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Abstract
Phosphoethanolamine N-methyltransferase (PEAMTase) catalyzes the methylation of phosphoethanolamine to produce 
phosphocholine and plays an important role in the abiotic stress response. Although the PEAMT genes has been isolated 
from many species other than pitaya, its role in the drought stress response has not yet been fully elucidated. In the present 
study, we isolated a 1485 bp cDNA fragment of HpPEAMT from pitaya (Hylocereus polyrhizus). Phylogenetic analysis 
showed that, during its evolution, HpPEAMT has shown a high degree of amino acid sequence similarity with the ortholo-
gous genes in Chenopodiaceae species. To further investigate the function of HpPEAMT, we generated transgenic tobacco 
plants overexpressing HpPEAMT, and the transgenic plants accumulated significantly more glycine betaine (GB) than did 
the wild type (WT). Drought tolerance trials indicated that, compared with those of the wild-type (WT) plants, the roots of 
the transgenic plants showed higher drought tolerance ability and exhibited improved drought tolerance. Further analysis 
revealed that overexpression of HpPEAM in Nicotiana tabacum resulted in upregulation of transcript levels of GB biosyn-
thesis-related genes (NiBADH, NiCMO and NiSDC) in the leaves. Furthermore, compared with the wild-type plants, the 
transgenic tobacco plants displayed a significantly lower malondialdehyde (MDA) accumulation and higher activities of the 
superoxide dismutase (SOD) and peroxidase (POD) antioxidant enzymes under drought stress. Taken together, our results 
suggested that HpPEAMT enhanced the drought tolerance of transgenic tobacco.

Key message 
Overexpression of the pitaya phosphoethanolamine N-methyltransferase gene (HpPEAMT) enhanced simulated drought 
stress in tobacco.
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BADH	� Betaine aldehyde dehydrogenase gene
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MDA	� Malondialdehyde
PEAMTase	� Phosphoethanolamine N-methyltransferase
PEG	� Polyethylene glycol
POD	� Peroxidase
ROS	� Reactive oxygen species
SDC	� Serine decarboxylase gene
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Introduction

Drought stress is one of the most important abiotic stresses 
that affects crop yields throughout the world (Thiruna-
vukkarasu et al. 2017). One strategy for improving crop 
tolerance to drought stress is to introduce or increase the 
capability to synthesize osmoprotectants such as solu-
ble sugars, proline and inositol (Ahammed et al. 2020a). 
Glycine betaine (GB) is recognized as the most effective 
osmoprotectant that confers tolerance to drought stresses 
(Zhang et al. 2011; Nawaz and Wang 2020). Moreover, it 
can stabilize protein and membrane structures (Gao et al. 
2019). Several studies have reported the existence of a 
positive correlation between exogenous GB applications 
and tolerance to drought stress in crops (Annunziata et al. 
2019; Tisarum et al. 2019). GB is widely present in cyano-
bacteria, algae, bacteria, animals, and higher plants (Chen 
and Murata 2011; Scholz et al. 2016). Some plant species 
of the Chenopodiaceae family, such as spinach, barley, 
and beets, can maintain the osmotic pressure of cells by 
synthesizing and accumulating a large amount of GB to 
alleviate the damage of drought stresses, and some plants 
of the Poaceae family, such as maize, wheat, sorghum, 
and barley can synthesize and accumulate detectable GB 
(Yu et al. 2014). These studies strongly demonstrated that 
GB plays an important role in tolerance to drought stress.

GB is synthesized from choline catalyzed by choline 
monooxygenase (CMO) and then catalyzed by betaine 
aldehyde hydrogenase (BADH) (Razavi et al. 2018). In 
plants, previous studies have shown that deficiency of cho-
line, the substrate of GB biosynthesis, limits the accumu-
lation of GB and PEAMTase is the limiting key enzyme 
involved in choline synthesis (McNeil et al. 2000). Firstly, 
serine is decarboxylated by serine decarboxylase (SDC) to 
produce ethanolamine, and then three methylation steps 
from phosphoethanolamine, a derivative of ethanolamine 
to phosphocholine are all catalyzed by PEAMTase (Fig. 
S1). The phosphocholine produce choline and phospha-
tidic acid under the hydrolysis of phosphocholine phos-
phatase (Li et al. 2016; Niu et al. 2018a). The PEAMT 
gene was first isolated from Arabidopsis (Bolognese 
and Mcgraw 2000). The PEAMT has subsequently been 
cloned from spinach (Nuccio et al. 2000), Triticum aesti-
vum (Charron et al. 2002), Atriplex nummularia (Tabuchi 
et al. 2005), Beta vulgaris (Tabuchi et al. 2006), Zea mays 
(Wu et al. 2007) and green algae (Hirashima et al. 2017). 
To date, there has been no report concerning PEAMT gene 
isolation from pitaya.

Pitaya (Hylocereus polyrhizus), also known as dragon 
fruit, belongs to the Hylocereus genus, which is a mem-
ber of the Cactaceae family (Ortiz and Takahashi 2015). 
The growing area of pitaya is expanding rapidly in many 

tropical and subtropical areas worldwide, not only because 
of the exotic appearance and striking colors of the fruits 
but also because of their nutritional value and health 
properties (Hua et al. 2018; Ren et al. 2018). Moreover, 
pitaya demonstrates a high tolerance to drought stress 
(Nie et al. 2019) and is an excellent species for mining 
plant drought tolerance genes. In our laboratory, we pre-
liminarily screened the PEAMT gene from pitaya by sup-
pression subtractive hybridization and cDNA microarray 
approaches, confirming its response to drought stress (Fan 
et al. 2014). Previous studies on the function of PEAMT 
gene mostly focused on salt tolerance (Li et al. 2016; Wu 
et al. 2007). However, plant with strong salt tolerance does 
not mean it has a strong drought tolerance (such as salt-
tolerant rice cultivar). Salt tolerance mechanism in plants 
is different from that of drought tolerance (Liang et al. 
2018). Whether overexpression of pitaya PEAMT gene can 
cause the increase of GB content, whether it can improve 
the drought resistance of crops and the possible reasons 
for the improvement of drought resistance have yet been 
unknown so far. So for the first time, we cloned the pitaya 
PEAMT gene and examined the function of this gene by 
overexpressing it in tobacco. The aims of the present work 
were therefore (1) to verify the drought tolerance ability of 
transgenic lines overexpressing HpPEAMT, (2) to examine 
the role of HpPEAMT in GB accumulation in transgenic 
lines, and (3) to reveal the effect of HpPEAMT on the 
transcript levels of GB biosynthesis related genes. The 
results may be beneficial for further determining the role 
of HpPEAMT in the drought tolerance response as well as 
for determining a new strategy aimed at the engineering of 
plants with greater capability against abiotic stress.

Materials and methods

Plant materials and growth conditions

Pitaya (H. polyrhizus ‘Zihonglong’) (Nie et  al. 2019) 
and tobacco (Nicotiana tabacum ‘Xanthinc’) plants were 
obtained and then conserved in the Key Laboratory of Plant 
Resources Conservation and Germplasm Innovation in the 
Mountainous Region (Ministry of Education), Institute 
of Agro-Bioengineering. All the plants were grown in an 
artificial climate chamber at 25/25 °C (day/night), under a 
12/12 h (day/night) photoperiod provided by supplementary 
lighting with a 300 μmol/(m2 s) light intensity and under 
60% relative humidity.

Cloning and bioinformatic analysis of HpPEAMT

Total RNA was isolated from fleshy stems of pitaya using 
a TransZol Plant RNA Extraction Kit (Tiangen, Beijing, 
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China), and cDNA was synthesized using EasyScript® 
One-Step gDNA Removal and cDNA Synthesis SuperMix 
(TransGen, Beijing, China) according to the manufacturer’s 
instructions. The cDNA was then diluted ten times with 
ddH2O. HpPEAMT was obtained from the diluted cDNA 
by using a pair of primers (HpPEAMT-F and HpPEAMT-
R) based on pitaya transcriptomic data in our lab and on a 
published sequence (accession No. XP_021715259.1). The 
sequences of the primers used were as follows: HpPEAMT-
F (5′-ATG​GCT​GCT​CAA​GAA​ATG​GCA​ATG​GC-3′) and 
HpPEAMT-R (5′-TCA​GTG​TTT​CTT​GGC​AAT​GAA​CAA​
AC-3′). PCR amplification was performed with PrimeSTAR 
Max DNA Polymerase (TaKaRa, Dalian, China), with ini-
tial denaturation at 94 °C for 4 min followed by 35 cycles 
of 94 °C for 30 s, 54 °C for 30 s and 72 °C for 90 s. After-
ward, there was a final extension at 72 °C for 10 min. The 
PCR products were cloned into a pEASY®-Blunt Simple 
Cloning vector and then transformed into Escherichia coli 
DH5α cells. The resulting transformants were selected on 
agar plates [Luria Broth (LB), 1.5% (w/v) agar, Kan (50 μg/
mL)]. The isolated sequences were subsequently sequenced 
by Sangon Biotech Corporation (Shanghai, China).

The deduced amino acid sequence of HpPEAMT was 
queried against the NCBI Conserved Domain Database to 
identify the conserved methyltransferase domains. PEAMT 
protein sequences from other plant species were obtained 
from the GenBank database. All the sequences were aligned 
by DNAMAN software before evolutionary analysis with 
Molecular Evolutionary Genetics Analysis (MEGA) 5.2 
software, during which the neighbor-joining (NJ) method 
was used to infer and construct a phylogenetic tree (Kumar 
et al. 2008).

Generation of HpPEAMT transgenic tobacco plants

The cDNA sequence of HpPEAMT was amplified using a 
pair of primers (HpPEAMT-T-F and HpPEAMT-T-R) har-
boring the Bam HI and Sac I restriction sites. The sequences 
of these primers were as follows: HpPEAMT-T-F (5′-TTT​
ACA​ATT​ACC​ATG​G/GATCC​ATG​GCT​GCT​CAA​GAA​ATG​
GCA​ATG​GC-3′, Bam HI site in italics) and HpPEAMT-
T-R (5′- ACC​GAT​GAT​ACG​AAC​GAGCT/CTCA​GTG​
TTT​CTT​GGC​AAT​GAA​CAA​AC-3′, Sac I site in italics). 
The amplified product was purified and inserted into a 
pYN7736 vector containing the CaMV 35S promoter and 
GUS gene using a ClonExpress II One Step Cloning Kit 
(Vazyme Biotech Co., Ltd., Nanjing, China) according to 
the manufacturer’s instructions. The resultant construct was 
named pYN7736-HpPEAMT. Subsequently, the construct 
was verified by DNA sequencing before being transferred 
into Agrobacterium tumefaciens strain GV3101 with the 
freeze–thaw method. The GV3101 strain containing the 
pYN7736-HpPEAMT construct was then used to transform 

tobacco (N. tabacum ‘Xanthinc’) by the leaf disc method 
(Horsch et al, 1985). Agar-solidified MS (Murashige and 
Skoog 1962) medium containing 25 mg/L hygromycin was 
used to screen T0, T1 and T2 transgenic lines. The trans-
genic status of T2 transgenic lines was verified based on 
GUS staining (Zhang et al. 2008), PCR amplification with a 
pair of primers: 7736-F (vector sequence, 5′-TTT​ACA​ATT​
ACC​ATG​GGA​TCC-3′) and HpPEAMT-R (HpPEAMT 
sequence, 5′-TCA​GTG​TTT​CTT​GGC​AAT​GAA​CAA​AC-3′) 
and HpPEAMT relative expression analysis.

Measurement of GB content

The GB content in the leaves of three T2 transgenic lines 
and WT were measured with high-performance liquid chro-
matography (HPLC) as previously described, with slight 
modifications (Luo et al. 2012). In brief, 100 mg of fresh 
leaves was cleaned, ground to a fine powder, extracted with 
1 mL methanol overnight, and then centrifuged to collect the 
supernatant. The supernatant was subsequently dried under 
nitrogen, dissolved in the mobile phase to a constant volume 
(0.5 mL), and ultimately filtered through a 0.22 µm PTFE 
membrane before being injected into the HPLC instrument.

The GB content was quantified using an Agilent 1100 
series (Agilent Technologies, Santa Clara, CA, USA) auto-
mated HPLC machine. The HPLC system consisted of a 
Kromasil C18 reversed-phase column (250 mm × 4.6 mm, 
5  µm), a potassium dihydrogen phosphate:water 
(0.68:100 m/v; pH 4–5, with phosphoric acid) mixture as 
the mobile phase, a detection wavelength of 195 nm, 0.5 mL/
min flow rate, a column temperature of 30 °C and an injec-
tion volume of 10 µL. All the data were quantified on the 
basis of their standard curves.

Drought tolerance assays

Three T2 transgenic lines (L10, L11, L16) and WT were 
used for drought stress treatments. First, the seeds were 
sterilized and then sown into MS media with different man-
nitol concentrations (150 and 300 mmol/L) for analysis of 
root drought tolerance. MS media lacking mannitol served 
as the control. Nine plants from each line were selected to 
measure the root length after 21 days. After seeds normally 
growing for 14 days in nutrient-enriched soil, a total of 18 
plants (nine for WT plants and nine for transgenic plants) of 
similar height and health conditions were irrigated with PEG 
6000 (− 0.60 MPa) to simulate drought stress, which was 
conducted once every other day for 8 days. The seedlings 
not treated with PEG were used as the control (− 0.01 MPa). 
The Water Potential was determined by a WP4C PotentiaM-
eter (METER Group Inc. Pullman, WA, USA). The third 
or fourth leaf from the bottom to the top was harvested 
from each plant at 0, 4, and 8 days under drought stress, 
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immediately frozen in liquid nitrogen and then stored at 
− 80 °C for qRT-PCR, MDA content and antioxidant activi-
ties quantifications. Total chlorophyll contents of each plant 
were measured by the method described by You et al (2019). 
All experiment was repeated at least three times. The growth 
status of the plants was also recorded with images.

Quantification of MDA content and antioxidant 
activities

The MDA content and antioxidant activities, including those 
of SOD and POD, of each plant were measured by commer-
cial assay kits (Suzhou Keming Biotechnology Co., Ltd., 
China) according to the manufacturer’s instructions (Bai 
et al. 2018).

Expression profiles of GB biosynthesis‑related genes

Expression profiles of HpPEAMT and GB biosynthesis-
related genes (Fig. S1) in the WT and T2 transgenic lines 
were measured through quantitative real-time polymerase 
chain reaction (qRT-PCR). qRT-PCR was carried out using 
an ABI 7500 real-time PCR system (Applied Biosystems, 
USA) and a real-time PCR kit SYBR Premix Ex Taq Kit 
(TaKaRa). The β-Actin gene (accession No. AB158612) 

was used as an internal control for normalization. Table S1 
shows the primer sequences used for qRT-PCR.

Data analysis

All the data were expressed as the means ± SEs. Signifi-
cant differences were assessed by one-way ANOVA fol-
lowed by post hoc Duncan’s multiple range tests (p < 0.05 
or p < 0.01). All analyses were performed with DPS 7.05 
software (China) and Microsoft Excel 2007.

Results

Identification and bioinformatic analysis 
of HpPEAMT

In pitaya, the open reading frame (ORF) length of 
HpPEAMT was 1485  bp (Table  S2) and encodes 494 
putative amino acids (Fig. 1). The deduced HpPEAMT 
amino acid sequences contained two tandem methyltrans-
ferase domains, which were located at the N-terminus 
(60–158 aa) and the C-terminus (289–386 aa). Each 
domain contained four motifs labeled I, post-I, II, or III 
(Fig. 1). The deduced HpPEAMT amino acid sequence 
shared 84.62% identity with the published amino acid 

Fig. 1   Alignment of deduced HpPEAMT amino acid sequences with 
those of the PEAMT ortholog from Chenopodium quinoa (accession 
No. XP_021715259.1). Sequence motifs defining the methyltrans-

ferase domains are labeled I, post-I, II, and III. The motifs in the 
N-terminal and C-terminal methyltransferase domains are denoted 
with red and blue boxes, respectively. (Color figure online)
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sequence (XP_021715259.1) (Table  S3). To compare 
the molecular evolutionary relationships of HpPEAMT 
with PEAMT genes of other species, we downloaded 30 
sequences encoding HpPEAMT from the GenBank data-
base (Table S3), and the phylogenetic analysis revealed 

that the HpPEAMT protein sequences in pitaya and those 
of the Chenopodiaceae species (Atriplex canescens, Spi-
nacia oleracea, Chenopodium quinoa, Beta vulgaris, 
Salicornia europaea, and Suaeda liaotungensis) clustered 
together, forming a monophyletic branch (Fig. 2).

Fig. 2   Evolutionary analysis of HpPEAMT amino acid sequences. 
The HpPEAMT and PEAMT protein sequences from other plant spe-
cies were aligned before evolutionary analysis. Evolutionary analy-
sis was performed with molecular evolutionary genetics analysis 

(MEGA) 5.2 software, using the Neighbor-Joining (NJ) method to 
infer and construct phylogenetic tree. Bootstrap test: 1000 bootstrap 
replicates; Poisson model
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Generation of transgenic tobacco plants

T0 positive plants were self-pollinated to produce T1 seeds. 
T1 positive plants were self-pollinated to produce T2 seeds.

Compared with WT, after screening with 25 mg/L hygro-
mycin for 16 days. The positive rates of three T2 genera-
tion lines (L10, L11 and L16) were 100% and could be 
regarded as homozygous lines (Fig. S2). Three T2 transgenic 
lines (L10, L11, L16) were then identified via GUS stain-
ing, PCR and HpPEAMT relative expression. GUS activ-
ity (Fig. 3a) and the expected 1485 bp amplified fragment 
(Fig. 3b), which was not detected in the WT, were detected 
in the leaves of the transgenic lines. The relative expres-
sion of HpPEAMT in the transgenic lines was significantly 
higher (p < 0.01) than that of the WT (Fig. 3c), indicating 
that HpPEAMT had been integrated into the tobacco genome 
[compared with that of HpPEAMT, the relative expression of 
the tobacco homologous gene (XM_016581921.1) was very 
low in both the transgenic and WT lines and was negligible].

HpPEAMT increased GB content in transgenic 
tobacco

To determine whether the insertion of HpPEAMT into the 
tobacco genome resulted in the enhancement of GB accu-
mulation, the GB contents of three T2 transgenic lines were 
analyzed quantitatively by HPLC, a highly sensitive detec-
tion method. The amounts of GB accumulated in the leaves 
of T2 transgenic lines were 0.29, 0.48, and 0.24 nmol/g FW 
(fresh weight), respectively, which were 2.07, 3.43 and 1.71 
times the amount in the WT (0.14 nmol/g FW) (Fig. 4).

HpPEAMT enhances drought tolerance of transgenic 
tobacco

Both WT and transgenic seedlings grew in vertical petri 
dishes with different concentrations of mannitol for 21 days, 
and the root growth was overall inhibited to some extent 
with increasing mannitol concentration. However, the root 
growth of WT was more significantly (p < 0.05) inhibited 
than that of the transgenic lines. Specifically, there was no 
significant difference between the WT and transgenic lines 
in the absence of mannitol (Fig. 5a, a′). Under treatment with 
150 mmol/L mannitol, the root lengths of the three trans-
genic lines (L10, L11 and L16) were 38, 24, and 12% longer, 
respectively, than those of the WT (Fig. 5b, b′). Following 
treatment with 300 mmol/L mannitol, the root lengths of 
the three transgenic lines were 47, 37, and 44% significantly 
longer, respectively, than those of the WT plants (Fig. 5c, 

Fig. 3   Identification of T2 
transgenic lines (L10, L11 and 
L16) through a GUS staining, 
b PCR and c HpPEAMT overex-
pression levels. Data are the 
means ± SEs of three biological 
replicates; asterisks indicate sig-
nificant differences (*p < 0.05, 
**p < 0.01) in comparison with 
the wild type. The scale bar 
represents 0.5 cm

Fig. 4   Measurements of glycine betaine in the leaves of wild-type 
(WT) and T2 transgenic lines (L10, L11 and L16). Data are the 
means ± SEs of three biological replicates; asterisks indicate signifi-
cant differences (*p < 0.05, **p < 0.01) in comparison with the wild 
type
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Fig. 5   Phenotypic differences between the WT and transgenic 
tobacco plants under drought stress. a–c′ Root growth status of WT 
and T2 transgenic lines (L10, L11 and L16) exposed to different man-
nitol concentrations. The scale bar represents 1 cm; d–f and d′–f′ are 
respectively growth status and chlorophyll content of WT and T2 

transgenic lines (L10, L11 and L16) exposed to PEG (−  4.9  MPa) 
at different time points. Data are the means ± SEs of three biologi-
cal replicates; asterisks indicate significant differences (*p < 0.05, 
**p < 0.01) in comparison with the wild type. The scale bar repre-
sents 10 cm
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c′). The results indicated that the transgenic lines had a 
more developed root system than the WT under drought 
stress. Morphologically, there was no significant difference 
between the WT and transgenic lines under nonstressed 
conditions (Fig. 5d). However, the WT plants were slightly 
wilted and yellow after 4 days of drought stress (Fig. 5e) 
and were extensively wilted and yellow when treated for 
8 days of drought stress (Fig. 5f), while the transgenic lines 
were hardly injured and still healthy. There was no signifi-
cant difference in the chlorophyll content between WT and 
transgenic lines under nonstressed conditions (Fig. 5d′). But 
under drought stress, the chlorophyll content of transgenic 
lines was higher than that of WT plants while the chlorophyll 
content of WT plants decreased significantly (Fig. 5e′, f′). 
Together, these results suggested that the transgenic plants 
exhibited stronger resistance to drought stress.

HpPEAMT alters MDA accumulation and antioxidant 
activities

To further investigate the role of HpPEAMT in antioxi-
dant defense under nonstressed and drought-stress condi-
tions, the MDA content and antioxidant enzyme activities, 
including those of SOD and POD, in three T2 transgenic 
lines and WT were analyzed. There were no significant dif-
ferences in MDA content between the WT and transgenic 
lines under nonstressed conditions. However, under 4 and 
8 days of drought stress (Fig. 6a), the MDA content of the 
WT plants was significantly higher than that of transgenic 
lines (p < 0.01). Under nonstressed conditions, the activi-
ties of SOD in transgenic line L10 and L11 were 30 and 
26% significantly higher than that of WT plants, respectively 
(Fig. 6b), and the activity of POD in transgenic line L10 was 
21% significantly higher than that of WT plants (Fig. 6c). 
Under drought stress conditions (Fig. 6b, c), transgenic lines 
had significantly higher activities of both SOD and POD 
enzymes than did the WT (p < 0.01) except POD activity in 

transgenic line L16 under 4 days of drought stress. Together, 
these results showed that overexpression of HpPEAMT in 
tobacco could delay the accumulation of MDA in lipid mem-
brane oxidation products and significantly increase antioxi-
dant enzyme activity.

HpPEAMT influences the transcript levels of GB 
biosynthesis related genes

We analyzed the expression levels of GB biosynthesis-
related genes in the leaves of the T2 transgenic lines and WT 
by qRT-PCR experiments. The relative expression of the 
NiBADH in the transgenic lines was significantly higher that 
of WT under both nonstressed and drought-stress conditions 
(Fig. 7a). Compared with that of WT plants, the relative 
expression of NiCMO in transgenic lines was significantly 
higher under drought-stress conditions, and oppositly, the 
relative expression of the NiCMO in transgenic lines was 
significantly lower under nonstressed conditions (Fig. 7b). 
The relative expression of the NiSDC was not significantly 
different between the WT and transgenic lines under non-
stressed conditions (Fig. 7c). However, after treatment for 
4 days, the levels in transgenic lines L11 and L16 peaked at 
values approximately 4.37 and 2.58 times those of the WT 
(p < 0.01) and then decreased at 8 days (Fig. 7c). Together, 
these results indicated that overexpression of HpPEAMT in 
tobacco could significantly upregulate the expression lev-
els of GB biosynthesis-related genes under drought stress 
conditions.

Discussion

As a member of the family Cactaceae, pitaya is highly tol-
erant to drought stress and is recognized as a promising 
crop species for drought-stricken areas (Nie et al. 2019). 
Available evidence has indicated that the HpPEAMT is 

Fig. 6   MDA (a) content and SOD (b) and POD (c) activity in 
WT and T2 transgenic lines (L10, L11 and L16) exposed to PEG 
(−  4.9  MPa) at different time points. Data are the means ± SEs of 

three biological replicates; asterisks indicate significant differences 
(*p < 0.05, **p < 0.01) in comparison with the wild type
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significantly upregulated in pitaya under drought stress (Fan 
et al. 2014), and the same phenomenon has also been docu-
mented in red seaweed (Mao et al. 2019). Therefore, PEAMT 
is possibly responsive to drought stress and may be use-
ful in genetic engineering to improve the drought tolerance 
ability of plants. To assess whether HpPEAMT enhanced 
the drought tolerance of transgenic tobacco plants, three T2 
transgenic lines (L 10, L 11 and L 16) with high expression 
levels for root length measurements and quantification of 
antioxidant activities and MDA content. Root system is the 
first part of the plant that responds to drought and simulta-
neously sends a signal to the aboveground parts to induce 
a physiological response to improve the ability of plants 
to resist drought. Therefore, a well-developed root system 
can effectively increase the rational distribution of water to 
plants, reduce the damage caused by drought, and increase 
the survival rate under stress conditions (Xu et al. 2018). 
The results of the root drought resistance-ability test showed 
that the root growth of the three transgenic lines was less 
inhibited than was that of the WT under the treatment with 
high mannitol concentrations (Fig. 5a–c′), suggesting that 
the HpPEAMT transgenic plants exhibited stronger resist-
ance to drought stress.

Because of their sessile lifestyle, plants have developed 
various strategies to survive and alleviate the negative 
impacts of abiotic stresses (Ahammed et al. 2020b; Ganie 
and Ahammed 2021). Among these strategies, the enzymatic 
antioxidant defense system plays an important role in pro-
tecting plant cells against oxidative damage by scavenging 
excess ROS, which largely accumulate in plants under abi-
otic stress conditions (Ahammed et al. 2020a, c). It has been 
demonstrated that drought tolerance is positively correlated 
with the increasing activities of antioxidant enzymes such 
as SOD, CAT and POD in plants (Li et al. 2019; Niu et al. 
2018b). Furthermore, studies have reported that, compared 
with WT plants, transgenic plants with higher antioxidant 
enzyme activity had higher tolerance to drought stress 
(El-Esawi and Alayafi 2019), which is consistent with our 

current research results. Our study showed that the antioxi-
dant enzyme activity of the HpPEAMT transgenic lines was 
significantly enhanced compared with that of the WT under 
both nonstressed and drought-stress conditions (Fig. 6b, c). 
MDA content is the final product of membrane lipid peroxi-
dation in plant cell and often causes an increase in plant leaf 
electrical conductivity, so MDA content is widely consid-
ered an important physiological marker of membrane system 
injury under adverse stresses (Golldack et al. 2014; Xu et al. 
2018). Guo et al. (2017) found that MDA content was nega-
tively correlated with plant drought resistance. Our study 
showed that the MDA content in WT plants was significantly 
higher than that in the transgenic lines under drought-stress 
conditions (Fig. 6a). Overexpression of HpPEAMT increased 
the drought tolerance of the transgenic plants by decreas-
ing the production of MDA and increasing the activities of 
antioxidant enzymes.

In addition to increasing their antioxidant enzyme activ-
ity to scavenge reactive oxygen species (Zhang et al. 2016), 
plants have also evolved protective strategies to cope with 
adverse environmental conditions by altering the expres-
sion of stress response genes controlling the production of 
proteins and metabolites. GB biosynthesis-related genes 
play an important role in improving the abiotic stress toler-
ance of transgenic plants (Chen and Murata 2011; Wei et al. 
2017). Overall, our results showed that NiBADH, NiCMO 
and NiSDC, which are GB biosynthesis related genes in 
tobacco, were significantly upregulated in the HpPEAMT 
transgenic lines compared with the WT under drought stress 
(Fig. 7a–c). Thus, HpPEAMT overexpression and upregu-
lated expression of GB biosynthesis related genes contrib-
uted to the increased GB content in transgenic plants. Not all 
genes involved in the GB biosynthesis pathway can increase 
the GB content of transgenic tobacco. The GB accumula-
tion and stress resistance of transgenic tobacco overexpress-
ing both CMO and BADH genes were lower than expected 
(McNeil et al. 2001). Endogenous choline levels are a limit-
ing factor for tobacco that do not accumulate GB (Nuccio 

Fig. 7   Expression quantification (via qRT-PCR) of GB biosynthesis-
related genes in WT and T2 transgenic lines (L10, L11 and L16) 
subjected to PEG (−  4.9  MPa) at different time points. a NiBADH, 

b NiCMO and c NiSDC. Data are the means ± SEs of three biologi-
cal replicates; asterisks indicate significant differences (*p < 0.05, 
**p < 0.01) in comparison with the wild type
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et al. 1998). Via an engineered GB pathway, overexpress-
ing SpPEAMT in transgenic tobacco increased the levels of 
choline. Moreover, an expanded choline pool led to a further 
increase in the synthesis of GB (McNeil et al. 2001). In this 
study, when HpPEAMT was overexpressed in tobacco, the 
content of GB significantly increased compared to that in 
the WT (Fig. 4), which once again showed the importance 
of PEAMT in the synthesis of GB.

It has been well documented that even slight GB accumu-
lation in some transgenic plants is enough to improve abi-
otic stress tolerance. For example, a slight GB accumulation 
(35 ± 15 nmol/g FW) improved salt tolerance of transgenic 
tobacco expressing betA, a gene from E. coli (Holmström 
et al. 2000). Similarly, less than 0.5 nmol/g FW GB content 
was apparently sufficient to increase tolerance to salt stress 
in tobacco expressing OsCMO, a gene from rice (Luo et al. 
2012). On the other hand, Physiological studies have sug-
gested that GB acts as an osmolyte for osmotic adjustment 
to maintain cellular water balance only when GB accumu-
lates at high levels, e.g., 40 µmol/g FW under stress condi-
tions (Rhodes and Hanson 1993; Al Hassan et al. 2016). 
In fact, The osmoregulation of osmolyte is related to the 
water potential gradient between the cell and the surround-
ing environment, as water always flows from high water 
potential to low water potential (Verslues et al. 2006). The 
highest GB content in our study in the transgenic plants was 
0.48 nmol/g fresh weight. The difference in GB content in 
plants was probably due to the different GB measurement 
and calculation methods used (You et al. 2019) or may also 
be related to the different tobacco varieties, growth condi-
tions and sampling locations. Many studies have shown 
that exogenous GB applications specifically improved the 
activity of antioxidant enzymes such as SOD and CAT in 
Lolium perenne (Hu et al. 2012), POD in Vigna unguiculata 
(Raza et al. 2007) and reduced MDA content in Glycine max 
(Malekzadeh 2015). Our results showed that, compared with 
WT plants, the transgenic tobacco plants exhibited higher 
GB content (Fig. 4), antioxidant enzyme activities (Fig. 6b, 
c), and drought tolerance (Fig. 5a–f′). Whether endogenous 
GB improved the antioxidant enzyme system of transgenic 
plants and thus enhanced their drought resistance and the 
mechanism behind the drought tolerance in the transgenic 
lines might need to be further studied by carrying out a 
series of technologies. In addition, although the transgenic 
tobacco plants overexpressing HpPEAMT showed better 
drought tolerance, pitaya and tobacco are organisms of dif-
ferent origins. The efficacy of GB engineering for important 
cultivated field crop species has never been demonstrated 
(Annunziata et al. 2019). In the future, additional work must 
be performed to collect data on the molecular mechanisms 
underlying the HpPEAMT response to drought stress and to 
determine whether HpPEAMT obtained from pitaya can also 
be applied to other crop species.

Conclusions

In summary, a 1485 bp cDNA fragment of HpPEAMT was 
isolated from pitaya (H. polyrhizus ‘Zihonglong’). Phyloge-
netic analysis showed that HpPEAMT had a high degree of 
amino acid sequence similarity with orthologous genes in 
Chenopodiaceae species throughout evolution. The drought 
tolerance trial indicated that the drought-tolerance ability of 
the roots of the transgenic lines was obviously higher than 
that of the WT at the seedling stage. Moreover, overexpres-
sion of HpPEAMT in the transgenic lines upregulated the 
transcript levels of GB biosynthesis related genes, led to 
an increased GB content and improved antioxidant enzyme 
activities, thus conferring drought stress tolerance to the 
transgenic lines.
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