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Abstract
Background HR (hairy root) has emerged as a valuable tissue for the rapid characterization of plant gene function 
and enzyme activity in vivo. AhGLK1 (Arachis hypogaea L. golden2-like 1) is known to play a role in post-drought 
recovery. However, it is unclear (a) whether HR has properties that are distinct from those of PR (primary root); and (b) 
which gene networks are regulated by AhGLK1 in response to drought stress and recovery in peanut.

Results We found that cells of the root tip cortex were larger in HR than in PR, while a total of 850 differentially 
expressed genes (DEGs) were identified in HR compared to PR. Eighty-eight of these DEGs, relating to chlorophyll 
and photosynthesis, were upregulated in HR. In addition, AhGLK1-OX (AhGLK1-overexpressing) HR showed a green 
phenotype, and had a higher relative water content than 35 S::eGFP (control) HR during drought stress. RNA-seq 
analysis showed that 74 DEGs involved both in the drought response and the post-drought recovery process were 
significantly enriched in the galactose metabolism pathway. GO terms enrichment analysis revealed that 59.19%, 
29.79% and 17.02% of the DEGs mapped to the ‘biological process’ (BP), ‘molecular function’ (MF) and ‘cellular 
component’ (CC) domains, respectively. Furthermore, 20 DEGs involved in post-drought recovery were uniquely 
expressed in AhGLK1-OX HR and were significantly enriched in the porphyrin metabolism pathway. GO analysis 
showed that 42.42%, 30.30% and 27.28% of DEGs could be assigned to the BP, MF and CC domains, respectively. 
Transcription factors including bHLH and MYB family members may play a key role during drought stress and 
recovery.

Conclusion Our data reveal that HR has some of the characteristics of leaves, indicating that HR is suitable for 
studying genes that are mainly expressed in leaves. The RNA-seq results are consistent with previous studies that 
show chlorophyll synthesis and photosynthesis to be critical for the role of AhGLK1 in improving post-drought 
recovery growth in peanut. These findings provide in-depth insights that will be of great utility for the exploration of 
candidate gene functions in relation to drought tolerance and/or post-drought recovery ability in peanut.
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Background
Peanut (Arachis hypogaea L.) is an important economic 
and oil crop that is widely cultivated in arid and semi-arid 
regions. Its kernels contain about 80% fat and protein, 
are rich in resveratrol, vitamins, etc., and have certain 
health care functions. In Asia and Africa, peanut is an 
important crop for preventing malnutrition and ensur-
ing a safe food supply [1]. Peanut yield and quality are 
frequently limited because of seasonal drought or fungal 
disease. Despite the recent availability of a whole genome 
sequence and increasing amounts of transcriptome data 
for wild and cultivated peanut varieties, transgenic sys-
tems are still not routinely used in peanut plants due to 
the complexity of the genetic background (tetraploid) 
and poor efficiency [2]. Chimeras have been generated 
using tissue culture-independent transformation [3], but 
selection of lines homozygous for the transgene is time-
consuming. Consequently, an alternative, rapid transfor-
mation system to facilitate peanut gene characterization 
is essential and the hairy root (HR) transformation sys-
tem fulfills this requirement. In previous work, a method 
for efficient induction of HR from peanut-leaf explants 
was developed [4, 5], and this has been used to illuminate 
the molecular function of several genes in peanut, such 
as AhHDA1 [6] and AhGLK1 [7]. HR cultures are par-
ticularly easy to grow in hormone-free medium and rep-
resent a valuable tool for genetic transformation [8–10], 
production of high levels of secondary metabolites [11–
13], or the regeneration of whole plants [14]. For exam-
ple, HR has been used to study nodule formation and 
nitrogen fixation, drought tolerance, nematode interac-
tion, subterranean insects and resveratrol biosynthesis [4, 
12, 15, 16]. However, similarities and differences between 
HR and primary root (PR) have not yet been determined.

Drought is a severe environmental stress that nega-
tively affects vegetative growth. Plants have evolved 
multiple protective mechanisms that are thought to 
cooperate to ameliorate adverse environmental factors. 
Whether crops can produce high yields under drought 
conditions depends not only on their own drought 
resistance, but also on their ability to grow during the 
post-drought recovery phase and to achieve yield com-
pensation after experiencing water deficit. Post-drought 
recovery and growth have a profound impact on crop 
yield and quality [17] and represent very complex bio-
logical processes, whose mechanisms are completely dif-
ferent from those involved in resistance to drought stress. 
During the recovery period, in addition to readjust-
ing metabolism to pre-stress levels, plants also need to 
counteract drought-induced senescence of cells and tis-
sues, which is not simply a return to the pre-stress state. 

Furthermore, chlorophyll content, photosynthetic rate, 
antioxidant systems and osmoregulatory compounds are 
all known to change during drought stress and rehydra-
tion [18]. Indeed, many studies have shown that photo-
synthesis, chlorophyll metabolism, signal transduction, 
energy metabolism, cell wall synthesis and secondary 
metabolism are significantly altered during the recov-
ery period following exposure to drought [19–21]. Post-
drought recovery is not only highly dependent on the 
degree of drought stress that plants are subjected to, but 
also depends on their own innate ability to recover. Stud-
ies have shown that peanuts rehydrated after drought 
before flowering are more productive than those with 
normal irrigation, and the degree of recovery shows a 
significant correlation with yield. This may be closely 
related to the larger root-to-shoot ratio of peanuts during 
drought. Generally, peanut varieties with strong drought 
resistance are better able to recover after rehydration. 
It can be seen that the ability to recover and grow post-
drought plays an important role in the yield and quality 
of peanut, but the molecular mechanisms of recovery are 
poorly understood.

Golden2-like (GLK) transcription factors are mem-
bers of the GARP superfamily, and were first reported 
in maize (Zea mays L.) [22]. A large number of studies 
have confirmed that GLKs regulate the expression of 
chlorophyll synthesis and photosynthesis-related genes 
by directly binding to their promoters, thereby affecting 
chlorophyll synthesis, photosynthesis and chloroplast 
development [23]. GLKs improve the effective utilization 
of carbon, increase the accumulation of organic nitro-
gen, and promote plant growth and development. Fur-
thermore, GLKs are involved in the responses to biotic 
stressors such as cucumber mosaic virus and turnip yel-
low mosaic virus [24, 25], as well as some abiotic stresses 
including ozone and drought [26, 27]. Recent studies have 
shown that GLKs play an important role in the yield and 
quality of crops. For example, SlGLK2 can significantly 
improve the nutritional content and flavor of tomato 
[28]. Constitutive expression of maize GLK genes in rice 
results in an increase in the number of seeds per panicle 
and in grain yield by 20–122% and 30–40%, respectively 
[29]. In our previous study, when AhGLK1 was trans-
formed into the Arabidopsis glk1glk2 mutant, it increased 
the survival rate of the mutant in post-drought recovery 
and fully rescued the mutant’s pale-green phenotype [30]. 
Further studies confirmed that AhGLK1 protein can bind 
near the transcription start site of the AhPORA (Arachis 
hypogaea L. protochlorophyll ideoxidoreductases A) and 
AhCAB (Arachis hypogaea L. chlorophyll A/B binding 
protein) genes to enhance their expression during the 
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post-drought period, thereby promoting recovery growth 
in peanut after rehydration [7]. However, which gene net-
works are regulated by AhGLK1 in response to drought 
stress and recovery in peanut is unknown.

This study aimed to provide more details on the differ-
ences between PR and HR, and to generate more exten-
sive data than previous analyses on the drought stress 
and post-drought recovery responses of peanut HR. 
Moreover, we wanted to identify unique candidate genes 
involved in AhGLK1-overexpressing HR (AhGLK1-OX 
HR) that might enhance its drought resistance and abil-
ity to recover. To this purpose, we first identified simi-
larities and differences between peanut HR and PR in 
both root morphology and RNA-seq profile. Secondly, 
we performed RNA-seq analysis under control, drought 
and recovery conditions for 30-day-old 35  S::eGFP 
(blank control group) and AhGLK1-OX HR to screen 
for AhGLK1-controlled gene networks involved in the 
response to drought and in post-drought recovery. The 
results show that there is marked genetic plasticity in the 
response to drought stress and recovery in 35  S::eGFP 
and AhGLK1-OX HR, which provides valuable informa-
tion for the clarification of regulatory mechanisms of 
drought-response and post-drought recovery processes 
in peanut.

Results
Structural characteristics of hairy root and primary root
HR was induced as previously described [5] using pea-
nut leaf explants infected with A. rhizogenes. To explore 
the structural characteristics of HR, we compared HR 
(grown for 20 or 30 days) and PR (grown for 14 days). 
As seedling growth proceeded, the PR became elongated 
with extensive lateral roots (Fig. 1A-C). In contrast, HR 
was induced at most wound sites, and some roots grew 
as long as PR, although lateral HR was present in differ-
ent numbers (Fig.  1D-E). Under the light microscope, 
the surface of the PR tip was very smooth, because the 
meristem cells regularly undergo division and gradually 
differentiate into root cap, epidermis or elongation zone. 
The root cap, epidermis and zone of elongation consisted 
of large rectangular cells, while the cortex and meristem 
contained small square cells (Fig.  1F). HR also showed 
differentiation and maturation into root cap, epidermis 
or elongation zone (Fig. 1G), but the root tip longitudi-
nal section area was larger than in PR (Fig. 1H). The cells 
of the root cap and apical meristem were smaller in HR 
than in PR (Fig. 1I-J); in contrast, the cells of the cortex 
were larger in HR than in PR (Fig. 1K). No significant dif-
ference was observed between the epidermis cells of the 
two root types (Fig.  1L). Taken together, we speculate 
that the inconsistency in cell size in the cortex results in 
the HR being abnormally enlarged.

Transcriptome analysis of hair root and primary root
HR exhibits many of the functions of PR, such as nodule 
formation and nitrogen fixation, interaction with nema-
todes and biosynthesis of resveratrol. However, as shown 
above, there are clear differences in the structural anat-
omy of HR and PR. To understand these differences at 
the genetic level, we compared the global transcriptomes 
of HR and PR and found that 850 genes were significantly 
differentially expressed between the two types of root. Of 
these, 516 genes were upregulated and 334 genes were 
downregulated in HR compared to PR (Fig. 2A; Supple-
mental Datasets 1 and 2). Interestingly, 8 DEGs relating 
to hormone signal transduction were downregulated and 
87 DEGs relating to chlorophyll and photosynthesis were 
upregulated in HR compared to PR. Heatmap analysis 
further confirmed these results (Fig. 2B and C). Together, 
these data suggest that hormone signal transduction 
pathways are different in HR, and that HR possesses at 
least some of the characteristics of leaves, such as the 
synthesis of chlorophyll and photosynthesis. Therefore, 
we considered that HR might be suitable for the study of 
genes that are mainly expressed in leaves.

We investigated the DEGs in more detail by subject-
ing the upregulated DEGs to KEGG pathway enrichment 
analysis and GO term enrichment analysis. As shown 
in Fig.  2D, the top 20 KEGG pathways included meta-
bolic pathways (143 DEGs), biosynthesis of secondary 
metabolites (64 DEGs), photosynthesis and photosynthe-
sis-antenna proteins (53 DEGs), carbon fixation in pho-
tosynthetic organisms (24 DEGs), carbon metabolism 
(30 DEGs) and porphyrin metabolism (11 DEGs). Pho-
tosynthesis and chlorophyll-related pathways accounted 
for 17.12% of the total, which was consistent with the fact 
that many DEGs had functions that are likely associated 
with chlorophyll synthesis and photosynthesis, further 
confirming that HR shows similar functionality to leaves.

Downregulated DEGs were significantly enriched in 
KEGG pathways involving biosynthesis of various plant 
secondary metabolites (7 DEGs), ABC transporters (5 
DEGs) and linoleic acid metabolism (3 DEGs). The plant 
hormone signal transduction pathway was also enriched, 
with 8 DEGs assigned to it (Fig. 2E).

GO term enrichment analysis showed that 55.21% of 
the upregulated DEGs and 51.65% of the downregulated 
DEGs mapped to the domain ‘biological process’. In the 
case of upregulated DEGs, those mapping to ‘biologi-
cal process’ predominantly included the terms ‘cellular 
process’, ‘metabolic process’ and ‘response to stimulus’. 
Downregulated DEGs mapping to ‘biological process’ 
showed a slightly different profile, being predominantly 
involved in ‘cellular process’, ‘metabolic process’ and 
‘localization’. In the ‘cellular component’ category, 14.33% 
and 13.18% of up- and downregulated DEGs, respec-
tively, corresponded to the terms ‘cellular anatomical 
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entity’ and ‘protein-containing complex’. Finally, in the 
‘molecular function’ category, 30.46% and 35.17% of up- 
and downregulated DEGs, respectively, corresponded 
to the terms ‘catalytic activity’, ‘binding’ and ‘transporter 
activity’ (Fig. 2F and G).

Phenotype of AhGLK1-OX hairy root
Previously, we demonstrated that the HR transforma-
tion system represents an invaluable research tool in 
peanut for the investigation of gene function during 
drought stress [5]. In addition, AhGLK1 was confirmed 
to play an important role in post-drought recovery by 
regulating the expression of chlorophyll synthesis and 

photosynthesis-related genes [7, 30]. Here, to understand 
in more detail the function of AhGLK1 during drought 
and post-drought recovery in peanut, we first analyzed 
the phenotype of AhGLK1-OX HR. As shown in Fig. 3A, 
AhGLK1-OX HR appeared green, and many chloroplasts 
were observed by confocal microscopy. Interestingly, 
while after dehydration for 2  h the relative water con-
tent of both 35  S::eGFP and AhGLK1-OX HR was sig-
nificantly reduced compared to the control, the relative 
water content of AhGLK1-OX HR was higher than that 
of 35  S::eGFP HR, indicating that AhGLK1-OX HR has 
better drought tolerance. After rehydration for 2 h, there 
was no significant difference in the relative water content 

Fig. 1 Structural characteristics of HR and PR. (A-C) show the PR of peanut from germination to two-leaf stage. (D-E) show HR at early (< 20 days) and 
late (> 30 days) stages. (F-G) indicate the structure of the tip of PR (F) and HR (G) viewed through an upright fluorescence microscope. (H) Comparison 
of the longitudinal section area of PR and HR tips. (I-L) indicate the area of apical meristem, root tip, cortex and epidermis cells of PR and HR. Both t-tests 
and F-tests were conducted using PRISM5 to compare variance between PR and HR. The P-value (F-test) is shown in the diagram, where P < 0.05 is taken 
to indicate a significant difference
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of the two types of HR (Fig. 3B). Furthermore, the Ch a 
content of AhGLK1-OX HR was clearly higher than that 
of 35 S::eGFP HR after both dehydration and rehydration 
for 2  h, as well as in control plants. However, although 
when dehydrated for 2  h Ch b content of AhGLK1-OX 

HR was higher than that of 35 S::eGFP, there was no sig-
nificant difference after rehydration for 2 h (Fig. 3C). The 
results indicate that Ch a and Ch b of AhGLK1-OX HR 
varied differently during drought stress and recovery.

Transcriptome analysis of the hair root response to 
drought stress
To obtain detailed information about the genes involved 
in the drought stress response, we compared the expres-
sion profiles of 35  S::eGFP and AhGLK1-OX HR during 
control conditions, drought stress and (next section) 
post-drought recovery. In the following sections, sam-
ples are denoted CK0 (control conditions, 35  S::eGFP 
HR), CK1 (drought, 35  S::eGFP HR), CK2 (recovery, 
35  S::eGFP HR), G0 (control, AhGLK1-OX HR), G1 
(drought, AhGLK1-OX HR) and G2 (recovery, AhGLK1-
OX HR). Sequence reads that passed quality filter-
ing were used for reference-based alignment using the 
TopHat pipeline. A total of 89.76–93.55% of the total 
Illumina reads aligned to the reference genome. Uniquely 
aligned reads were used to estimate gene expression lev-
els as FPKM. For further analysis of expression patterns, 
only statistically significant DEGs from each sample 
were used. For the comparison of CK0 with CK1, we 
identified 786 and 208 genes that were up- and down-
regulated, respectively, while 770 and 163 genes were 
up- and downregulated when G0 and G1 were compared 
(Fig.  4A; Supplemental Datasets 3 and 4). These DEGs 
were depicted in a Venn diagram (Fig.  4B). There were 

Fig. 3 Phenotypic characteristics of35S::eGFPandAhGLK1-OXhairy 
root (A) Phenotype of 35 S::eGFP and AhGLK1-OX HR by naked eye and 
confocal microscopy. (B) The relative water content of the two types of HR 
under different conditions. (C) Chlorophyll contents of the two types of 
HR under different conditions. The average of three biological replicates 
is shown. Error bars represent SE. Different letters (a, b, c) represent signifi-
cantly different groups

 

Fig. 2 Analysis of genes that are differentially expressed in HR compared to PR. (A) The number of upregulated and downregulated DEGs in HR 
compared to PR. (B) Heatmap analysis showing hormone signal transduction DEGs in HR and PR. (C) Heatmap analysis showing photosynthesis and chlo-
rophyll-related DEGs in HR and PR. (D) Top twenty enriched KEGG pathways to which upregulated DEGs map. (E) Top twenty enriched KEGG pathways to 
which downregulated DEGs map. (F) GO enrichment analysis of upregulated DEGs. (G) GO enrichment analysis of downregulated DEGs.
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368 upregulated DEGs in common between CK0 vs. CK1 
and G0 vs. G1, indicating that these genes are involved 
in the response to drought stress both in 35  S::eGFP 
and AhGLK1-OX HR. In contrast, 417 and 402 uniquely 
upregulated genes were found for CK0 vs. CK1 and G0 
vs. G1, respectively. We also analyzed downregulated 
genes for the two pairwise comparisons and found 42 
downregulated DEGs in common between CK0 vs. CK1 
and G0 vs. G1. In contrast, 167 and 121 uniquely down-
regulated genes were found for CK0 vs. CK1 and G0 vs. 
G1, respectively (Fig. 4B; Supplemental Datasets 5 and 6). 
It is striking that there are many more DEGs in common 
in the upregulated category (i.e. 368 vs. 42), implying that 
these genes are induced by drought stress.

To further understand the biological pathways that are 
activated or inhibited by drought stress, KEGG pathway 
enrichment analysis was performed for each pairwise 
group to assess the extent of regulation of the DEGs. 
Nine out of the top 20 KEGG pathways that were sig-
nificantly enriched in upregulated DEGs comprised fla-
vonoid biosynthesis (47 DEGs), circadian rhythm–plant 
(43 DEGs), biosynthesis of secondary metabolites (91 
DEGs) and metabolic pathways (95 DEGs) (Fig. 4C). The 
results suggest that these pathways play a key role in the 
response to drought stress. GO analysis was used for the 
functional classification of these DEGs and showed that 
51.34% mapped to ‘biological process’, predominantly 
involving the terms ‘metabolic process’, ‘single-organ-
ism process’, ‘cellular process’ and ‘response to stimulus’. 
Approximately 27% of the DEGs mapped to the ‘molecu-
lar function’ domain, mainly corresponding to ‘catalytic 
activity’ and ‘binding’, while 21.65% corresponded to the 
‘cellular component’ domain, including ‘cell’, ‘cell part’ 
and ‘membrane’ (Fig. 4D). Among downregulated DEGs, 
only 10 KEGG pathways were enriched, but none sig-
nificantly (Fig. 4E). As shown in Fig. 4F, similarly to the 
upregulated DEGs, 53.33% of the downregulated DEGs 
could be assigned to the ‘biological process’ domain, 
predominantly in the ‘metabolic process’ and ‘cellular 
process’ categories. Approximately 31% of the downregu-
lated DEGs mapped to the ‘molecular function’ domain, 
mainly corresponding to the ‘catalytic activity’ and ‘bind-
ing’ categories, while 35.90% of the downregulated DEGs 
mapped to the ‘cellular component’ domain, including 
‘membrane’, ‘cell’ and ‘cell part’ among the predominant 
terms.

Transcriptome analysis of hair root in post-drought 
recovery
We next compared the expression profiles of 35 S::eGFP 
and AhGLK1-OX HR in post-drought recovery. For CK1 
vs. CK2, we identified 993 and 4319 genes that were up- 
and downregulated, respectively, while 897 and 2783 
genes were up- and downregulated, respectively, when 

G1 and G2 were compared (Fig. 5A; Supplemental Data-
sets 7 and 8). As shown in the Venn diagram (Fig.  5B), 
there were 673 upregulated DEGs in common between 
CK1 vs. CK2 and G1 vs. G2, indicating that these genes 
are involved in the response to post-drought recovery 
both in 35  S::eGFP and AhGLK1-OX HR. In contrast, 
320 and 224 uniquely upregulated genes were found for 
CK1 vs. CK2 and G1 vs. G2, respectively. We also ana-
lyzed downregulated genes for the two pairwise compari-
sons and found 1784 downregulated DEGs in common. 
In contrast, 2535 and 999 uniquely downregulated genes 
were found in the two pairwise groups, respectively 
(Fig.  5B; Supplemental Datasets 9 and 10). Thus, most 
of the DEGs identified were downregulated during the 
recovery process.

KEGG pathway analysis showed that metabolic path-
ways (108 DEGs) and biosynthesis of secondary metab-
olites (66 DEGs) were predominant among the top 20 
enriched pathways (Fig.  5C), suggesting that these two 
activities are the most important during post-drought 
recovery, when genes involved in these pathways may 
be upregulated. We also carried out GO term enrich-
ment analysis. As shown in Figs. 5D and 53.62% of DEGs 
mapped to ‘biological process’, predominantly involving 
the terms ‘metabolic process’, ‘single-organism process’, 
‘cellular process’ and ‘response to stimulus’. Approxi-
mately 24% of DEGs could be assigned to ‘molecular 
function’, mainly corresponding to ‘catalytic activity’ 
and ‘binding’, while 22.55% of DEGs mapped to the ‘cel-
lular component’ domain, including the terms ‘cell’, ‘cell 
part’ and ‘organelle’. For downregulated DEGs, 16 out of 
the top 20 KEGG pathways were significantly enriched. 
Starch and sucrose metabolism (40 DEGs), amino sugar 
and nucleotide sugar metabolism (25 DEGs) and phenyl-
propanoid biosynthesis (28 DEGs) were the most signifi-
cantly enriched (Fig. 5E), indicating that these pathways 
were inhibited during post-drought recovery. Similarly to 
the upregulated DEGs, 50.06% of downregulated DEGs 
could be assigned to the GO ontology ‘biological pro-
cess’, predominantly including ‘metabolic process’, ‘cel-
lular process’, ‘single-organism process’ and ‘response 
to stimulus’. Approximately 24% of the downregulated 
DEGs mapped to ‘molecular function’, mainly compris-
ing ‘catalytic activity’, ‘binding’ and ‘cellar component 
organization or biogenesis’, while 26.65% of the down-
regulated DEGs were assigned to the ‘cellular component’ 
domain, including the terms ‘cell’, ‘cell part’, ‘membrane’ 
and ‘organelle’ (Fig. 5F).

Transcriptome analysis reveals AhGLK1-regulated gene 
networks during drought stress and post-drought recovery
To identify AhGLK1-regulated gene networks that oper-
ate during drought stress and post-drought recovery, 
we first analyzed the DEGs that were common to the 
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Fig. 4 Analysis of genes that are differentially expressed in35S::eGFPandAhGLK1-OXhairy root during drought stress. (A) The number of DEGs 
in the two pairwise groups. (B) Venn diagram of common and uniquely expressed genes for the pairwise comparisons CK0 vs. CK1 and G0 vs. G1. (C) 
Top twenty enriched KEGG pathways to which DEGs upregulated during drought stress map. (D) GO enrichment analysis of upregulated DEGs assigned 
to the domains ‘biological process’ (BP), ‘cellular component’ (CC) and ‘molecular function’ (MF). (E) Top twenty enriched KEGG pathways to which DEGs 
downregulated during drought stress map. (F) GO enrichment analysis of downregulated DEGs assigned to the domains ‘biological process’ (BP), ‘cellular 
component’ (CC) and ‘molecular function’ (MF).
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Fig. 5 DEG analysis of35S::eGFPandAhGLK1-OXhairy root in post-drought recovery. (A) The number of DEGs in the two pairwise groups. (B) Venn 
diagram of common and uniquely expressed genes for the pairwise comparisons CK1 vs. CK2 and G1 vs. G2. (C) Top twenty enriched KEGG pathways to 
which DEGs upregulated in post-drought recovery map. (D) GO enrichment analysis of upregulated DEGs assigned to the domains ‘biological process’ 
(BP), ‘cellular component’ (CC) and ‘molecular function’ (MF). (E) Top twenty enriched KEGG pathways to which DEGs downregulated in post-drought re-
covery map. (F) GO enrichment analysis of downregulated DEGs assigned to the domains ‘biological process’ (BP), ‘cellular component’ (CC) and ‘molecular 
function’ (MF).
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response to drought stress and post-drought recovery. 
As shown in Figs. 6A and 74 DEGs formed part of both 
the drought-stress response and post-drought recovery 
processes (Supplemental Dataset 11), suggesting that 
these DEGs are important in both phases in 35 S::eGFP 
and AhGLK1-OX HR. Among the 74 DEGs, three and six 
DEGs were upregulated and downregulated, respectively, 
during both drought stress and post-drought recovery, 
indicating that these gene functions may need to increase 
or decrease under both conditions. We found that 65 
DEGs were upregulated in drought but downregulated 
in recovery, suggesting that their functions are necessary 
for the drought stress response, but are less important for 
recovery after drought.

We subjected the 74 DEGs to KEGG pathway and 
GO term enrichment analysis. KEGG pathway analysis 
showed that the DEGs were significantly enriched in the 
galactose metabolism pathway. It is worth noting that 
the plant hormone signal transduction and flavonoid 
biosynthesis pathways were also enriched (Fig.  6B). GO 
analysis revealed that 59.19% of DEGs mapped to ‘bio-
logical process’, with major terms being ‘metabolic pro-
cess’, ‘single-organism process’ and ‘response to stimulus’. 
Approximately 30% of DEGs could be assigned to the 
‘molecular function’ domain, mainly corresponding to 
‘catalytic activity’ and ‘binding’, while 17.02% of the DEGs 
mapped to the ‘cellular component’ domain, including 
‘cell part’ and ‘organelle’ among the main terms identified 
(Fig. 6C).

To identify which genes expressed in AhGLK1-OX 
HR were involved in the response to drought stress and 
recovery, we also investigated genes that were differen-
tially expressed between CK0 vs. G0, as well as the DEGs 
that were common to both the drought-stress response 
and recovery. We found 20 DEGs that were uniquely 
expressed in AhGLK1-OX HR, but commonly expressed 
in recovery (Supplemental Dataset 12). Of these, three 
and 17 DEGs were upregulated and downregulated in 
recovery, respectively. We also noted that eight DEGs 
that were downregulated in recovery were upregulated 
in AhGLK1-OX HR, whereas nine DEGs downregulated 
in recovery were also downregulated in AhGLK1-OX 
HR (Fig.  6D). We consider these genes might play an 
important role in the recovery of AhGLK1-OX HR after 
drought stress.

Next, we performed KEGG pathway and GO term 
enrichment analysis. KEGG pathway analysis showed 
that the metabolic, photosynthesis-antenna proteins and 
photosynthesis, and porphyrin metabolism pathways 
were enriched (Fig.  6E). The result suggests that photo-
synthesis and chlorophyll synthesis are important for 
AhGLK1-OX HR in response to stresses in the external 
environment, consistent with a previous study [7]. GO 
analysis showed that 42.42% of DEGs were involved in 

‘biological process’, including the terms ‘metabolic pro-
cess’, ‘cellular process’, ‘single-organism process’ and 
‘response to stimulus’. Approximately 30% of DEGs 
mapped to the ‘molecular function’ domain, with promi-
nent terms being ‘catalytic activity’ and ‘binding’, while 
27.28% of DEGs could be assigned to the ‘cellular com-
ponent’ domain, mainly involving the term ‘membrane’ 
(Fig. 6F).

Transcriptome analysis of 35 S::eGFP hair root in response 
to drought and post-drought recovery
We also analyzed the transcriptome profile of 35 S::eGFP 
HR under drought stress and recovery conditions. By 
comparing the transcriptome profiles of CK0 vs. CK1 
and CK1 vs. CK2, a total of 677 DEGs (517 upregulated 
and 160 downregulated) were uniquely and uniformly 
identified by comparison of CK0 with CK1 only, whereas 
a total of 4996 DEGs (968 upregulated and 4028 down-
regulated) resulted from comparing CK1 with CK2. Fur-
thermore, 12 and 35 DEGs were commonly found to be 
upregulated and downregulated for the pairwise com-
parisons CK0 vs. CK1 and CK1 vs. CK2, respectively. In 
addition, 255 DEGs showed the opposite gene expres-
sion pattern in CK0 vs. CK1 and CK1 vs. CK2, i.e., the 
genes were upregulated in the CK0 vs. CK1 comparison, 
but downregulated in CK1 vs. CK2. Similarly, 13 DEGs 
were downregulated for CK0 vs. CK1, but upregulated 
for CK1 vs. CK2 (Fig.  7A; Supplemental Dataset 13). 
The results suggest that 315 DEGs are involved in the 
response to drought stress and post-drought recovery in 
35 S::eGFP HR. Most of these were induced by drought, 
but repressed during the recovery process.

These 315 DEGs were then allocated to different 
functional groups to facilitate further analysis on gene 
expression. The annotations of the DEGs from both CK0 
vs. CK1 and CK1 vs. CK2 pairwise comparisons were 
checked carefully and integrated using KEGG pathway 
and GO classification. The 47 common up- or downregu-
lated DEGs were significantly enriched in the pentose 
and glucoronate interconversions pathway (Fig. 7B). The 
top GO terms mainly involved ‘biological process’, which 
was indicated for 52.63% of the DEGs, including the 
terms ‘metabolic process’, ‘cellular process’ and ‘response 
to stimulus’. Approximately 29% of the DEGs mapped to 
the ‘molecular function’ domain, mainly corresponding 
to the terms ‘catalytic activity’ and ‘transporter activity’, 
while 18.42% of the DEGs could be assigned to the ‘cel-
lular component’ domain, including the terms ‘cell’ and 
‘cell part’ (Fig. 7C).

We also analyzed the DEGs that showed an opposite 
gene expression pattern during drought and recovery. 
The 268 DEGs were significantly enriched in 11 out of 
the top 20 KEGG pathways. Metabolic pathways were 
the most significantly enriched, including alpha-linolenic 
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Fig. 6 Analysis of DEGs common to the response to drought stress and post-drought recovery in35S::eGFPandAhGLK1-OXhairy root. (A) Venn 
diagram of common and uniquely expressed genes during drought and post-drought recovery. (B) Top twenty KEGG pathways enriched in common 
DEGs expressed during drought and post-drought recovery. (C) GO enrichment analysis of common DEGs expressed in drought and post-drought recov-
ery assigned to the domains ‘biological process’ (BP), ‘cellular component’ (CC) and ‘molecular function’ (MF). (D) Heatmap analysis showing expression of 
the 20 DEGs in the different samples. (E) Top twenty KEGG pathways enriched for DEGs uniquely expressed in AhGLK1-OX HR, but commonly expressed 
during drought and recovery. (F) GO enrichment analysis of DEGs uniquely expressed in AhGLK1-OX HR, but commonly expressed during drought and 
recovery, mapping to the domains ‘biological process’ (BP), ‘cellular component’ (CC) and ‘molecular function’ (MF).
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acid metabolism, linolenic acid metabolism, tryptophan 
metabolism, biosynthesis of secondary metabolism, 
2-oxocarboxylic acid metabolism and galactose metabo-
lism. In addition, the glucosinolate biosynthesis pathway 
was also significantly enriched (Fig.  7D). GO analysis 
showed that 54.18% of DEGs were assigned to the ‘bio-
logical process’ domain, with the main terms being 
‘metabolic process’, ‘single-organism process’, ‘cellular 
process’ and ‘response to stimulus’. Approximately 20% 
of the DEGs mapped to ‘molecular function’, mainly cor-
responding to ‘catalytic activity’ and ‘binding’, while only 
16.98% of the DEGs were assigned to the ‘cellular com-
ponent’ domain, with the main terms including ‘cell’, ‘cell 
part’ and ‘membrane’ (Fig. 7E).

Transcriptome analysis of AhGLK1-OX hairy root in 
response to drought and post-drought recovery
To explore the details of genes involved in the response 
to drought stress and post-drought recovery in AhGLK1-
OX HR, we compared the transcriptome profiles of G0 
vs. G1 and G1 vs. G2. A total of 716 DEGs (603 upregu-
lated and 113 downregulated) were uniquely and uni-
formly expressed in G0 vs. G1 only, whereas a total of 
3463 DEGs (828 upregulated and 2635 downregulated) 
were uniquely found in the comparison of G1 with G2. 
In addition, 55 and 36 upregulated and downregulated 
DEGs, respectively, were common to both the G0 vs. 
G1 and G1 vs. G2 comparisons. In contrast, 126 DEGs 
showed the opposite gene expression pattern in the 
two pairwise comparisons. Among this last group of 
DEGs, 112 DEGs were upregulated during drought but 
downregulated during the recovery process, whereas 14 
DEGs were downregulated during drought but upregu-
lated during recovery (Fig.  8A; Supplemental Dataset 
14), implying that their expression responds to whether 
drought or recovery conditions prevail.

To gain insight into the function of the 207 DEGs iden-
tified under drought stress and post-drought recovery 
conditions, KEGG pathways and GO terms were ana-
lyzed. First, we found that the up- or downregulated 
DEGs that were common to both the G0 vs. G1 and G1 
vs. G2 comparisons were mainly enriched in metabolic 
and biosynthesis pathways (Fig. 8B). GO analysis showed 
that 54.88% of DEGs mapped to the domain ‘biological 
process’, with predominant terms including ‘metabolic 
process’, ‘single-organism process’ and ‘cellular process’. 
Approximately 29% of DEGs could be assigned to the 
‘molecular function’ domain, mainly corresponding to 
‘catalytic activity’, ‘binding’ and ‘transporter activity’, 
while 15.85% of DEGs mapped to the ‘cellular component’ 
domain, predominantly including the terms ‘membrane’ 
and ‘membrane part’ (Fig. 8C). In addition, we also ana-
lyzed the DEGs that showed an opposite gene expression 
pattern during drought and recovery. The DEGs were 

significantly enriched in three KEGG pathways, including 
alpha-linolenic acid metabolism and galactose metabo-
lism, indicating that genes involved in metabolism are 
notably affected by drought and recovery (Fig. 8D). GO 
analysis showed that 47.40% of DEGs mapped to the ‘bio-
logical process’ domain, with predominant terms includ-
ing ‘metabolic process’, ‘single-organism process’, ‘cellular 
process’ and ‘response to stimulus’. Approximately 30% of 
these DEGs mapped to the domain ‘molecular function’, 
with terms mainly corresponding to ‘catalytic activity’, 
‘binding’ and ‘transporter activity’, while 22.92% of the 
DEGs mapped to the ‘cellular component’ domain, with 
predominant terms including ‘membrane, ‘cell’ and ‘cell 
part’ (Fig. 8E).

Modulation of transcription factor expression in 35 S::eGFP 
and AhGLK1-OX hairy root during drought stress and post-
drought recovery
Transcription factors (TFs) play crucial roles in modulat-
ing physiological programs so that plants can adjust to 
changes in environmental conditions, including drought 
stress and post-drought recovery. To explore the com-
plexity of regulatory mechanisms both in drought and 
recovery, differentially expressed TFs were examined in 
HR. A large number of genes belonging to the bHLH, 
MYB, NAC, WRKY, ERF and ARF families showed dif-
ferential expression during drought stress and recov-
ery compared to controls. For 35  S::eGFP HR, 57 and 
123 TF-encoding genes responded to drought stress 
and post-drought recovery, respectively. Among these, 
bHLH-family TFs were the most abundant, followed 
by MYB-family TFs. We identified 45 and 71 TF DEGs 
from the pairwise comparisons G0 vs. G1 and G1 vs. G2, 
respectively (Fig. 9A). The results imply that TFs, particu-
larly from the bHLH and MYB families, play an impor-
tant role in the response to drought stress and recovery 
both in 35 S::eGFP and AhGLK1-OX HR.

Subsequently, we found 15 differentially expressed TFs 
in 35 S::eGFP HR that were common to the response to 
drought and post-drought recovery, mostly from the 
bHLH and MYB families (Fig. 9B). For AhGLK1-OX HR, 
there were 10 differentially expressed TFs involved in 
both drought and the recovery process, but these were 
predominantly from the ERF family (Fig. 9C). In addition, 
there were 19 TFs involved in both types of HR during 
drought stress (Fig. 9D), of which ERF TFs were the most 
abundant. For post-drought recovery, 55 TFs were dif-
ferentially expressed in both types of HR (Fig. 9E). Most 
of these were bHLH and MYB TFs, suggesting that these 
two TF families play a key role in the recovery process.
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Fig. 7 Analysis of DEGs identified in35S::eGFPhairy root during drought and post-drought recovery. (A) Venn diagram of common and unique 
DEGs identified in the pairwise CK0 vs. CK1 and CK1 vs. CK2 comparisons. (B) Top twenty KEGG pathways enriched in up- or downregulated DEGs. (C) 
GO analysis mapping up- or downregulated DEGs to the ‘biological process’ (BP), ‘cellular component’ (CC) and ‘molecular function’ (MF) domains. (D) Top 
twenty KEGG pathways enriched in DEGs expressed in opposite patterns during drought and recovery. (E) GO analysis of DEGs expressed in opposite pat-
terns during drought and recovery showing assignment to the ‘biological process’ (BP), ‘cellular component’ (CC) and ‘molecular function’ (MF) domains
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Fig. 8 Analysis of DEGs inAhGLK1-OXhairy root in response to drought and post-drought recovery. (A) Venn diagram of common and uniquely 
expressed genes identified by G0 vs. G1 and G1 vs. G2 comparisons. (B) Top twenty KEGG pathways enriched in up- or downregulated DEGs. (C) GO 
analysis mapping up- or downregulated DEGs to the ‘biological process’ (BP), ‘cellular component’ (CC) and ‘molecular function’ (MF) domains. (D) Top 
twenty KEGG pathways enriched in DEGs expressed in opposite pattern during drought and recovery. (E) GO analysis of DEGs expressed in opposite pat-
terns during drought and recovery showing assignment to the ‘biological process’ (BP), ‘cellular component’ (CC) and ‘molecular function’ (MF) domains
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Fig. 9 Dynamics of the modulation of transcription factors during drought stress and post-drought recovery indicate differential regulation 
patterns in35S::eGFPandAhGLK1-OXhairy root. (A) Differentially expressed TF gene families in the four pairwise groups. (B) Differentially expressed TF 
gene families in 35 S::eGFP HR common to the response to drought and post-drought recovery. (C) Differentially expressed TF gene families in AhGLK1-OX 
HR common to the response to drought and post-drought recovery. (D) Differentially expressed TF gene families common to the drought-stress response 
in both 35 S::eGFP and AhGLK1-OX HR. (E) Differentially expressed TF gene families common to the post-drought recovery process in both 35 S::eGFP and 
AhGLK1-OX HR.
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Validation of gene expression by quantitative real-time 
PCR (qRT-PCR)
To validate the results of RNA-seq and confirm how 
the expression of various DEGs changes in response to 
drought and recovery, we selected nine genes from some 
of the highly enriched KEGG pathways to perform a 
qRT-PCR analysis. The nine genes were as follows: Arahy.
DP35 × 1, encoding a MYB transcription factor; Arahy.
B777LX and Arahy.793UIY, encoding fatty acyl-CoA 
reductase 3-like; Arahy.P3BMC7 and Arahy.LE699N 
encoding cytochrome P450 superfamily protein; Arahy.
TQJ4QI, encoding disease-resistance response protein; 
Arahy.W4W576, encoding O-methyltransferase fam-
ily protein; Arahy.WNMX7W, encoding putative indole-
3-acetic acid-amido synthetase; and Arahy.9WN3VV, 
encoding expansin-like B1. During drought, the expres-
sion level of three genes, Arahy.LE699N, Arahy.9WN3VV 
and Arahy.793UIY, was reduced, while expression of 
Arahy.TQJ4QI and Arahy.WNMX7W was increased 
both in 35  S::eGFP and AhGLK1-OX HR. However, the 
expression level of Arahy.793UIY and Arahy.B777LX 
was significantly reduced in 35  S::eGFP, but increased 
in AhGLK1-OX HR. In contrast, Arahy.P3BMC7 and 
Arahy.W4W576 expression was significantly increased 
in 35  S::eGFP, but reduced in AhGLK1-OX HR. During 
post-drought recovery, Arahy.B777LX, Arahy.9WN3VV, 
Arahy.TQJ4QI and Arahy.WNMX7W expression was 
notably increased, while Arahy.LE699N, Arahy.P3BMC7 
and Arahy.W4W576 expression was reduced in both types 
of HR. Interestingly, the expression level of Arahy.793UIY 
and Arahy.DP35 × 1 was increased in 35  S::eGFP, but 
reduced in AhGLK1-OX HR. The results show that the 
activity of these genes varied dynamically in response 
to drought and recovery (Fig.  10A-I). Subsequently, the 
expression of the above nine genes was assessed in pea-
nut leaves. As shown in Fig. 10J, expression levels of all 
genes were significantly decreased in drought stress, indi-
cating that they are inhibited by drought stress in peanut 
leaves. During recovery, however, the expression level 
of Arahy.9WN3VV, Arahy.B777LX, Arahy.TQJ4QI and 
Arahy.WNMX7W was significantly upregulated. In con-
trast, expression of the other five genes remained low, 
similar to the levels observed under drought conditions. 
Indeed, in some cases, such as Arahy.DP35 × 1, expres-
sion was even lower than that observed during drought. 
Thus, these peanut genes respond in a variety of ways 
depending on the environmental conditions, i.e. drought 
or post-drought recovery, and the tissue, i.e. HR or 
leaves. The qRT-PCR results show similar trends to those 
revealed by the RNA-seq data, giving further credence to 
our sequencing results.

Discussion
In plants, the root is the first organ to sense drought 
stress in the soil. HR has been successfully induced from 
various explants, such as leaves, petiole and epicotyl, 
with the highest induction rates being from leaf explants. 
Therefore, we might ask what kind of differences exist in 
the anatomy of HR and PR. To address this, the morphol-
ogy and transcriptomes of peanut HR and PR were com-
pared in this study. It was previously reported that the 
root tips in HR were thicker and more robust than in the 
seedling roots of Cassia obtusifolia; the smaller epider-
mal cells and the cortex cells of HR were more closely and 
irregularly arranged [9]. As for peanut, HR also devel-
ops a root cap, meristem and elongation zone like in PR. 
However, unlike in PR, the cells in the HR root cap, api-
cal meristem and cortex are inhomogeneous in size. They 
also show a difference in the adsorption of methylene 
blue, which stains plant tissue through a combination of 
physical adsorption and chemical affinity. After methy-
lene blue staining, peanut PR appears purple-red, while 
HR becomes a deep purple-blue color. These results sug-
gest there are crucial differences in the constitution of the 
cytoplasm or the pH between HR and PR in peanut. Nev-
ertheless, HR originating from leaf explants develops a 
similar root structure to PR. These findings indicate that 
HR cultures are suitable for investigating gene functions 
involved in root development and stress responses.

A significant difference between the two root tissues 
emerged when we screened for differentially expressed 
genes. It was found that 516 DEGs were upregulated 
in HR compared to PR, and 88 of these were related to 
photosynthesis and chlorophyll synthesis. We also found 
that HR gradually turn green over time. In contrast, PR 
does not become green when cultivated on MS medium 
in the light. Thus, it seems that HR has the potential to 
synthesize chlorophyll, like leaves, suggesting that HR 
can be used to study genes that are mainly expressed in 
leaf. We also found that the plant hormone signal trans-
duction pathway was enriched in downregulated DEGs, 
perhaps indicating that HR is less sensitive to the external 
environment than PR or that HR is better able to toler-
ate changes in the external environment. Our morpho-
logical and transcriptomics study reveals such differences 
between HR and PR for the first time.

Climate change is predicted to increase the sever-
ity and duration of drought events in many regions. 
Drought adversely influences plant growth and continues 
to threaten the world’s food security [31]. Plants accli-
matize to drought by regulating their physiological and 
biochemical characteristics. In particular, post-drought 
recovery growth is important for enhancing the qual-
ity and yield of crops. In peanut, substantial crop losses 
occur worldwide each year due to a variety of abiotic 
stresses [32]. Peanut is predominantly grown in arid and 
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Fig. 10 Relative expression of DEGs analyzed by qRT-PCR in different hairy root and peanut leaf tissues. (A ~ I) Gene expression level of 35 S::eGFP 
and AhGLK1-OX HR under drought stress and post-drought recovery conditions. (J) Gene expression level in peanut leaf under drought stress and 
post-drought recovery conditions. The average of three biological replicates is shown. Error bars represent SE. Different letters (a, b, c and d) represent 
significantly different groups
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semi-arid regions and its quality and yield are frequently 
impacted by drought stress; thus, post-drought recov-
ery is critical for enhancing yield. However, no data are 
available on the genetic regulation of drought stress and 
post-drought recovery in peanut. In-depth research on 
this phenomenon will contribute to the development of 
molecular breeding strategies aimed at improving peanut 
drought tolerance and increasing its yield.

In this study, we revealed the various gene networks 
that are involved in the response to drought and post-
drought recovery using HR. Our results show that, dur-
ing drought, the flavonoid biosynthesis and circadian 
rhythm–plant pathways were the most significantly 
enriched in DEGs. Flavonoids are beneficial in that they 
improve the antioxidant capacity of plants and help 
alleviate damage caused by drought. Accordingly, our 
data suggest that HR protects itself from drought dam-
age by synthesizing flavonoids. The plant circadian clock 
is a conserved regulatory mechanism that stimulates 
and maintains rhythmic elements of plant physiology 
[33]. The circadian clock helps to improve environmen-
tal adaptation and to ensure optimal plant growth and 
performance. Many key genes of the circadian clock are 
involved in the regulation of stress responses [34]. A 
recent study in rice found that the regulatory relation-
ship between the expression of cell dehydration-respon-
sive genes and circadian clock genes optimizes the water 
stress response at different times of the day, demon-
strating that this mechanism plays an important role in 
increasing the survival rate and production efficiency of 
rice in an arid environment [35]. Hence, we speculate 
that HR also improves its ability to survive by altering cir-
cadian rhythms during drought stress. However, during 
post-drought recovery, 1784 DEGs were downregulated 
in both 35 S::eGFP and AhGLK1-OX HR, while only 673 
DEGs were upregulated in both types of HR, implying 
that a large number of DEGs show decreased expression 
during recovery. KEGG pathway analysis showed that 
metabolic pathways were the most significantly enriched 
in upregulated DEGs, with 108 in total. Thus, HR adapts 
to recovery growth by changing its metabolism, which is 
consistent with other research [36]. In contrast, down-
regulated DEGs were significantly enriched in starch 
and sucrose metabolism, phenylpropanoid biosynthesis, 
amino sugar and nucleotide sugar metabolism and plant 
hormone signal transduction, suggesting that the activ-
ity of these pathways was repressed during post-drought 
recovery.

Interestingly, when we looked for DEGs that were 
implicated in both the response to drought and post-
drought recovery, we found 74 examples, which included 
three and six upregulated and downregulated DEGs, 
respectively, that were common to both types of HR. Of 
these, 65 DEGs were upregulated during drought, but 

downregulated during recovery, showing that these genes 
are regulated in a reciprocal fashion and thus may play 
contrasting roles during drought and recovery. Metabolic 
pathways and the biosynthesis of secondary metabo-
lism pathway were enriched in these genes, showing 
that metabolic adjustment is the most important factor 
in the adaptation of HR to water deficit. We found that 
20 DEGs that were uniquely expressed in AhGLK1-OX 
HR, but commonly expressed in both types of HR in 
recovery, were enriched in the photosynthesis-antenna 
proteins and photosynthesis, and porphyrin metabolism 
pathways (Fig. 6E). This suggests that photosynthesis and 
chlorophyll synthesis are important in AhGLK1-OX HR 
in response to changes in the external environment, con-
sistent with a previous study [7].

TFs are essential in plant signal transduction pathways 
and many TF families, such as MYB, bZIP, bHLH, WRKY, 
NAC, ERF and DREB, are involved in the response 
to drought stress as key regulators [37]. In agreement 
with these studies, we found that members of the MYB, 
bHLH, NAC, WRKY, ERF and ARF families show dif-
ferential expression in response to drought and post-
drought recovery. Of these, bHLH TFs were the most 
abundant, implying that bHLH TFs play a critical role 
in the response to drought stress and recovery both in 
35 S::eGFP and AhGLK1-OX HR, consistent with previ-
ous reports showing that bHLH TFs are widely involved 
in the plant response to abiotic stresses, such as drought, 
cold and salinity [38].

Conclusion
Our study explores the differences between HR and PR 
in terms of root structure and transcriptome. The results 
reveal that HR possesses at least some of the characteris-
tics of leaf, indicating that HR is suitable for studying the 
function of genes mainly expressed in leaf. This should 
yield reliable experimental evidence for analysis of the 
differences between HR and PR. Analysis of how the HR 
transcriptome changes during drought and post-drought 
recovery provides insight into the regulatory networks 
operating in peanut during exposure to and recov-
ery from water deficit. In addition, the analysis reveals 
the gene networks specifically regulated by AhGLK1 in 
response to drought and recovery, elucidating the molec-
ular mechanisms by which AhGLK1 improves drought 
resistance and post-drought recovery ability in peanut. 
However, the candidate genes that play the most impor-
tant roles during drought and recovery require further 
study. In conclusion, this study provides a theoretical 
basis and a new perspective for in-depth exploration of 
drought resistance genes in peanut, and will be invaluable 
for molecular breeding of more resistant varieties.
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Materials and methods
Plant materials and growth, and hairy root transformation
The South China peanut cultivar ‘Yueyou7’ was used in 
this study. The seeds were kindly provided by Dr. Xuan-
qiang Liang from the Crop Research Institute, Guang-
dong Academy of Agricultural Sciences, Guangzhou. The 
study was carried out in compliance with institutional 
guidelines. The p35S::eGFP and p35S::AhGLK1-eGFP 
constructs were transformed into Agrobacterium rhi-
zogenes strain K599 and used to induce the production 
of HR in peanut leaves according to a method estab-
lished previously in our laboratory. HR induced by the 
p35S::eGFP plasmid was used as the blank control, and 
is denoted 35 S::eGFP here. HR overexpressing AhGLK1 
was induced by the p35S::AhGLK1-eGFP plasmid, and is 
denoted AhGLK1-OX. Peanut plants were grown under 
normal conditions as described previously [39]. Seedlings 
were grown in a greenhouse at 25–28  °C. Leaves from 
10-12-day-old plants were collected and prepared for 
explant as previously [40]. Leaf explants were cut with a 
blade to generate wounds and then immersed in A. rhi-
zogenes (K599) suspension (OD ≈ 0.5) for 10  min. The 
infected leaf explants were dried on sterile filter paper 
and transferred to solid MS medium for 48 h in the dark. 
After co-cultivation, the explants were sterilized with 
250  mg.L− 1 cefotaxime (Dingguo, Guangzhou, China) 
for 5 min and washed with sterile water three times. All 
explants were then cultured on solid MS medium con-
taining 250  mg.L− 1 cefotaxime. HR was induced at the 
wound sites over a period of about four weeks.

Root sections and staining
About 0.5 ~ 0.8 centimeter root tips from HR about 
30-day-old or PR about 14-day-old were fixed in F.A.A 
fixative (5 mL 38% formalin, 5 mL acetic acid, 90 mL 
70% alcohol) for about 30 min through vacuum infiltra-
tion. The specimens were dehydrated in successive eth-
anol-water mixtures for 15  min with increasing ethanol 
concentrations (30, 50, 70, 80, and 90%), followed by two 
30 min dehydrations in 100% ethanol. Then, the root tips 
were treated with a 1:1 mixture of anhydrous ethanol and 
xylene for 30 min, and xylene for 1 h. After that, the root 
tips were embedded in paraffin blocks and cut into con-
secutive Sect. (5 μm thick slices) using a microtome, then 
placed onto glass slides. The sections were dewaxed with 
different concentrations of xylene, and after immersion in 
a gradient of alcohol (high concentration to low concen-
tration, 3 min for each time), finally washed with distilled 
water, 5 min per time. Sections of root tip were stained 
with methylene blue for 3 min, then washed with distilled 
water for three times. The sections were observed and 
photographed with an upright metallurgical microscope 
(DM6, Leica, Germany).

Phenotype, relative water content and chlorophyll content 
of hairy root
HR grown for about 30 days was harvested to determine 
the phenotype; chloroplasts were observed by confo-
cal microscope. Drought samples of 35  S::eGFP and 
AhGLK1-OX HR were generated by dehydration for 2 h 
in an incubator. For post-drought recovery samples, HR 
that had been dehydrated for 2 h was re-watered for 2 h. 
Fresh HR (100 mg) was harvested from control, drought 
and recovery tissue. The relative water content and chlo-
rophyll (a and b) concentration of the samples were 
determined as described previously [30].

Transcriptome analysis and validation
For transcriptome preparation, PR from 14 day-old pea-
nut seedlings, and 30  day-old 35  S::eGFP and AhGLK1-
OX HR, were harvested to extract total RNA. HR was 
divided into three groups comprising a control that was 
not dehydrated, a drought group that was dehydrated 
for 2  h in an incubator and a recovery group that was 
dehydrated for 2 h then re-watered for 2 h. Total RNAs 
were extracted from these HR sample using TRIzol. 
The samples were denoted CK0 (control conditions, 
35  S::eGFP HR), CK1 (drought, 35  S::eGFP HR), CK2 
(recovery, 35  S::eGFP HR), G0 (control, AhGLK1-OX 
HR), G1 (drought, AhGLK1-OX HR) and G2 (recovery, 
AhGLK1-OX HR). RNA concentration was measured 
initially on a NanoDrop 2000 and more precise measure-
ments were made on an Agilent 2100 Bioanalyzer. Next, 
mRNA was enriched using an oligo(dT) resin. Second-
strand cDNA was synthesized by DNA polymerase I, 
RNase H, dNTP and buffer, and purified with a QIAquik 
PCR Purification Kit (Qiagen), then end-repaired fol-
lowed by addition of poly(A). Purified cDNA was ligated 
to Illumina sequencing adapters. Sequencing was car-
ried out using an Illumina HiSeq 4000 system by Gene 
Denovo Biotechnology Co (Guangzhou, China). All raw 
data have been submitted to the NCBI Sequence Read 
Archive (SRA) (https://www.ncbi.nlm.nih.gov/biopro-
ject/PRJNA503795 and https://www.ncbi.nlm.nih.gov/
bioproject/PRJNA580047).

For bioinformatics analysis, raw reads were first filtered 
to remove rRNA and low quality sequences. High-quality 
clean reads were mapped to a reference transcriptome 
and gene abundance was calculated and normalized to 
RPKM (reads per kb per million reads). Differentially 
expressed genes (DEGs) were identified as those with 
gene abundance ≥ 100, fold change ≥ 2 compared to the 
reference and a false discovery rate (FDR) < 0.05. DEGs 
were subjected to gene ontology (GO) enrichment analy-
sis (www.geneontology.org/) and were mapped to Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathways 
(www.genome.jp/kegg/) [41]. The heatmap was gener-
ated using the PageMan tool with average statistics and 
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Benjamini-Hochberg multiple testing correction for 
all the significant differentially regulated genes from 
the various HR samples with fold change (± 1.5) and 
p-value ≤ 0.05 [42].

Quantitative RT-PCR (qPCR) was conducted to vali-
date DEGs. Total RNA was prepared as above and 
reversed-transcribed to cDNA using the PrimeScript™ 
RT Reagent Kit (Takara) according to the manufacturer’s 
instructions. qPCR analyses were performed as previ-
ously described [30]. The cDNA and primers were diluted 
for PCR, and AhActin was used as the reference gene.
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