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Introduction

Drought caused by global climate change and population 
growth has been one of the main factors restricting plant 
growth and development. Drought is mainly the lack of 
water in the soil provided to plants and it can have adverse 
effects on the metabolism of plants. However, plants can 
adapt to the drought stress mainly through three adaptive 
strategies: morphology (reduction of leaf area, leaf shape, 
wax content, efficient rooting system, stability of yield and 
branch number), physiology (regulation of transpiration, 

water use efficiency, stomatal activity, and osmotic 
adjustment), and biochemical reactions (accumulation of 
proline, polyamines, trehalose, increase of nitrate reductase 
activity, and storage of saccharides) (Haworth et al. 2013, 
Ammar et al. 2014, Conesa et al. 2016). In response to 
water stress, abscisic acid (ABA) accumulation is one of 
the key adaptive mechanisms (Pennisi 2017, Phillips and 
Sussman 2019).

The rapid development of molecular biology in 
recent years has promoted research on the regulation 
mechanisms of plant responses to the environment at 
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Abstract 

According to the survey, wild purslane (Portulaca oleracea L.) has two different ecotypes, one with the red stem living 
in an arid environment and one with the green stem living in a humid environment. In order to explore the physiological 
response strategies of plants to environmental changes, these two ecotypes of purslane were selected as experimental 
materials. Physiological indices were determined and transcriptome analysis was carried out to screen the differentially 
expressed genes (DEGs) from two ecotypes of purslane. The results showed that the content of soluble sugars, proline, 
anthocyanins, and chlorophylls was significantly different, and most DEGs belonged to the WRKY and NAC families. 
Finally, the results of transcriptome analysis were verified by real-time qPCR. Therefore, it can be inferred that the 
transcription factor (TF) families may play an important role in physiological response strategies by regulating the 
changes of anthocyanins and osmotic regulators (soluble sugars, proline, etc.) through the abscisic acid signalling 
pathway. This will accelerate the study of purslane at the molecular level, provide corresponding theoretical support for 
its artificial domestication, and drought breeding.

Keywords: anthocyanin, chlorophyll, differential gene expression, Portulaca oleracea, proline, purslane ecotypes, stress tolerance, 
sugars.
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the molecular level. Transcription factors (TFs) play key 
roles in the regulation of plants resistance to adverse 
conditions. Therefore, it is necessary to understand the 
specific mechanisms of different TF families in response 
to drought stress to improve the drought resistance of 
crop cultivars. More than 30 TFs families, such as the 
DREB, MYB, NAC, bZIP, and WRKY families, have 
been identified as being associated with drought stress. 
For example, several basic WRKY family genes play an 
important role in adaptation to water stress. AtWRKY57 
is crucial in drought stress signalling (Jiang et al. 2016), 
overexpression of BdWRKY36 in different transgenic plants 
improve tolerance to drought (Sun et al. 2015), and co-
expression of AtCKX1 and AtWRKY6 result in resistance 
to drought and heat stresses in tobacco plants (Macková 
et al. 2013). In general, the differential expression of TF in 
plants under drought stress will reveal the mechanism of 
drought stress at the molecular level, which is also critical 
to the cultivation and breeding of Portulaca oleracea.

Purslane (Portulaca oleracea L.) is eaten raw or 
cooked and used for feeding pigs and cows. It is rich in 
ω3 polyunsaturated fatty acids and antioxidants, which 
have high medicinal value (Simopoulos 2008, Uddin et al. 
2012). In addition, Portulaca oleracea is able to produce 
enough biomass under moderate salt stress because of 
its higher salt tolerance than any other vegetable crops 
(Yazici et al. 2007, Kafi and Rahimi 2011, Alam et al. 
2014a,b). These characteristics give purslane a competitive 
advantage over many other cultivated crops and it might be 
a promising crop for novel biologically active substances 
and essential compounds for human nutrition (Alam et al. 
2016).

There are many studies on the viability of purslane 
under adverse circumstances, as well as its nutritional 
and medicinal value. However, there are few reports on 
the effect of stress on gene transcription. Wild purslane 
has two different ecotypes (the red-stem ecotype in 
arid environment and the green-stem ecotype in humid 
environment). The physiological characteristics of two 
different ecotypes of purslane had been compared, and the 
transcriptome of them had been analyzed in this paper. The 
present study aims to accelerate the research of Portulaca 
oleracea at a molecular level and so provide the theoretical 
support for the domestication of purslane and breeding it 
for enhanced drought tolerance

Materials and methods

Plant materials and study sites: The research areas 
were located at the Hubei Normal University, Huangshi 
City, Hubei Province. The mean annual precipitation 
was 1  386 mm, and the mean annual temperature was 
17 ℃. Two ecotypes of purslane were selected as the 
plant materials, which were gathered in the Qionglin 
Garden (located at the Hubei Normal University). 
One was the green-stem purslane, which is growing 
under the moist and shady habitat. The other one was 
collected from the sunny and dry areas, which was the 
red-stem purslane (Table 2 Suppl.). Areas within each 

site with even distribution of purslane were selected; 
6 - 10 quadrats (1 m2) about 5 - 10 m apart were established 
as sampling plots. 

Physiological characteristics determination: The content 
of proline, soluble sugars, chlorophylls, and anthocyanins 
of the two ecotypes of purslane were measured and the 
ecotypes were compared. The main methods are described 
below.

Three healthy plants of two ecotypes were taken as 
one replicate. The leaves were selected, washed with 
deionized water three times, dried with filter paper, then 
dried at 80  ℃ to a constant mass, and finally ground. 
Sample powder (50 mg) was repeatedly extracted with 
ethanol three times and the supernatant was mixed. Then, 
activated carbon was added for decolorization and drying, 
followed by distilled water for constant volume. Finally, 
the soluble sugar was determined by anthrone colorimetry 
(Ebell 1969). 

After weighing 500 mg sample powder and adding 
10 cm3 3 % sulfonated salicylic acid solution, centrifugation 
was performed at 12 000 g for 10 min, followed by filtration 
with filter paper. Finally, 2 cm3 supernatant was taken for 
determination of proline using the method of ninhydrin 
hydrate (Bates et al. 1973).

For chlorophyll determination, 0.5 g fresh samples 
were put into a mortar, ground with acetone, and the 
extract was used to determine the Chl content (Vernon 
1960). The content of Chl a and b was measured using 
a spectrophotometer at A645 and A663 and calculated using 
the equations of Wintermans and De Mots (1965). Fresh 
samples (1 g) were cut into small fragments in a beaker 
and then macerated with 10 cm3 0.1 M HCl and incubated 
at 32 ℃. Finally, the filtrate was taken for colorimetric 
determination of anthocyanin content (Wang et al. 
2008a,b). 

Total RNA extraction, library construction, and 
sequence analysis: Purslane was sequenced by Maine 
Health Technology Co. (Beijing, China). Total RNA was 
extracted from the roots, stems and leaves of two ecotypes 
of purslane (3 replicates in each group), and specific 
libraries were constructed after mRNA enrichment. The 
library was initially qualified with Qubit 3.0. After, the 
library was diluted to 1 mg dm-3, the insert size of the 
library was detected by Agilent 2100. When the insert 
size met the expectation, the effective concentration of the 
library was accurately quantified by qPCR (the effective 
concentration of the library was more than 2 nM) to ensure 
the quality of the library. Then, the different libraries 
(downloaded on August 14, 2017) were HiSeq sequenced 
according to the effective concentration and the demand 
of target data. Assembled by Trinity (https://github.com/
trinityrnaseq/trinityrnaseq/wiki) software, clean reads 
were compared with the unigene sequence acquired 
by the assembly. Then the expressions of differentially 
expressed genes (DEGs) in different sample groups were 
analyzed according to their expressions (screened by 
DESeq, FDR < 0.01 and fold change > 2 as screening 
criteria), functional annotation and functional enrichment 

https://github.com/trinityrnaseq/trinityrnaseq/wiki
https://github.com/trinityrnaseq/trinityrnaseq/wiki
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of differentially expressed genes (screened by log2FC > 
1.7 or log2FC < -3.5 as screening criteria) were analyzed. 
After the integration of down-regulated and up-regulated 
genes, gene ontology (GO) classification (http://www.
geneontology.org/) and functional annotation analysis of 
the KEGG pathway (http://www.genome.jp/kegg/) were 
performed based on the GO database.

RNA extraction and real-time qPCR analysis: Total 
RNA of purslane was extracted from leaves according 
to the instructions of the RNAprep Pure Plant kit 
(TIANGEN®, Beijing, China). The RNA concentration of 
each sample was measured by NanoDrop (Thermo Fisher 
Scientific, Massachusetts, USA). 1 μg of total RNA was 
used for reverse transcription with HiScript ® Q Select 
RT SuperMix for qPCR. Real time PCR was performed 
using the above products and universal SYBR ® qPCR 
Master Mix. The transcriptions of NAC, MYB, WRKY, and 
bZIP were detected by StepOnePlus (Applied Biosystems 
Inc., Shanghai, China) real-time PCR system. Triplicate 
replicates were performed in this study. The primer 
sequences of detected genes and internal reference gene 
primers (DN64753_c3_g4) are shown in Table 1 Suppl.

Statistical analysis: All data were submitted to the 
Bartlett test for homogeneity of variance, and then SPSS 
20.0 (SPSS for Windows, Chicago, IL, USA) was used for 
ANOVA analysis. An independent sample test was used 
to test the difference between the parameters of the two 
ecological types with a probability level of 0.05, and the 
correlation between the parameters was determined using 
the least square method.

Results

To reveal underlying physiological differences in the two 
ecotypes of purslane, the physiological indicators of the 
red-stem and the green-stem purslanes were investigated. 
The soluble sugar content of the red-stem ecotype was 
14.95 mg g-1, about 19.5 % higher than that of the green-
stem ecotype. Similar to the soluble sugar content, the 
content of proline, anthocyanins, and chlorophyll a of 
the red-stem ecotype were all higher than those of the 
green-stem ecotype. However, there was no significant 
difference in the content of the chlorophyll b between the 
two ecotypes of purslane (Table 1). 

To explore the underlying molecular mechanism 
of physiological differences between two ecotypes 
of purslane, the transcriptome analysis of them was 

performed. A total of 29  614 genes from the purslane 
transcription factor database were obtained. Compared 
with the green-stem purslane, a total of 1 464 DEGs were 
identified including 923 up-regulated genes and 541 down-
regulated genes (Fig. 1).

The 1  464 DEGs included 47 TF families, and the 
distribution of these TFs was shown in Fig. 2 Most family 
members were involved in the regulation of drought stress, 
including AP2/ERF, WRKY, C2H2, NAC, bHLH, and 
MYB families. Among them, the MYB superfamily was 
the largest, including 15 (3.26 %) MYB and 28 (6.09 %) 
MYB-related members. The second largest family was 
the bHLH family with 31 (6.74 %) members, followed by 
the NAC (30, 6.52 %), C2H2 (28, 6.09 %), WRKY (24, 

Table 1. Physiological indexes of red- and green-stem ecotypes of purslane. Different lowercase letters indicate statistically significant 
differences (P < 0.05).

Purslane ecotypes Soluble sugar content Free proline content] Chlorophyll a content Chlorophyll b content Anthocyanin 
[mg g-1(f.m.)] [mg g-1(f.m.) [mg g-1(f.m.)] [mg g-1(f.m.)] content

Red-stem 14.95 ± 0.295a 4.17 ± 0.244a 0.66 ± 0.001a 0.61 ± 0.004 1.40 ± 0.004a
Green-stem 12.29 ± 0.310b 3.27 ± 0.240b 0.57 ± 0.008b 0.60 ± 0.003 0.87 ± 0.003b

Fig. 1. Statistical map of a number of DEGs. The abscissa is 
log2(FPKM), which is the logarithm of the mean expression of 
the two samples; the ordinate is log2(FC), which is the logarithm 
of the multiple of gene expression difference between the two 
samples, which is used to measure the difference of expression 
(green-stem vs. red-stem ecotypes). The green dots represent 
down-regulated DEGs, the red dots represent up-regulated 
DEGs, and the black dots represent non-differentially expressed 
genes.

http://www.geneontology.org/
http://www.geneontology.org/
http://www.genome.jp/kegg/
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5.22 %), and bZIP (16, 3.48 %) families (Fig. 1 Suppl.).
Many TF family members exhibited significant 

differences in their expressions in the two purslane 
ecotypes. The MYB superfamily was the TF family with 
the largest number of members (43 genes), and the second 
largest TF family was the bHLH family with 31 members, 
followed by the NAC (30), WRKY (24), bZIP (16), and 
AP2 (5) families (Fig. 3B). Among these TFs, the majority 
of DEGs of the NAC, bHLH, WRKY, AP2, MYB-related 
and MYB families were up-regulated in the red-stem 
ecotype compared with the green-stem ecotype, whereas 
most DEGs of the bZIP family were down-regulated 
(Fig. 3A). A large number of the identified TF genes have 
been investigated as key regulatory genes involved in 
plant abiotic stress responses. These results indicated that 
the TF families, such as NAC, bZIP, WRKY, AP2, bHLH, 
and MYB superfamily, might play important roles in the 
regulation of the red-stem ecotype tolerance to drought 
stress. In addition, the differential expressions of TFs in 
the same family demonstrated that different members may 
have distinct roles in plant response to drought stress and 
appear to exhibit differential biological functions.

To find identical amino acid sequences that some 

families expressed in purslane, the conserved domains 
of TFs were analyzed using the MEME program (http://
meme-suite.org). The identical amino acid sequences 
(PEFDGSLNVEDYLDWIHTVER) existed in the domains 
of the NAC, MYB-related, WRKY, and bHLH family; the 
identical amino acid sequences (IWWTNLQKKRVA) 
existed in the domains of AP2, MYB family (Fig. 4). The 
results suggested that TFs from different TF families may 
share the same regulation mechanism of the drought stress 
response.

After the integration of down-regulated and up-
regulated genes, GO classification and functional 
annotation analysis of the KEGG pathway were performed 
based on the GO database (Tables 3 and 4 Suppl.). DEGs 
involved in biological functions were obtained by GO 
classification. The results showed that they were involved 
in the regulation of the transduction of metabolic protein 
signals in plants, organelle activity, and intracellular and 
intercellular signal molecule transmission, the process 
of nucleic acid binding transcription factors, the activity 
of various proteins such as antioxidant enzymes and the 
mutual binding of proteins (Fig. 2 Suppl.). In terms of 
biological process, DEGs participate in DNA binding, 

Fig. 2. Distribution of different TF families identified in the transcriptome analysis. TF families and their percentages are shown in the 
pie chart.

http://meme-suite.org
http://meme-suite.org
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protein phosphorylation, and so on, which can affect 
the replication and differentiation of cell, intercellular 
communication, and signal transmission. Analysis of 
cellular component showed that DEGs function in cell 
membrane composition. An analysis of molecular function 
showed that DEGs were involved in mediating the activity 
of transcription factors and transferases (Fig. 5).

KEGG pathway analysis further interpreted gene 
function and enriched highly correlated signalling 
pathways. The results showed that the DEGs were mainly 
enriched in plant hormones signal transduction, from 
which it can be inferred that differential expressions 
of miRNAs were related to protein phosphatase, ABA 
receptors PYR-PYL-RCAR proteins and various abscisic 
acid (ABA) pathways (Fig. 3 Suppl.).
Eight typical genes were screened from DEGs of NAC, 
MYB, WRKY, and bZIP families by real-time qPCR, 
and the expression multiples of transcriptome analysis 
and qPCR validation of the same gene were shown in 
Table 5 Suppl. Although there were differences in their 
expression multiples, the results of qPCR validation 

showed a significant correlation with transcriptome 
analysis (P < 0.05), which showed that the data obtained 
by transcriptional sequencing were reliable (Fig. 4 Suppl.). 

Discussion

In the plant response mechanism to water deficit, morpho-
physiological responses mean that plants tend to enhance 
soil water uptake and osmotic adjustment by increasing 
the content of soluble sugars and proline under drought 
environment (Kumar et al. 2018). It has been shown 
that proline can alleviate the negative effects of plant 
water stress and so enhance plant tolerance to adverse 
environment. For example, the transgenic potato with 
increased expression of proline biosynthesis enzymes 
accumulated 1.25-times more proline under conditions of 
water shortage and grew better than the wild-type potato 
(Nie et al. 2018). Furthermore, some studies have shown 
that plants with high antioxidant capacity usually have high 
anthocyanin content, which makes the plants more resistant 
to various stresses, including salinity and drought (Sun 
et al. 2017, Tisarum et al. 2019). Also, the increase in Chl 
content could be explained as a compensatory mechanism 
to maintain photosynthetic activity under drought stress 
(Shobbar et al. 2012). In this paper, the soluble sugar, 
proline, anthocyanin, and chlorophyll content of the red-
stem ecotype were higher than those of the green-stem 
ecotype (Table 1), which was consistent with the previous 
report. Therefore, it was indicated that the physiological 
differences serve as indicators in evaluating different 
drought resistance of the red-stem ecotype and the green-
stem ecotype, moreover, anthocyanins and chlorophylls 
also play a significant role in the adaptation mechanism of 
Portulaca oleracea (Gonzáles-Vilagra et al. 2017, Saheri 
et al. 2020).

With the rapid development of molecular biology, 
many physiological and biochemical characteristics can 
be further explored at the molecular level. Currently, it has 
been found that plants can effectively cope with drought 
stress through a series of genes such as AP2/ERF, WRKY, 
bZIP, NAC and MYB related genes, and TFs play a major 
role in plant response strategies to cope with adverse 
conditions (Yang et al. 2012, Zhang et al. 2012, Jan et al. 
2013, Wang et al. 2013, Shingote et al. 2015, Du et al. 
2018, Goel et al. 2019). Overexpression or disruption of the 
OsNAC5 gene may affect soluble sugar and proline content 
in plants (Song et al. 2011). Co-expression of MdMYB308L 
and MdbHLH33 enhances the production of anthocyanin 
in apple, which is conducive to enhancing its resistance 
(An et al. 2019). The BdWRKY36 overexpression causes 
lesser ion leakage and reactive oxygen species (ROS) 
accumulation, but higher content of chlorophyll, relative 
water content, and activities of antioxidant enzymes 
under drought conditions (Sun et al. 2015). Arabidopsis 
transgenic plants overexpressing TabZIP show enhanced 
tolerance to salt, drought, heat, and oxidative stresses, and 
overexpression of TaMYB33 increases salt and drought 
tolerance (Qin et al. 2012). Overexpression of StDREB2 
(AP2) increases resistance to drought in cotton and the 

Fig. 3. Expression profiles of TF genes in the two ecotypes of 
purslane. A - Percentages of up-regulated, and down-regulated 
TF genes in the red-stem ecotype compared with the green-stem 
ecotype. B - The number of TF genes that were up-regulated 
and down-regulated in the red-stem ecotype compared with the 
green-stem ecotype.
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overexpressions of StERF147, StERF169, StERF120, 
and StERF110 improve heat tolerance in potato (Agarwal 
et al. 2019, El-Esawi and Alayafi 2019). In this study, we 
identified the drought-tolerant TF genes in two purslane 
ecotypes by using comparative transcriptome analysis. 

Here, among the total of 29 614 genes from the purslane 
transcription factor database, 1 464 DEGs were identified 
between two purslane ecotypes (Fig. 1). Meanwhile, 1 464 
TF genes were identified in the transcriptome and divided 
into 47 TF families (Fig. 2), which were differentially 

Fig. 4. Sequence logos of TFs domains in purslane. The total height of the stack indicates the information content of that position in the 
motif. The height of residues within the stack indicates the probability of each residue at that position.

Fig. 5. Go enrichment histogram (all ranked in the top 30). The horizontal coordinate is the enriched GO term, and the vertical coordinate 
is the number of differential genes in the term. Different colours are used to distinguish biological processes, cellular components and 
molecular functions. * indicates that the enrichment trend of differentially expressed genes is different from that of all genes. It can be 
focused on whether this function is related to the difference.
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expressed in the two purslane ecotypes. In other words, 
a group of TF genes under drought stress had significant 
differences in the expression in red- and green-stem 
purslane. Therefore, it was concluded that DEGs do 
exist between two purslane ecotypes, moreover, these 
TF families were involved in plant responses to drought 
stress, including AP2/ERF, WRKY, bZIP, NAC, and MYB 
families, and might play a key role in the adaptation of 
purslane to drought.

To identify the key genes involved in the formation of 
differences between two ecotypes of purslane, the conserved 
domains of drought tolerance regulatory families such 
as the bHLH family and NAC family were analyzed by 
comparative analysis and it was found that the same amino 
acid sequences existed among different families (Fig. 4), 
and the same amino acid sequences are likely to end up as 
the same functional protein (Wu et al. 2015). Combined 
with the results of physiological indicators, it was inferred 
that these gene families responded to the drought by 
producing similar functional proteins. Generally speaking, 
under the condition of water shortage, plants are mainly 
regulated by the comprehensive coordination of the ABA 
regulation system (Baldoni et al. 2015). Meanwhile, Butt 
et al. (2017) found that GaMYB85 positively regulates 
ABA-induced stomatal density, stomatal size, and stomatal 
opening rates.

Compared with untransformed tobacco, TaWRKY1- 
expressing plants can improve its drought tolerance 
by changing a series of osmotic stress defense 
processes related to abscisic acid dependent pathways, 
such as osmolyte accumulation, stomata movement 
characterization, and plant water retention behavior 
(Ding et al. 2016). Moreover, it was also found that 
accumulation of endogenous ABA seemed to be involved 
in water stress-induced accumulation of proline in leaves 
of drought-tolerant wheat (Saeedipour 2013). In addition, 
there are some WRKY proteins in many plants that have 
different regulatory effects on ABA and induction of plant 
tolerance, mainly drought. For example, OsWRKY45-1 
and OsWRKY45-2 genes in rice play negative and positive 
roles in the ABA signalling pathway, respectively (Tao 
et al. 2011). Jiang et al. (2012) also suggested that the 
activated expression of AtWRKY57 improved the drought 
tolerance of Arabidopsis by elevating ABA content. 
Furthermore, we can further infer that in two different 
ecotypes of purslane, the differential genes of the TFs 
family probably regulate physiological indicators such as 
proline content through the ABA signalling pathway and 
further participate in the response of purslane to drought 
stress (Saeedipour 2013). It can be found from Fig. 5 that 
in the enrichment trend of DEGs, there is a significant 
difference in signalling, indicating that this function is 
related to different ecotypes of purslane. In this paper, GO 
enrichment function annotation was carried out on the 
DEGs of two different ecotypes of purslane and sorted out 
the expression of up-regulated and down-regulated genes 
(Tables 3 and 4 Suppl.), so it was found that the genes 
were mainly related to ABA signalling pathway, which 
was consistent with the inferred results.

To further confirm the effect of the TF family on the 

response of purslane to drought stress, eight genes of the 
NAC, MYB, WRKY, and bZIP family in red-stem and 
green-stem purslane were selected for real-time qPCR. 
The results showed that the expression trend was basically 
the same as found in transcriptome analysis, and there 
was a significant correlation between the expression trend 
and sequencing trend (Fig. 4 Suppl.). So it was speculated 
that these transcription factors might be involved in the 
adaptation to the drought environment through mediating 
the content of soluble sugar, proline, and anthocyanins, and 
the related metabolic processes. However, the mechanism 
underlying the role of these predicted transcription factors 
in purslane under drought stress needs to be further 
explored. By comparing and analyzing the transcriptomes 
of the red-stem purslane and the green-stem purslane under 
drought stress, the difference of gene expression is helpful 
to deepen the understanding of TFs of purslane involved 
in the relevant response strategies under drought stress, 
and to provide a reference basis for the next study of gene 
function, and to provide a theoretical basis for the study of 
new stress-resistant cultivars by genetic engineering.
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