitochondrial

GO:0006099
GO:0006101
GO:0005829
GO:0005739
GO:0051539
GO:0047780
GO:0003994

BP: tricarboxylic acid cycle
BP: citrate metabolic process
CC: cytosol
CC: mitochondrion
MF: 4 iron, 4 sulfur cluster binding
MF: citrate dehydratase activity
MF: aconitate hydratase activity

ahy-miR398 AH03G09280 Putative glycerol-3-phos-
phate transporter 1

GO:0016021
GO:0022857

CC: integral component of 
membrane
MF: transmembrane transporter 
activity

ahy-miR408-3p AH19G08390 Blue copper protein GO:0046658
GO:0016021
GO:0009055

CC: anchored component of 
plasma membrane
CC: integral component of 
membrane
MF: electron carrier activity

ahy-miR408-3p AH11G03260 Laccase-3 GO:0046274
GO:0006826
GO:0055072
GO:0048046
GO:0005886
GO:0052716
GO:0004322
GO:0005507

BP: lignin catabolic process
BP: iron ion transport
BP: iron ion homeostasis
CC: apoplast
CC: plasma membrane
MF: hydroquinon
MF: ferroxidase activity
MF: copper ion binding
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significantly expression level change of miRNA and its 
target genes play vital and diverse roles in transcrip-
tional level under –P stress. To gain insight of target 
genes function, GO categories were performed. Six 
classed of biological processes category were identified 
with "cellular process" the most frequent including 14 
genes. In cellular component category, 16 target genes 
were enrichment of "cell part". In molecular function 
category, The targets were remarkably enriched in 
"binding" with 18 genes (Fig.  6A, B; Table  1). In addi-
tion, KEGG pathway enrichment analyses revealed 
that 22 target genes were enriched in 5 pathways sig-
nificantly including "fructose and mannose metabo-
lism", "citrate cycle (TCA cycle)", "pentose phosphate 
pathway", "glycolysis/gluconeoge" and "glyoxylate and 
dicarboxyl" (Fig. 6C and D). The results highlighted the 
miRNA-mediated regulation under P deficiency stress 
via involving in post-translational modulation.

In addition, to further understand of miRNA regula-
tory network, 2000 bp upstream of 6 miRNA genes were 
scanned for TSSs and cis-elements (Table 2). Totally, 11 
putative cis-elements were identified for 6 miRNAs in 
peanut responsive to P deficiency stress. For instance, 
one w-box element was found in ahy-miR408 promoter 
which is the WRKY TFBS) while four bZIP transcription 
factor binding sites were identified in promoters of ahy-
miR398, ahy-miR408 and ahy-miR3515. Interestingly, 
one ERRE element was found in ahy-miR3518 promoter 
which was the binding site for EREBP, RAP2.6 and ERF1 
transcription factors. EREBP TF family members might 
play an crucial role in response to ABA signal pathway in 
stress [40]. RAP2.6 belongs to ERF proteins which is also 
responsive to ABA and different environment stress such 

as salt and cold [41]. One L3 element was found in ahy-
miR160-5p promoter which can be bound by Dof11 tran-
scription factors. It is reported that Dof11 was a sugar 
transporter and can increase resistance to Rhizoctonia 
solani which causes sheath blight disease in rice [42].

Metabolites of peanut roots in response to  P deficiency
A total of 439 DAMs showed obviously differences in 
two experimental treatments (Supplemental Dataset S2). 
OPLS-DA analysis showed that the model was reliable 
and VIP analysis could reflect contributions of DAMs 
between treatments (Supplemental Fig. S7A). The top two 
clusters characterized by 81 down-regulated metabolites 
including lysoPC(18:0), lysoPC(15:0), lysoPC(18:1(9Z)), 
lysoPC(18:2(9Z,12Z)), lysoPE(0:0/20:4(5Z,8Z,11Z,14Z)) 
and 120 up-regulated metabolites including L-trypto-
phan, L-arginine, phenylalanyl-Lysine, 9(S)-hpOTrE (9(S)-
HPOT), indicated the involvement of these metabolites in 
coping with low P stress. (Supplemental Fig. S7B). Among 
439 DAMs, 334 metabolites were significantly accumu-
lated while 105 metabolites were remarkably decreased 
in low P group (Supplemental Fig. S8A). The PCA for all 
samples showed that replicates of each group well clus-
tered together. PC1 (horizontal axis) and PC2 (vertical 
axis) can explain 45% and 8.83% of the variance, respec-
tively (Supplemental Fig. S8B). Based on the variation of 
metabolite composition and abundance of each sample, 
biological replicates in the same treatment show well 
correlation (Supplemental Fig. S8C). The results high-
lighted the metabolites changes occurred after –P treat-
ment. According to the expression pattern of metabolites, 
metabolite correlation analysis has been performed. 
The same patterns of metabolites has been clustered by 

Table 1 (continued)

miRNA Target gene ID Paired alignment Target gene Function 
annotation

GO annotation

ahy-miR408-3p AH01G05360 Laccase-3 GO:0046274
GO:0006826
GO:0055072
GO:0048046
GO:0005886
GO:0052716
GO:0004322
GO:0005507

BP: lignin catabolic process
BP: iron ion transport
BP: iron ion homeostasis
CC: apoplast
CC: plasma membrane
MF: hydroquinon
MF: ferroxidase activity
MF: copper ion binding

ahy-miR408-3p AH09G06680 Blue copper protein GO:0046658
GO:0016021
GO:0009055

CC: anchored component of 
plasma membrane
CC: integral component of 
membrane
MF: electron carrier activity

ahy-miR408-5p AH15G08030 Protein YLS3 GO:0006869
GO:0008289

BP: lipid transport
MF: lipid binding

ahy-miR408-5p AH05G14850 Protein YLS3 GO:0006869
GO:0008289

BP: lipid transport
MF: lipid binding
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k-means method (Supplemental Fig. S8D). The result 
showed that under low P stress peanut exhibited strong 
phenylalanine metabolism, which was consistent with 
transcriptome analysis. In addition, a significant increase 
of several amino acid were detected. However, phos-
phatidylcholine (lecithin) decreased significantly. Further, 
metabolites were analyzed by KEGG compounds classifi-
cation (Supplemental Fig. S9A) and HMDB 4.0 database 
(Supplemental Fig. S9B). To identified the metabolic path-
way of DAMs involved in, KEGG pathway classification 
and enrichment analyses were conducted (Supplemental 
Fig. S9C, S9D). The results showed that P deficiency gen-
erally  positively regulated the abundance of several amino 
acids in N metabolism, JA in α-linolenic acid metabolism,  
levan in sucrose metabolism, and some products in phe-
nylpropanoid biosynthesis pathway. On the contrary, 
lysoPC (LPC) involved in glycerolipid metabolism were 
down-regulated significantly under –P stress.

The DAMs involved in the nitrogen metabolism were 
visualized in Fig. 7. Low P stress generally  positively reg-
ulated the abundance of amino acids and its interme-
diates. Two aromatic amino acids (phenylalanine and 
tryptophan), two branched-chain amino acid (BCAA) 
(leucine and isoleucine), and three alkaline amino acid 
(lysine, histidine and arginine) were significantly accu-
mulated under low P stress. Furthermore, the increase 
of phenylalanine and tryptophan pointed to a function of 
P deficiency tolerance and phenylpropanoid biosynthe-
sis pathway which was significantly increased. Phenyla-
lanine, one product of plant shikimate pathway, was the 
entry of the phenylpropanoid biosynthesis. PAL catalyzed 
the phenylalanine into trans-2-hydroxy-cinnamate and 
direct carbon flow enter into the biosynthesis of multiple 
metabolite and derivative in phenylpropanoid metabo-
lism pathway. The accumulation of phenylalanine, trans-
2-hydroxy-cinnamate, caffeic acid, 4-hydroxystyrene, and 

Fig. 6 GO annotation and KEGG pathway analysis of target genes. A and B GO annotation and enrichment analysis. C and D KEGG pathway 
annotation and enrichment analysis
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sinapyl alcohol were up-regulated. Joint analyses with 
transcriptome, 4 enzymes which played important roles 
in the substeps of phenylpropanoid metabolism showed 
obviously increasing expression. The  accumulations  of 
PAL, 4CL, CCR, CAD were significantly up-regulated. 
The enzyme activity of POD was also up-regulated by 
above enzyme activity test although 23 POD genes were 
up-regulated and 13 genes were down-regulated in tran-
scriptome. PAL, 4CL, CCR, CAD, and POD were vital for 
the feeding into the biosynthesis of guaiacyl (G) lignin, 
syringyl (S) lignin, 5-hydroxy-guaiacyl (H) lignin, and 
p-hydroxy-phenyl (P) lignin. The significance and enrich-
ment up-regulation in this pathway indicated that under 
–P treatment, the increased phenylalanine may direct the 
entire biosynthesis of phenylpropanoid towards to the 
production of lignin to increase the tolerance. In linolenic 
acid metabolism, intermediate products of 9(S)-HPOT, 
12-OPDA (12-oxo-phytodienoic acid), traumatic acid and 

JA were all up-regulated. The phytohormone JA derived 
from α-linolenic acid was a critical signal involved in 
both abiotic and biotic stress responses as well as mul-
tiple developmental processes [43, 44]. 12-OPDA which 
was metabolic precursor of JA and could generate JA 
by undergoing a several rounds of oxidation reaction. 
Both 12-OPDA and its metabolite JA directly or indi-
rectly activated downstream genes and caused defense 
response. The results showed that JA can be induced by 
low P stress. Levan, as an important osmotic regulator, 
was produced from sucrose and closely related to resist-
ance of plants under stress. In this study, the results was 
consistent with previous studies that the accumulation of 
levan could be induced by nutritional stress [45]. In addi-
tion, seven kinds of LPC were identified down-regulated 
in glycerophospholipid metabolism pathway remarkably. 
LPC is a derivative of phosphatidylcholine (PC or leci-
thin) which was the major component of cell membrane.

Fig. 7 Candidate DAMs and metabolic pathway related to the low P responding. PAL, phenylalanine lyase; 4CL, 4-coumadin CoA ligase; CCR, 
cinnamoyl-CoA reductase; CAD, cinnamyl alcohol dehydrogenase; POD, peroxidase
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Discussion
Peanut is a P-loving crop, which plays an very important 
role in edible oil supply. P is one of the most essential and 
easily lacking nutrient for peanut [46]. However, many 
soils suitable for peanut planting always lack of P nutri-
tion both in China and many other countries and areas 
of the world [4, 5]. Through a long evolutionary process, 
plants have evolved complex strategies to deal with P 
deficiency [47]. Unavailability of P can cause adaptive 
changes in peanut phenotypes, physiology and micro-
scopic, which are ultimately reflected in plant growth 
retardation and yield reduction [6, 7].

Peanut growth and development inhibition under P 
deficiency stress
To assess the phenotypic alterations of plants under 
the two treatments, the present study detected peanut 
growth and development indexes of aboveground parts 
and roots. In agreement with previous reports [48–50], 
the results showed that peanut under 60 days long term 
P deficiency stress at seedling stage are dwarfed. The 
peanut root system is the main organ for P absorption. 
These studies demonstrated that the morphology and 
structure of roots were the most pronounced changes 
under P deficiency stress which exerted a distinct effect 
on root morphological variation [51]. Meanwhile, the 
P content in the growth environment directly affected 
the P content in the roots. For the sake of photosynthe-
sis in the leaves, the plant could adjust the limited P to 
give priority to the leaves. Therefore, under P deficiency 
stress, the total P content in the roots showed the great-
est decrease. In addition to increasing P absorption by 
adjusting root morphology, roots also secreted ACP to 
promote the hydrolysis of soil organic P phospholipid 
bonds, releasing absorbable  H2PO4

– and  HPO4
2–, ulti-

mately achieving P absorption. When the plant lacked 
of P during the growth process, in order to reduce the 
level of P deficiency stress, the plant itself could synthe-
size more intracellular ACP to decompose the phospho-
lipids in the body for the needs. As the stress intensifies 
and time passes, the plant synthesized a large amount of 
secreted ACP into the environment to turn the organic P 
into inorganic P for direct absorption and utilization [14, 
52, 53]. Hence, we checked the changes in ACP enzyme 
activities between two treatments. It was difficult to 
measure the activity of ACP secreted into the hydroponic 
culture in this study, but the results of ACP activity in 
roots showed that the ACP activity under –P treatment 
was significantly higher than the ACP activity under + P 
treatment. The transcriptome data also indicated that 
several ACP genes were also significantly up-regulated 
under –P treatment. The results showed that peanut 
plants would indeed produce more ACP to adapt to P 

deficiency stress. Extremely no P application also ham-
pered the photosynthetic system by reducing leaf growth 
and photosynthetic function [18, 54]. Long-term in P 
deficiency could limit the formation of photosynthetic 
pigments and the ability to utilize sunlight with reduction 
in the A and Gs values in different plant species [55]. Our 
results were in good agreement with the above literature. 
Severe P deficiency affected the quality and quantity of 
leaf cells as phenotypic total leaf area reduction and pho-
tosynthetic capacity [56]. The external form and internal 
structure of plants are closely related to the external envi-
ronment. The root, a key organ for nutrient absorption, 
can adapt to P deficiency stress by changing morphol-
ogy and structure. In addition, P deficiency leads to root 
development and physiological dysfunction. By detecting 
root anatomical structure in two treatments, it is shown 
that the effect of no P stress on root microstructure was 
significant. When P supply was sufficient, root growth 
and development were normal, and the roots could fully 
absorb and utilize P. Under –P stress, the morphology 
of roots changed to adapt to the environment. The tap-
root phenotype was weak and fragile, while the anatomic 
structure was abnormal. Then the cortex was seriously 
damaged, with some parenchymal cells that were irregu-
lar or even broken. The cell arrangement in the vascular 
bundle also became loose.

P deficiency is seriously destructive to peanut growth. 
The effects of nutrient deficiency will accumulate to 
a level causing the imbalance of ROS [15, 57]. ROS is 
reported to be cytotoxic, mutagenic and destructive to 
cell organelles, including DNA, lipids, proteins and car-
bohydrates. When P is deficient, ROS might accumulates 
in plant cells. However, the amount of ROS needs to be 
maintained at a safe level for survival. Internal antioxi-
dant enzymes such as SOD, POD, and CAT can protect 
plants against ROS damage. The induction of the anti-
oxidant system can improve the tolerance of plants to 
P deficiency stress [58, 59]. In this study, CAT and SOD 
activities increased significantly in roots under P defi-
ciency stress compared to the POD and SOD activi-
ties under P sufficiency condition. CAT, SOD and POD 
were also higher in leaves but with no significance. That 
meant the antioxidant enzyme system in roots played a 
crucial physiological function, as a protectant to scav-
enge ROS [17]. The activities of GS, IAA and CTK are 
also related closely to the P deficiency stress. GS is a key 
enzyme controlling nitrogen utilization and is an impor-
tant physiological index for measuring the level of plant 
N assimilation. The content of GS may be regulated by 
IAA concentration. The 5’-terminus of the GS gene pro-
moter containing a cis-acting element can specifically 
bind to IAA [60]. IAA regulates the elongation and divi-
sion of plant cells and the growth of taproots and lateral 
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roots. CTK in plants is synthesized mainly at the root 
tip. CTK has a synergistic effect with plant IAA and can 
promote the differentiation rate of cells to promote plant 
growth and development. Compared to + P treatment, 
the change in ETH activity was similar to that of GS and 
IAA but with a remarkable reduction in roots (p < 0.01) 
and a notable increase in leaves (p < 0.01) under –P treat-
ment. ETH is widely involved in the regulation of plant 
growth and development and various stress responses. 
ETH can positively regulate the development of root 
hair [61]. However, ABA can inhibit root hair growth 
[62]. The results of ABA activity change were the oppo-
site of the results of ETH activity change in both roots 
and leaves, with significance. ABA can be regulated by 
abiotic stress. Under P deficiency stress, its synthesis was 
increased whereas catabolism was decreased, resulting 
in an increase in the total amount [63]. NR is the rate-
limiting enzyme of N assimilation in higher plants and 
can directly regulate N metabolism. The activity of NR 
was promoted by ETH and CTK but inhibited by ABA 
[64]. These results were in agreement with our observa-
tions in P-deficient peanuts. The treated peanut plants 
showed lower levels of NR, which may ultimately lead 
to an induced accumulation of biomass. As a result, 
the authors speculated that P in deficiency led to the 
decreased activities of GS, IAA, ETH, NR, and CTK and 
increased activity of ABA. The joint regulation of these 
enzymes caused the significant phenotypic differences in 
plant roots.

Transcriptome analysis of peanut roots under P deficiency 
stress
P deficiency is one of the most serious abiotic stresses of 
the peanut. The most obvious effect of P deficiency is the 
inhibition of root growth. In our study, to explore candi-
date genes in response to P deficiency stress in peanut, 
transcriptome analysis was performed under either –P 
or + P conditions. The results showed that several TFs, 
phosphate transporter genes, hormone response-related 
genes, and antioxidant enzyme genes were up-regulated 
in roots under P deficiency stress. These genes were 
involved in nutritional metabolism, stress response, and 
oxidoreductase activity. TFs were proven to be impor-
tant transcriptional regulators in response to stress by 
regulating downstream stress response genes. Many 
genes of the WRKY TF family, MYB TF family and NAC 
TF family were reported to be related to the regulation 
of P absorption [65]. The results also revealed that the 
expression of PHT genes and SPX genes were increased. 
Most of the PHT family and SPX family were respon-
sible for P absorption. Both of these families could be 
regulated by MYB TF family and WRKY TF family 
[66, 67]. Genes of those TF family was identified as P 

deficiency responsive genes by transcriptome analysis. 
Root ACP played an important role in P absorption. In 
this study, the expression levels of several ACP encod-
ing genes were up-regulated and the content of ACP in 
roots was also significantly higher under –P treatment. 
DEGs also included ERF, ABA related genes, ARF, SAUR 
, ABP, auxin induced protein genes, CTK related genes 
and SOD genes, POD genes. Under –P treatment, the 
expression levels of genes encoding hormone metabo-
lism related genes and antioxidant enzyme related genes 
were changed compared with that under + P treatment. 
The results suggested that P deficiency stress influenced 
hormone metabolism and overproduced cytotoxic ROS. 
It was indicated that hormone signal transduction and 
regulation played a crucial role under P in deficiency. 
Phenylpropanoid biosynthesis was identified by KEGG, 
which can lead to the accumulation of diverse phenolic 
compounds such as lignin under various abiotic stress 
(like nutrients deficiency, drought, wounding) to main-
tain the stability of plants [68, 69].

miRNA analysis of peanut roots under P deficiency stress
Under –P stress, the development of peanut plant, espe-
cially roots, was inhibited remarkably including short-
ened root, abnormal growth. Regulation of P transport 
by miRNAs mediated post-transcription have been 
shown responsive to external P deficiency [70]. The 
high-throughput sequencing of miRNA survey identi-
fied 6 responsive miRNAs which would be involved in the 
response and regulation of P deficiency stress pathway 
in peanut. In present study, the expression level of ahy-
miR160-5p was sufficiently up-regulated in P deficiency. 
Many previous studies reported that miR160 was respon-
sible for auxin and ABA signalling pathway during stress 
conditions [71, 72]. The miR160 acted as a negative regu-
lator in auxin signalling through degradation of a mem-
ber of ARF genes. Four target genes of ahy-miR160-5p 
belonging to ARF gene family had been predicted (ARF16, 
ARF17, ARF18.1, ARF18.2). ARF16 and ARF17 had been 
reported played an important role in root developmental 
process [73, 74]. Transcription results of ahy-miR160-5p 
and its 4 target genes were increased or decreased under 
–P stress, respectively. The down-regulated expression 
level of 4 ARF genes may resulted by the accumulation 
of ahy-miR160-5p. It may cause the auxin response and 
root developmental process suppressed. On the contrary, 
repressed level of ahy-miR398 was detected. Many pre-
liminary analysis suggested that miR398 was responsive 
to P deficiency in various species and played a crucial 
role in low P stress regulation [75, 76]. In addition, target 
genes of miRNA398 have been shown to be related with P 
homeostasis under P starvation in plant [77]. In this work, 
two putative GlpT1 were predicted as the target genes of 



Page 18 of 26Wu et al. BMC Plant Biology          (2022) 22:524 

ahy-miR398, which were vital for P uptake by transport-
ing inorganic phosphate into cytoplasm [75, 78]. Similarly, 
ahy-miR408 was shown repressed level in –P stress which 
was identified as PSR miRNA in multiple species [79] and 
the expression level is controlled by the availability of cop-
per [80]. Two blue copper protein genes and two laccase-3 
genes which encoding copper-containing proteins have 
been identified as the target gene of ahy-miR408. Laccase 
was always involved in biosynthesis of lignin which could 
be induced by limited nutrients such as P [81, 82]. In addi-
tion, Lignin can be synthesized begins with phenylalanine 
and tyrosine in phenylpropanoid biosynthesis pathway 
[83] which has been identified by transcriptome KEGG 
orthology analysis in this work. However, the mechanisms 
of P uptake were associated with the global miRNAs 
regulatory network which cause a series of physiological 
changes including not only P metabolism but also over-
all plant growth [84]. The P starvation induced changes of 
multiple TF genes express involving in diverse functions. 
Detailed characterizations of promoters in 6 ahy-miRNAs 
genes revealed that several binding sites for TFs respond-
ing to comprehensive functions existed. For instance, 
one ACE1 was identified in the promoter of ahy-MIR408 
which was the cis-elements for HY5 TFs. It is known that 
miR408 was an crucial component of HY5-SPL7 network 
which can mediate the plant to response to environment 
stress [85]. The results suggested that miRNAs could 
response to many stresses for containing diverse respon-
sive cis-elements. Meanwhile, this is a well explanation for 
the regulation network of P deficiency was redundancy 
with other stress response.

Metabolome analysis of peanut roots under P deficiency 
stress
Metabonomic has become an effective approach to 
evaluate the changes in multiple metabolites in post 
transcriptional regulation. In this study, to investigate 
the alternation of metabolites accumulation under P 
deficiency stress in peanut roots, we conducted the 
metabonomic analyses. The results demonstrated 
strong phenylpropanoid metabolic activity during P 
deficiency, which has also been identified in P defi-
ciency trascriptome analysis. Phenylpropanoid metab-
olism which cascade from phenylalanine to various 
lignin formation always played an important role in 
response to environmental stress. A total of 5 increased 
metabolites were enriched in phenylpropanoid bio-
synthesis pathway. PAL, the gateway enzyme in this 
pathway, catalyze the phenylalanine to cinnamaic acid 
and then to trans-2-hydroxy-cinnamate making car-
bon flow enter into phenylpropanoid biosynthesis from 
shikimate pathway [86]. By the combination analysis 
of trascriptome studies, one PAL gene (AH19G32630) 

was identified significantly up-regulated which has 
been reported involving in biotic and abiotic stress 
[87–89]. Together with 4CL, they can catalyze the 
biosynthesis of p-coumaroyl-CoA. One 4CL gene 
(AH13G11340) was identified obviously increased tran-
script abundance in P deficiency group suggesting that 
the encoded enzyme may be crucial for downstream 
metabolites responding to P deficiency stress. Lignin 
formation was one major downstream branch of the 
phenylpropanoid pathway. The three basic monolignols 
of lignin polymers included p-hydroxyphenyl (H), guai-
acyl (G) and syringyl (S), which were derivated from 
p-coumaryl alcohols, coniferyl alcohols and sinapyl 
alcohols, respectively. The accumulation of sinapyl 
alcohol was increased in low P stress. CCR catalyzed 
the reaction to produce p-coumaraldehyde, caffeyl 
aldehyde, coniferyl dehyde, 5-hydeoxy-coniferaldehyde, 
and sinapaldehyde. One CCR  gene (AH13G27210) has 
been identified significantly up- regulated under low 
P stress. CAD leaded the biosynthesis of p-coumaryl 
alcohol, caffeyl alcohol, coniferyl alcohol, 5-hydroxy-
coniferyl alcohol, and sinapyl alcohol. The expression 
level of one CAD gene (AH20G03760) was remarkably 
increase in low P group. POD catalyzed the final step 
for the formation of lignin. The activity of POD also 
raised under P deficiency stress. Caffeic acid could be 
catalyzed by 4CL, CCR, CAD, and POD to involve the 
synthesis of guaiacyl lignin, 5-hydroxy-guaiacyl lignin, 
and syringyl lignin. Consequently, the increased accu-
mulation of both caffeic acid and sinapyl alcohol pro-
vided a hint of raised lignin during low P stress. Lignin 
was the second organic carbon polymer on the earth. 
According to previous studies, lignin was indispen-
sable for mechanical support of both microscopic cell 
wall and macroscopic plant xylem vessels which was 
vital for nutrients long distance transportation [90]. 
The increased metabolic flux of lignin synthesis path-
way benefitted the plant development and adaption 
[91, 92]. Further, lignin has contributions to abiotic 
stresses response in plant [93–95]. The increased tran-
script level of PAL, CAD, 4CL genes could cause the 
accumulation of lignin to enhance tolerance [95–97]. 
The results of this study were consistent with previous 
reports. The up-regulated transcripts of lignin synthe-
sis genes for instance of PAL, 4CL, CCR, CAD and POD 
genes may result in the accumulation of lignin and con-
sequently increase plant acclimation to P deficiency 
condition. Under P nutrient limiting stress, accumula-
tion of lignin could thickening and reduce permeability 
of cell wall, which helps plant to raise the adaptability 
against P deficiency stress. Moreover, phenylpropanoid 
pathway could be modulated by not only transcription 
regulation, but also plant hormone signal [98]. JA, a 
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lipid derived hormone biosynthesized from α-linolenic 
acid metabolism responding to abiotic stress in plant, 
positively regulated the phenylpropanoid biosynthesis 
and increased the expression level of PAL, 4CL [99]. 
Further, it has been reported that endogenous both JA 
and 12-OPDA accumulation would promote root adap-
tation to stress conditions [43, 44, 100, 101]. As the 
results show, under low P condition, accumulation of 
12-OPDA increased the production of JA in roots. The 
results indicated that JA signal may also take part in the 
regulation of P deficiency adaption.

In addition, under P deficiency condition, many kinds 
of amino acids were increased remarkably including 
two aromatic amino (phenylalanine, tryptophan), two 
BCAAs (leucine, isolcucine), three alkaline amino acids 
(lysine, histidine, arginine), threonine, and aspartate. 
The results provided a clue that the higher abundance of 
amino acids through C flow into N metabolism may play 
a critical function in P deficiency tolerance. Both under 
salt, Pb toxicity, and drought, the osmotic protection of 
amino acids have been reported [102–104]. In our study, 
increased content of amino acids may improving stress 
resistance by reduce permeability. Furthermore, as the 
crucial connector of shikimate pathway and phenylpro-
panoid biosynthesis, the accumulation of phenylalanine 
and tryptophan point to the biosynthesis of antioxidants 
[105]. Levan, a fructose polymer, was biosynthesized 
from sucrose metabolism. The higher accumulation of 
intracellular levan could improve the resistance of plant 
by protecting plasma membrane [106] and enhance the 
antioxidant capacity [107]. However, level of LPC down-
regulated under P deficiency stress. Apparently, P nutri-
ent was the important constituent elements of LPC. P 
deficiency may be the main reason for the reduction of 
LPC. In addition, another vital function of LPC was to 
activate specifically a proton pump  H+-ATPase in plasma 
membrane, which was an important phosphate trans-
porter on cell membrane [108]. Therefore, the decreased 
content of LPC may changed the dynamic structure and 
physical state of membrane causing decreased permeabil-
ity of plasma [109]. From the above results, we can draw 
a conclusion that P deficiency has a great impact on cell 
membrane and cytoplasm. By increasing the content of 
lignin, amino acids, and levan combining with decreasing 
the content of LPC, cells maintained proper permeability 
for survival.

Conclusions
The tolerance of P deficiency of peanut root was an 
orchestrated regulated process through multiple meta-
bolic biosynthesis pathways and transcriptional regu-
lation. To better understand the response of peanut 
root to P deficiency stress, we performed a integrative 

analysis of phenotype, transcriptome and metabolites 
changes in peanut roots under P deficiency stress. A 
summary of detailed main phenomenon and predicted 
regulation relationship among metabolisms and tran-
scripts were given in Figs. 8 and 9. Although several cru-
cial genes of DAMs biosynthesis have been identified in 
transcriptome, still many other genes in primary identi-
fied metabolic pathway were not significantly changed 
in transcriptome between groups. Metabolites were the 
products of various biological process playing a vital role 
in plant growth and development and the contents were 
finely regulated by exogenous and endogenous factors. 
The results in this study indicated that post-transcrip-
tional level may play a more sophisticated role during 
P deficiency. In addition, the comprehensive analysis 
of multiomics not only drawn several conclusions con-
sistent with previous studies but also uncovered and 
focused the remarkable importance of lignin synthe-
sis pathway, reduction of cell permeability, maintain-
ing stability of cell, raising the antioxidant capacity and 
increasing the P uptake in struggling for survival under 
P deficiency stress. These findings provided a systemati-
cal understanding for peanut P deficiency tolerance and 
will benefit for further in-depth research to elucidate the 
function of candidate genes and metabolites in P defi-
ciency tolerance.

Methods
Plant materials and treatments
The cultivated peanut variety of Huayu 22 was a vir-
ginia type cultivar with high yield and high P use effi-
ciency, which is one of the dominant varieties in the 
study area. All the seeds were naturally air dried before 
use. Plump seeds of same size were selected and rinsed 
3 times in distilled water. Then, the seeds were pre-
germinated in a beaker at 28  °C for 12 h. After 3 days 
of germination, 30 peanut seedlings of uniform size 
were randomly divided into two groups and transferred 
to two hydroponic treatments containing Hoagland 
nutrient solutions: (1) P in deficiency with no P appli-
cation (–P treatment) and (2) P in sufficiency with 
0.6  mM P application (+ P treatment) in the form of 
 KH2PO4. The Hoagland nutrient solution of + P treat-
ment included the macroelements (0.50 mM  NH4NO3, 
0.60 mM  K2SO4, 0.65 mM  MgSO4·7H2O, 0.10 mM KCl, 
2.00  mM Ca(NO3)2·4H2O) and microelements (1  µM 
 H3BO3, 1 µM  MnSO4·H2O, 0.1 µM  CuSO4·5H2O, 1 µM 
 ZnSO4·7H2O, 0.005  µM  (NH4)6Mo7O24·4H2O, 0.1  mM 
Fe-ethylenediaminetetraacetgic acid (EDTA)). The same 
amounts of N was input under –P treatment. The level 
of K was balanced by adjusting the amount of  K2SO4 
at –P treatment. The nutrient solutions were prepared 
with distilled water. The solutions were aerated using 
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an oxygenation pump three times a day and replaced 
twice a week. The pre-germinated seedlings under two 
treatments were carried out in controlled climate room, 
which was maintained at 28  °C, with 16 h photophase 
(16,000 lx) and 8 h night cycle and relative humidity of 
50%. The measurement was performed for 60 days after 
the treatment.

Plant phenotype detection
The phenotypes of the two treatments (–P and + P) were 
evaluated, including the following characteristics after 
culturing in Hoagland nutrient solution for 60 days: main 
root length (cm), main stem height (cm), lateral branch 
length (cm), number of branches, number of main stem 
leaves, root dry weight (g), stem dry weight (g) and leaf 
dry weight (g). Three parts of root, stem and leaf were 
separated from each plant and packed in three individual 
paper bags which were put into the oven for steaming at 
100 °C for 30 min and dried at 70 °C to a constant weight. 
DW of each part was recorded separately.

Root system scan
The phenotypes of each plant root in two P-level 
Hoagland nutrient solutions were investigated on the 
 60th day after planting. WinRHIZO root analysis software 
(Regent instruments Inc., Quebec, Canada) was used to 
detect the change in root phenotype under P deficiency 
stress, including the total root length (cm), the total root 
surface area  (cm2), the total root volume  (cm3) and the 
total root tip number.

Leaf photosynthesis test
The CIRAS-3 portable photosynthesis system (PP SYS-
TEMS, MA, USA) was used to test the photosynthesis 
of each plant in the two treatments, including A (μmol 
 CO2  m–2   s–1), Ci (μmol  CO2  mol–1), E (mmol  H2O 
 m–2   s–1), and Gs (mmol  H2O  m–2   s–1). Leaf photosyn-
thesis was tested on the third youngest fully expanded 
leaf on each plant. All detection was conducted in 
accordance with the standard instruction of the meter. 
The detection location was in the controlled climate 

Fig. 8 A summary of responding and regulatory mechanism involving DEGs, differentially expressed miRNAs, and DAMs in peanut root during P 
deficency
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room, and the time was measured between 9:00 to 
11:00 in the morning.

P content detection in peanut
Three samples were randomly taken from the two treat-
ments. The molybdenum blue colorimetric method was 
used to detect the P content of different tissues of the 
sample. Samples were digested with sulfuric acid and 
hydrogen peroxide to convert various forms of P into 
orthophosphate. The orthophosphate could react with 
the molybdenum antimony antichromogenic agent and 
produce blue phosphomolybdenum. The absorption 
value of the blue solution was directly proportional to the 
P content and can be read by an ELISA reader.

Observation of peanut roots
Samples of main root apex and basal of main root under 
two treatments were observed. For the resin sections, 

fresh samples were washed and fixed by using FAA solu-
tion in a penicillin bottle. The tissues were dehydrated 
with gradient alcohol (50%, 70%, 85%, 90%, 100%), 
replaced with xylene, and then immersed in paraffin wax 
(60ºC). The tissue was embedded in paraffin wax block 
in HistoCore Arcadia H (Leica Biosystem, Wetzlar, Ger-
many). Sections were cut to 4 μm thickness by a Histo-
Core biocut slicer (Leica Biosystem) and placed into 
xylene and gradient alcohol for dewaxing. Then, sections 
were stained with safranin (0.1%) dye solution with 3 min 
for each one. Sections were immersed in 95% alcohol for 
15 s, then dehydrated with absolute ethanol, the transpar-
ent xylene, then air-dried, and sealed with neutral gum to 
make permanent sections. Sections were observed, and 
then photos were taken under an Olympus IX73P + DP80 
microscope at a magnification of 200 times (Olympus, 
Tokyo, Japan).

Fig. 9 A proposed transcriptional and posttranscriptional regulation of peanut roots under P deficiency stress. Green arrow means positive 
regulation; blue arrow means negative regulation; purple means both. Green box means increasing; blue box means decreasing; purple means 
both
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Enzyme activity determination
The soluble enzyme solution was extracted from pea-
nut roots. Fresh roots (0.5  g) were ground by pestle in 
a mortar with 6  mL of 0.2  M ice precooled potassium 
phosphate  (KH2PO4 and  K2HPO4) buffer (pH 7.8). The 
homogenate was centrifuged at 4000  g for 20  min. The 
supernatant (enzyme solution) was put into the test tube 
for the determination of enzyme activities. All proce-
dures were carried out at 4ºC. The 10 enzyme activities 
were tested from the enzyme solution above by using an 
ELISA kit (MDBio, Taipei, China) following the standard 
protocols for each enzyme, including SOD, GS, POD, 
IAA, ACP, ABA, CTK, NR, ETH, and CAT. The activi-
ties were evaluated as IU  mL−1 on an iMark Microplate 
Absorbance Reader (BioRad, Hercules, CA, USA).

Transcriptome sequencing to identify the DEGs in low P 
stress
Total RNA was extracted from roots tissues of Huayu 22 
peanut that was hydroponically grown in total nutrient 
(0.6  mM Pi, + P treatment) and non P nutrient (0  mM 
Pi, –P treatment) Hoagland nutrient solution for 60 days. 
The RNA-Seq transcriptome library was constructed, and 
the sequencing was commissioned. The transcriptome 
sequencing platform was an Illumina Novaseq 6000 in 
Majorbio company (Shanghai, China), with 3 biological 
replicates for each treatment and 3 experimental repeti-
tions for each sample. According to the expression level 
of each sample, the DESeq2 method was used to detect 
DEGs between –P and + P treatments. The qRT-PCR 
was conducted to validate the results of gene expres-
sion level. There were 10 DEGs selected for qRT-PCR 
validation. Specific primers were designed using Primer 
Premier v5.0. Total RNAs from roots were extracted by 
Trizol reagent according to the instructions (Invitrogen, 
CA, USA). cDNA was synthesized with oligo (dT) primer 
and RNase-free DNase treated RNA sample with Super-
Script First-Strand synthensis system for qRT-PCR (Inv-
itrogen, USA). The PCR was performed using 2 × SYBR 
Green Master Mix (Takara, Japan) with three biological 
replicates and three technical replicates. The qRT-PCR 
assay was carried out in a 7500 Fast Real Time PCR sys-
tem (Appliedbiosystems, USA). AhTUA5 gene was used 
as the endogenous reference to normalize the expres-
sion level of target genes. The relative expression level 
of DEGs were analyzed by 2 −△△CT methods [110]. The 
primers used in the study were listed in Supplemental 
Table S5.

High-throughput sequencing of miRNAs in response to low 
P stress
Root tissues of three treated plants (–P) and three con-
trol plants (+ P) were used to identify miRNAs involving 

in peanut low P stress. Total RNA was extracted by TRI-
ZOL reagent (Invitrogen, Carlsbad, CA, USA) with the 
elimination of genomic DNA by DNase I (Tiangen Bio-
tech, Beijing, China). Peanut RNA-seq miRNA librar-
ies were constructed by Illumina TruSeq Small RNA 
kit (Invitrogen) and the sequencing by Illumina Hiseq 
4000 platform with 3 biological replicates for each 
treatment and 3 experimental replicates. Total 67.62 M 
clean reads were assembled according to the reference 
genome sequence of peanut cultivar Shitouqi (PGR: 
http:// peanu tgr. fafu. edu. cn/ Downl oad. php) by Bowtie 
(http:// bowtie- bio. sourc eforge. net/ index. shtml). The 
screening criteria was p-adjust < 0.05 and |log2FC|≥ 1. 
TPM was used to calculate the expression level. The 
DESeq2 method was used to compare the differentially 
expressed genes (DEGs) between –P and + P group. 
The target genes of miRNAs were predicted with psRo-
bot (http:// omics lab. genet ics. ac. cn/ psRob ot/ index. 
php). GO and KEGG analysis were conducted based 
on GO and KEGG database. To further understand 
the regulatory network of miRNAs, precursor miRNA 
(pre-miRNA) sequences were conducted for BLAT 
with peanut genome sequences and 2000  bp upstream 
regions were retrieved. Pre-miRNAs were transcribed 
by RNA polymerase II which can recognize class II pro-
moters. Therefore, 2000  bp upstream of each miRNA 
gene was scanned for TSSs and cis-elements by TSS-
Plant (http:// softb erry. com) and NSITE-PL software 
[111], respectively. Cytoscape 3.9.1 was used to analysis 
the network of miRNA and target genes [112]. To verify 
the results of high-throughput sequencing, 5 micro-
RNAs and 5 target genes were selected for qRT-PCR. 
Reverse transcription was conducted by miRNA First 
Strand cDNA Synthesis Tailing Reaction Kit (Sangon 
Biotech, Shanghai, China) following the instructions. 
The reaction of qRT-PCR was performed using miRNA 
qRT-PCR SYBR Kit (Clontech, CA). U6 was used as the 
reference gene. The relative expression level of target 
genes were detected using the same method described 
in transcriptome validation and normalized to the 
endogenous control AhTUA5. All primers were showed 
in Supplemental Table S5.

Analysis for identification of differentially accumulated 
metabolites in low P stress
Samples used for metabolite analysis were the same as 
transcriptome analysis. The metabolite analysis were 
also conducted with peanut roots collecting from P 
deficient and P sufficient group, respectively. About 
100  mg frozen roots tissue were grounded into pow-
der in liquid nitrogen. 50 mg fine weighed powder were 
suspended with 500 µL extraction liquid (methanol: 
water = 4:1, v/v). After vortex, the mixtures were settled 

http://peanutgr.fafu.edu.cn/Download.php
http://bowtie-bio.sourceforge.net/index.shtml
http://omicslab.genetics.ac.cn/psRobot/index.php
http://omicslab.genetics.ac.cn/psRobot/index.php
http://softberry.com
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on ice and then treated with ultrasound at 40  kHz for 
30 min at 5  °C. Following centrifuged at 15,000 rpm at 
4  °C for 15  min, the supernatant were carefully trans-
ferred to a fresh EP tube and injected into LC–MS/MS 
instrument platform (UHPLC-Q Exactive system of 
Thermo Fisher Scientific) for analysis. After injection 2 
µL samples onto HSS T3 column (100  mm × 2.1  mm), 
samples were detected by mass spectrometry detec-
tion. The solvent A mobile phase consisted of 0.1% for-
mic acid in water: acetonitrile (95: 5, v/v) and solvent B 
included 0.1% formic acid in acetonitrile: isopropanol: 
water (47.5: 47.5: 5, v/v/v) with solvent gradient at the 
flow rate of 0.4 mL  min−1 as follows: from 0 to 0.1 min, 
0% B—5% B; from 0.1 to 2 min, 5% B—25% B; from 2 to 
9 min, 25% B—100% B; from 9 to 13 min, 100% B; from 
13 to 13.1 min, 100% B—0% B; from 13.1 to 16 min, 0% 
B for equilibrating the systems. A Thermo UHPLC-Q 
Exactive Mass Spectrometer equipped with an electro-
spray ionization (ESI) source were set as follows: heater 
temperature of 400 °C; capillary temperature of 320 °C; 
sheath gas flow rate of 40 arb; aux gas flow rate of 10 
arb; ion-spray voltage floating (ISVF) of 3500 V in posi-
tive mode and -2800  V in negative mode, respectively. 
The raw data was preprocessed by Progenesis QI soft-
ware (Waters Corporation, Milford, USA). Metabolites 
were identified according to the HMDB (http:// www. 
hmdb. ca/), Metlin (https:// metlin. scrip ps. edu/) and 
Majorbio Database.

Statistical analysis
A completely randomized design (CRD) with three rep-
etitions was used for each test. Data were analyzed by 
statistical software SPSS 22.0. The differences between 
the two treatments were compared using the Duncan 
method (new multiple range method) at the significance 
level of p < 0.05 or p < 0.01.
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