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A B S T R A C T

Hypericum perforatum is a perennial herb that produces the anti-depression metabolite hypericin (Hyp). While
several efforts to increase Hyp production have been made, the effects of temperatures on growth and Hyp
biosynthesis are still limited. In this study, the growth morphophysiological traits, Hyp biosynthesis and their
related genes expression, as well as major bioactive compounds accumulation and antioxidant capacity were
assessed by exposing H. perforatum seedlings to three different temperatures (15, 22 and 30 °C). The results
showed that aerial parts biomass was greater at 15 °C with 1.3 and 1.6-fold increase compared to at 22 and 30 °C,
in large part because of greater increase in chlorophyll content, stem number and leaf area on a per plant basis.
Hyp content in the aerial parts was greater 1.9 and 5.6-fold on a per plant basis compared to 22 and 30 °C
treatments, and the contents of other bioactive compounds (flavonoids and phenolics) as well as antioxidant
capacity in the aerial parts, on dry weight and per plant basis, also exhibited significant increases with the
temperatures decrease. The mRNA expressions of eight genes (psbA, psbB, psbC, psbD, ycf3, ycf4, ycf5 and matK)
related to photosynthesis and two genes (Polyketide synthase, PKS; Phenolic oxidative coupling protein, Hyp-1)
involved in Hyp biosynthesis were also up-regulated at 15 °C. The findings are useful in guiding cultivation and
regulating Hyp biosynthesis in H. perforatum.

1. Introduction

Hypericum perforatum L.(family Hypericaceae), popularly named as
St. John's Wort, is an herbaceous perennial plant widely distributed in
Asia, Europe, Northern Africa and the United States (Couceiro et al.,
2006; Sun et al., 2019). Aerial parts have been used worldwide for the
treatment of mild to moderate depression (Haas et al., 2017; Velingkar
et al., 2017), as well as other biological agents including anti-oxidant,
anti-viral and wound healing (Shakya et al., 2017; Radulovic et al.,
2018), largely relying on its chemical constituents such as naphtho-
dianthrones (e.g. Hyp, pesudohypericin and phlorodianthrones), flavo-
noids (e.g. quercetin, amentoflavone and isoquercitrin) and phenolics
(e.g. chlorogenic acids, caffeic and coumaroylquinic acids) (Kwiecien
et al., 2018; Barnes et al., 2019). Of these, Hyp is the highly valued
polycyclic dianthroquinone responsible for the anti-depression and
anti-viral agents (Rahnavrd, 2017).

Many approaches to improve the production of Hyp, flavonoids and
phenolics have been made by investigating into the effects of germ-
plasm (Couceiro et al., 2006; Morshedloo et al., 2015), harvest stages
(Southwell and Bourke, 2001; Couceiro et al., 2006; Ionescu et al.,
2018; Sun et al., 2019), UV-B radiation (Germ et al., 2010; Brechner
et al., 2011), drought stress (Gray et al., 2003; Alibas and Kacar, 2016),
nutrients (Briskin et al., 2000; Cui et al., 2010b) and temperatures
(Zobayed et al., 2005; Couceiro et al., 2006; Odabas et al., 2010; Skyba
et al., 2012; Brunáková et al., 2015). An alternative approach to in-
crease Hyp and other bioactive compounds could involve bio-
technology-based manipulations including elicitations (e.g. acetic acid,
jasmonic acid, methyl-jasmonate acid, salicylic acid and chitosan)
(Walker et al., 2002; Conceicao et al., 2006; Tocci et al., 2010;
Gadzovska et al., 2013; Brasili et al., 2014; Valletta et al., 2016), in vitro
culture and bioreactor (Zobayed et al., 2004; Gadzovska et al., 2013;
Cui et al., 2010a). In this context, much effort has been exerted to
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dissect the Hyp biosynthetic pathway (Fig. 1) (Bok et al., 2009; Kusari
et al., 2009; Chiang et al., 2010), while the improvement of Hyp pro-
duction in H. perforatum by regulating abiotic and biotic factors was
limitedly conducted based on the above pathway.

For the effect of temperatures on major bioactive compounds ac-
cumulation in H. perforatum, Brunáková et al. (2015) have demon-
strated that H. perforatum is a freezing-tolerant plant and a 1.6-fold
increase of naphtodianthrones content on a dry weight (DW) basis was
observed when plants exposure to −4 °C for 48 h. Zobayed et al. (2005)
have investigated that the Hyp and pseudohypericin contents on a fresh
weight (FW) basis generally decreased with the decrease of tempera-
tures from 35 to 15 °C, while the hyperforin content showed higher
levels at 20 and 15 °C compared to 25 and 30 °C. Couceiro et al. (2006)
reported that on a FW basis the contents of Hyp and pseudohypericin
were higher at 30 °C than at 25 °C, while the hyperforin content was
higher at 25 °C than at 30 °C grown in a field or a greenhouse. Tocci
et al. (2013) found that chemical compositions in aerial parts at two
altitudes (68 and 453m above sea level) showed a similar metabolic
pattern with small differences including chlorogenic acid, quercetrin,
luteolin, rutin and isoquercetin, while contents of quercetrin and hy-
perosid respectively had a 1.6-fold increase and 3.5-fold decrease at the
453m compared to the 68m site. Unlike previous investigations that
plants were grown at the different temperatures and bioactive com-
pounds (Hyp, pseudohypericin and hyperforin) were analyzed on a FW
basis (Couceiro et al., 2006), in this study, effects of three temperatures
(15, 22 and 30 °C) on plant growth, Hyp biosynthesis and their related
genes expression, as well as major bioactive compounds (flavonoids and
phenolics) accumulation and antioxidant capacity were systematically
investigated on both DW and per plant basis.

2. Methods

2.1. Plant materials

H. perforatum mature seeds were collected from Kangxian County
(33°16′20″N, 105°31′50″E) located in Gansu, P.R. China in July 2016.
Seeds were rinsed with running water for 10min, and successively
immersed in 70% ethanol for 2min, 0.1% HgCl2 for 1 min. After each
treatment, seeds were rinsed with sterile water for 3 times. Sterilized
seeds were inoculated on MS basal medium (pH5.8) supplemented with
4.0 g/L agar + 20.0 g/L sucrose + 1.0 mg/L 6-BA + 0.5 mg/L
NAA + 1.0 g/L activated carbon at 22 °C with 24 h/d photoperiod
(500 μmol m−2s−1 flu). After inducing 45 days (See Fig. S1), the stem
internodes were cut and inoculated on the above mentioned medium
and photoperiod at three different temperatures including: 15, 22 and
30 °C, with each treatment 40 flasks (3 seedlings per flask). Seedlings
were harvested after 45 days (See Fig. S2). 10 flasks (30 seedlings) were
used for measurements of physiological characteristics, bioactive
compounds (Hypericin, flavonoids and phenolics) as well as antioxidant
capacity; the others were immediately frozen in liquid nitrogen and
kept at −80 °C for genes expression.

2.2. Physiological measurements

2.2.1. Growth characteristics
The seedlings were taken out from the flasks, rinsed with running

water to remove the medium, and then used to measure leaf area, plant
height, root length, number of stem internodes and root as well as dry
weight of aerial parts.

Fig. 1. Schematic representation of biosynthetic pathway leading from acetyl- and malonyl-CoA to Hyp. Enzyme abbreviations are as follows: PKS, Polyketide
synthase; Hyp-1, Phenolic oxidative coupling protein.
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2.2.2. Determination of chlorophyll content
Total chlorophyll content was determined as the description of Li

et al. (2009). The aerial parts (0.1 g) of seedlings were grind to
homogenate in ethanol (10mL), and then the homogenate was cen-
trifuged at 1000 r/min and 25 °C for 10min. The supernatant was in-
creased to 25mL with ethanol. The absorbance was measured using a
spectrophotometer (721G, Shanghai Instrumental analysis Co., Ltd, P.R.
China) at 665 nm (chlorophyll a) and 649 nm (chlorophyll b) against a
blank sample containing no substrate.

2.3. Determination of bioactive compounds and antioxidant capacity

2.3.1. Preparation of extracts
Air-dried aerial parts were grind into powder, 0.1 g sample was

soaked in 20mL ethanol and placed at 25 °C for 72 h, then extracted
samples were centrifuged at 8000 r/min and 4 °C for 10min. The su-
pernatant was increased to 20mL with ethanol then kept at 4 °C for
determination.

2.3.2. Hyp HPLC quantification
Hyp content was quantified as the description of Chi and Franklin

(1999). The extracts were filtered with a 0.22 μm durapore membrane
and then analyzed (20 μL) at 588 nm by HPLC (Eclipse XDB-C8,
150mm×4.6mm, 5 μm; Column temperature 60 °C; Agilent 1100
series, Santa Clara, California, USA) and isocratically eluted with
0.03mol/L KH2PO4 (adjusted to pH 7.0 with 0.5mol/L K2HPO4): me-
thanol (30:70, v/v) at a flow rate of 1.0 mL/min. The quantification was
based on peak area comparison with a reference standard using Hyp
(56690; Sigma, USA) (See Fig. S3).

2.3.3. Determination of flavonoids and phenolics content
Flavonoids content was determined based on NaNO2-AlCl3-NaOH

method (Ma et al., 2014; Sun et al., 2019). Extracts (400 μL) were added
into ddH2O (2mL) and 5% NaNO2 (0.3mL), after the mixture agitating
for 5min, added 10% AlCl3 (0.3 mL) reacted for 1min, then added
1.0 mol/L NaOH (2mL) to stop the reaction. Absorbance was de-
termined at 510 nm, flavonoids content was expressed as mg of ca-
techin equivalent (CE).

Phenolics content was determined based on Folin-Ciocalteu method
(Beato et al., 2011; Sun et al., 2019). Extracts (50 μL) were added into
10% Folin-Ciocalteu reagent (2mL) and 7.5% Na2CO3 (1mL), after the
mixture agitating for 5min and then reacting at 37 °C for 1 h in the
dark. Absorbance was determined at 760 nm, phenolics content was
expressed as mg of gallic acid equivalent (GAE).

2.3.4. Determination of antioxidant capacity
DPPH (1, 1-diphenyl-1-picrylhydrazyl) and FRAP (ferric reducing

antioxidant power) were selected to determine the antioxidant capacity
due to their widely used by many researchers for rapidly evaluating
antioxidant capacity of natural plant extracts (Arnao, 2000; Li et al.,
2018). The specific processes are as follows.

DPPH radical scavenging assay was determined as the description of
Nencini et al. (2011). Briefly, extracts (100 μL) was added into
10−4mol/L DPPH methanol solution (3mL), then the mixture was
agitated and reacted at 25 °C for 30min in the dark. Absorbance was
determined at 515 nm, the capacity to scavenge DPPH radicals was
calculated as follows:

= ×A A ADPPH scavenging activity (%) [( )/ ] 1000 0

where “A0” and “A” were the absorbance of DPPH without and with
sample, respectively.

FRAP assay was determined as the description of Benzie and Strain
(1996). Briefly, extracts (50 μL) or standard sample (FeSO4·7H2O,
500 μmol Fe (Ⅱ)/g) were added into FRAP reagent (3mL), then the
mixture was agitated and reacted at 37 °C for 30min in the dark. Ab-
sorbance was determined at 593 nm, the FRAP value was calculated on
the basic of (FeSO4·7H2O, 500 μmol Fe (Ⅱ)/g) as follows:

=
×

A A A AFRAP value (µmol Fe(II)/g) [( )/( )]
500 (µmol Fe(II)/g)

FeSO H O0 4·7 2 0

where “A0” and “A” were the absorbance of FRAP without and with
sample, respectively; AFeSO4·7H2O was the absorbance of FeSO4·7H2O.

2.4. qRT-PCR analysis

Total RNA samples were isolated from aerial parts using a Plant
RNA Kit (R6827, Omega). The quality of total RNA was evaluated by
agarose gel electrophoresis (See Fig. S4). Expression levels of 10 genes
(psbA, psbB, psbC, psbD, ycf3, ycf4, ycf5, matK, PKS and Hyp-1) were
analyzed by qRT-PCR. ACT (Action) gene was used as a reference con-
trol. The primer sequences for amplification of the 10 genes are shown
in Table 1.

cDNA synthesis and qRT-PCR analysis were respectively performed
using FastKing RT Kit and SuperReal PreMix (Tiangen Biotech Co. Ltd.).
Reverse transcription was performed on the following protocols: 42 °C
for 15min and then 95 °C for 3min, one cycle. PCR amplification was
performed on the following protocols: one cycle at 95 °C for 15min, and
35 cycles at 95 °C for 10 s, 60 °C for 20 s and 72 °C for 30 s. Melting
curve analysis was performed after a 34 s incubation at 72 °C (See Fig.
S5). The 2-△△Ct method (Ct, Cycle threshold value of target gene) was
used to calculate the relative gene expression amount according to the
following formula (Willems et al., 2008):

=Ct Ct CtTest gene Test gene Reference gene

=Ct Ct CtControl gene Control gene Reference gene

=Ct Ct Ct( )Test gene Control gene

Relative gene expression fold (Test gene/Control gene)= 2-△△Ct

2.5. Statistical analysis

All determinations were carried out in triplicate. Statistical analysis
was performed using SPSS 19.0 One-Way analysis of variance

Table 1
Primer sequences used to amplify ACT, psbA, psbB, psbC, psbD, ycf3, ycf4, ycf5,
matK, PKS and Hyp-1.

Genes Sequences (5′ to 3′) Amplicon
size (bp)

Accession no.

ACT Forward: ATCCTCCGTCTTGACCTTGC 104 CP002685.1
Reverse: ACGATTTCCCGTTCTGCTGT

psbA Forward: GCCTATGGGGTCGTTTCTGT 150 JX663284.1
Reverse: CATCAATATCTACTGGCGGCG

psbB Forward: AACAAGTCGGAGTAACCGTCG 185 JX662199.1
Reverse: GCCAAAAGTAAACCACCCCC

psbC Forward: TCTGGTCCGGGGAAGC 200 JX662583.1
Reverse: AGCAGATCCGACGTTAGCC

psbD Forward: TATGGGGTCCTGAAGCACAAG 80 JX662323.1
Reverse: CCCGTGGAGAGCAACAAAAG

ycf3 Forward:
TGTCTGCTCAATCCGAAGGAAA

185 JX664461.1

Reverse:
AAAAGGGTTTCTTTCTAGTGCTTGG

ycf4 Forward: GGCCTTCTATGGTATCGCCG 133 JX663242.1
Reverse: CGGAAAGCCCCAACGAAAAA

ycf5 Forward:
TCTCGGATTCGTCAGAAAAGGG

81 GQ435774.1

Reverse: CCGAGGAAAGCCAACGAGTA
matK Forward: AGTTGCATTTTCGCCACGAT 193 DQ168438.1

Reverse: CAGCCAGTACCGAAGGGTTT
PKS Forward: GGGGAAGGCCGATTAGTGAG 190 EF186675.1

Reverse: TTCTCCGCTATGTCCTTGGC
Hyp-1 Forward: GGCACGGTCACCAAAATCAC 130 AY148090.1

Reverse: TGTCACGCAACACATCACCT
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(ANOVA), Duncan multiple comparison tests were used for statistical
comparisons and P < 0.05 was accepted as a significant difference.

3. Results

3.1. Temperature-dependent plant growth

Aerial parts dry weight was greater at 15 °C with 1.3 and 1.6-fold
increase compared to 22 and 30 °C, respectively (Fig. 2). Chlorophyll
content at 15 °C, on FW and per plant basis, were significantly greater at
15 °C than that of 22 and 30 °C, with 1.6 and 2.7-fold increase respec-
tively compared to 22 and 30 °C on a plant basis. The stem number and
leaf area on a per plant basis exhibited a similar trend with aerial parts
dry weight as well as chlorophyll content, with 1.2, 1.4-fold (stem
number) and 1.2, 2.6-fold (leaf area) increase compared to 22 and
30 °C; even though other growth parameters including plant height,
root length, number of stem internode and root showed greater at 22 °C
compared to 15 and 30 °C (Table 2).

3.2. Low temperature increases Hyp accumulation

Hyp content at 15 °C was increased up to 1.4 and 3.6-fold compared
to 22 and 30 °C on a DW basis (Fig. 3A), while on a per plant basis, Hyp
content at 15 °C was higher 1.9 and 5.6-fold than 22 and 30 °C (Fig. 3B).

3.3. Low temperature increases flavonoids and phenolics content

Both flavonoids and phenolics contents were significantly decreased
with temperatures increase from 15 to 30 °C (Fig. 4). The flavonoids
contents at 15 °C were 1.3, 4.2-fold and 1.7, 6.7-fold on DW and per
plant basis, respectively compared to 22 and 30 °C (Fig. 4A and B). The
phenolics contents at 15 °C were 1.5, 4.5-fold and 1.9, 7.0-fold on DW
and per plant basis, respectively compared to 22 and 30 °C (Fig. 4C and
D).

3.4. Low temperature increases antioxidant capacity

DPPH scavenging activity (89%) and FRAP value (2299 μmol Fe
(Ⅱ)/g) at 15 °C were respectively higher 1.4, 3.8-fold and 1.4, 3.6-fold
than that of 22 and 30 °C (Fig. 5A and C). On a per plant basis, the
DPPH scavenging activity and FRAP value at 15 °C were also sig-
nificantly higher than that of 22 and 30 °C, with increasing up to1.9-,
5.9-fold and 1.9-, 5.6-fold, respectively (Fig. 5B and D).

3.5. Low temperature enhances gene expression related to plant growth

Eight genes (psbA, psbB, psbC, psbD, ycf3, ycf4, ycf5 and matK) re-
lated to photosynthesis were selected from NCBI (searching for
Hypericum perforatum L.) to detect their mRNA expression levels at
different temperatures. The relative expression levels at 15 °C were
enhanced up 0.7 (psbB) to 3.8 (ycf4) -fold, while that of 30 °C were
dropped down 0.1 (psbB) to 1.0 (psbC) -fold compared to 22 °C (Fig. 6).

3.6. Low temperature enhances gene expression related to Hyp biosynthesis

Two genes (PKS and Hyp-1) related to Hyp biosynthesis were se-
lected to detect their mRNA expression levels at different temperatures.
The relative expression levels of PKS and Hyp-1 at 15 °C were respec-
tively enhanced up 2.8 and 2.4-fold, while that of 30 °C were dropped
down 0.5 and 0.9-fold compared to 22 °C (Fig. 7).

4. Discussion

Low temperatures is one of the important environmental stresses
affecting plant growth and development as well as primary and sec-
ondary metabolism (Yang et al., 2016, 2018; Fu et al., 2018). Although
plants differ in their sensitivity to low temperature, for H. perforatum
low temperature can cause noticeable alterations in various physiolo-
gical and biochemical processes that can potentially improve low-

Fig. 2. Aerial parts dry weight of H. perforatum at different temperatures.
Values are on a per plant basis. Different lowercase letters indicate significant
difference at P < 0.05 level. The same below.

Table 2
Chlorophyll content and growth characteristics in aerial parts of H. perforatum at different temperatures (mean ± SD, n=30).

Temp.
°C

Chlorophyll content Aerial parts Rhizome

mg/g FW mg/plant FW Height (cm) Stem No./plant Stem internodes/plant Leaf area (cm2/plant) No./plant Length (cm)

15 2.95± 0.22a 0.26± 0.02a 6.92± 1.38b 2.03± 0.67a 8.10± 0.88c 7.72± 3.12a 2.87± 0.63b 4.80± 1.69b

22 1.99± 0.19b 0.16± 0.02b 9.95± 1.49a 1.67± 0.61b 10.63± 1.27a 6.41±1.70b 3.60± 0.77a 7.33± 2.03a

30 1.96± 0.17b 0.10± 0.01c 4.87±0.98c 1.47± 0.57b 9.30±1.80b 3.00± 0.76c 1.83± 0.99c 2.06± 1.40c

Fig. 3. Hyp content in aerial parts of H. perforatum at different temperatures.
Images A and B represent Hyp content on dry weight and per plant basis, re-
spectively.
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temperature tolerance (Zobayed et al., 2005; Skyba et al., 2012;
Brunáková et al., 2015), meanwhile these responses to low temperature
are associated with changes in the expression pattern of genes related to
plant growth, oxidative stress and Hyp biosynthesis (Velada et al.,
2014). In this study, we found that low temperature significantly en-
hanced the plant growth, accumulations of Hyp, flavonoids and phe-
nolics as well as genes expression related to photosynthesis and Hyp
biosynthesis in H. perforatum.

Greater increase of aerial-parts biomass at low temperature (15 °C)
compared to at 22 and 30 °C presents a similar trend as the contents of
chlorophyll pigments (See Fig. 2 and Table 2). In large part because of
chlorophyll pigments playing key roles in photosynthesis that succes-
sively convert light energy into chemical energy that is stored in car-
bohydrate molecules into biomass (Whitmarsh and Govindjee, 1999).
In this study, the relative expression levels of eight selected genes that
are closely related to photosynthetic proteins were enhanced up to 3.8-
fold (ycf4) at 15 °C compared to at 22 and 30 °C (See Fig. 6). Four genes
related to photosystem II (PSII) reaction include: psbA and psbD that
encode D1 and D2 proteins, which are the center proteins of PSII via the
donor of primary electron as well as several subsequent electron ac-
ceptors (Stoppel and Meurer, 2013; Kong et al., 2014); psbB that en-
codes PSII chlorophyll-binding protein CP47, which is closely attached
to the psbA/psbD heterodimer and transfers excitation energy from the
outer light-harvesting complexes (Stoppel and Meurer, 2013); psbC that
encodes Chl α and β-Car binding proteins CP43, which serves as
proximal antenna for PSII, providing a conduit for excitation energy
transfer from the exterior antennae of the photosystem to the reaction
center core, additionally, CP43 together with CP47 builds up the inner

light-harvesting complex (Stoppel and Meurer, 2013; Liu et al., 2014).
The four genes (psbA, psbB, psbC and psbD) response to environmental
stresses (e.g. temperatures, drought and toxic) to improve

Fig. 4. Flavonoids and phenolics content in aerial parts of H. perforatum at
different temperature. Images A, B and C, D respectively represent flavonoids
and phenolics contents, on dry weight and per plant basis.

Fig. 5. Antioxidant capacity of extracts from aerial parts of H. perforatum at
different temperatures, evaluated by DPPH (A and B) and FRAP (C and D) as-
says.

Fig. 6. The expression level of eight selected genes related to photosynthesis in
aerial parts of H. perforatum at different temperatures, as determined by qRT-
PTR. Histograms show the relative gene expression level at 15 and 30 °C
compared to 22 °C. The same below.
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photosynthesis have been reported to be differentially expressed in
many plants (Shao et al., 2010; Bi et al., 2016; Wang et al., 2018). The
other four genes related to photosynthesis include: ycf3 and ycf4 that
are essential for photosystem I (PSI) complex, the ycf3 protein that acts
as a chaperone-like factor to guide the PSI subunits assemble (Albus
et al., 2010; Nellaepalli et al., 2018); ycf5 encoding a protein that is
required during biogenesis of c-type cytochromes at the step of heme
attachment (Tsuruyal et al., 2006); and matK that encodes an intron
maturase, which contributes to chloroplast introns as splicing factor
(Qu et al., 2018).

Increase in Hyp content is consistent with expression levels of PKS
and Hyp-1 genes in aerial parts at 15 °C compared to at 22 and 30 °C in
the present investigation (See Figs. 3 and 7). As described in Fig. 1,
polyketide synthase (PKS) encoded by the PKS gene catalyzes one
acetyl-CoA and seven malonyl-CoA to form octa-β-ketoacyl chain;
phenolic oxidative coupling protein (Hyp-1) encoded by the Hyp-1 gene
successively catalyzes emodin, emodin anthrone and protohypericin to
finally form Hyp (Timsina et al., 2012; Karppinen et al., 2016; Sliwiak
et al., 2016). The expression levels of PKS and Hyp-1 at 15 and 30 °C in
our present study are in accord with previous investigations that the
PKS and Hyp-1 were over-expressed at cold stress (4 °C) and down-ex-
pressed heat stress (35 °C) (Velada et al., 2014). Additionally, the PKSs
involved in hyperforin, Hyp, flavonoid and xanthone biosyntheses are
isobutyrophenone, octaketide, chalcone (CHS) and benzophenone
(BPS) synthases, respectively (Beerhues, 2011). The over-accumulation
of CHS and BPS in the mesophyll of leaves may play critical roles in
flavonoid and xanthone biosyntheses in H. perforatum (Belkheir et al.,
2016).

5. Conclusion

From the above investigations, low temperature enhances growth,
Hyp biosynthesis and their related genes expression as well as accu-
mulations of major bioactive compounds (flavonoids and phenolics) in
H. perforatum seedling. The adaptation mechanism of this plant to low
temperature will be examined via multi-omics (e.g. genomics, pro-
teomics and metabolomics) in additional studies. These findings would
provide a strong foundation for guiding cultivation at filed or green-
house, as well as regulating Hyp biosynthesis in H. perforatum.

Acknowledgments

This work was financially supported by the fund of Gansu
Agricultural University (GSCS-2018-1, GAU-XKJS-2019 and Gaufx-
02J04), National Natural Science Foundation of China (81560617),
Institute of Agricultural and Animal Husbandry of Gansu Province,

China (GNCX-2016-12), and Innovative Groups for Fundamental
Research in Gansu Province, China (1606RJIA323).

Appendix A. Supplementary data

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.plaphy.2019.04.012.

Author contributions

Y.Y. Yao, P. Sun and Z. Zhang performed the experiments and
analyzed the data; T.L. Kang and Z.H. Liu contributed the materials; L.
Jin and M.F. Li designed the experiments, wrote and revised the paper.

References

Albus, C.A., Ruf, S., Schottler, M.A., Lein, W., Kehr, J., Bock, R.Y.3I.P.1, 2010. A nucleus-
encoded thylakoid protein, cooperates with the plastid-encoded Ycf3 protein in
photosystem I assembly of tobacco and Arabidopsis. Plant Cell 22 (8), 2838–2855.

Alibas, I., Kacar, O., 2016. Microwave drying kinetics, hypericin content, effective
moisture diffusivity and activation energy of Hypericum perforatum L. J. Essent. Oil
Bearing Plants 19 (2), 454–465.

Arnao, M.B., 2000. Some methodological problems in the determination of antioxidant
activity using chromogen radicals: a practical case. Trends Food Sci. Technol. 11,
419–421.

Barnes, J., Arnason, J.T., Roufogalis, B.D., 2019. St John's wort (Hypericum perforatum L.):
botanical, chemical, pharmacological and clinical advances. J. Pharm. Pharmacol. 71
(1), 1–3.

Beato, V.M., Orgaz, F., Mansilla, F., Montaño, A., 2011. Changes in phenolic compounds
in garlic (Allium sativum L.) owing to the cultivar and location of growth. Plant Foods
Hum. Nutr. 66 (3), 218–223.

Beerhues, L., 2011. Biosynthesis of the active Hypericum perforatum constituents. In:
Cirak, C. (Ed.), Medicinal and Aromatic Plant Science and Biotechnology 5 (Special
Issue 1): Hypericum. Isleworth: Global Science Books), pp. 70–77.

Belkheir, A.K., Gaid, M., Liu, B., Hänsch, R., Beerhues, L., 2016. Benzophenone synthase
and chalcone synthase accumulate in the mesophyll of Hypericum perforatum leaves at
different developmental stages. Front. Plant Sci. 7, 921.

Benzie, I.F.F., Strain, J.J., 1996. The ferric reducing ability of plasma (FRAP) as a measure
of “antioxidant power”: the FRAP assay. Anal. Biochem. 239 (1), 70–76.

Bi, A.Y., Fan, J.B., Hu, Z.G., Wang, G.Y., Amombo, E., Fu, J.M., Hu, T., 2016. Differential
acclimation of enzymatic antioxidant metabolism and photosystem II photochemistry
in Tall Fescue under drought and heat and the combined stresses. Front. Plant Sci. 7,
453.

Bok, J.W., Chiang, Y.M., Szewczyk, E., Reyes-Domingez, Y., Davidson, A.D., Sanchez, J.F.,
Lo, H., Watanabe, K., Strauss, J., Oakley, B.R., Wang, C.C.C., Keller, N.P., 2009.
Chromatin-level regulation of biosynthetic gene clusters. Nat. Chem. Biol. 5 (7),
462–464.

Brasili, E., Pratico, G., Marini, F., Valletta, A., Capuani, G., Sciubba, F., Miccheli, A.,
Pasqua, G., 2014. A non-targeted metabolomics approach to evaluate the effects of
biomass growth and chitosan elicitation on primary and secondary metabolism of
Hypericum perforatum in vitro roots. Metabolomics 10 (6), 1186–1196.

Brechner, M.L., Albright, L.D., Weston, L.A., 2011. Effects of UV-B on secondary meta-
bolites of St. John's Wort (Hypericum perforatum L.) grown in controlled environ-
ments. Photochem. Photobiol. 87 (3), 680–684.

Briskin, D.P., Leroy, A., Gawienowski, M., 2000. Influence of nitrogen on the production
of hypericins by St. John's wort. Plant Physiol. Biochem. 38 (5), 413–420.

Brunáková, K., Petijová, L., Zámecník, J., Turecková, V., Cellárová, E., 2015. The role of
ABA in the freezing injury avoidance in two Hypericum species differing in frost
tolerance and potential to synthesize hypericins. Plant Cell Tissue Organ Cult. 122,
45–56.

Chiang, Y.M., Szewczyk, E., Davidson, A.D., Entwistle, R., Keller, N.P., Wang, C.C.C.,
Oakley, B.R., 2010. Characterization of the Aspergillus nidulans monodictyphenone
gene cluster. Appl. Environ. Microbiol. 76 (7), 2067–2074.

Chi, J.D., Franklin, M., 1999. Determination of hypericin in plasma by high-performance
liquid chromatography. J. Chromatogr. B 724 (1), 195–198.

Conceicao, L.F.R., Ferreres, F., Tavares, R.M., Dias, A.C.P., 2006. Induction of phenolic
compounds in Hypericum perforatum L. cells by Colletotrichum gloeosporioides elicita-
tion. Phytochemistry 67 (2), 149–155.

Couceiro, M.A., Afreen, F., Zobayed, S.M.A., Kozai, T., 2006. Variation in concentrations
of major bioactive compounds of St. John's wort: effects of harvesting time, tem-
perature and germplasm. Plant Sci. 170 (1), 128–134.

Cui, X.H., Chakrabarty, D., Lee, E.J., Paek, K.Y., 2010a. Production of adventitious roots
and secondary metabolites by Hypericum perforatum L. in a bioreactor. Bioresour.
Technol. 101 (12), 4708–4716.

Cui, X.H., Murthy, H.N., Wu, C.H., Paek, K.Y., 2010b. Adventitious root suspension cul-
tures of Hypericum perforatum: effect of nitrogen source on production of biomass and
secondary metabolites. In Vitro Cell Dev. Biol. Plant 46 (5), 437–444.

Fu, M.Q., An, K.J., Xu, Y.J., Chen, Y.L., Wu, J.J., Yu, Y.S., Zou, B., Xiao, G.S., Ti, H.H.,
2018. Effects of different temperature and humidity on bioactive flavonoids and
antioxidant activity in Pericarpium Citri Reticulata (Citrus reticulata 'Chachi'). LWT -
Food Sci. Technol. 93, 167–173.

Fig. 7. The expression levels of PKS and Hyp-1 related to Hyp biosynthesis in
aerial parts of H. perforatum at different temperatures, as determined by qRT-
PTR.

Y. Yao, et al. Plant Physiology and Biochemistry 139 (2019) 613–619

618

https://doi.org/10.1016/j.plaphy.2019.04.012
https://doi.org/10.1016/j.plaphy.2019.04.012
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref1
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref1
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref1
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref2
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref2
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref2
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref3
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref3
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref3
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref4
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref4
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref4
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref5
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref5
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref5
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref6
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref6
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref6
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref7
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref7
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref7
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref8
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref8
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref9
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref9
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref9
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref9
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref10
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref10
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref10
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref10
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref11
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref11
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref11
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref11
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref12
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref12
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref12
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref13
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref13
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref14
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref14
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref14
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref14
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref15
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref15
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref15
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref16
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref16
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref17
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref17
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref17
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref18
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref18
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref18
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref19
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref19
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref19
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref20
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref20
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref20
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref21
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref21
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref21
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref21


Gadzovska, S., Maury, S., Delaunay, A., Spasenoski, M., Hagege, D., Courtois, D., Joseph,
C., 2013. The influence of salicylic acid elicitation of shoots, callus, and cell sus-
pension cultures on production of naphtodianthrones and phenylpropanoids in
Hypericum perforatum L. Plant Cell Tissue Organ Cult. 113 (1), 25–39.

Germ, M., Stibilj, V., Kreft, S., Gaberscik, A., Kreft, I., 2010. Flavonoid, tannin and hy-
pericin concentrations in the leaves of St. John's wort (Hypericum perforatum L.) are
affected by UV-B radiation levels. Food Chem. 122 (3), 471–474.

Gray, D.E., Pallardy, S.G., Garrett, H.E., Rottinghaus, G.E., 2003. Effect of acute drought
stress and time of harvest on phytochemistry and dry weight of St. John's Wort leaves
and flowers. Planta Med. 69 (11), 1024–1030.

Haas, P., Gaid, M., Zarinwall, A., Beerhues, L., Scholl, S., 2017. Downstream processing of
hyperforin from Hypericum perforatum root cultures. Eur. J. Pharm. Biopharm. 126,
104–107.

Ionescu, E., Iordache, T.V., Tebrencu, C.E., Cretu, R.M., Florea, A.M., Radu, A.L., Zaharia,
A., Sarbu, A., 2018. Evaluating the content of active principles from wild Hypericum
perforatum L. in various harvesting seasons. Rev. Chem. 69 (7), 1892–1897.

Karppinen, K., Derzso, E., Jaakola, L., Hohtola, A., 2016. Molecular cloning and expres-
sion analysis of hyp-1 type PR-10 family genes in Hypericum perforatum. Front. Plant
Sci. 7, 526.

Kong, W.D., Li, W., Romancova, I., Prasil, O., Morgan-Kiss, R.M., 2014. An integrated
study of photochemical function and expression of a key photochemical gene (psbA)
in photosynthetic communities of Lake Bonney (McMurdo Dry Valleys, Antarctica).
FEMS (Fed. Eur. Microbiol. Soc.) Microbiol. Ecol. 89, 293–302.

Kusari, S., Zuhlke, S., Kosuth, J., Cellarova, E., Spiteller, M., 2009. Light-independent
metabolomics of endophytic ThielaWia subthermophila provides insight into microbial
hypericin biosynthesis. J. Nat. Prod. 72, 1825–1835.

Kwiecien, I., Smolin, J., Beerhues, L., Ekiert, H., 2018. The impact of media composition
on production of flavonoids in agitated shoot cultures of the three Hypericum per-
foratum L. cultivars 'Elixir,' 'Helos,' and 'Topas'. In Vitro Cell Dev. Biol. Plant, vol. 54
(3), 332–340.

Li, L., Li, N.H., Jiang, S.M., 2009. Experimental Guidance of Plant Physiology Module.
Science Press, Beijing, pp. 22–39.

Li, M.F., Pare, P.W., Zhang, J.L., Kang, T.L., Zhang, Z., Yang, D.L., Wang, K.P., Xing, H.,
2018. Antioxidant capacity connection with phenolic and flavonoid content in
Chinese medicinal herbs. Record Nat. Prod. 3, 239–250.

Liu, J., Xie, S.S., Luo, Y., Zhu, G.F., Du, L.F., 2014. Soluble expression of Spinach psbC gene
in Escherichia coli and in vitro reconstitution of CP43 coupled with chlorophyll a only.
Plant Physiol. Biochem. 79, 19–24.

Ma, M.L., Karsani, S.A., Mohajer, S., Malek, S.N.A., 2014. Phytochemical constituents,
nutritional values, phenolics, flavonols, flavonoids, antioxidant and cytotoxicity
studies on Phaleria macrocarpa (Scheff.) Boerl fruits. BMC Complement Altern. Med.
14 (8), 1187–1198.

Morshedloo, M.R., Ebadi, A., Maggi, F., Fattahi, R., Yazdani, D., Jafari, M., 2015.
Chemical characterization of the essential oil compositions from Iranian populations
of Hypericum perforatum L. Ind. Crops Prod. 76, 565–573.

Nellaepalli, S., Ozawal, S.I., Kuroda, H., Takahashi, Y., 2018. The photosystem I assembly
apparatus consisting of Ycf3-Y3IP1 and Ycf4 modules. Nat. Commun. 9, 2439.

Nencini, C., Menchiari, A., Franchi, G.G., Micheli, L., 2011. In vitro antioxidant activity of
aged extracts of some Italian Allium species. Plant Foods Hum. Nutr. 66, 11–16.

Odabas, M.S., Camas, N., Cirak, C., Radusiene, J., Janulis, V., Ivanauskas, L., 2010. The
quantitative effects of temperature and light intensity on phenolics accumulation in
St. John's Wort (Hypericum perforatum). Nat. Prod. Commun. 5 (4), 535–540.

Qu, Y.J., Legen, J., Arndt, J., Henkel, S., Hoppe, G., Thieme, C., Ranzini, G., Muino, J.M.,
Weihe, A., Ohler, U., Weber, G., Ostersetzer, O., Schmitz-Linneweber, C., 2018.
Ectopic transplastomic expression of a synthetic matK gene leads to cotyledon-spe-
cific leaf variegation. Front. Plant Sci. 9, 1453.

Radulovic, N.S., Gencic, M.S., Stojanovic, N.M., Randjelovic, P.J., Baldovini, N., Kurteva,
V., 2018. Prenylated β-diketones, two new additions to the family of biologically
active Hypericum perforatum L. (Hypericaceae) secondary metabolites. Food Chem.
Toxicol. 118, 505–513.

Rahnavrd, A., 2017. Genetic and biochemical diversity of Hypericum perforatum L. Grown
in the caspian climate of Iran. Appl. Ecol. Environ. Res. 15 (1), 665–675.

Shakya, P., Marslin, G., Siram, K., Beerhues, L., Franklin, G., 2017. Elicitation as a tool to
improve the profiles of high-value secondary metabolites and pharmacological
properties of Hypericum perforatum. J. Pharm. Pharmacol. 71 (1), 70–82.

Shao, J.H., Yu, G.L., Wu, Z.X., Peng, X., Li, R.H., 2010. Responses of Synechocystis sp. PCC

6803 (cyanobacterium) photosystem II to pyrene stress. J. Environ. Sci. 22 (7),
1091–1095.

Skyba, M., Petijova, L., Kosuth, J., Koleva, D.P., Ganeva, T.G., Kapchina-Toteva, V.M.,
Cellarova, E., 2012. Oxidative stress and antioxidant response in Hypericum perfor-
atum L. plants subjected to low temperature treatment. J. Plant Physiol. 169 (10),
955–964.

Sliwiak, J., Dauter, Z., Jaskolski, M., 2016. Crystal structure of Hyp-1, a Hypericum per-
foratum PR-10 protein, in complex with Melatonin. Front. Plant Sci. 7, 668.

Southwell, I.A., Bourke, C.A., 2001. Seasonal variation in hypericin content of Hypericin
content of Hypericum perforatum L. ( St. John's Wort). Phytochemistry 56 (5),
437–441.

Stoppel, R., Meurer, J., 2013. Complex RNA metabolism in the chloroplast: an update on
the psbB operon. Planta 237, 441–449.

Sun, P., Kang, T.L., Xing, H., Zhang, Z., Yang, D.L., Zhang, J.L., Pare, P.W., Li, M.F., 2019.
Phytochemical changes in aerial parts of Hypericum perforatum at different harvest
stages. Record Nat. Prod. 13 (1), 1–9.

Timsina, B.A., Stocker-Worgotter, E., Piercey-Normore, M.D., 2012. Monophyly of some
North American species of Ramalina and inferred polyketide synthase gene function.
Botany 90 (12), 1295–1307.

Tocci, N., Ferrari, F., Santamaria, A.R., Valletta, A., Rovardi, I., Pasqua, G., 2010.
Chitosan enhances xanthone production in Hypericum perforatum subsp. angustifolium
cell cultures. Nat. Prod. Res. 24 (3), 286–293.

Tocci, N., Simonetti, G., D'Auria, F.D., Panella, S., Palamara, A.T., Ferrari, F., Pasqua, G.,
2013. Chemical composition and antifungal activity of Hypericum perforatum subsp.
angustifolium roots from wild plants and plants grown under controlled conditions.
Plant Biosyst. - Int. J. Deal. Aspects Plant Biol. 147 (3), 557–562.

Tsuruyal, K., Suzuki, M., Plader, W., Sugita, C., Sugita, M., 2006. Chloroplast transfor-
mation reveals that tobacco ycf5 is involved in photosynthesis. Acta Physiol. Plant. 28
(4), 365–372.

Valletta, A., De Angelis, G., Badiali, C., Brasili, E., Miccheli, A., Di Cocco, M.E., Pasqua,
G., 2016. Acetic acid acts as an elicitor exerting a chitosan-like effect on xanthone
biosynthesis in Hypericum perforatum L. root cultures. Plant Cell Rep. 35 (5),
1009–1020.

Velada, I., Ragonezi, C., Arnholdt-Schmitt, B., Cardoso, H., 2014. Reference genes se-
lection and normalization of oxidative stress responsive genes upon different tem-
perature stress conditions in Hypericum perforatum L. PLoS One 9 (12) e115206.

Velingkar, V.S., Gupta, G.L., Hegde, N.B., 2017. A current update on phytochemistry,
pharmacology and herb-drug interactions of Hypericum perforatum. Phytochemistry
Rev. 16 (4), 725–744.

Walker, T.S., Bais, H.P., Vivanco, J.M., 2002. Jasmonic acid-induced hypericin produc-
tion in cell suspension cultures of Hypericum perforatum L. (St. John's wort).
Phytochemistry 60 (3), 289–293.

Wang, Y.X., Wei, S.M., Wang, J.A., Su, X.Y., Suo, B., Qin, F.J., Zhao, H.J., 2018.
Exogenous application of 5-aminolevulinic acid on wheat seedlings under drought
stress enhances the transcription of psbA and psbD genes and improves photosynth-
esis. Braz. J. Bot. 41 (2), 275–285.

Whitmarsh, J., Govindjee, 1999. The photosynthetic process. In: Singhal, G.S., Renger, G.,
Sopory, S.K., Irrgang, K.D., Govindjee (Eds.), Concepts in Photobiology:
Photosynthesis and Photomorphogenesis. Kluwer Academic Publishers, Boston, pp.
11–51.

Willems, E., Leyns, L., Vandesompele, J., 2008. Standardization of real-time PCR gene
expression data from independent biological replicates. Anal. Biochem. 379,
127–129.

Yang, D.L., Sun, P., Li, M.F., 2016. Chilling temperature stimulates growth, gene over-
expression and podophyllotoxin biosynthesis in Podophyllum hexandrum Royle. Plant
Physiol. Biochem. 107, 197–203.

Yang, L.Y., Yang, S.L., Li, J.Y., Ma, J.H., Pang, T., Zou, C.M., He, B., Gong, M., 2018.
Effects of different growth temperatures on growth, development, and plastid pig-
ments metabolism of tobacco (Nicotiana tabacum L.) plants. Bot. Stud. 59 (1), 5.

Zobayed, S., Murch, S.J., Rupasinghe, H.P.V., Saxena, P.K., 2004. In vitro production and
chemical characterization of St. John's wort (Hypericum perforatum L. cv 'New Stem').
Plant Sci. 166 (2), 333–340.

Zobayed, S.M.A., Afreen, F., Kozai, T., 2005. Temperature stress can alter the photo-
synthetic efficiency and secondary metabolite concentrations in St. John's wort. Plant
Physiol. Biochem. 43, 977–984.

Y. Yao, et al. Plant Physiology and Biochemistry 139 (2019) 613–619

619

http://refhub.elsevier.com/S0981-9428(19)30146-9/sref22
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref22
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref22
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref22
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref23
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref23
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref23
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref24
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref24
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref24
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref25
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref25
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref25
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref26
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref26
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref26
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref27
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref27
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref27
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref28
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref28
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref28
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref28
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref29
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref29
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref29
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref30
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref30
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref30
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref30
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref31
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref31
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref32
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref32
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref32
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref33
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref33
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref33
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref34
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref34
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref34
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref34
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref35
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref35
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref35
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref36
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref36
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref37
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref37
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref38
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref38
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref38
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref39
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref39
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref39
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref39
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref40
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref40
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref40
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref40
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref41
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref41
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref42
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref42
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref42
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref43
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref43
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref43
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref44
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref44
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref44
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref44
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref45
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref45
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref46
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref46
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref46
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref47
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref47
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref48
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref48
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref48
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref49
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref49
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref49
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref50
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref50
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref50
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref51
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref51
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref51
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref51
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref52
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref52
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref52
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref53
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref53
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref53
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref53
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref54
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref54
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref54
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref55
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref55
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref55
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref56
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref56
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref56
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref57
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref57
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref57
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref57
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref58
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref58
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref58
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref58
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref59
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref59
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref59
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref60
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref60
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref60
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref61
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref61
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref61
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref62
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref62
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref62
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref63
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref63
http://refhub.elsevier.com/S0981-9428(19)30146-9/sref63

	Temperature-dependent growth and hypericin biosynthesis in Hypericum perforatum
	Introduction
	Methods
	Plant materials
	Physiological measurements
	Growth characteristics
	Determination of chlorophyll content

	Determination of bioactive compounds and antioxidant capacity
	Preparation of extracts
	Hyp HPLC quantification
	Determination of flavonoids and phenolics content
	Determination of antioxidant capacity

	qRT-PCR analysis
	Statistical analysis

	Results
	Temperature-dependent plant growth
	Low temperature increases Hyp accumulation
	Low temperature increases flavonoids and phenolics content
	Low temperature increases antioxidant capacity
	Low temperature enhances gene expression related to plant growth
	Low temperature enhances gene expression related to Hyp biosynthesis

	Discussion
	Conclusion
	Acknowledgments
	Supplementary data
	Author contributions
	References




