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Pinellia ternata is a perennial traditional Chinese medicinal plant that undergoes different
phenological patterns of dormancy depending on where it is growing. Plants grown
in central and southern China typically display two growth cycles every year before
and after hot summer days, exhibiting a summer dormancy. However, germplasms
from these areas do not go into a dormancy phase in northern China where the
summer monthly average temperatures range from 29–31◦C. The northern China herbal
growers prefer plant stocks from central China due to their longer growing quality
and better tuber harvests. Here, we introduced a heat responsive receptor-like kinase
ERECTA (ER) gene into P. ternata to explore changes in the growth cycle which were
aimed at disrupting the summer dormancy. The 3-hydroxy-3-methylglutaryl coenzyme
A reductase (HMGR) gene was also co-transformed with ER to improve the commercial
trait. For the thermo-tolerance evaluation, all plants were treated with high temperatures
(35◦C/40◦C) in a growth chamber or grown in natural field temperature in an isolated
field before measurement of different agricultural, biochemical and physiological traits.
The transgenics showed significantly (P < 0.05) higher heat tolerance, maintaining
healthy vegetative growth unlike the empty vector (EV ) harboring controls that became
chlorotic and necrotic. Better performance in some of the monitored physiological
traits was evident for overexpression lines exposed to the heat stress. In open
isolated field trials, the transgenic genotypes did not show a summer dormancy
but had a survival rate of 84–95%. The tuber biomasses were also significantly
(P < 0.05) higher for the transgenic lines as compared to the EV controls, except
for line ER118. Metabolites analysis indicated that the HMGR overexpressing lines
(HMGR orHMGR + ER) exhibited significantly higher amounts of bioactive compounds
including aromadendrene-4, 10-diol and 4, 8, 13-cyclotetradecatriene-1, 3-diol, 1,
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5, 9-trimethyl-12-(1-methylethyl). Our findings show that the summer dormancy of
P. ternata which is a naturally evolved trait, can be removed by a single heat responsive
gene. The study contributes to generating heat tolerant new Pinellia varieties with
enhanced commercially valuable chemicals.

Keywords: ER, HMGR, Pinellia ternata, secondary metabolites, summer-dormancy, thermo-tolerance

INTRODUCTION

Pinellia ternata (Thunb) Breit (Araceae) is a perennial plant
that normally grows in humid and shady environments with
moderate temperatures (Hu, 1989). It is native to Eastern Asian
countries, namely; Korea, Japan and China. In China, Pinellia
is cultivated mainly in the central and southwest provinces
(Zhang et al., 2013) because it is an important medicinal plant.
Some plants have evolved a dormancy mechanism during winter
or summer as an adaptation to cope with drought or heat
stresses (Gillespie and Volaire, 2017). P. ternata is naturally
susceptible to high temperatures in the summer season and its
aerial parts start to wither and senesce from mid-July when it
slows down its normal vegetative growth. In central and southern
China, where the summer temperatures can reach above 35◦C,
the plant undergoes seasonal dormancy. However, in northern
China, where the summer temperatures are relatively lower
than in central China, the Pinellia plant grows continuously
without showing a seasonal summer dormancy. Herbal growers
generally prefer genotypes of this species that originate from
central China because they have a better yield (Ma et al., 2006;
Zhang et al., 2013). Strategies that alter the phenology of these
genotypes, which circumvent the heat response that induces
summer dormancy, are thus highly desirable.

Recently, much progress has also been made in improving
plant tolerance to heat stress through genetic modifications. One
of these strategies includes overexpressing the ERECTA gene of
the family Leucine-Rich Repeat Receptor-Like Protein Kinases
(LRR-RLKs) into Arabidopsis and economically important
crops. Members of the LRR-RLK gene family have been
shown to improve the ability of plants to tolerate heat
when plants are challenged with high temperature stress for
a long duration (Shpak et al., 2004; Shen et al., 2015). In
Arabidopsis, the ER gene family is composed of ERECTA,
ERECTA-LIKE1 and ERECTA-LIKE2. These genes are known
to regulate multiple aspects of plant development including
proximodistal axis elongation, anther differentiation, integument
growth promotion, xylem radial expansion and vascular bundle
differentiation (Shpak, 2013).

P. ternata is one of the most popular herbal medicines that
used for the treatment of insomnia, tumor, eclampsia, obesity and
depression for hundreds of years in Chinese Traditional Medicine
(Iwasa et al., 2014). Its tubers are the main source of bioactive
phytochemicals that show antitussive, antioxidant, antibacterial,
anti-inflammatory and antiemetic actions (Hongying et al.,
2015). Several specialized metabolites have been identified
in this species including terpenoids, lignanoids, alkaloids,
and phenylpropanoids (Wu et al., 2011; Iwasa et al., 2014).
Some of these accumulate at low levels (Zuo et al., 2012;

Lee et al., 2016) and the application of transgenic technologies
can offer solutions to generate Pinellia cultivar(s) with improved
chemical, agricultural and/or commercial traits.

In spite of this, genetic modifications in this species are few. As
example, Tang et al. (2008) introduced the aroA-M12 glyphosate
resistance gene and Jin et al. (2009) generated fungal resistant
P. ternata expressing the chitinase gene (ech42) and β-1, 3-
glucanase gene (gluc78). Zhu et al. (2018) transformed with the
sHSP genes that encode for small heat shock proteins. However,
none of these studies directly focused on specialized metabolism.
To our knowledge there are no reports available with regard
to genetic modifications of the HMGR gene, a rate limiting
enzymes, to improve the production of specialized metabolites
of P. ternata. The HMGR gene encodes an enzyme that is
crucial in the biosynthesis of terpenoids and alkaloids (Bansal
et al., 2018). We, thus, hypothesized that the overexpression
of HMGR could enhance the secondary metabolite content
and provide new evidence for its regulatory function in heat
stress tolerance.

The aims of this study were two fold. Initially, we explored
how a heterologous Arabidopsis ER gene would change the basic
life cycle of P. ternata as our target was to break the heat-inducible
summer dormancy pattern (Figure 1). The study also examined
the role of the HMGR gene in regulating heat tolerance in
P. ternata. In other taxa, the HMGR enzyme responds to various
biotic and abiotic stresses, leading to altered metabolite profiles.
To the best of our knowledge, this is the first report to break
plant summer dormancy by overexpressing a heat responsive
gene concomitant to improving the chemo-type of Pinellia via
HMGR up-regulation of specialized metabolism.

MATERIALS AND METHODS

Construction of Expression Vectors
The cDNA clone of ER in pCAMBIA1301 expression vector
was obtained from Professor He Zuhua, Shanghai Institute of
Life Sciences (Chinese Academy of Sciences, China). The heat
stress response of the ER gene was previously described by Shen
et al. (2015). The plasmid was extracted using a Kang Ji Century
extraction kit before it was analyzed using 1% (w/v) agarose gel
electrophoresis. A nanodrop2000 spectrophotometer was used
throughout the study to quantify nucleic acids (Thermo Fisher
Scientific, United States).

The PESC-HIS-mvaA vector harboring the HMGR gene was a
generous gift from Professor Zhang Yansheng [Wuhan Botanical
Garden (Chinese Academy of Sciences, China)]. The gene was
excised from the vector using restriction digestion with Ncol
and BstEII restriction enzymes before 10 µg of the digestion
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was applied to a 1% (w/v) agarose/ethidium bromide gel. The
cut gel fragment was purified using Kanto’s PCR gel clean up
kit. Two different constructs were made i.e., CaMV35:HMGR
or CaMV35:HMGR + CaMV35:ER. These were inserted into
the pCAMBIA1301-ER vector, containing the ER gene. A gene
construct, the CaMV35S:HMGR + CaMV35S:ER was generated
using a ligation reaction with a ratio of 3:1 ratio (v/v) regarding
the HMGR fragments to pCAMBIA1301-ER vector. The gene
construct was transformed into DH5α competent cells using a

FIGURE 1 | A depiction of P. ternata growth cycles. In southern and central
China, P. ternata develops two seasonal dormancy periods every year (A),
whereas it has one dormancy period per year in northern China (B). mo,
month.

heat shock method (Froger and Hall, 2007). The transformants
were then grown on Luria Bertoni selective medium (50 mg L−1

kanamycin), and the positive clones were screened using a colony
PCR. The correct recombinant orientation of the insert to the
vector was verified by sequencing. Five hundred nano gram of
plasmid DNA was used as a template for sequencing, and a
sequencing comparison was made electronically via BLAST of
National Centre for Biotechnology Information (NCBI).

Agrobacterium Transformation
The CaMV35:HMGR or CaMV35:HMGR + CaMV35:ER
constructs were cloned into the pCAMBIA1301 expression vector,
and then transformed into Agrobacterium via electroporation
(Yang et al., 2000). The transformants were diluted in 1 ml
antibiotic-free yeast extract peptone (YEP) medium and
incubated for 1 h. The cells were recovered by centrifugation
at 3,500 g for 5 min. The collected cells were then grown on a
YEP selective medium containing 50 mg L−1 rifampicin and
50 mg L−1 kanamycin for 2 days at 28◦C. Colony PCR was used
to verify positive clones.

Explant Preparation, Growth Condition
and Plant Transformation
Healthy P. ternata tubers were collected from the Dong
Yanni Pinellia co-operatives production site (30◦24′N 112◦54′E),
Qianjiang, Hubei, China. The plant species was identified by
Professor Hu Xuebo, Department of Medicinal Plants, Huazhong
Agricultural University (HZAU), China. The surfaces of tubers
were disinfected with 75% (v/v) ethanol for 10 min, followed
by soaking in 0.1% HgCl2 (w/v) for 20 min. Decontaminated
tubers were then grown on Murashige and Skoog (1962)
basal medium to generate in vitro stock plants. The plant
growth chamber conditions were set at 25 ± 2◦C temperature,
3,000 Lux light intensity, 16/8 h light/dark photoperiod and
∼65%relative humidity. Leaf discs (1–1.5 cm), excised from 5-
week-old plantlets, were placed together with an Agrobacterium
suspension culture, harboring the transgenes, for 15 min. After
infection, the plant material was transferred to co-cultivation
MS medium containing 100 µg L−1 acetosyringone and kept
in dark area for 72 h at 25◦C as previously described by Xu
et al. (2005). Three days later, the plant material was thoroughly
washed with sterile water, blotted dry with Whatman No.1
filter papers and transferred to MS solid medium to generate
transgenic plants. Shoot regeneration was induced on a selection
MS medium containing 30 g L−1 sucrose, 1 mg L−1 Kinetin
(KT), 30 mg L−1 hygromycin, 50 mg L−1 kanamycin and 50 mg
L−1 rifampicin. After 5 weeks, the shoots were transferred to a
root inducing MS medium supplemented with 30 g L−1 sucrose,
1 mg L−1 KT, 0.1 mg L−1 2, 4-dichlorophenoxyacetic acid (2,
4-D), 0.1 mg L−11-naphthalane acetic acid (NAA), 30 mg L−1

hygromycin, 50 mg L−1 kanamycin and 50 mg L−1 rifampicin.
The positive transformants were then verified by using PCR.

For each genetic construct (CaMV35:HMGR, CaMV35:ER or
CaMV35:HMGR + CaMV35:ER), twenty individual transgenic
plant lines were produced. Ten transgenic lines of each construct
that looked morphologically similar to untransformed plants
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were selected. Transgene expression levels were also used for
selection of transgenic lines using RT-PCR (see description in
the next section). A preliminarily heat resistance screening test,
where, transgenic plants were subjected to a 40◦C heat treatment
for 7 days was also used. Apart from higher temperature, all other
conditions in the growth chamber were kept same, as previously
mentioned. The best three thermo-tolerant lines of each construct
were selected for further studies. The empty vector (hereafter
denoted as EV) harboring plants were used as controls.

Real-Time PCR
Total RNA was isolated from leaves of 10-week-old Pinellia
plantlets using CTAB-pBIOZOL reagents according to the
manufacturer’s instructions (BIOER). The RNA was treated
with an RNase-free DNase before cDNA was generated from
1 µg of total RNA using a SuperReal PreMix Plus (SYBR
Green) TIANGEN kit. Two microliters of cDNA were used for
qPCR analysis with SYBR Green PCR master mix using the
aqTOWER 2.2 real- time PCR detection systems (Analytikjena,
Jene, Germany). The total volume of the reaction was adjusted
to 20 µL. The primer sequences used are in Supplementary
Table S1. Three biological replicates were used for gene
expression analysis. The 2−1 1 Ct method (Livak, 2001) was
used to quantify the relative expression levels of HMGR, ER and
HMGR + ER (hereafter denoted as H + E). The Actin gene was
used as a housekeeping control.

Heat Treatment Response of ER
Overexpressing Pinellia
Plant Growth and Morphological Characterization
The selected three transgenic lines of each ER or H + E, and
the EV control plantlets were grown on MS medium in a
growth chamber for 8 weeks as mentioned earlier. Plantlets
were transplanted into soil and grown in a growth culture
room that had similar growth conditions with the growth
chamber. After 2 weeks, the seedlings were subjected to different
temperatures, namely high temperature treatment (40◦C, 15-
day) or a long-term warm temperature regime (35◦C, 90-
day) plus natural field temperature in a pot trial in an
isolated field. High and long-term temperature treatments were
adopted from the method of Shen et al. (2015) with slight
modifications. Briefly, 10-week-old seedlings were grown at 40◦C
(heat stress) for 15-day followed by a 15-day recovery growth
period at 25◦C (normal growth temperature)-to determine
high temperature stress survival and recovering rates. Likewise,
10-week-old seedlings were grown at 35◦C for 90-day for a
prolonged warm temperature stress survival rate assessment.
The heat survival rate was defined as the ratio of the number
of plants maintaining green shoots to the total number of
plants that were subjected to the stress temperatures. The
ability to survive these temperature regimes was recorded daily.
Changes in plant morphology were monitored and recorded
daily. Plants were watered manually every other day to maintain
soil moisture during the heat treatments. The rate of recovery
was also monitored for the plants that were treated with a
high temperature at 40◦C. The recovery rate was described

as the ratio of the number of plants that exhibited normal
development when growing at the normal growth temperature
at 25± 2◦C.

Physiological Response Measurements
In situ leaf chlorophyll content was measured before and during
heat stress treatments at 0, 24, 48, and 72 h using a SPAD
502 plus chlorophyll meter (Konica Minolta, Japan). Briefly,
5–10 fully expanded intact, clean and healthy leaves were
selected and measured for relative in situ chlorophyll content.
A single leaf was measured at least five times and an average
of the measurements was considered as the representative
of leaf chlorophyll content. The net photosynthetic rate,
transpiration rate, internal CO2 concentration and stomatal
conductance of 10-week-old plantlets were measured using
a LI-COR6400 (LI-COR Biosciences, United States) gas
exchange system according to Shen et al. (2015). A batch
of 15–25 plants was measured before (0 h) and after a
48 h heat treatment using three biological replicates. The
instantaneous water-use efficiency was determined from the
ratio of the net photosynthetic rate to transpiration rate,
and the relative water content was measured according to
Xu et al. (2014).

Oxidative Stress Damage Analysis
Different measurements linked to ion leakage, H2O2 and
O2
− detection, lipid peroxidation, total protein content and

superoxide dismutase (SOD) activity were recorded. Leaves
of 10-week-old Pinellia were used for the detection of ion
leakage (Zang et al., 2017). Total protein content was measured
spectrophotometrically using Bradford protein assay method
(Krohn, 2001). The H2O2 tests (Alexieva et al., 2001) and leaf
lipid peroxidation malonaldehyde (MDA) assay (Shiu et al., 2004)
was conducted. The activity of SOD was measured similarly to
Beauchamp and Fridovich (1971). The histochemical staining of
detached leaves that were infiltrated with 3, 3′-diaminobenzidin
(DAB) or nitrotetrazolium blue chloride (NBT)were evaluated for
the accumulation of H2O2 or superoxide radical anions (O2

−),
respectively (Kumar et al., 2014).

Open Field Trials
Field tests were conducted in 2018 and 2019 at the HZAU
experimental station, Wuhan, China. The ER overexpressing
plantlets were grown on MS medium for 8 weeks before being
transferred to soil and acclimatized ex vitro for 2 weeks in a
growth culture room. In each experiment the plants were grown
in pots (9 cm height × 10.16 cm width) containing a soil mix
of perlite: humus (1:1). Ten-week-old Pinellia microplants were
then transplanted to an experimental site during the spring
(April–June) and the summer (July–September) seasons for an
open natural field experiment. Daily records of relative humidity
and temperatures (low, high, and average) were obtained
from the Wuhan meteorological service station (Supplementary
Table S4). Thirty to forty plants of each individual line in a
randomized designed were grown and analyzed for different
agronomic traits including plant height, root length, total plant
biomass, survival rates, and tuber biomass. The agronomic

Frontiers in Plant Science | www.frontiersin.org 4 June 2020 | Volume 11 | Article 780

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-11-00780 June 22, 2020 Time: 18:1 # 5

Juneidi et al. Breaking Summer Dormancy of P. ternata

traits records were collected in spring (April–June) and summer
(June–September) seasons for a seasonal comparison in terms of
temperature differences.

Extraction of Metabolites
Each tuber was cut into sections and then dried at room
temperature, for 2 days, before the material was ground to a fine
powder using a pestle and mortar. The powder was extracted
in methanol (1:5 ratio; w/v) for 1 h. The homogenate was
then sonicated at 60◦C for 110 min using an ultra-sonicator
bath (Rico Scientific Industries, India). The extract was filtered
using Whatman No. 1 and cellulose membrane filter paper and
afterward the organic solvent was evaporated to dryness using a
RV 3 V-C rotary evaporator (IKA, United States). Each residue
was dissolved in 5 ml methanol before gas chromatography mass
spectrometry (GC-MS).

Analysis of Metabolites by GC-MS
The GC-MS analysis was conducted using a Shimadzu GC-MS-
TQ8040 system (Kyoto, Japan) coupled directly to a MS detector.
The chromatographic separation was performed using the Rtx-
5MS (5% phenyl-95% polydimethyl siloxane; 30 m × 0.25 mm
ID, 0.25 µm) fused-silica column supplied by Restek (Bellefonte,
United States). Helium was used as carrier gas at a constant flow
rate of 1 L min−1. The ion source and interface temperatures
were set at 230 and 290◦C, respectively. Sample injection used
a split mode (ratio 10:1) and the injector port temperature was
set to 280◦C whilst the GC oven temperature program was set
as follows: 80◦C (3 min hold), ramped to 110◦C (5 min hold)
at 10◦C min−1, increased to 190◦C (3 min hold), ramped to
220◦C (4 min hold) at 10◦C min−1, and then increased to 280◦C
(13 min hold) at 15◦C min−1. The MS detector, operated at
70 eV, was set to scan from 60 to 665 atomic mass units. The
compounds were identified by comparing spectra of the analyzed
samples with the National Institute of Standards and Technology
(NIST) library, 2008 and Wiley Registry of Mass Spectral Data,
8th Edition. High match scores (>95%) were considered for
compound identification (Lee et al., 2016) and where possible this
was checked with published literature.

Statistical Analysis
One-way ANOVA was used for data analysis, and the significant
differences between the control and the transgenic plants
were using a Fisher’s Least Significant Difference (LSD) test
(P < 0.05). Applications were conducted with the SPSS statistical
program (version 23).

RESULTS

Gene Expression and Transgenic Plant
Screening
The ER, HMGR and HMGR + ER genes were constitutively
overexpressed in P. ternata under the transcriptional control
of CaMV35S promoter to gain insight into their functions.
In total, 20 transgenic lines of each genotype were produced.

The transcript levels were significantly (P < 0.05) increased in
all transgenic plants and hardly detected in the EV controls
(Supplementary Figure S1). To test the functionality of these
genes, the transgenic plants were subjected to high temperature
(40◦C, 7-day) as part of preliminary screening for thermo-
tolerance. Together with the qRT-PCR analysis, three best heat
tolerant lines of each group (ER: 115,118,122; H + E: 58,100,182)
were selected (Figures 2A–C) and used to continue the study.
Under heat stress, the HMGR transgenic lines were similar in
their morphological appearance to the control plants with the
empty vector (refer Supplementary Tables S2, S3 for recorded
phenotypic traits).

Overexpression of ER Confers
Thermo-Tolerance of P. ternata
Temperature stress suppressed the growth of both the transgenic
ER overexpression (ER-OE) and the EV controls when plants
were exposed to a temperature of 40◦C for 15 days. However,
the stress effect was more severe in the EV controls than
the transgenic genotypes (Figures 2D–H). Under normal
growth temperatures, there were no obvious differences in
plant growth, morphology or biomass as compared to the
EV controls. But, under heat stress, a different scenario was
noticed where the EV controls rapidly wilted, showing signs
of leaf necrosis and chlorosis. The EV controls also exhibited
stunted growth and distortion of leaf shape, reduced leaf size
and drying of leaf veins whereas the leaves of the transgenic
lines remained relatively green and healthy with minor apparent
morphological deformities.

We measured chlorophyll content of the intact leaves to
test the effect of ER-OE in alleviating high temperature stress
and/or its possible role in reducing chlorophyll damage. The
plantlets regenerated initially at 25 ± 2◦C were transferred to
the high temperature treatment of 40◦C, and the leaves were
sampled at different time points (0, 24, 48, and 72 h) for in situ
chlorophyll content. No differences were observed between the
EV controls and the transgenic plants when plants were grown
at 25 ± 2◦C. The chlorophyll content ranged from 42.1 ± 1.3 to
46.5 ± 0.9 mg cm−1. The chlorophyll content was significantly
lowered when plants were exposed to heat stress irrespective of
their transgenic status but the effect was more pronounced for the
EV controls at each sampled time point. After 72 h, the highest
and the lowest chlorophyll contents were measured for the ER122
(24.6± 0.8 mg cm−1) and the EV controls (16.5± 1.2 mg cm−1),
respectively (Figure 2D).

Under heat stress, the stress tolerance of all the genotypes
showed a decline over the 15-day of treatment and this result were
statistically significant. Despite this, the heat stress resistance
was remarkably higher for the transgenic genotypes than the EV
controls at each tested time point. On the 15th day, the highest
tolerance was recorded for the ER122 line (26.5%) followed by the
ER118 (24.8%) and H + E100 (23.7%) transgenic genotypes. As
expected the EV controls had the lowest tolerance as only 12.4%
of EV controls survived high temperature treatment on day
15. The rate of recovery can indicate how detrimental elevated
temperatures are to plants and for the transgenic genotypes,
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FIGURE 2 | ER enhances thermo-tolerance of P. ternata. The relative expression levels of (A) HMGR, (B) ER and (C) H + E in 10-week-old P. ternate overexpressing
HMGR, ER or H + E under the control of CaMV35S promoter. The Actin gene was used as a control to normalize internal expression level. (D) SPAD leaf chlorophyll
content of the empty vector, ER and H + E genotypes sampled at 0, 24, 48, and 72 h. (E) Heat stress survival rate of the empty vector, ER and H + E genotypes
subjected to a high temperature (40◦C, 15-day) and their recovery at a normal growth temperature (25 ± 2◦C, 15-day). (F) Long-term warm temperature survival
rate (35◦C, 90-day). (G) Tuber weights of the transgenic Pinellia plants grown in a growth chamber at 35◦C, 90-day and recovered under normal growth temperature
(25 ± 2◦C, 9 months), 9–12 plants each. (H) Phenotype of 10-week-old transgenic P. terneta grown at 25 ± 2◦C (the first upper panels) and subsequently grown for
15-day at 40◦C (the second middle panels), followed by 15-day growth recovery at 25 ± 2◦C (the fourth lowest panels) and plants grown for 90-day at 35◦C (the
third middle panels). Scale bar 1 cm. P < 0.05, by one-way ANOVA, LSD for comparisons; Chl., chlorophyll; D, day; RD, recovery day.

the recovery rate was significantly higher at each sampled time
point versus the EV controls. Out of the transgenic lines, the
ER122 and the EV genotypes had the best revival rates of
80.7% and the lowest 52% at termination of the experiment,
respectively. During the course of the prolonged moderate heat

treatment (35◦C, 90-day), the leaves of the EV controls turned
to a yellow, wilted and eventually died. On the other hand, the
leaves of the transgenic lines remained green; sustaining their
growth and development much better as compared to the EV
controls (Figures 2E,F,H).

Frontiers in Plant Science | www.frontiersin.org 6 June 2020 | Volume 11 | Article 780

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-11-00780 June 22, 2020 Time: 18:1 # 7

Juneidi et al. Breaking Summer Dormancy of P. ternata

ER Overexpression Alters the
Physiological Responses of P. ternata
Against Heat Stress
To assess the physiological responses of ER-OE P. ternata,
the net photosynthetic rate, transpiration rate, internal CO2
concentration, stomatal conductance, instantaneous water-use
efficiency and relative water content were measured before (0 h)
and after (48 h) the heat stress treatment (Figures 3A–F). Except
for the H + E58 and H + E100 lines, no differences in net
photosynthetic rate measurements were observed between the
transgenic and the EV controls at 25 ± 2◦C. With elevated
temperature of 40◦C, differences were observed between the
transgenic and the EV controls. Photosynthetic rates were
significantly higher in the transgenic lines as compared to the
EV controls (Figure 3A). Apart from the ER115 (under normal
and stress conditions) and the ER118 lines (under the heat stress
condition), there was no significant difference in transpiration
rate between the transgenic and the EV controls (Figure 3B).
With regards to the intercellular CO2 content, the differences
between the transgenic and the EV controls were not significant
at the normal growth temperature, except for the ER122 line. The
internal CO2 concentration content was significantly increased
when plants were exposed to different heat stressing regimes
in all genotypes but the variation was substantial for the EV
controls (Figure 3C).

The instantaneous water-use efficiency describes the ratio of
the net photosynthetic rate to transpiration rate, and changes in
either of the two components causes variation in instantaneous
water-use efficiency of a plant. Essentially, both parameters are
often driven by the plant’s stomatal conductance. For this reason,
we measured the stomatal conductance before and after heat
treatments. The ER-OE genotypes were characterized by much
higher leaf stomatal conductance than the EV controls with
exposure to high heat (Figure 3D). The transgenic lines exhibited
significantly higher instantaneous water-use efficiency than the
EV controls under the heat treatment (Figure 3E). The data
shows that the transgenic plants maintained a significantly higher
rate of carbon assimilation (2.75–4.13 folds) as compared to
the EV controls when under heat stress. Leaf rolling became
a morphological feature that was associated with plants under
heat stress and this was more prominent the longer the period
of stress. As a result, we were unable to properly measure
the physiological responses of plants from this point onward.
The relative water content of the excised plant leaves, which
were measured over the time points of 0, 24, and 48 h, were
statistically insignificant under normal growth temperatures.
After 24 h of heat exposure, however, the relative water content
of the EV controls declined more rapidly from 94.8 to 87.1%.
Values of 10.4% for the EV controls and 4.1–7.2% for the
transgenic lines were recorded at the end of the 48 h heat stress
treatment (Figure 3F).

ER Reduces Oxidative Stress Damages
To better understand the role of the ER gene at a cellular level
with regards to thermos-tolerance, various biochemical assays
were carried out during the course of this study (Figure 4).

No obvious differences in ion leakage were observed at normal
growth temperatures between the transgenic genotypes and the
EV controls. The electrolyte efflux started increasing at 24 h post-
treatment in the EV controls. The ion efflux increased by 1.15, 1.5
and 2.7 fold at 24, 48, and 72 h in the EV controls, respectively.
On the other hand, the transgenic plants showed only slight
changes (1.1–1.7 fold) at the end of 72 h (Figure 4A). Similarly,
no apparent differences were observed in lipid peroxidation and
H2O2 efflux between untreated transgenic and the EV controls.
High temperatures caused a rise in lipid peroxidation and rates
of 18% in the EV controls and 0.086% (H + E58) to 8% (ER118)
in the transgenic genotypes (Figure 4B). After 72 h, the level of
H2O2 was higher in EV controls as compared to the transgenic
genotypes (Figure 4C). After 48 h of the heat treatment, DAB
and NBT leaf stains were more pronounced in the EV controls
than the transgenic lines, indicating higher accumulations of
H2O2 and O2

−, respectively (Figure 4D). Furthermore, the total
protein content was significantly reduced in the EV controls as
result of the 48 h long heat stress as compared to the transgenics
(Figure 4E). Superoxide dismutase activity was noticeable in the
EV controls after the 48 h heat stress treatment as expected. Of
interest, we could not measure any marked differences between
plants grown under normal and the heat stress condition for the
ER118 and ER122 lines.

Field Trial Plant Growth Performance
The ER overexpressing Pinellia plants showed a promising heat
tolerance under fully controlled growth chamber conditions. To
validate this observation, the plantlets were transferred to an
open natural field and monitored for field growth performances.
Meanwhile, plant growth was monitored also as part of a long-
term heat treatment (35◦C, 90-day) (Figures 2F–H). The daily
maximum temperatures range from 16 to 29◦C in spring and
29–37◦C in summer. In spring, no obvious growth differences
were noticed between the transgenic and the EV controls
(Figures 5A,C and Supplementary Table S5), but notable traits
differences were observed in the summer season between the
transgenic genotypes and the EV controls (Figures 5B,D–F).
During the hottest days in summer, the transgenics grew faster
than the EV controls. The EV controls were unable to sustain
their normal growth and development and their leaves became
smaller. We also noticed more indicators of stress such as leaf
rolling, drying and abscission (Supplementary Figure S3). Poor
root development for the EV controls was obvious whereas
the transgenics maintained normal growth and development,
generating high biomass values.

The results indicated that no remarkable survival rate
differences were observed between the transgenic and the EV
controls in spring as almost all the transgenic and the EV
controls survived well (Figures 6A–D). However, the survival
rate of the EV group was drastically reduced during summer.
It is important to point out that the data we obtained did not
show any significant growth differences among the transgenic
genotypes both in the summer and during spring seasons. The
results revealed that both the fresh and the dry tuber weighs were
significantly (P < 0.05) higher for the transgenic genotypes as
compared to the EV controls. Only the line ER118 was similar in
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FIGURE 3 | Changes in gas exchange system and water using efficiency. The empty vector control plants and the transgenic plants were grown at normal growth
temperature (25 ± 2◦C) or under heat stress (40◦C) condition. (A) Pn, net photosynthetic rate; (B) Tr, rate of transpiration; (C) Ci, intercellular CO2 content (D) Gs,
stomatal conductance and (E) iWUE, instantaneous water use efficiency. Plants were sampled before (0 h) and after (48 h) heat stress treatment. (F) RWC, Relative
water content. The leaves were sampled at 0, 24, and 48 h time points. Each point represents the mean ± SE of five measurements of 20–25 individual plants. The
P value was calculated using one-way ANOVA and are indicated by asterisk (*) or different letters on error bars when treatments significantly differ from the controls
(P < 0.05).
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FIGURE 4 | Heat stress-induced reactive oxygen species and oxidative damage analysis. (A) Cellular ion leakage over the time course of 72 h. The plants were
sampled at 0, 24, 48, and 72 h. (B) Malonaldehyde (MDA) leaf content before (0 h) and after 72 h heat treatment. (C) H2O2 content pre- and post-heat treatment.
(D) H2O2 and O2

− levels detected in 10-week-old leaves stained with Diaminobenzidine (DAB) and Nitrotetrazolium blue chloride (NBT), respectively. The
assessment was performed before (0 h) and after (48 h) heat treatment (40◦C). A brown polymerization product is due to H2O2 accumulation and a blue coloration is
because of O2

− level, Scale, 1 cm. (E) Total protein content, and (F) SOD activity before (0 h) and after (48 h) heat treatment. The plants were grown at 25 ± 2◦C
(normal growth temperature) or 40◦C (under temperature stress).
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FIGURE 5 | ER improves the growth of P. ternata seedlings during the summer heat wave in open natural field. Plant height: (A) Spring-2018, (B) summer-2018, (C)
spring-2019 and (D) summer-2019, (E) Root length, (F) Seedling fresh and dry biomass. The root length and plant biomass were recorded after 45-days. The P
value was calculated using one-way ANOVA and are indicated by asterisk (*) or different letters on error bars when the treatments are significantly different from the
empty vector controls (P < 0.05).
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FIGURE 6 | ER breaks the summer dormancy and improves tuber biomass. The plant survival rates were monitored in year (A) 2018 and (B) 2019. The proportions
of survived plants were also computed at the end of spring and summer seasons (C) 2018 and (D) 2019. Analysis of tuber weight in (E) 2018 and (F) 2019, 25–30
plants each. The tuber weights were recorded per pot. (G) Phenotype of 16-week-old P. terneta seedlings that grown the last 6 weeks in open natural field (the first
upper panels) and tuber morphology harvested at the end of summer (the second lower panels), scale 1 cm.
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FIGURE 7 | HMGR enhances the metabolites content of P. ternata. The
methanolic tuber extracts were used for metabolite analysis. (A) Total ion
chromatograms and (B) the relative abundance of differently detected
compounds in the transgenic lines. The intensity of peak is the mean of three
HMGR overexpressing genotypes or the mean of three control plants.

its growth measurements to the EV controls both in the growth
chamber and in open isolated field trials.

HMGR Overexpression Changes the
Metabolites Content of P. ternata
The HMGR is a key gene in the biosynthesis of terpenoids.
Twenty transgenic plants of each genetic construct and

FIGURE 8 | Chemical structure of differently produced compounds in the
HMGR overexpressing transgenic P. ternata tuber extracts.
(A) Aromadendrene-4,10-diol; (B) 4,8,13-Cyclotetradecatriene- 1,3-diol,
1,5,9-trimethyl-12-(1-methylethyl)-; (C) Desulphosinigrin and (D)
7-Hexadecenoic acid, methyl ester, (Z)-.

qRT-PCR gene expression analysis confirmed the transgenic
transformation status of regenerants (Figures 2A,C). The
preliminary screening and selection data are indicated in the
Supplementary Material (Supplementary Figure S2). The EV
and the ER plants were used as controls in assessing the roles
of HMGR-OE in altering the metabolite contents. The relative
abundances of the differently detected compounds are shown in
Supplementary Table S6. Generally, similar compounds were
detected in both the controls and the transgenic plants, but
some of the compounds occurred at higher concentrations
in some of the lines such as aromadendrene-4, 10-diol; 4,
8, 13-cyclotetradecatriene-1, 3-diol, 1, 5, 9-trimethyl-12-(1-
methylethyl)-; desulphosinigrin and 7-hexadecenoic acid, methyl
ester. The first two compounds belong to terpenoids, whereas
the latter two compounds are an alkaloid and a fatty acid ester,
respectively. These compounds were differently produced in the
HMGR transgenic genotypes (Figure 7B). Figure 8 shows the
chemical structure of compounds that were differently detected
in the transgenic lines.

DISCUSSION

ER Overexpression Removes the
Summer Dormancy of P. ternata
Heat stress has detrimental impacts on plant growth,
development, and yield worldwide (Long and Ort, 2010).
Plants have evolved various mechanisms to cope with various
stressing conditions (Kotak et al., 2007; Shen et al., 2015).
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P. ternata adapts to a summer dormancy status as part of its
natural regime to cope with climatic conditions when growing in
hot environments. To break the summer dormancy of P. ternata,
the ER gene was successfully overexpressed, producing a batch
of transgenic lines (Figures 2B,C and Supplementary Figures
S1B–D). The ER gene has been characterized as an important
heat and drought stress regulator in plants. It controls plant
growth from the early stages, throughout the developmental
processes to the maturity of the plants in Arabidopsis (Qu et al.,
2017), tomato and rice (Shen et al., 2015) and poplar (Xing et al.,
2011). Similarly, ER-OE P. ternata lines showed a significantly
improved plant growth performance, heat stress survival and
recovery rates as compared to the EV controls in this study.

It was hypothesized that ER-OE could enhance P. ternata
thermo-tolerance, allowing the plant to cope under such
conditions (Figures 1A,B). From a plant physiological viewpoint,
we have shown that the transgenic genotypes had markedly
higher chlorophyll content (Figure 2D) and better carbon
assimilating capacity (Figure 3A) as compared to the EV
controls. The CaMV35S:ER and CaMV35S:HMGR + ER
leaves were greener and healthier than the EV controls
confirming normal photosynthesis in the transgenic genotypes.
Temperature stress affects the physiological and biochemical
response mechanisms of a plant (Djanaguiraman et al., 2010;
Hasanuzzaman et al., 2013). Although the net photosynthetic
rate and chlorophyll concentrations decreased during the heat
treatment, these effects were more pronounced in the EV
controls than the transgenic lines. This possibly indicates the
extent of chlorophyll degradation and/or oxidative damage
of the Photosystem II (PSII) in the EV controls. Heat
stress primarily causes injury to the chlorophyll pigments
and eventually leads to inhibition of the photosystems and
enzyme activities (Hasanuzzaman et al., 2013). Higher net
photosynthetic rates were recorded for the H + E58 and
H + E100 lines and transpiration rate for the ER115 and
ER118 genotypes at normal growth temperature. Such observed
minor differences among transgenic lines might be attributed
to the somaclonal variations that are due to in vitro culture
or pre-existed in the explants. The gas exchange data suggest
that carbon fixation was more efficient in the transgenic lines
than the EV controls during heat stress (Figures 3C,D). Such
data are consistent with other reports (Hector et al., 2012;
Shen et al., 2015).

Since ER has been characterized as a major player in
regulating transpiration efficiency (Masle et al., 2005), many
studies have demonstrated its role in enhancing instantaneous
water-use efficiency under different environmental stresses
(Linzhou et al., 2013; Shen et al., 2015). It is interesting
to note that the instantaneous water-use efficiency was,
however, enhanced in all the transgenic genotypes, reflecting
their higher carbon fixation efficiency (Figure 3E). The
relative water content was also significantly higher for the
transgenic genotypes than the EV controls (Figure 3F). The
ability of plants to manage their water content effectively
and control their transpiration rate is regarded as a good

indicator for heat stress resistance when they are under stress
(Xu et al., 2014).

Cell injury associated with plasma membrane disruptions
and/or cell wall ruptures are the typical plant cell heat stress
indicators, and electrolyte leakage, lipid peroxidation and/or
ROS accumulation are exacerbated as a result of stress in plants
(Djanaguiraman et al., 2010; Song et al., 2012; Shen et al.,
2015). The ER-OE transgenic lines were better able to tolerate
heat stress as shown by the lower levels of biochemical stress
indicators (Figures 4A–D). The accumulation of H2O2 and O2

−

was greater in the EV controls possibly leading to effects that
impaired their growth. The ERECTA is thought to maintain
the integrity of the plasma membrane during heat stress, and
also has a role in scavenging the ROS that affect the structural
integrity of the plasma membrane. There is still much that
is unknown with regards to the cellular and molecular heat
stress tolerance mechanisms linked to ER regulation. Stress
responses in plants are highly complex and SOD is involved in
the antioxidant defense system, and hence the elevated levels in
those plants that are more susceptible to ROS production during
heat stress. The lower SOD activity in the transgenics suggested
better thermal tolerance as opposed to the EV controls that had
much higher levels.

Field trials were important in validating the experimental
differences that were observed under controlled growth
conditions. In the present study, the ER-OE P. ternata had a
better heat stress endurance and growth performance during
field trials. The ER transgenic plants exhibited distinctive
phenotypes as compared to the EV controls as they grew
more rapidly and had longer roots. Biomass production
is also another important growth parameter that is often
severely affected when plants grow under stress environments
(Figures 5A–F) and those that are able to cope with the
stress show better growth performance and this boosted
biomass is often linked to rate of carbon assimilation (Linzhou
et al., 2013; Shen et al., 2015). In this study, 84%-95% of the
transgenic Pinellia plants survived the summer heat wave,
exhibiting a higher tuber biomass as compared to the EV
controls with a survival rate of 25% (Figures 6E–G). This
effect may not necessarily be unique to Pinellia as in a previous
study of Shen et al. (2015), ER overexpressed in tomato and
rice led to better adaption to the high summer temperature
in field tests at Wuhan and Shanghai. In Mediterranean
climates, the summer dormancy that is associated with plants
endemic to the region is said to be an ecological advantage
that confers higher levels of survival under severe drought
stress (Balachowski et al., 2016) and the water content is
possibly a determining factor that regulates summer dormancy
(Shane et al., 2010). In central and southern China, where
P. ternata shows summer dormancy, drought is less likely to
be an evolutionary selection factor as Wuhan, as an example,
receives average precipitation that exceeds 1,315 mm per
year. It is thus more likely that temperature might be the
major driving force controlling the summer dormancy of
P. ternata. Our findings suggest that a single heat tolerance
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heterologous gene can break the summer dormancy patterns of
this species. Little has been done to understand the underlying
mechanisms that control summer dormancy and practices to
break dormancy in plants appear to species and cultivar specific.
In this study we show that heat-stress imposed dormancy is
negated in ER-OE P. ternata (Figure 4) and this is a new
mechanism that has practical applications.

HMGR Alters the Metabolite Content of
P. ternata
The HMGR has been studied as a key and rate-limiting
enzyme in the biosynthesis of a diverse spectrum of specialized
metabolites in plants, and some examples include A. thaliana
and Panax ginseng (Kim et al., 2014), Salvia miltiorrhiza
(Dai et al., 2011) and Gossypium hirsutem (Loguercio et al.,
1999). It provides a suite of precursor molecules that
ultimately lead to synthesis of a wide range of terpenoids
(Dai et al., 2011; Bansal et al., 2018). For instance, the HMGR
overexpression or down-regulation leads to the apparent
increase/decrease of the down-stream tanshinone and squalene
content in transgenic Salvia roots (Dai et al., 2011). In the
present study, P. ternata, overexpressing HMGR enhanced
the content of aromadendrene-4, 10-diol (sesqueterpene) and
4, 8, 13-cyclotetradecatriene-1, 3-diol, 1, 5, 9-trimethyl-12-
(1-methylethyl) (diterpene) in transgenic plants. This finding
is in line with the work of others that conclude HMGR-
OE improves the content of sesquiterpenes and diterpenes
in plants (Tholl, 2006; Dai et al., 2011; Kim et al., 2014).
These compounds have been previously reported from
P. ternata plant (Wang et al., 1995; Fu, 2005; Iwasa et al.,
2014). Two non-terpenoid compounds that were identified
as desulphosinigrin and 7-hexadecenoic acid methyl ester
(Zhang et al., 2002; Wang et al., 2008) were also enhanced in
transgenic genotypes.

Up-regulation of the rate-limiting enzymes are used to
enhance the secondary metabolite production in plants and
these metabolites are well known in assisting plants with
coping with abiotic and biotic factors (Mahmoud and Croteau,
2002; Tholl, 2006; Dai et al., 2011). In our current study,
however, the HMGR-OE transgenic plants had similar growth
and development phenotypes to the control plants when treated
with a heat stress. It is quite likely that those metabolites that
were enhanced in their production do not necessarily have
significant roles in combating heat stress. According to Wang
et al. (2018), HMGR functions more efficiently at 28◦C and
radically declines when temperature rise to 40◦C plus it is
more active in young growing roots tip and apical buds than
the matured plant tissues, showing a spatial regulation in its
function. Although this is speculative, this might possibly be
the reason for early senescence of older leaves and susceptibility
of the HMGR transgenic plants to heat stress. Our initial
idea assumed that HMGR-OE improves both plant tolerance
to heat and accumulation of specialized metabolites and we
could only confirm the latter in the HMGR transgenic lines
(Figures 7, 8).

In conclusion, the ER-OE alleviates damaging effects caused
by high temperature stress, imparting the thermo-tolerance in

P. ternata. The mechanisms of how the ER gene controls cellular
and molecular heat resistance is still unclear, needing more in-
depth investigations to better understand how it governs heat
stress shown here. Our study could not conclude on HMGR-OE
regulated heat tolerance in P. ternata but the effect of this gene at
the metabolite level was confirmed. This study has conclusively
contributed toward generating heat-stress tolerant new Pinellia
varieties with enhanced metabolite content. The Pinellia summer
dormancy, which is intrinsic to the growth cycle of the species,
can be altered through the introduction of a single heterologous
gene. This novel finding provides a new genetic engineering
strategy in P. ternata for future market needs.
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