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

Results: We found that cells of the cortex were larger in HR than in PR and a total of 9293 differentially
expressed genes (DEGs) were identi�ed in HR compared to PR. 183 out of these DEGs related to
chlorophyll and photosynthesis were up-regulated in HR. In addition, AhGLK1-OX hairy roots exhibited
green, and had a higher relative water content than 35S::eGFP during drought stress. RNA-seq analysis
showed that 124 DEGs were involved both in drought and post-drought recovery process, signi�cantly
enriched in taurine and hypotaurine metabolism, tryptophan metabolism, alpha-linolenic acid
metabolism, cutin, suberine and wax biosynthesis and galactose metabolism pathway. GO terms
enrichment analysis revealed that 46.77%, 36.61% and 20.62% of DEGs were mapped to biological
process (BP), molecular functions (MF) and cellular components (CC), respectively. Furthermore, 56 DEGs
involved in drought stress and/or recovery were uniquely expressed in AhGLK1-OX hairy root, which were
signi�cantly enriched in photosynthesis-antenna proteins, porphyrin and chlorophyll metabolism and
monoterpenoid biosynthesis pathway. GO analysis showed that 46.82%, 21.82% and 31.36% of DEGs
were involved in BP, MF and CC, respectively. Fortunately, 532 and 288 DEGs were found in 35S::eGFP and
AhGLK1-OX hairy roots under drought stress and recovery compared to control.

Conclusions: Our data reveals that HR has some characteristics of leaves, indicating that HR is suitable
for studying genes that are mainly expressed in leaves. RNA-seq results are consistent with previous
studies that chlorophyll synthesis and photosynthesis are critical for AhGLK1 improving post-drought
recovery growth in peanut. These �ndings provide in-depth insights that will be of great utility for the
exploration of candidate gene functions for drought tolerance and/or recovery ability in peanut.

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% of fat and protein, rich in resveratrol, vitamins, etc., and
have certain health care functions. In Asia and Africa, peanut is an important crop for preventing
malnutrition and ensuring a safe food supply [1]. Peanut yield and quality are frequently limited because
of seasonal drought or fungal disease. Despite whole genome and increasing amounts of transcriptome
data becoming available for wild and cultivated peanut varieties over recent years, transgenic systems
are still not routinely used in peanut plants due to the complexity of the genetic background (tetraploid)
and poor e�ciency [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 transformation system to facilitate peanut gene characterization is essential and the HR
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transformation system ful�lls this requirement. In previous work, a method for e�cient induction of HR
from peanut-leaf explants was developed [4, 5], which has been used to illuminate the molecular function
of several genes in peanut, such as AhHDA1 [6] and AhGLK1 [7]. HR cultures are particularly easy to grow
in hormone-free medium and represent 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 example, HR
has been used to study nodule formation and nitrogen �xation, drought tolerance, nematode interaction,
subterranean insects and resveratrol biosynthesis [4, 12, 15, 16]. However, similarities and differences
between hairy root and primary root are not elucidated.

Drought is a severe environmental stress that negatively effects vegetative growth. Plants have evolved
multiple protective mechanisms that are thought to cooperate in protecting themselves from adverse
environmental in�uences. Whether crops can produce high yields under drought conditions depends not
only on their own drought resistance, but also on their ability of post-drought recovery growth that
withstands the damage caused by drought and obtains yield compensation after experiencing drought. It
has a profound impact on crop yield and quality [17]. Post-drought recovery growth is a very complex
biological process, and the mechanism is completely different from that of resistance to drought stress.
In this process, in addition to readjusting the metabolic level to the pre-stress level, plants also need to
overcome the senescence of cells and tissues caused by drought, not simply returning to the pre-stress
state. Furthermore, chlorophyll content, photosynthetic rate, antioxidant system and osmotic adjustment
substances were changed [18]. A lot of studies have shown that photosynthesis, chlorophyll metabolism,
signal transduction, energy metabolism, cell wall synthesis and secondary metabolism are signi�cantly
changed during the recovery process after drought [19–21]. Post-drought recovery is not only closely
related to the degree of drought stress that plants are subjected to, but also depends on their own ability
of recovery. Studies have shown that peanuts rehydrated after drought before �owering are more
productive than those with normal irrigation, and the degree of recovery has a signi�cant correlation with
yield. This may be closely related to the larger root-shoot ratio of peanuts during drought. Generally,
peanut varieties with strong drought resistance have strong recovery ability after rehydration. It can be
seen that the ability of post-drought recovery growth plays an important role in the yield and quality of
peanut, but the molecular mechanism of recovery is poorly understood.

Golden2 like (GLK) is a member of the GARP transcription factor superfamily, and is �rst found in maize
(Zea mays L.) [22]. A large number of studies have con�rmed that GLKs regulate the expression of
chlorophyll synthesis and photosynthesis-related genes by directly binding to their promoters, affecting
chlorophyll synthesis, photosynthesis and chloroplast development [23]. GLKs have been proved to
improve the effective utilization of carbon, increase the accumulation of organic nitrogen, promote plant
growth and development. Furthermore, GLKs are involved in response to biotic stress such as cucumber
mosaic virus and turnip yellow mosaic virus [24, 25], as well as some abiotic stress 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 signi�cantly improve the nutritional content and �avor of tomato [28].
Constitutive expression of maize GLK genes in rice, the number of seeds per panicle and grain yield have
increased by 20–122% and 30–40%, respectively [29]. In our previous study, when AhGLK1 was
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transformed into 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 con�rmed 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) to enhance their
expression during post-drought process, and then promoting recovery growth of peanut after rehydration
[7]. Whereas, which gene networks are regulated by AhGLK1 in response to drought stress and recovery in
peanut is unknown.

This study aimed to provide more details about the difference between PR and HR, and the data on
drought stress and post-drought recovery response of peanut hairy root, including more genotypic
diversity than previous analyses. Moreover, we wanted to identify unique candidate genes involved in the
AhGLK1-OXhairy root to enhance its drought resistance and ability of recovery. To this purpose, we �rst
identi�ed similarities and differences between peanut HR and PR by observing root morphology and RNA-
seq. Secondly, we performed RNA-seq analysis in control, drought and recovery of 35S::eGFP and
AhGLK1-OX 30 day-old hairy roots to screen the gene networks involved in response to drought and post-
drought recovery. The results show that there is a large genetic plasticity in response to drought stress
and recovery in 35S::eGFP and AhGLK1-OX hairy roots, providing valuable information for clarifying
regulatory mechanisms of drought and post-drought recovery process in peanut.

Results
The structural characteristics of hairy root and primary root

Hairy roots were induced as previously described [5] by using peanut leaf explants that were infected with
A. rhizogenes. To explore the structural characteristics of HR, we compared the characteristics of HR
(grown for 20 or 30 days) and PR (grown for 14 days). As shown in Fig.1 A-C, with the growth of peanut,
the PR was elongated with extensive lateral roots. However, HRs were induced at most wound sites, and
some roots grew as long as PRs, although lateral HRs were different in number (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 the 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 longitudinal 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 signi�cant difference 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.

Transcriptomic analysis of hair roots and primary roots

HR exhibits many of the functions of PR, such as nodule formation and nitrogen �xation, interaction with
nematodes and biosynthesis of resveratrol. However, as shown above, there are clear differences in
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structural anatomy between HR and PR. To understand these differences at the genetic level, we
compared the global transcriptomes of HR and PR. Here, we found that 9293 genes were signi�cantly
differentially expressed between HR and PR. 1676 genes were down-regulated and 7617 genes were up-
regulated in HR compared to PR (Fig. 2A; Supplemental Dataset 1). Interestingly, it was found that 183
DEGs related to chlorophyll and photosynthesis were up-regulated in HR compared to PR (Fig. 2B;
Supplementary Dataset 2). The result suggests that HR possesses at least some of the characteristics of
leaves, such as synthesis of chlorophyll and photosynthesis. Therefore, hairy root could be suitable used
to study the gene that mainly expressed in leaves.

To better understand the details about the DEGs, we further subjected the up-regulated DEGs to KEGG
pathway enrichment analysis and GO term enrichment analysis. As shown in Fig. 2C, among 20 top
pathway, the prominent pathway identify KEGG were photosynthesis-antenna proteins, photosynthesis,
glutathione metabolism, iso�avonoid biosynthesis, protein processing in endoplasmic reticulum, vitamin
B6 metabolism, glyoxylate and dicarboxylate metabolism, porphyrin and chlorophyll metabolism. It was
observed that photosynthesis and chlorophyll related pathways were accounted for 7.61%, which was
consistent with that a lot of DEGs were related to chlorophyll synthesis and photosynthesis, further
revealed that HR has a similar function to leaf. However, �avonoid biosynthesis, circadian rhythm-plant,
plant hormone signal transduction, biosynthesis of amino acids and phenylpropanoid biosynthesis were
the most signi�cantly enriched among down-regulated DEGs (Fig. 2D), indicating that genes involved in
metabolism and amino acid biosynthesis were decreased compared to that of PR. GO terms enrichment
analysis showed that 45.03% (up-regulated DEGs) and 42.02% (down-regulated DEGs) DEGs were
mapped in biological process, predominantly involved in metabolic process, cellular process and single-
organism process (Fig 2E and H). In cellular component category, 32.16% and 23.82% DEGs of up- and
down-regulated DEGs were mainly corresponded to cell, cell part and membrane, respectively (Fig 2F and
I). While in molecular function cellular component category, 22.81% and 29.16% DEGs of up- and down-
regulated DEGs were corresponded including the catalytic activity, binding and transporter activity (Fig 2G
and J).

Phenotypic observation of 35S::eGFP and AhGLK1-OX hairy roots

Previously, we demonstrated that the HR transformation system represents an invaluable research tool in
peanut for the investigation of gene function under drought stress [5]. In addition, AhGLK1 was con�rmed
to play an important role in post-drought recovery by regulating the expression of chlorophyll synthesis
and photosynthesis-related genes [7, 30]. Herein, to further understand more details of AhGLK1 on
drought and post-drought recovery in peanut, we �rst analyzed the phenotype of AhGLK1-OXhairy root. As
shown in Fig 3A, AhGLK1-OXhairy root exhibited green, and many chloroplasts were observed by
confocal. Interestingly, while the relative water content of 35S::eGFP and AhGLK1-OX hairy roots after
dehydration for 2 h were signi�cantly reduced compared to the control, the relative water content of
AhGLK1-OXhairy roots was higher than that of 35S::eGFP, indicating that AhGLK1-OXhairy roots have
better drought tolerance than 35S::eGFP hairy roots. When rehydration for 2 hours, the relative water
content had no signi�cant difference between the two hairy roots (Fig. 3B). Furthermore, Ch a content of
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AhGLK1-OX hairy root was obviously higher than that of 35S::eGFP at both dehydration and rehydration
for 2 hours. However, when dehydrated for 2 hours, Ch b content of AhGLK1-OX hairy root was obviously
higher than that of 35S::eGFP, while there was no signi�cant difference in rehydration for 2 hours (Fig.
3C). The results indicate that Ch a and Ch b of AhGLK1-OXhairy root varied differently in response to
drought stress and recovery.

Transcriptomic analysis of different hair roots in response to drought stress

To obtain detailed information about the expression pro�les of genes involved in the drought stress, we
compared the expression pro�les of 35S::eGFP and AhGLK1-OX hairy roots under drought stress. The
sequence reads which passes the quality �ltering were further 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 levels as FPKM. For further
analysis of expression patterns, only signi�cant DEGs were used among all samples. In CK0 vs CK1, we
identi�ed 959 and 528 genes were up- and down-regulated, while 570 and 416 genes were up- and down-
regulated in G0 vs G1 (Fig. 4A; Supplemental Dataset 3 and 4). These DEGs were revealed by a Venn
diagram. There were 386 DEGs common upregulated between CK0 vs CK1 and G0 vs G1, indicating that
these genes involved in response to drought stress both in 35S::eGFP and AhGLK1-OX hairy roots.
Whereas 573 and 184 unique upregulated genes were found in CK0 vs CK1 and G0 vs G1, respectively. In
contrast to it, we also analyzed down-regulated genes among the two pairwise and found that 116 DEGs
were common down-regulated. 412 and 300 unique genes were found in CK0 vs CK1 and G0 vs G1,
respectively (Fig. 4B; Supplemental Dataset 5 and 6).

To further understand the biological pathways activated or inhibited by drought stress, KEGG pathways
enrichment were mined in each pairwise group to assess the extent of regulation of the DEGs. Among up-
regulated DEGs, 13 out of the top 20 KEGG pathways were signi�cantly enriched, mainly including
�avonoid biosynthesis, circadian rhythm–plant, monoterpenoid biosynthesis, galactose metabolism,
alpha-linolenic acid metabolism, phenylpropanoid biosynthesis and phenylalanine metabolism pathway
were signi�cantly enriched (Fig. 4C). The results indicate that these pathways play a key role in
responding to drought stress. GO analysis was used for the functional classi�cation of the DEGs in
response to drought stress. GO terms enrichment analysis showed that 44.96% of DEGs were mapped in
biological process, predominantly involved in metabolic process, single-organism process and cellular
process. In molecular function, there was 30.81% of DEGs, which were mainly corresponded to the
catalytic activity, binding and transporter activity. While in cellular component category, 24.24% of DEGs
were corresponded, including cell, cell part and membrane (Fig. 4D). Among down-regulated DEGs, only
two of 20 top pathways were signi�cantly enriched. The result implied that the genes involved in taurine
and hypotaurine metabolism and vitamin B6 metabolism pathway may be decreased during drought
stress (Fig. 4E). As shown in Fig. 4F, similar to the upregulated DEGs, 49.21% of DEGs were involved in
biological process, predominantly including metabolic process, single-organism process and cellular
process. There was 30.42% of DEGs in molecular function, which were mainly corresponded to the
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catalytic activity, binding and transporter activity. While in cellular component category, 20.37% of DEGs
were corresponded, including membrane, cell and cell part.

Transcriptomic analysis of different hair roots in response to post-drought recovery

To obtain detailed information about the expression pro�les of genes involved in the post-drought
recovery, we compared the expression pro�les of 35S::eGFP and AhGLK1-OX during post-drought
recovery. In CK1 vs CK2, we identi�ed 931 and 5919 genes were up- and down-regulated, while 1018 and
5659 genes were up- and down-regulated in G1 vs G2 (Fig. 5A; Supplemental Dataset 7 and 8). These
DEGs were revealed by a Venn diagram. There were 636 DEGs common upregulated between CK1 vs CK2
and G1 vs G2, indicating that these genes are involved in response to post-drought recovery both in
35S::eGFP and AhGLK1-OX hairy roots. Whereas 294 and 382 unique upregulated genes were found in
CK1 vs CK2 and G1 vs G2, respectively. In contrast to it, we also analyzed down-regulated genes among
varieties hairy roots and found 3190 DEGs were common down-regulated. Furthermore, 2729 and 2469
unique genes were found in the two pairwise groups, respectively (Fig. 5B; Supplemental Dataset 9 and
10).

KEGG pathway analysis showed that glycolysis/gluconeogenesis, biosynthesis of amino acids and
carbon metabolism pathway were the most signi�cantly enriched among the 20 top enriched pathway,
accounting for 47.36% (Fig. 5C). The results implied that the three pathways are the most important to
response to post-drought recovery. The genes involved in these pathways may be up-regulated during
post-drought recovery process. Meanwhile, GO terms enrichment analysis was carried out. As shown in
Fig. 5D, 47.30% of DEGs were mapped to biological process, predominantly involved in metabolic
process, single-organism process, cellular process and response to stimulus. There was 28.47% of DEGs
in molecular function, mainly corresponded to the catalytic activity, binding and molecular function
regulator. While in cellular component category, 24.23% of DEGs were corresponded, including cell, cell
part, organelle and membrane. However, for down-regulated DEGs, 19 out of 20 top pathways were
signi�cantly enriched. Starch and sucrose metabolism, phenylpropanoid biosynthesis, amino sugar and
nucleotide sugar metabolism and plant hormone signal transduction were the most signi�cantly enriched
(Fig. 5E). The result indicates that these pathways are inhibited during post-drought recovery. Similar to
the up-regulated DEGs, 44.47% of DEGs were involved in biological process, predominantly including
metabolic process, cellular process and single-organism process. There was 23.41% of DEGs in
molecular function, mainly corresponded to the catalytic activity, binding and transporter activity. 29.12%
of DEGs were corresponded in cellular component category, including cell, cell part, membrane,
membrane part and organelle part (Fig. 5F).

ni�cantly different groups.

Transcriptomic analysis reveals AhGLK1-regulated gene network under drought stress and post-drought
recovery
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To understand AhGLK1-regulated gene network under drought stress and post-drought recovery, we �rst
analyzed the common DEGs in response to drought stress and post-drought recovery. As shown in Fig.
6A, 124 DEGs were found both in drought stress and post-drought recovery process (Supplemental
Dataset 11). The results suggest that 124 DEGs play a role in drought stress and post-drought recovery
both in 35S::eGFP and AhGLK1-OX hairy roots. Among 124 DEGs, there were 5 and 16 DEGs common
upregulated and downregulated in response to drought stress and post-drought recovery, indicating the
expression level of these genes may reduce or increase under drought stress or recovery. Whereas 78
DEGs up-regulated in drought but down-regulated in recovery and 25 DEGs down-regulated in drought but
up-regulated in recovery, suggesting the expression of these genes exhibit an opposite trend in response
to drought and recovery.

To further verify the biological effect of 124 DEGs, KEGG pathway analysis and GO terms enrichment
were conducted. KEGG pathway analysis showed that taurine and hypotaurine metabolism, tryptophan
metabolism, alpha-linolenic acid metabolism, cutin, suberine and wax biosynthesis and galactose
metabolism pathway were the most signi�cantly enriched among the 20 top enriched pathway (Fig. 6B).
It is worth noting that metabolism pathway is approximately 48%. The results imply that hairy roots will
change their metabolic levels to adapt to drought and recovery. Meanwhile, GO terms enrichment analysis
revealed that 46.77% of DEGs were mapped to biological process, predominantly involved in metabolic
process, single-organism process, cellular process and response to stimulus. There was 36.61% of DEGs
in molecular function, mainly corresponded to the catalytic activity and binding. While in cellular
component category, 20.62% of DEGs were corresponded, including cell, cell part and membrane (Fig.
6C).

In addition, to identify which genes possessed by AhGLK1-OX hairy root were involved in response to
drought stress and recovery, we also investigated DEGs between CK0 vs G0 and the common DEGs in
drought and recovery. Fortunately, 56 DEGs that were uniquely expressed in AhGLK1-OX hairy root but
common expressed in drought and recovery were found (Supplemental Dataset 12). Then, KEGG pathway
analysis and GO terms enrichment were performed. KEGG pathway analysis showed that photosynthesis-
antenna proteins, porphyrin and chlorophyll metabolism and monoterpenoid biosynthesis pathway were
notably enriched (Fig. 6D). The result suggests that photosynthesis and chlorophyll synthesis are
important to AhGLK1-OX hairy root in response to external environment, consistent with previous study
[7]. GO terms analysis showed that 46.82% of DEGs were involved in biological process, predominantly
including metabolic process, cellular process, single-organism process and response to stimulus. There
was 21.82% of DEGs in molecular function, which were mainly corresponded to binding and catalytic
activity. While in cellular component category, 31.36% of DEGs were corresponded, including cell, cell part,
and organelle (Fig. 6E).

A heatmap analysis revealed differential expression of these genes, which play a role in drought stress
and post-drought recovery. As shown in Fig. 7A, the 78 DEGs were signi�cantly higher in drought but
lower in recovery than that of control both in 35S::eGFP and AhGLK1-OX hairy roots. In contrast to it, 25
DEGs were signi�cantly lower in drought but higher in recovery than that of control (Fig. 7B). In addition, 5
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and 16 DEGs were signi�cantly up-regulated and down-regulated both in drought and recovery compared
to that of control, respectively (Fig. 7C and D). Whereas, 56 out of 124 DEGs that were uniquely expressed
in AhGLK1-OX hairy root were lower or higher expressed compared to 35S::eGFP hairy root (Fig. 7E).

Transcriptomic analysis of 35S::eGFP hair roots in response to drought and post-drought recovery

To validate the characteristic of 35S::eGFP hair roots in response to drought and recovery, we also
analyzed the transcriptome pro�les of 35S::eGFP hair roots under drought stress and recovery. By
comparing the transcriptome pro�les of CK0 vs CK1 and CK1 vs CK2, it was observed that total of 955
DEGs (598 up-regulated and 357 down-regulated) were uniquely and uniformly expressed in CK0 vs CK1
only, whereas a total of 6317 DEGs (806 up-regulated and 5511 down-regulated) were distinctively found
in CK1 vs CK2. Besides, 40 and 87 DEGs were common up-regulated and down-regulated between CK0 vs
CK1 and CK1 vs CK2, respectively. In addition, 321 DEGs were revealed opposite gene expression pattern
in CK0 vs CK1 and CK1 vs CK2, i.e., up-regulated in CK0 vs CK1 and but down-regulated in CK1 vs CK2.
Similarly, 84 DEGs also showed down- and up-regulated between CK0 vs CK1 and CK1 vs CK2,
respectively (Fig. 8A; Supplemental Dataset 13). The results suggest that 532 DEGs are involved in
response to drought stress and post-drought recovery in 35S::eGFP hair roots.

Then, 532 DEGs identi�ed under drought stress and post-drought recovery were allocated to different
functional groups to facilitate more analysis on gene expression. The annotations of these DEGs from
both CK0 vs CK1 and CK1 vs CK2 were checked carefully and integrated using KEGG pathway and GO
classi�cation. The common up-regulated DEGs were signi�cantly enriched to valine, leucine and
isoleucine biosynthesis, pantothenate and CoA biosynthesis, amino sugar and nucleotide sugar
metabolism, 2-oxocarboxylic acid metabolism, valine, leucine and isoleucine degradation, terpenoid
backbone biosynthesis and cysteine and methionine metabolism pathway (Fig. 8B). The top GO terms
mainly involved biosynthesis pathways, which was 54.94%, including metabolic process, single-organism
process, cellular process and response to stimulus. For molecular function, there was 32.72% of DEGs
mainly corresponded to catalytic activity and binding. While in cellular component category, 12.34% of
DEGs were corresponded, including cell and cell part (Fig. 8C). In contrast to up-regulated DEGs, common
down-regulated DEGs were signi�cantly enriched in pentose and glucuronate interconversions, starch and
sucrose metabolism, alpha-linolenic acid metabolism, phenylpropanoid biosynthesis and thiamine
metabolism pathway (Fig. 8D). GO terms analysis showed that 47.88% of DEGs were involved in
biological process, predominantly including metabolic process, cellular process, single-organism process
and cellular component organization or biogenesis. There was 29.18% of DEGs in molecular function,
which were mainly corresponded to catalytic activity and binding. While in cellular component category,
only 22.94% of DEGs were corresponded, including membrane, cell, cell part and membrane part (Fig. 8E).
Furthermore, we also analysis the DGEs that revealed opposite gene expression pattern during drought
and recovery process. The DEGs were signi�cantly enriched in 16 out of 20 top pathway. Metabolism
pathway was the most signi�cantly enriched, including taurine and hypotaurine metabolism, alpha-
linolenic acid metabolism, cysteine and methionine metabolism, galactose metabolism, fatty acid
metabolism, tryptophan metabolism and cyanoamino acid metabolism, accounting for 47.3%. Apart from



Page 10/32

that, monoterpenoid biosynthesis, glucosinolate biosynthesis, biosynthesis of unsaturated fatty acids,
stilbenoid, diarylheptanoid and gingerol biosynthesis and iso�avonoid biosynthesis were signi�cantly
enriched (Fig. 8F). GO terms analysis showed that 48.10% of DEGs were involved in biological process,
predominantly including metabolic process, single-organism process and cellular process. There was
30.74% of DEGs in molecular function, which were mainly corresponded to catalytic activity and binding.
While in cellular component category, 21.16% of DEGs were corresponded, including membrane, cell, cell
part, and organelle (Fig. 8G).

Transcriptomic analysis of AhGLK1-OX hair roots in response to drought and post-drought recovery

To explore the details of genes involved in response to drought stress and post-drought recovery in
AhGLK1-OX hairy roots, we also compared the transcriptome pro�les of G0 vs G1 and G1 vs G2. It was
observed that total of 698 DEGs (416 up-regulated and 282 down-regulated) were uniquely and uniformly
expressed in G0 vs G1 only, whereas a total of 6389 DEGs (956 up-regulated and 5433 down-regulated)
were distinctively found in G1 vs G2. Besides, 15 and 87 DEGs up-regulated and down-regulated were
common between G0 vs G1 and G1 vs G2, respectively. In addition, 186 DEGs revealed opposite gene
expression pattern in the two pairwise. Among these DEGs, 139 DEGs were up-regulated in drought but
down-regulated in recovery process, whereas 47 DEGs were down-regulated in drought but up-regulated in
recovery process, respectively (Fig. 9A; Supplemental Dataset 14), implying that their expression will be
changed to adapt to the drought or recovery.

To understand the function of 288 DEGs identi�ed under drought stress and post-drought recovery, KEGG
pathway and GO terms enrichment were analyzed. First, we found that the common up-regulated DEGs
were mapped to 9 pathways. Six pathway like valine, leucine and isoleucine biosynthesis, pantothenate
and CoA biosynthesis, 2-oxocarboxylic acid metabolism, valine, leucine and isoleucine degradation,
cysteine and methionine metabolism and biosynthesis of amino acids pathway were signi�cantly
enriched (Fig. 9B). GO terms analysis showed that 57.89% of DEGs were involved in biological process,
predominantly including metabolic process, single-organism process, cellular process and response to
stimulus. In molecular function, DEGs were mainly corresponded to catalytic activity and binding which
was 38.60%. While in cellular component category, only 3.51% of DEGs were corresponded, including
membrane and membrane part (Fig. 9C). In contrast to up-regulated DEGs, common down-regulated
DEGs were signi�cantly enriched in starch and sucrose metabolism, cutin, suberine and wax biosynthesis,
pentose and glucuronate interconversions, glutathione metabolism and monoterpenoid biosynthesis
pathway. There were 27.78% DEGs were annotated in starch and sucrose metabolism (Fig. 9D). GO terms
analysis showed that 51.32% of DEGs were involved in biological process, predominantly including
metabolic process, single-organism process and cellular process. There was 33.22% of DEGs in
molecular function, which were mainly corresponded to catalytic activity and binding. While in cellular
component category, only 15.46% of DEGs were corresponded, including membrane, cell and cell part
(Fig. 9E). In addition, we also analyzed the DGEs that revealed opposite gene expression pattern during
drought and recovery process. The DEGs were signi�cantly enriched in 6 pathways, including taurine and
hypotaurine metabolism, alpha-linolenic acid metabolism, tryptophan metabolism, galactose
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metabolism, cutin, suberine and wax biosynthesis and phenylalanine metabolism. The result indicates
that genes involved in metabolism are notably affected by drought and recovery. (Fig. 9F). GO terms
analysis showed that 46.75% of DEGs were involved in biological process, predominantly including
metabolic process, single-organism process, cellular process and response to stimulus. There was
29.41% of DEGs in molecular function, which were mainly corresponded to catalytic activity, binding and
transporter activity. While in cellular component category, 23.84% of DEGs were corresponded, including
cell, cell part, membrane and membrane part (Fig. 9G).

Modulation of transcription factors of 35S::eGFP and AhGLK1-OX hairy roots under drought stress and
post-drought recovery

Transcription factors (TFs) play crucial roles in modulating physiological programs in plants to ideal or
stressed conditions including drought stress and post-drought recovery by regulating gene expression. To
explore the complexity of regulatory mechanisms both in drought and recovery, the differentially
expressed TFs were examined among all varieties hairy roots. A large number of genes belongs to MYB,
bHLH, NAC, WRKY, FAR1 and bZIP family showed differential expression under drought stress and
recovery compared to control. For 35S::eGFP hairy roots, there were 53 and 163 TFs responding to
drought stress and post-drought recovery, respectively. Among these TFs, MYB TFs were the most
abundant. The second TFs were bHLH TFs. It was found that 37 and 169 TFs involved in G0 vs G1 and
G1 vs G2, respectively. Similar to 35S::eGFP hairy roots, MYB TFs were the most abundant, accounting for
81 in AhGLK1-OX hairy roots (Fig. 10A). The results imply that MYB TFs may play an important role in
response to drought stress and recovery both in 35S::eGFP and AhGLK1-OX hairy roots.

Subsequently, we found that there were 14 TFs common differentially expressed in 35S::eGFP hairy roots
in response to drought and recovery, predominantly including MYB and bHLH (Fig. 10B). However, for
AhGLK1-OXhairy roots, there were 12 TFs involved in drought and recovery process, predominantly
including MYB and NAC TFs (Fig. 10C). Interestingly, �ve TFs were differentially expressed both in
35S::eGFP and AhGLK1-OXhairy roots when they responded to drought and post-drought recovery. In
addition, there were 16 TFs involved both in two hairy roots in response to drought stress (Fig. 10D).
Among them, MYB TFs were the most abundant. For post-drought recovery, there were 116 TFs common
differentially expressed in the two hairy roots (Fig. 10E). MYB and FAR1 TFs were the predominantly
expressed, suggesting that the two kinds of TFs play a key role in recovery process.

Validation of gene expression by quantitative real-time PCR (qRT-PCR)

To validate the results of RNA-seq and detected how the DEGs changed in response to drought and
recovery, we selected 9 genes from some prominent enriched pathways to perform a qRT-PCR analysis.
The nine genes were as follows: Araip.MJ3JY, encoding a MYB transcription factor; Aradu.9HD3S and
Aradu.AI2M5, encoding fatty acyl-CoA reductase 3-like; Aradu.DB13D and Araip.GC0LN encoding
cytochrome P450 superfamily protein; Araip.TSU7Y, encoding disease-resistance response protein;
Araip.P0HV6, encoding O-methyltransferase family protein; Araip.PP5S8, encoding putative indole-3-
acetic acid-amido synthetase; Aradu.0QC7R, encoding expansin-like B1. During drought process, three
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genes including Araip.GC0LN, Aradu.0QC7R and Aradu.AI2M and two gene including Araip.TSU7Y and
Araip.PP5S8 expression level were reduced and increased both in 35S::eGFP and AhGLK1-OX hairy root,
while Araip.MJ3JY and Aradu.9HD3S expression level were signi�cantly reduced in 35S::eGFP but
increased in AhGLK1-OX. In contrast, Aradu.DB13D and Araip.P0HV6 expression level were signi�cantly
increased in 35S::eGFP but reduced in AhGLK1-OX. However, in post-drought recovery process,
Aradu.9HD3S, Aradu.0QC7R, Araip.TSU7Y and Araip.PP5S8 expression level were notably increased both
in 35S::eGFP and AhGLK1-OX hairy root, while Araip.GC0LN, Aradu.DB13D and Araip.P0HV6 expression
level were reduced both in the two hairy roots. Interestingly, Aradu.AI2M and Araip.MJ3JY expression
level were increased in 35S::eGFP but reduced in AhGLK1-OX hairy root. The results showed that these
genes varied dynamically in response to drought and recovery (Fig. 11A-I). Subsequently, the expressions
of the above nine genes were detected in peanut leaves. As shown in Fig. 11J, all of the genes expression
levels were signi�cantly decreased in drought stress, indicating that they are inhibited by drought stress in
peanut leaves. Whereas, the expression levels of Aradu.0QC7R, Aradu.9HD3S, Araip.TSU7Y and
Araip.PP5S8 were signi�cantly up-regulated in recovery. Except for these genes, other genes expression
remained low as that of in drought. Some of them, such as Araip.MJ3JY expression level was lower than
that of in drought. The results reveals that these genes have varies changes in response to drought and
recovery between hairy roots and peanut leaves. The results from this experiment showed similar trend
with our RNA-seq results giving further credence of our sequencing results.

Discussion
For plants, the root is the �rst organ to sense drought stress in the soil. HRs have 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 whether any differences are related to the anatomy between
hairy root and primary root. To address these questions, the morphology and transcriptomes of peanut
HR and PR were compared 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 epidermal cells and the
cortex cells of HR were more closely and irregularly arranged [9]. As for peanut, HR also develops a root
cap, meristem and elongation zone like PR. However, in comparison with PR, the cells in the HR root cap,
apical 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
a�nity. After methylene blue staining, peanut PR appeared purple-red, while HRs became a deep purple-
blue color. These results suggest there are crucial differences in the constitution of the cytoplasm or the
pH between HR and PR in peanut. In addition, HRs originating from leaf explants develop a similar root
structure to PR. These �ndings indicate that HR cultures are suitable for investigating gene functions
involved in root development and stress responses. Although super�cially HR resembles the PR of
seedlings, there are some interesting differences.

Nevertheless, a signi�cant difference between the two root tissues emerged when we screened for the
differentially expressed genes. It was found that 7615 DEGs were up-regulated in HR compared to PR,
and 183 out of them were related to photosynthesis and chlorophyll synthesis. We also found that HRs
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gradually turn green over time. In contrast, PR does not become green when cultivated on MS medium in
the light. Thus, it seems that HRs have the potential to synthesize chlorophyll, and possess the same
function as leaves, suggesting that HR is appropriate to study the genes that mainly expressed in leaf.
Many studies showed that �avonoids and iso�avonoid have strong antioxidant activity. Flavonoids
and/or iso�avonoid overaccumulation with strong in vitro antioxidative activity mitigated the
accumulation of reactive oxygen species in vivo under oxidative and drought stress. These data con�rm
the usefulness of �avonoids for enhancing both biotic and abiotic stress tolerance in crops [31, 32].
Interestingly, iso�avonoid biosynthesis pathway was one of the most signi�cantly enriched pathway. The
result reveals that HR may has better drought tolerance than PR due to the critical role of iso�avonoid in
coping with drought. Among down-regulated DEGs, it was found that plant hormone signal transduction
pathway was signi�cantly enriched, perhaps indicating that HR is less sensitive to external environment
than PR or HR has better tolerance to the external environment. The study is the �rst time to reveal the
differences between HR and PR by the morphological and transcriptome analysis.

Climate change is predicted to induce an increase in the severity and duration of drought events in many
regions. Drought adversely in�uences plant growth and continues to threaten the world’s food security
[33]. Plants acclimate to drought by regulating physiological and biochemical characteristics. Post-
recovery growth is an important process for enhancing the crop quality and yield. Substantial peanut crop
losses occur worldwide each year due to a variety of abiotic stresses [34]. Peanut is predominantly grown
in arid and semi-arid regions and its quality and yield are frequently impacted by drought stress and post-
drought recovery is a critical factor for enhancing yield compensation. However, no data is available on
the diversity of genetic regulation of drought stress and post-drought recovery in peanut. In-depth
research on this mechanism will contribute to the development of molecular breeding strategies and will
also be of great signi�cance to improve peanut drought tolerance and increasing its yields.

In the study, we revealed the difference gene networks that involved in response to drought and post-
drought recovery by using hairy roots. Our results illustrated that during drought process, �avonoid
biosynthesis and circadian rhythm–plant pathway were the most signi�cantly enriched. Flavonoid is
bene�cial to improve the antioxidant capacity of plants and remove various damages caused by drought.
Therefore, this study believes that hairy root protects itself from drought damage by synthesizing
�avonoid. The plant circadian clock is a conservative regulatory mechanism that stimulates rhythmic
expressions of plant physiological characteristics as well as maintaining its stability [35]. The circadian
clock helps to improve environmental adaptation and to ensure optimal plant growth and performance.
Many key genes of the circadian clock involved in the regulation of stress responses [36]. Recent study
found that the regulatory relationship between the expression of cell dehydration-responsive genes and
the circadian clock genes optimize the water stress response at different times of the day, demonstrating
that the mechanism plays an important role in increasing the survival rate and production e�ciency of
rice in the arid environment [37]. Hence, we can speculate that hairy root also improves its survival by
altering circadian rhythm during drought stress. Nevertheless, the down-regulated DEGs were signi�cantly
enriched in taurine, hypotaurine and vitamin B6 metabolism pathway. In animal, taurine interacts with
harmful factors to resist ions and water transferring between cellular exterior and interior regions,
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maintaining osmotic balance to protect cell membrane. Previous studies showed it was a protective
agent against oxidative stress-induced pathologies including gastrointestinal damage. VB6 is considered
to be a small molecular organic compound, which is necessary for maintaining normal metabolism in
vivo, and plays an important role in many metabolic levels [38]. The results suggested that during drought
stress hairy root will inhibit taurine, hypotaurine and vitamin B6 metabolism to maintain their content to
prevent damage of drought. However, in post-drought recovery process, there were 3190 DGEs common
down-regulated while only 636 DEGs common up-regulated, implying that a large number of DEGs were
decreased in recovery. KEGG pathway analysis showed that metabolism pathway was the most
signi�cantly enriched among the up-regulated DEGs, which was accounted for 47.36%. The result
demonstrated that hairy root adapts to recovery growth by changing its metabolism level, which is
consistent with other research [39]. In contrast, down-regulated DEGs were signi�cantly enriched in starch
and sucrose metabolism, phenylpropanoid biosynthesis, amino sugar and nucleotide sugar metabolism
and plant hormone signal transduction.

Furthermore, we analyzed the DEGs that were both in response to drought and post-drought recovery.
Interestingly, 124 DEGs were found, which included 5 and 16 DEGs common up-regulated and down-
regulated. Out of them, 78 DEGs were up-regulated in drought but down-regulated in recovery and 25
DEGs were down-regulated in drought but up-regulated in recovery, suggesting that some genes were up-
regulated or down-regulated both in drought and recovery, while some of them exhibited an opposite
trend. These genes may play a different role in response to drought and recovery process. It was revealed
that taurine and hypotaurine metabolism, tryptophan metabolism, alpha-linolenic acid metabolism, cutin,
suberine and wax biosynthesis and galactose metabolism pathway were the most signi�cantly enriched
among the 20 top enriched pathway. It is worth noting that metabolism pathway is approximately 48%,
illustrating that metabolism is the most important factor for hairy root to adapt to water de�cit.
Noticeably, cutin, suberine and wax biosynthesis pathway was signi�cantly enriched. The development of
cuticle was a critical step during the terrestrial plants evolution, which provides a natural barrier to prevent
an excess of water loss while allowing transpiration and gas exchange to be controlled by the dynamic
movement of stomata. Cuticular wax accumulation plays a crucial role in plants resistance to the drought
stress [40]. Expression of genes related to wax synthesis can also be induced by drought stress and
abscisic acid, thus increasing the accumulation of epidermal wax and drought resistance [41]. In contrast,
a decreased accumulation of cuticular wax resulted in increased drought sensitivity [42]. These studies
con�rmed that cutin and wax biosynthesis pathway is involved in response to drought stress and post-
drought recovery. Our results also prove that cutin and wax biosynthesis may play an important role in
drought and recovery process.

To characterize AhGLK1 effect on drought and recovery, we compared the transcriptome of 35S::eGFP
and AhGLK1-OX hairy root in response to drought and recovery. In response to drought, among up-
regulated DEGs, six pathways were common signi�cantly enriched both in the two hairy roots, including
valine, leucine and isoleucine biosynthesis, pantothenate and CoA biosynthesis, 2-oxocarboxylic acid
metabolism, valine, leucine and isoleucine degradation, terpenoid backbone biosynthesis and cysteine
and methionine metabolism pathway, while two pathways including pentose and glucuronate
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interconversions, starch and sucrose metabolism were enriched among down-regulated DEGs. The DEGs
that revealed opposite gene expression pattern during drought and recovery process were common
signi�cantly enriched in four pathways, including taurine and hypotaurine metabolism, alpha-linolenic
acid metabolism, galactose metabolism and tryptophan metabolism. The results suggest that these
pathways are altered in drought and recovery both in the two hairy roots. However, cysteine and
methionine metabolism, biosynthesis of amino acids, cutin, suberine and wax biosynthesis, glutathione
metabolism, monoterpenoid biosynthesis and phenylalanine metabolism pathways were uniquely
enriched in AhGLK1-OX hairy root, indicating that these pathways are involved in response to drought and
recovery only in AhGLK1-OX hairy root, but have no differences in 35S::eGFP hairy root. This is fully
demonstrated that AhGLK1-OX hairy root differed from 35S::eGFP hairy root in response to drought and
recovery. Consistently, the relative water content and chlorophyll content were higher than that of
35S::eGFP hairy root. The phenomenon may due to the critical role of cutin, suberine and wax
biosynthesis pathway in improving drought resistance of AhGLK1-OX hairy root.

Transcription factors (TFs) are essential in many signal transduction pathways in plants. Many
transcription factor families, such as MYB, bZIP, bHLH, WRKY, NAC, ERF and DREB, are con�rmed to
involve in response to drought stress as key regulators in signal transduction pathway [43]. In agreement
with these studies, our study identi�ed MYB, bHLH, NAC, WRKY, and bZIP family that showed differential
expression in response to drought and post-drought recovery. Among them, MYB TFs were the most
abundant, implying that MYB TFs may play a critical role in response to drought stress and recovery both
in 35S::eGFP and AhGLK1-OX hairy roots. MYB transcription factor was reported to be widely involved in
plant response to abiotic stresses, such as drought, cold and salinity [44, 45]. In general, overexpression
of the MYB gene in plant can enhance the tolerance of transgenic plants to drought stress or/and other
abiotic stresses [46, 47]. Our study reveals that MYB TFs play a key role in response to drought and
recovery growth both in the two hairy roots.

Conclusions
Our study explores the differences between HR and PR in terms of root structure and transcriptome. The
results reveal that hairy root possesses at least some of the characteristics of leaf, indicating that hairy
root is suitable for studying the function of genes mainly expressed in leaf. This will provide a reliable
experimental evidence for analyzing the difference between hairy roots and primary roots. Transcriptome
analysis of hairy root in response to drought and post-drought recovery provides insight into the
regulatory network of peanut in response to drought and recovery. In addition, it reveals the gene network
speci�cally regulated by AhGLK1 in response to drought and recovery, elucidating the molecular
mechanism of AhGLK1 for improving peanut drought resistance and post-drought recovery ability.
However, the candidate genes that play an important role in response to drought and recovery are needed
to further study. In conclusion, the study provides a theoretical basis and a new perspective for in-depth
exploration of drought resistance genes, as well as for molecular breeding of peanuts in future.
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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.
Xuanqiang Liang from the Crop Research Institute, Guangdong Academy of Agricultural Sciences,
Guangzhou. The study was carried out in compliance with institutional guidelines. Peanut plants were
grown under normal conditions as described previously [48]. 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 [49].
Leaf explants were cut with a blade to generate wounds and then immersed in A. rhizogenes (K599)
suspension (OD≈0.5) for 10 min. The infected leaf explants were dried on sterile �lter 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 containing 250 mg.L-1 cefotaxime. HRs were induced
at the wound sites over a period of about four weeks. 

Root sections and staining

HRs or PRs were �xed in F.A.A �xative (5 mL 38% formalin, 5 mL acetic acid, 90 mL 70% alcohol)
overnight, then dehydrated and embedded in para�n blocks. Roots were cut with a microtome (slices 5
μm thick), after which the sections were a�xed onto glass slides. Slides were depara�nized and
rehydrated using graded ethanol, and �nally washed with distilled water. Methylene blue staining was
performed. Roots were observed with an upright metallurgical microscope (DM6, Leica, Germany). 

Phenotypic observation, detection of relative water content and chlorophyll content of hairy root 

Hairy roots grown for about 30 days were harvested to observe the phenotype and the chloroplast were
observed by confocal microscope. In addition, 35S::eGFP and AhGLK1-OX hairy root were dehydrated for
two hours in incubator as drought sample. For post-drought recovery samples, hairy roots that were
dehydrated for 2 hours were then re-watered for 2 hours. Fresh hairy roots (100 mg) were harvested from
control, drought and recovery. The relative water content and chlorophyll (a and b) concentration of the
samples were determined as described previously [30]. 

Transcriptome analysis and validation

For transcriptome preparation, prime roots from 14 day-old peanut, 35S::eGFP and AhGLK1-OX 30 day-old
hairy roots were harvested to extract total RNA. Hairy roots were divided into three groups including
control that were not dehydrated, drought group that were dehydrated for two hours in incubator and
recovery group that were dehydrated for 2 hours then re-watered for 2 hours. Total RNAs were extracted
from these hairy roots by using the TRIzol extraction method. The samples were marked as CK0 (control
from 35S::eGFP HR), CK1 (drought from 35S::eGFP HR), CK2 (recovery from 35S::eGFP HR), G0 (control
from AhGLK1-OX HR), G1 (drought from AhGLK1-OX HR) and G2 (recovery from AhGLK1-OX HR). Then
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RNA concentration was measured initially on a NanoDrop 2000 and more precise measurements were
made on an Agilent 2100 Bioanalyzer. Next, mRNA was enriched using an oligo(dT) resin. The cDNA
libraries were sequenced on the Illumina sequencing platform by Genedenovo Biotechnology Co., Ltd
(Guangzhou, China). Second-strand cDNA was synthesized by DNA polymerase I, RNase H, dNTP and
buffer, and puri�ed with a QIAquik PCR Puri�cation Kit (Qiagen), then end-repaired followed by addition of
poly(A). Puri�ed cDNA was ligated to Illumina sequencing adapters. Sequencing was carried 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/bioproject/PRJNA503795 and https://www.ncbi.nlm.nih.gov/
bioproject/PRJNA580047) 

For bioinformatics analysis, raw reads were �rst �ltered 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
identi�ed 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 analysis
(www.geneontology.org/) and were mapped to Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways (www.genome.jp/kegg/). The heatmap was generated using the PageMan tool with average
statistics type and Benjamini Hochberg multiple testing correction for all the signi�cant differentially
regulated genes among diverse hairy roots with fold change (±1.5) and p-value ≤0.05 [50].

Quantitative RT-PCR (qPCR) was conducted to validate 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 previously described [30]. The cDNA and
primers were diluted for PCR, and AhActin was used as the reference gene.
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Figures

Figure 1

The structural characteristics of HR and PR.

 (A-C) show the PR of peanut from germination to two-leaf stage. (D-E) show HR at the early (< 20 days)
and late (> 30 days) stages. (F-G) indicate the structure of the tip of PR (F) and HR (G) through an upright
�uorescence 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, respectively. Both t-
tests and F-tests were conducted using PRISM5 to compare variances between PR and HR. The P-value
(F-test) is shown in the diagram, where P < 0.05 is taken to indicate a signi�cant difference.
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Figure 2

DEGs analysis of HR compared to PR

(A) Graph showing the number of DEGs expressed in HR compared to PR. (B) Graph showing the number
of chlorophyll-related DEGs expressed in HR compared to PR. (C) Top twenty enriched KEGG pathways
based on the up-regulated DEGs. (D) Top twenty enriched KEGG pathways based on the down-regulated
DEGs (E) Diagram showing GO enrichment analysis for biological processes based on the up-regulated
DEGs. (F) Diagram showing GO enrichment analysis for cellular components based on the up-regulated
DEGs. (G) Diagram showing GO enrichment analysis for molecular function based on the up-regulated
DEGs. (H) Diagram showing GO enrichment analysis for biological processes based on the down-
regulated DEGs. (I) Diagram showing GO enrichment analysis for cellular components based on the
down-regulated DEGs. (J) Diagram showing GO enrichment analysis for molecular function based on the
down-regulated DEGs. 
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Figure 3

Phenotypic characteristics of 35S::eGFP and AhGLK1-OX hairy roots (A) Observation of 35S::eGFP and
AhGLK1-OX hairy roots by naked eye and confocal. (B) Diagram showing the relative water contents in
different hairy roots. (C) Diagram showing the chlorophyll contents in different hairy roots. The average
of three biological replicates is shown. Error bars represent SE. Different letters (a, b, c) represent
signi�cantly different groups.
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Figure 4

DEGs analysis of 35S::eGFP and AhGLK1-OX hairy roots under drought stress.

(A) Graph showing the number of DEGs expressed in two pairwise groups. (B) Comparative Venn analysis
of common and unique genes expressed among CK0 vs CK1 and G0 vs G1. (C) Top twenty enriched
KEGG pathways based on the up-regulated DEGs under drought stress. (D) Diagram showing GO
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enrichment analysis for biological processes, cellular components and molecular function based on the
up-regulated DEGs. (E) Top twenty enriched KEGG pathways based on the down-regulated DEGs under
drought stress. (F) Diagram showing GO enrichment analysis for biological processes, cellular
components and molecular function based on the down-regulated DEGs. 

Figure 5
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DEGs analysis of 35S::eGFP and AhGLK1-OX hairy roots in response to post-drought recovery.

(A) Graph showing the number of DEGs expressed in two pairwise groups. (B) Comparative Venn analysis
of common and unique genes expressed among CK1 vs CK2 and G1 vs G2. (C) Top twenty enriched
KEGG pathways based on the up-regulated DEGs. (D) Diagram showing GO enrichment analysis for
biological processes, cellular components and molecular function based on the up-regulated DEGs. (E)
Top twenty enriched KEGG pathways based on the down-regulated DEGs. (F) Diagram showing GO
enrichment analysis for biological processes, cellular components and molecular function based on the
down-regulated DEGs. 

Figure 6

Common DEGs analysis of 35S::eGFP and AhGLK1-OX hairy roots in response to drought stress and post-
drought recovery.

(A) Comparative Venn analysis of common and unique genes expressed in drought and post-drought
recovery. (B) Top twenty enriched KEGG pathways based on the common DEGs expressed in drought and
post-drought recovery. (C) Diagram showing GO enrichment analysis for biological processes, cellular
components and molecular function based on the common DEGs expressed in drought and post-drought
recovery. (D) Top twenty enriched KEGG pathways based on the DEGs uniquely expressed in AhGLK1-OX
hairy root but common expressed in drought and recovery. (E) Diagram showing GO enrichment analysis
for biological processes, cellular components and molecular function based on the DEGs uniquely
expressed in AhGLK1-OX hairy root but common expressed in drought and recovery.
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Figure 7

Expression pro�les of DEGs in different hairy roots by heatmap analysis.

(A) 78 DEGs were signi�cantly higher in drought but lower in recovery than that of control. (B) 25 DEGs
were signi�cantly lower in drought but higher in recovery than that of control. (C) 16 DEGs were
signi�cantly common down-regulated both in drought and recovery. (D) 5 DEGs were signi�cantly
common up-regulated both in drought and recovery. (E) 56 DEGs that were uniquely expressed in
AhGLK1-OX hairy root. The heatmap was generated by Heml software, and the fragments per kilobase of
transcript per million fragments (FPMK) values of DEGs were log2-transformed. The red and blue colors
represent the maximum and minimum values, respectively.

Figure 8

DEGs analysis of 35S::eGFP hairy root in response to drought and post-drought recovery.

(A) Comparative Venn analysis of common and unique genes expressed among CK0 vs CK1 and CK1 vs
CK2. (B) Top twenty enriched KEGG pathways based on the up-regulated DEGs. (C) Diagram showing GO
enrichment analysis for biological processes, cellular components and molecular function based on the
up-regulated DEGs. (D) Top twenty enriched KEGG pathways based on the down-regulated DEGs. (E)
Diagram showing GO enrichment analysis for biological processes, cellular components and molecular
function based on the down-regulated DEGs. (F) Top twenty enriched KEGG pathways based on the DEGs
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expressed opposite pattern during drought and recovery process. (G) Diagram showing GO enrichment
analysis for biological processes, cellular components and molecular function based on the DEGs
expressed opposite pattern during drought and recovery process.

Figure 9

DEGs analysis of AhGLK1-OX hairy root in response to drought and post-drought recovery.
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(A) Comparative Venn analysis of common and unique genes expressed among G0 vs G1 and G1 vs G2.
(B) Top twenty enriched KEGG pathways based on the up-regulated DEGs. (C) Diagram showing GO
enrichment analysis for biological processes, cellular components and molecular function based on the
up-regulated DEGs. (D) Top twenty enriched KEGG pathways based on the down-regulated DEGs. (E)
Diagram showing GO enrichment analysis for biological processes, cellular components and molecular
function based on the down-regulated DEGs. (F) Top twenty enriched KEGG pathways based on the DEGs
expressed opposite pattern during drought and recovery process (G) Diagram showing GO enrichment
analysis for biological processes, cellular components and molecular function based on the DEGs
expressed opposite pattern during drought and recovery process.
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Figure 10

Dynamics in the modulation of transcription factors in drought stress and post-drought recovery indicate
differential regulation patterns among 35S::eGFP and AhGLK1-OXhairy roots.

(A) Graphical representation of differentially expressed signi�cant TF’s gene families in the four pairwise
group. (B) Graphical representation of common differentially expressed signi�cant TF’s gene families of



Page 32/32

35S::eGFP hairy roots in response to drought and recovery. (C) Graphical representation of common
differentially expressed signi�cant TF’s gene families of AhGLK1-OX hairy roots in response to drought
and recovery. (D) Graphical representation of common differentially expressed signi�cant TF’s gene
families under drought stress both of 35S::eGFP and AhGLK1-OX hairy roots. (E) Graphical representation
of common differentially expressed signi�cant TF’s gene families in post-drought recovery both of
35S::eGFP and AhGLK1-OX hairy roots.

Figure 11

Relative expression of DEGs analyzed by qRT-PCR in different hairy roots and peanut leaf.

 (A~I) Gene expression level of 35S::eGFP and AhGLK1-OX hairy roots under drought stress and post-
drought recovery. (J) Gene expression level in peanut leaf under drought stress and post-drought recovery.
The average of three biological replicates is shown. Error bars represent SE. Different letters (a, b, c and d)
represent signi�cantly different groups.
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