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Abstract: Hypericin (Hyp), well-known as an antidepressant, is mainly extracted from Hypericum
perforatum. Although Hyp accumulation and biomass are greater at lower compared to higher
temperature, the regulation mechanism has not been reported. Here, the physiological characteristics
and transcriptome of H. perforatum grown at 15 and 22 °C were determined and analyzed by HPLC
and de novo sequencing. The results showed that the stomatal density and opening percentages
were 1.1- and 1.4-fold more, and the Hyp content was 4.5-fold greater at 15 °C compared to 22 °C.
A total of 1584 differentially expressed genes (DEGs) were observed at 15 versus 22 °C, with 749 char-
acterized genes, 421 upregulated (UR) and 328 downregulated (DR). Based on biological functions,
150 genes were associated with Hyp biosynthesis, plant growth and the stress response, including
photosynthesis, carbohydrate metabolism, fatty acids metabolism, cytochrome P450 (CYPs), morpho-
physiological traits, heat shock proteins (HSPs), cold-responsive proteins (CRPs) and transcription
factors (TFs). The differential expression levels of the master genes were confirmed by qRT-PCR and
almost consistent with their Reads Per kb per Million (RPKM) values. This physiological and tran-
scriptomic analyses provided insight into the regulation mechanisms of low temperature enhancing
Hyp biosynthesis in H. perforatum.

Keywords: Hypericum perforatum; hypericin biosynthesis; low temperature; physiological characteris-
tic; transcriptomic analysis; gene expression

1. Introduction

Hypericum perforatum L. (St John’s wort) is a perennial herbaceous plant native to Eu-
rope, Northern Africa, Northern America and Asia [1,2]. It has been used in folk medicine
as a soothing, antiphlogistic and urogenital agent, as well as in the treatment of traumas,
burns, scabs and hemorrhoids since Greek and Roman times [3]. Today, it is mainly used for
antidepression agents [4-6], which largely depend on the naphthodianthrone compound
Hyp [3,7]. Currently, Hyp is mainly extracted from H. perforatum [8]. In order to improve the
Hyp production, many approaches that have been investigated include dissecting the Hyp
biosynthetic pathway [9-11], screening germplasm resources [12-14], evaluating harvest
stages [8,12,15], finding out the optimization of environmental factors such as nutrients [16],
drought stress [17], UV-B radiation [18-20], light [21] and temperature [12,20,22,23].

Hyp biosynthesis is started from glucose to acetyl- and malonyl-coenzyme A (CoA)
in the cells of green tissues and from acetyl- and malonyl-CoA to Hyp in the cells of dark
glands (Figure 1). Briefly, in green tissue, photosynthesis firstly produces glucose, and
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pyruvic acid is produced through glycolysis. Acetyl-CoA can be formed through pyruvate
dehydrogenase. Malonyl-CoA can be derived from acetyl-CoA by acetyl-CoA carboxylase.
In addition, acetyl-CoA can also be recycled as the result of the fatty acid metabolism. In
the dark gland, one molecule of acetyl-CoA and seven molecules of malonyl-CoA form an
octa-[3-ketoacyl chain by polyketide synthase (PKS) or octaketide synthase (OKS); emodin
anthrone was formed after several steps, including aldolic condensation, thioesterase (TER),
decarboxylic and dehydration reactions. Emodin dianthrone can be generated through
two pathways, including the oxidation of emodin bianthrone, which is formed by the free
radical coupling of emodin anthrone, and the synthesis of emodin anthrone and emodin
by the phenoloxidative coupling protein (POCP). Then, Hyp is subsequently yielded via
the catalysis of the berberine bridge enzyme (BBE) [9-11,22,24-26].
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Figure 1. Pathway of Hyp biosynthesis from glucose to acetyl- and malonyl-coenzyme A (CoA) in the cells of green tissues

(green frame) and from acetyl- and malonyl-CoA to Hyp in the cells of dark glands (black frame). PKS, polyketide synthase;
OKS, octaketide synthase; TER, thioesterase; POCP, phenoloxidative coupling protein and BBE, berberine bridge enzyme.

Experimental evidence shows that a low temperature improves Hyp production.
Specifically, Brunakova et al. [27] reported that a —4 °C treatment improved the Hyp
content on a dry weight (DW) basis. Tavakoli et al. [20] found that the Hyp content on
a DW basis in a root suspension culture reached the highest amount at 4 °C than at §,
16 and 25 °C. Velada et al. [28] determined that the genes (phenolic oxidative coupling
protein (Hyp-1), PKS1 and PKS2) involved in Hyp synthesis were differentially expressed
at different temperatures. Our previous studies found that 15 °C could enhance aerial
parts of a biomass and Hyp contents of dry weight (DW) on a per plant basis, as well as
mRNA expressions of the hyp-1 and PKS genes, compared to 22 °C [22]. For the molecular
function of hyp-1 gene, Bais et al. [29] found that a conversion of emodin to Hyp was solely
catalyzed by the hyp-1 gene, while Kosuth et al. [30] reported that the hyp-1 gene is not a
limiting factor for Hyp biosynthesis in the genus Hypericum or that additional factors are
necessary for completion.

To date, the mechanism of low temperature regulating plant growth and Hyp biosyn-
thesis in H. perforatum is still limited. With the aim of unraveling the genes involved
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in growth enhancement and Hyp accumulation upon low temperature induction, the
seedlings grown at 15 and 22 °C were examined by RNA-seq, the mRNA expression levels
were confirmed by qRT-PCR and the Hyp content was quantified by HPLC.

2. Results
2.1. Effect of Low Temperature on Biomass, Dark Glands, Leaf Stomata and Hyp Accumulation

A significant increase of the DW of whole plants was observed at 15 °C than 22 °C
(Figure 2A,C). Although 1.1-fold more of the number of foliar dark glands was observed
at 15 °C than 22 °C, there was no significant difference between them (Figure 2B,D). Four
point six and 4.5-fold increases of the Hyp content, on a DW and per plant basis, were
observed at 15 °C compared to 22 °C, respectively (Figure 2E,F). Additionally, there were
significant differences in the leaf stomata, with the stomatal density and opening percentage
1.1- and 1.4-fold more (Figure 3A,C and Table 1 and a more rounded shape with the ratio
of length/width (2.7) at 15 °C compared to 22 °C (Figure 3B,D and Table 1).
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Figure 2. Biomass, dark glands and Hyp content in Hypericum perforatum seedlings grown at 15 and 22 °C. Dry weights (DW)
of whole seedlings (A,C), number of dark glands (B,D) and Hyp contents on a DW and per plant basis ((E,F), respectively).
The “*” is considered significant at p < 0.05 between 15 and 22 °C.
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Figure 3. Stomata structure of H. perforatum seedlings grown at 15 and 22 °C. GC, guard cell and SP,
stomatal pore. Images (A,B) represent the scope 100 and 40 um at 15 °C, images (C,D) represent the
scope 100 and 40 pum at 22 °C, respectively.

Table 1. Stomata characteristics of Hypericum perforatum seedlings grown at 15 and 22 °C.

Density Opening . Ratio of
Temp. (mm?) Percentage (%) Length (um) — Width (1m) Length/Width
15°C 2253 £2.28* 91.59 £ 0.08 * 1327 £140 513+£1.01*  2.69+058*
22°C 19.80 £2.39 66.21 £ 0.05 13.42 £1.31 444 +123 3.20+0.78

Values are average with their standard deviations (1 = 30). The asterisk (*) represents a significant difference
(p < 0.05) between 15 and 22 °C.

2.2. Global Gene Analysis

To dissect the mechanisms of low temperatures enhancing plant growth and Hyp
accumulation, RNA-seq for plants grown at 15 and 22 °C was performed. Although robust
data were generated (Figure S1), 39.4 and 45.5 million high-quality reads were collected
after data filtering, and 2.5 and 2.9 million multiple reads were mapped from the 15 and
22 °C plants, respectively, from the 44,776 compiled genes and annotated against the
databases (Tables S2 and S3 and Figures 52-S5). The correlation between 15 and 22 °C was
assessed by a principal component analysis (PCA) with R packages (Figures S6 and S7).
A total of 1584 differentially expressed genes (DEGs) were identified at 15 versus 22 °C
(Figure S8). Of these 1584 DEGs, 768 genes were identified to match with the databases
(Figure 4B). Among the 768 genes, 749 genes with known functions were partitioned into
421 upregulated (UR) and 328 downregulated (DR) (Figure 4C,D).

2.3. Biological Category of DEGs

Based on biological functions, the 749 genes were divided into 11 categories: photo-
synthesis/energy (25), primary metabolism (85), secondary metabolism (62), cell morpho-
genesis (60), bio-signaling (93), hormone biosynthesis (23), polynucleotide biosynthesis
(33), transcription factor (112), translation (58), transport (104) and stress response (94)
(Figure 4D). Based on the pathways for the control of Hyp biosynthesis, plant growth and
stress response [10,20], finally, 150 DEGs (90 UR and 60 DR) were dug out as master genes
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involved in photosynthesis (12), carbohydrate metabolism (13), fatty acid metabolism
(15), cytochrome P450 (21), morphophysiological traits (15), heat shock protein (15), cold-
responsive protein (3) and transcription factors (56). The differential expression levels of
the 150 genes based on Reads Per kb per Million (RPKM) values are shown in a heat map
(Figure 5 and Tables 54-510).
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Figure 4. Distribution and classification of differentially expressed genes (DEGs) at 15 versus 22 °C. UR, upregulated
and DR, downregulated. Image (A) represents the phenotype at 15 and 22 °C, image (B) represents the classification of
unidentified and identified genes, image (C) represents the classification of uncharacterized and characterized genes, and
image (D) represents the classification of the functional genes.
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Figure 5. Heat map of the differential gene expressions at 15 versus 22 °C, based on the normalized Reads Per kb per
Million (RPKM) values. Abbreviations of the genes are listed in Tables S4-510.
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2.4. DEGs Involved in Hyp Biosynthesis
2.4.1. DEGs Involved in Photosynthesis

As is mentioned above in the Hyp biosynthetic pathway (Figure 1), Hyp biosynthesis is
initiated from photosynthesis producing glucose in the cells of green tissues. Here, 12 genes
(9 UR and 3 DR) that are involved in photosynthesis include chlorophyll a-b binding pro-
teins (CABs) (CAB1, CAB1B, CAB3, CAB3C, CAB96 and CAB); early light-induced proteins
(ELI_PEA and ELIP2); light-harvesting complex-like protein (OHP2) and ribulose bisphos-
phate carboxylases (RBCS-C, RCA and RBCS-8B) (Figure 5 and Table S4). The differential
UR of the selected six genes encoding the CABs was confirmed by qRT-PCR. Their RELs are
consistent with RPKM values, with 1.1-, 2.9-, 2.5-, 1.7-, 3.9- and 3.6-fold UR of CAB1, CAB1B,
CAB3, CAB3C, CAB96 and CAB, respectively, at 15 versus 22 °C (Figure 6A).
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Figure 6. The expression level of genes involved in photosynthesis (A), carbohydrate metabolism (B), fatty acid metabolism
and cytochrome P450 (CYPs) (C), morphophysiological traits (D), differentially expressed heat shock proteins (HSPs) and
cold-responsive proteins (CRPs) (E) and transcriptions factors (TFs) (F) at 15 versus 22 °C plants, as determined by qRT-PCR.
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2.4.2. DEGs Involved in Carbohydrate Metabolism

Glucose accumulation is indispensable for the upstream of Hyp biosynthesis (Figure 1).
Here, 13 genes (10 UR and 3 DR) that were involved in carbohydrate metabolism included the
carbon reaction (CA, CA1, LDHA and PGAM) and glucose metabolism (AGLU2, BGLU11,
GINT1, GAD, GAPC, NonBGLU, TOGT1, GAE6 and USP1) (Figure 5 and Table S5). Differen-
tial UR of the selected seven genes was confirmed, and their RELs were consistent with the
RPKM values, with 1.3-, 1.8-, 2.6-, 4.3-, 5.4, 1.2- and 1.2-fold UR of CA, CA1, LDHA, PGAM,
BGLU11, GAD and GAPC, respectively, at 15 versus 22 °C (Figure 6B).

2.4.3. DEGs Involved in Fatty Acids Metabolism

Another important way to generate acetyl-CoA is fatty acid metabolism. Here, 15 genes
(12 UR and 3 DR) that are involved in fatty acid metabolism included FAD3, YLR118C,
abhd17c, HOS3, FAR3, MGD3, At1g06800, At4g16820, PLDZETA1, PLD1, SQD2, LIP2, BEAT,
BPS and PED1 (Figure 5 and Table S6). Differential UR of the selected four genes was
confirmed, and their RELs were consistent with the RPKM values, with 1.1, 2.4-, 2.6- and
4.1-fold UR of PLDZETAL1, BEAT, BPS and PED], respectively, at 15 versus 22 °C (Figure 6C).

2.4.4. Differentially Expressed Cytochrome P450 (CYPs)

In this study, the 21 genes (17 UR and 4 DR) that encoded CYPs included CYP71A6,
CYP71A9, CYP78A5, CYP82A1, CYP82A3, CYP89A9, CYP86B1, CYP90B1, CYP94B1,
CYP96A15, CYP714C2, CYP81D1, CYP81E8, CYP716B1, CYP736A12, CYP749A22,
CYP82D47, CYP75B2, CYP93B1, CYP81E9 and CYP81E1 (Figure 5 and Table S7). Dif-
ferential UR of the selected two genes was confirmed, and their RELs were consistent
with RPKM values, with 4.5- and 1.5-fold UR of CYP75B2 and CYP81E], respectively, at
15 versus 22 °C (Figure 6C).

2.5. DEGs Involved in Morpho-Physiological Traits

In this study, 15 genes that directly participated in the morphophysiological traits in-
cluded leaf and stem development (ZOG1, DCR and CYP96A15); root development (MIZ1
and GEM); flower development (CET1, FPF1, FTIP1, HD3B and SWC6) and cell differen-
tiation (SBT1.9, SBT3.18, SBTI1.1, EMS1 and MSP1) (Figure 5 and Table S8). Differential
expression of the selected six genes was confirmed, and their RELs were consistent with
the RPKM values, with the 1.8-, 2.4-, 0.05-, 0.1-, 2.2- and 0.04-fold differential expression
of CYP96A15, EMS1, GEM, MIZ1, SBTI1.1 and ZOGI, respectively, at 15 versus 22 °C
(Figure 6D).

2.6. DEGs Involved in Stress Response
2.6.1. DEGs Involved in Heat Shock Proteins (HSPs) and Cold-Responsive Proteins (CRPs)

Since H. perforatum seedlings were exposed to 15 and 22 °C in this study, 18 genes that
were observed to be differentially expressed included 15 DR HSPs (HSP15.7, HSP17.3-B,
HSP17.4B, HSP17.9-D, HSP18.2, HSP22.0, HSP70-8, HSP70, HSC-I, HSC-2, HSF30, HSP81-
1, HSP83A, HSP21 and HSA32) and three UR CRPs (BAP1, COR413IM1 and CRPK1)
(Figure 5 and Table S9). Differential regulation of the selected six genes was confirmed,
and their RELs were consistent with the RPKM values, with 0.3-, 0.98- and 0.5-fold DR of
HSP70, HSC-I and HSC-2 and 2.9-, 11.3- and 1.6-fold UR of BAP1, COR413IM1 and CRPK1,
respectively, at 15 versus 22 °C (Figure 6E). The DR of HSP genes and UR of CRP genes
can be an adaptive mechanism of H. perforatum in response to low temperatures.

2.6.2. Differentially Expressed Transcription Factors (TFs)

In this study, 56 TFs that were differentially expressed included MYB TFs (PHLS5,
MYB2, MYB3, MYB4, MYB14, MYB17, MYB48, MYB52, MYB62, MYB73, MYB78 and
MYB108); MADS-box TFs (AGL80, SVP, CMB1 and MADS50); bHLH TFs (BHLH62,
BHLH92, BHLH96, BHLH154 and BHLH162); TCP TFs (TCP1, TCP12 and TCP20); bZIP
TFs (BZIP44, BZIP61 and TGA10); WRKY TFs (WRKY7, WRKY40, WRKY41, WRKY53,
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WRKY72, WRKY6, WRKY28, WRKY55 and WRKY24); ethylene-responsive TFs (At1g50680,
Atlg51120, ERF2, ERF2, ERF5, ABR1, ERF003, ERF013, ERF017, ERF020, ERF071, ERF095
and ERF109) and NAC domain-containing proteins (NAC014, NAC043, NAC048, NACO071,
NAC087, NAC090 and NAC100) (Figure 5 and Table S10). Differential UR of the selected
six genes was confirmed, and their RELs were consistent with the RPKM values, with 1.4-,
4.4-,2.3-,2.1-,2.2- and 1.3-fold UR of ERF5, ERF020, MYB4, MYB14, NAC071 and WRKY?24,
respectively, at 15 versus 22 °C (Figure 6F).

3. Discussion

While low temperatures improving the plant growth and Hyp accumulation by stimulat-
ing related gene expressions has been observed in H. perforatum [20,22,27,28], the mechanism
responsible for temperature-dependent growth and Hyp biosynthesis has not been dissected.
Here, it is shown that there is a greater plant biomass and Hyp accumulation, more leaf dark
glands, stomatal density and rounded stomatal shape at 15 compared to 22 °C. By treating
seedlings at 15 and 22 °C, ca. 1600 genes were differentially expressed, with over 56% of
the 749 characterized genes being UR at 15 °C compared to 22 °C (Figure 4). By grouping
genes based on biological functions, 150 genes were associated with Hyp biosynthesis, plant
growth and stress responses, including photosynthesis, carbohydrate metabolism, fatty acid
metabolism, CYPs, morphophysiological traits, HSPs, CRPs and TFs (Figure 5).

Experimental evidence shows that H. perforatum plants can adapt to low temperatures
by increasing the biomass and morphogenesis (e.g., leaf area, number of stem and its
internode and root), and low temperatures can improve Hyp biosynthesis by increasing the
number of dark glands and related gene expressions [10,12,20,22,27,28]. The current study
exhibited greater biomass by increasing the stomatal density and opening percentages,
as well as a more rounded stomatal shape with the ratio of length /width and greater Hyp
content via the overexpression of 61 genes involved in Hyp biosynthesis (Figures 2 and 3
and Table 1).

As is shown in Figure 1, the Hyp biosynthetic pathway depends on photosynthesis
and is involved in carbohydrate metabolism and fatty acid metabolism in the upstream
steps, as well as PKS, TER, POCR and CYPs. For the photosynthesis, the CABs are the
most abundant protein complex on the thylakoid membrane and are light receptors that
capture and deliver excitation energy to photosystems [31]. The UR of CAB genes that
are involved in photosynthesis provides energy and fixation and a reduction of CO, into
carbohydrate [32].

For the carbohydrate metabolism, the carbonic anhydrases (CAs) catalyze the re-
versible interconversion between carbon dioxide and bicarbonate [33]. The L-lactate
dehydrogenase A (LDHA) synthesizes lactate from pyruvate in glycolysis [34]. The phos-
phoglycerate mutase-like protein (PGAM) catalyzes the reversible interconversion between
3-phosphoglycerate and 2-phosphoglycerate [35]. The beta-glucosidase (BGLU11) hy-
drolyzes the terminal, nonreducing beta-D-glucosyl residues to generate beta-D-glucose [36].
The glutamate decarboxylase (GAD) catalyzes the conversion of glutamate to CO, and
g-aminobutyrate [37]. The glyceraldehyde-3-phosphate dehydrogenase (GAPC) catalyzes
D-glyceraldehyde 3-phosphate to 3-phospho-D-glyceroyl phosphate [38]. The UR of genes
that are involved in carbohydrate metabolism enhances the accumulation of pyruvic acid
by glycolysis pathways, which provide substrates for the biosynthesis of acetyl-CoA.

For the fatty acid metabolism, for example, the phospholipase D zeta 1 (PLDZETA1)
is involved in the lipid catabolic process by the hydrolysis of glycerol-phospholipids to
produce phosphatidic acids [39]. The acetyl-CoA-benzyl alcohol acetyltransferase (BEAT)
is involved in the biosynthesis of benzyl acetate [40]. The 2,4,6-trihydroxybenzophenone
synthase (BPS) is involved in the malonyl-CoA metabolic process [41]. 3-ketoacyl-CoA
thiolase 2 (PED1) is involved in long chain fatty acid beta-oxidation [42]. The fatty acid
metabolic process will provide abundant acetyl-CoA, which can combine with its product
malonyl-CoA to produce an octa-{3-ketoacyl chain.
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Extensive studies have demonstrated that CYPs can catalyze several reactions, such
as hydroxylation, dealkylation and oxidation reactions. Studies have demonstrated that
the CYPs are a large and diverse family involved in secondary metabolism [43-47]. During
the downstream of the Hyp biosynthetic pathway in dark glands, most of the steps are
catalyzed by the oxidation, reduction, dehydration and decarboxylic reactions, as well
as free radical coupling and electron-paired donors (Figure 1). For example, flavonoid
3’-monooxygenase (CYP75B2) catalyzes the 3'-hydroxylation of flavonoid B-ring to a 3/, 4'-
hydroxylated state [48], isoflavone 2/-hydroxylase (CYP81E1) catalyzes the hydroxylation
of isoflavones to 2-hydroxyisoflavones, daidzein to 2’-hydroxydaidzein and formononetin
to 2/-hydroxyformononetin [49]. The UR of genes that encode CYPs may play critical roles
in Hyp biosynthesis in the downstream pathway:.

However, the genes involved in downstream steps (e.g., PKS, OKS, TER, POCP
and BBE) were not examined to be differentially expressed, except for the CYPs class
(Figure 1). While several studies were devoted to dissecting the Hyp biosynthetic path-
way [9-11,22,24-26], limited genes involved in the downstream steps were submitted to
the public databases (e.g., NR, Swiss-Prot, KEGG, KOG and GO), which led to differ-
entially expressed contigs that could not be mapped and were listed as unidentified or
uncharacterized genes in this study.

Adaptation to environmental stresses results from integrated events occurring at all
levels of organization, not only from the anatomical, cellular, biochemical and molecular
levels but, also, from the morphological level [32]. For example, the alkane hydroxy-
lase MAH1 (CYP96A15) is involved in wax biosynthesis during plant growth [50]. The
Leucine-rich repeat receptor protein kinase (EMS1) can mediate signals that control the fate
of reproductive cells and their contiguous somatic cells [51]. The GLABRA2 expression
modulator (GEM) is involved in the spatial control of cell division and differentiation of
root epidermal cells [52]. MIZU-KUSSEI 1 (MIZ1) plays an important role in lateral root
development [53]. Subtilisin-like serine proteases (SBTI1.1) can promote plant cell differen-
tiation, organogenesis and somatic embryogenesis, as well as cell proliferation [54]. Zeatin
O-glucosyltransferase (ZOG1) catalyzes the formation of O-xylosylzeatin in plant develop-
ment [55]. The differential expression of the 15 genes involved in the morphophysiological
traits may be an adaptation to low temperatures.

There is considerable evidence that HSPs are essential for plant survival under abiotic
stresses [56,57]. The expression of HSP genes is observed to be induced by high tempera-
tures and inhibited by low temperatures [58,59]. For example, CRPs are induced to enable
plants to survive from chilling and freezing stress [60]. Three CRPs that were identified
in this study—for example, BON1-associated protein 1 (BAP1), cold-regulated 413 inner
membrane protein 1 (COR413IM1) and cold-responsive protein kinase 1 (CRPK1)—were
observed to be differentially expressed in response to cold stress [61-63].

TFs can regulate plant growth and metabolism in response to abiotic stresses [64].
For example, ethylene-responsive transcription factors (ERFs) are involved in regulating
gene expression and participating in signal transduction pathways [65,66]. MYB tran-
scription factors play regulatory roles in developmental processes and defense responses,
the MYB4 is involved in scavenging reactive oxygen species during cold stress [67] and
MYB14 induces the expression of CBF genes to increase their freezing tolerance [68]. The
NAC domain-containing protein family may act downstream of N-rich protein (NRP)-A
or NRP-B in the integration of endoplasmic reticulum stress and osmotic stress cell death
signals [69]. WRKY domain transcription factors play an important role in plant responses
to both biotic and abiotic stress by regulating ABA signaling [70].

Based on the above functional analysis, the schematic representation of the proposed
pathways of genes for regulating Hyp biosynthesis, morphophysiological traits and the
stress response are shown in Figure 7. Briefly, low temperatures induce the differen-
tial expression of genes involved in photosynthesis, carbohydrate metabolism and fatty
acid metabolism, which improves the accumulation of primary metabolites, as well as
the metabolic processes of carbohydrate and fatty acids. Hyp biosynthesis is improved
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by the overexpression of genes encoding CYPs, as well as other unidentified enzymes
(Figure 7A). Genes involved in the morphophysiological traits (e.g., root development,
leaf and stem development and cell differentiation) are also upregulated, which improves
the plant growth to some extent under low temperatures (Figure 7B). Meanwhile, low
temperatures inhibit the expression of HSPs and induce the overexpression of CRPs, which
subsequently regulates the differential expression of TFs to adapt H. perforatum plants to
low temperature conditions (Figure 7C).

Low temperature i
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Figure 7. Schematic representation of the proposed pathways of the genes for regulating Hyp biosynthesis, the morpho-
physiological traits and the stress response in H. perforatum. Image (A) shows the genes involved in Hyp biosynthesis,
image (B) shows the genes involved in morphophysiological traits, image (C) shows the genes involved in stress response.

4. Materials and Methods
4.1. Plant Materials

Mature seeds of Hypericum perforatum L. were obtained from plants cultivated in
Kangxian County (33°16'20” N, 105°31'50” E) of Gansu Province, China in July 2016.
Seedlings were induced based on a previous reported protocol [22] with slight modifica-
tions. Specifically, seeds were rinsed with tap water for 10 min and successively immersed
in 70% ethanol for 2 min and 0.1% HgCl, for 1 min. After each treatment, seeds were
rinsed with sterile water 4 times. Sterilized seeds were inoculated on MS + 20.0 g/L
sucrose + 4.0 g/L agar (pH 5.8) and germinated at 22 °C with a 24-h/d photoperiod
(500 umol-m~2-s71 flu). After 25 days, germinated seeds were transferred to the above-
mentioned basal medium (pH 5.8) supplemented with 0.5-mg/L NAA and 1.0-mg/L 6-BA
for rooting and sprouting. After 20 days of growth, seedlings were treated at a constant
15 or 22 °C in a growth chamber, with each treatment containing 40 flasks (3 seedlings
per flask). After 20 days of treatment, seedlings were harvested with 20 flasks used for
physiological measurements and Hyp quantification and 20 flasks used for RNA-seq and
gene expression.
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4.2. Observation of Dark Gland and Leaf Stomata

The number of dark glands was calculated on a per leaf basis, with 25 leaf replicates.
Stomata in the middle adaxial part of the leaf were observed by a scanning electron mi-
croscope (S5-3400N, Hitachi, Tokyo, Japan), and this step was applied following a previous
protocol [71].

4.3. Hyp HPLC Quantification

Hyp content was quantified according to previous protocols [22,72]. Air-dried seedlings
were ground into powder, and a 0.1-g sample was used to extract Hyp. Ethanol extract
(10 puL) was analyzed by HPLC (symmetry C18, 250 mm X 4.6 mm, 5 um and column
temperature 60 °C; Waters ACQUITY Arc, Waters Corporation, Milford, MA, USA). Hyp
content was evaluated with a peak area comparison with a reference standard (hypericin,
56690; Sigma Chemical Co., St. Louis, MO, USA).

4.4. Total RNA Extraction and Illumina Sequencing

Total RNA samples of 15 or 22 °C with three biological replicates were extracted
using a RNA kit (R6827, Omega Bio-Tek, Inc., Norcross, GA, USA) according to the
manufacturer’s protocols. To ensure the quality for sequencing, the integrity of total RNA
was evaluated by 1.0% agarose gel electrophoresis (Figure S9), the purity of total RNA was
determined by a NanoDrop spectrophotometer 2000 (Thermo Fisher Scientific, Waltham,
MA, USA), the concentration of total RNA was quantified by a Qubit2.0 Fluorometer
(Thermo Scientific) and the accurate integrity of the total RNA was detected on an Agilent
2100 Bioanalyzer (Agilent Technologies Inc., Santa Clara, CA, USA). The processes of
enrichment, fragmentation, reverse transcription, synthesis of the second-strand cDNA and
purification of cDNA fragments was applied following the previous protocols [47]. RNA-
seq was conducted using an Illumina HiSeqTM 4000 platform (Gene Denovo Biotechnology
Co., Ltd., Guangzhou, China).

4.5. Sequence Filtration, Assembly, Unigene Expression Analysis and Basic Annotation

Raw reads were filtered according to previous descriptions [47]. Specifically, read pairs
were used to filter with the principles: (1) remove reads containing adapters, (2) remove
reads containing more than 10% of unknown nucleotides (N) and (3) remove low-quality
reads containing more than 50% low-quality (Q-value < 20) bases. De novo assembly
of clean reads was performed using Trinity [73]. The expression level of each transcript
was calculated and normalized to Reads Per kb per Million (RPKM) [74], and DEGs were
identified according to a criteria of Ilogy(fold-change)! > 1 and p < 0.05 by DESeq?2
software and the edgeR package [75,76]. Unigenes were annotated against the databases,
including NR, Swiss-Prot, KEGG, KOG and GO [77].

4.6. qRT-PCR Validation

The primer sequence (Table S1) was designed on the primer-blast of the NCBI website.
First-strand cDNA was synthesized using a RT kit (KR116, Tiangen, China). PCR amplifica-
tion was performed using a SuperReal PreMix (FP205, Tiangen, China). Melting curve was
analyzed at 72 °C for 34 s. Actin gene (Accession no. CP002685.1) was used as a reference
control. Relative expression level (REL) was calculated using the 2~ method [78].

4.7. Statistical Analysis

All the measurements were performed using three biological replicates. A t-test was
applied for independent samples, with p < 0.05 considered significant.

5. Conclusions

From the above observations, lower temperatures improve the plant growth and Hyp
accumulation in H. perforatum. The DEGs observed in H. perforatum grown at different
temperatures strongly indicate there is a transcription-based regulation of Hyp biosynthesis
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at lower temperatures. The master genes involved in Hyp biosynthesis, the morphophysio-
logical traits and the stress response were identified, and their causative roles should be
investigated by gene editing, like CRISPR/Cas 9 systems.

Supplementary Materials: The following are available online, Figure supplemental legends:
Figure S1: Length distribution of unigenes; Figure S2: Basic annotation for all unigenes; Figure S3:
Top 10 plant species distribution of the total homologous sequences; Figure S4: Distribution of uni-
genes in the transcriptome with KOG functional classification; Figure S5: Functional classifications of
GO terms of all assembled unigenes; Figure S6: The PCA analysis between 15 and 22 °C samples;
Figure S7: The correlation analysis of heat map between 15 and 22 °C samples; Figure S8: Number of
differentially expressed genes and volcano plot when plants grown at 15 versus 22 °C; Figure S9:
The quality of total RNA at 15 and 22 °C was evaluated by 1.0 % agarose gel electrophoresis. Table
supplemental legends: Table S1: Sequences of primer employed in qRT-PCR analysis; Table S2: Sum-
mary of sequencing data of H. perforatum transcriptome; Table S3: Database searches for collected H.
perforatum nucleotide sequences; Table S4: Photosynthesis genes differentially expressed at 15 versus
22 °C; Table S5: Carbohydrate metabolism genes differentially expressed at 15 versus 22 °C; Table Sé:
Fatty acids metabolism genes differentially expressed at 15 versus 22 °C; Table S7: Cytochrome
P450 genes differentially expressed at 15 versus 22 °C; Table S8: Morphophysiological traits genes
differentially expressed at 15 versus 22 °C; Table S9: Heat shock protein and cold responsive protein
genes differentially expressed at 15 versus 22 °C and Table S10: Transcription factors differentially
expressed at 15 versus 22 °C.

Author Contributions: H.S.: methodology, investigation and data curation. ].L.: methodology and,
writing—original draft. S.C.: methodology and investigation. P.S.: methodology and investigation.
H.X.: methodology and writing—original draft. D.Y.: investigation and data curation. X.Z.: resources.
M.L.: conceptualization, methodology, investigation, data curation, writing—original draft and
project administration. ].W.: methodology, resources and writing—review and editing. All authors
have read and agreed to the published version of the manuscript.

Funding: We are grateful to financial support from theNational Industrial System of Traditional
Chinese Medicine of China (CARS-21), Ecological planting and quality assurance of genuine herbs
of China (2020153), Gansu Agricultural University of China (GSCS-2018-1 and Gaufx-02]04), Key
talent projects of Gansu Province of China (2020RCXM103) and Institute of Agricultural and Animal
Husbandry of Gansu Province, China (GNCX-2016-12).

Institutional Review Board Statement: Not applicable. This study did not involve any humans or
animals.

Informed Consent Statement: Not applicable. This study did not involve any humans or animals.

Data Availability Statement: The datasets are publicly available at NCBI, with BioSample accession:
SAMN13722168 and SAMN13722169 and Sequence Read Archive (SRA) (https://dataview.ncbinlm.
nih.gov/object/PRJNA598926) (Access: SRR10836836 to SRR1083684101, 1 February 2021).

Conflicts of Interest: The authors declare that there are no conflicting interests.

Sample Availability: Limited samples of the compounds hypericin are available from the authors.

References

1. Bombardelli, E.; Morazzoni, P. Hypericum perforatum. Fitoterapia 1995, 66, 43—68.

2. Carlo, G.D,; Borrelli, F; Ernest, E.; 1zzo, A.A. St. John’s Wort: Prozac from the plant kingdom. Trends. Pharmacol. Sci. 2001, 22,
292-297. [CrossRef]

3. Vattikuti, UM.R,; Ciddi, V. An overview on Hypericum perforatum. Linn. Nat. Prod. Rad. 2005, 4, 368-381.

4. Miller, A.L. St. John’s Wort (Hypericum perforatum): Clinical effects on depression and other conditions. Altern. Med. Rev. A J.
Clin. Ther. 1998, 3, 18-26.

5. Laudahn, D. High dosed st.-john’s-wort-extract for treatment of mild and moderate depressions. Acta Hortic. 1993, 332, 265-272.
[CrossRef]

6.  Velingkar, V.S,; Gupta, G.L.; Hegde, N.B. A current update on phytochemistry, pharmacology and herb—drug interactions of
Hypericum perforatum. Phytochem. Rev. 2017, 16, 725-744. [CrossRef]

7.  Barnes, J.; Arnason, ].T.; Roufogalis, B.D. St John’s wort (Hypericum perforatum L.): Botanical, chemical, pharmacological and
clinical advances. J. Pharm. Pharmacol. 2019, 71, 1-3. [CrossRef]


https://dataview.ncbi.nlm.nih.gov/object/PRJNA598926
https://dataview.ncbi.nlm.nih.gov/object/PRJNA598926
http://doi.org/10.1016/S0165-6147(00)01716-8
http://doi.org/10.17660/ActaHortic.1993.332.34
http://doi.org/10.1007/s11101-017-9503-7
http://doi.org/10.1111/jphp.13053

Molecules 2021, 26, 2294 13 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Sun, P; Kang, T; Xing, H.; Zhang, Z.; Yang, D.; Zhang, ].; Paré, PW.; Li, M. Phytochemical Changes in Aerial Parts of Hypericum
perforatum at Different Harvest Stages. Rec. Nat. Prod. 2019, 13, 1-9. [CrossRef]

Kusari, S.; Zuhlke, S.; Kosuth, J.; Cellarova, E.; Spiteller, M. Light-independent metabolomics of endophytic ThielaWia sub-
thermophila provides insight into microbial hypericin biosynthesis. J. Nat. Prod. 2009, 72, 1825-1835. [CrossRef]

Zobayed, SM.A.; Afreen, F; Kozai, E.G. Plant-environment interactions: Accumulation of hypericin in dark glands of Hypericum
perforatum. Ann. Bot. 2006, 98, 793-804. [CrossRef]

Rizzo, P,; Altschmied, L.; Stark, P; Rutten, T.; Guendel, A.; Scharfenberg, S.; Franke, K.; Baeumlein, H.; Wessjohann, L.; Koch,
M.; et al. Discovery of key regulators of dark gland development and hypericin biosynthesis in St. John’s Wort (Hypericum
perforatum). Plant Biotechnol. ]. 2019, 17, 2299-2312. [CrossRef]

Couceiro, M.; Afreen, F.; Zobayed, S.; Kozai, T. Variation in concentrations of major bioactive compounds of St. John's wort:
Effects of harvesting time, temperature and germplasm. Plant Sci. 2006, 170, 128-134. [CrossRef]

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

Sotak, M.; Czerankova, O.; Klein, D.; Juréackova, Z.; Li, L.; Cellarova, E. Comparative Transcriptome Reconstruction of Four
Hypericum Species Focused on Hypericin Biosynthesis. Front. Plant Sci. 2016, 7, 1039. [CrossRef]

Ionescu, E.; Iordache, T.V.; Tebrencu, C.E.; Cretu, R.M.; Florea, A.M.; Radu, A.L.; Zaharia, A.; Sarbu, A. Evaluating the Content of
Active Principles from Wild Hypericum perforatum L. in Various Harvesting Seasons. Rev. Chim. 2018, 69, 1892-1897. [CrossRef]
Briskin, D.P; Leroy, A.; Gawienowski, M. Influence of nitrogen on the production of hypericins by St. John’s wort. Plant Physiol.
Biochem. 2000, 38, 413-420. [CrossRef]

Gray, D.E,; Pallardy, S.G.; Garrett, H.E.; Rottinghaus, G.E. Effect of Acute Drought Stress and Time of Harvest on Phytochemistry
and Dry Weight of St. John’s Wort Leaves and Flowers. Planta Medica 2003, 69, 1024-1030. [CrossRef]

Brechner, M.L.; Albright, L.D.; Weston, L.A. Effects of UV-B on Secondary Metabolites of St. John’s Wort (Hypericum perforatum
L.) Grown in Controlled Environments. Photochem. Photobiol. 2011, 87, 680-684. [CrossRef] [PubMed]

Germ, M; Stibilj, V.; Kreft, S.; Gaberscik, A.; Kreft, I. Flavonoid, tannin and hypericin concentrations in the leaves of St. John’s
wort (Hypericum perforatum L.) are affected by UV-B radiation levels. Food Chem. 2010, 122, 471-474. [CrossRef]

Tavakoli, F; Rafieiolhossaini, M.; Ravash, R.; Ebrahimi, M. UV-B radiation and low temperature promoted hypericin biosyn-thesis
in adventitious root culture of Hypericum perforatum. Plant Signal. Behav. 2020, 15, 1764184. [CrossRef]

Najafabadi, A.S.; Khanahmadi, M.; Ebrahimi, M.; Moradi, K.; Behroozi, P.; Noormohammadi, N. Effect of different quality of
light on growth and production of secondary metabolites in adventitious root cultivation of Hypericum perforatum. Plant Signal.
Behav. 2019, 14, 1640561. [CrossRef]

Yao, Y.Y,; Kang, T.L; Jin, L.; Liu, Z.H.; Zhang, Z.; Xing, H.; Sun, P; Li, M.F. Temperature-dependent growth and hypericin
biosynthesis in Hypericum perforatum. Plant Physiol. Biochem. 2019, 139, 613-619. [CrossRef]

Zobayed, S.; Afreen, F,; Kozai, T. Temperature stress can alter the photosynthetic efficiency and secondary metabolite concentra-
tions in St. John’s wort. Plant Physiol. Biochem. 2005, 43, 977-984. [CrossRef]

Bok, J.W.; Chiang, Y.-M.; Szewczyk, E.; Reyes-Dominguez, Y.; Davidson, A.D.; Sanchez, ].E; Lo, H.-C.; Watanabe, K.; Strauss,
J.; Oakley, B.R.; et al. Chromatin-level regulation of biosynthetic gene clusters. Nat. Chem. Biol. 2009, 5, 462-464. [CrossRef]
[PubMed]

Chiang, Y.-M.; Szewczyk, E.; Davidson, A.D.; Entwistle, R.; Keller, N.P.; Wang, C.C.C.; Oakley, B.R. Characterization of the
Aspergillus nidulans Monodictyphenone Gene Cluster. Appl. Environ. Microbiol. 2010, 76, 2067-2074. [CrossRef] [PubMed]
Rizzo, P.; Altschmied, L.; Ravindran, B.M.; Rutten, T.; D’Auria, J.C. The Biochemical and Genetic Basis for the Biosynthesis
of Bioactive Compounds in Hypericum Perforatum, L. One of the Largest Medicinal Crops in Europe. Genes 2020, 11, 1210.
[CrossRef]

Brunakova, K,; Petijova, L.; Zamecnik, J.; Tureckova, V.; Cellarova, E. The role of ABA in the freezing injury avoidance in two
Hypericum species differing in frost tolerance and potential to synthesize hypericins. Plant. Cell. Tiss. Org. 2015, 122, 45-56.
[CrossRef]

Velada, I.; Ragonezi, C.; Arnholdt-Schmitt, B.; Cardoso, H. Reference Genes Selection and Normalization of Oxidative Stress
Responsive Genes upon Different Temperature Stress Conditions in Hypericum perforatum L. PLoS ONE 2014, 9, e115206.
[CrossRef]

Bais, H.P,; Vepachedu, R.; Lawrence, C.B.; Stermitz, ER.; Vivanco, ]. M. Molecular and Biochemical Characterization of an Enzyme
Responsible for the Formation of Hypericin in St. John’s Wort (Hypericum perforatum L.). J. Biol. Chem. 2003, 278, 32413-32422.
[CrossRef]

Kosuth, J.; Smelcerovic, A.; Borsch, T.; Zuehlke, S.; Karppinen, K.; Spiteller, M.; Hohtola, A.; Cellarova, E. The hyp-1 gene isnot a
limiting factor for hypericin biosynthesis in the genus Hypericum. Funct. Plant Biol. 2011, 38, 35-43. [CrossRef] [PubMed]
Silva, J.; Kim, Y.-J.; Sukweenadhi, J.; Rahimi, S.; Kwon, W.-S.; Yang, D.-C. Molecular characterization of 5-chlorophyll a/b-binding
protein genes from Panax ginseng Meyer and their expression analysis during abiotic stresses. Photosynth. Res. 2016, 54, 446-458.
[CrossRef]

Taiz, L.; Zeiger, E. Plant Physiology; Prue, D.V., Fosket, D.E., Amasino, R., Eds.; The control of flowering; Sinauer Associates Inc.:
Sunderland, MA, USA, 2010.


http://doi.org/10.25135/rnp.77.18.04.267
http://doi.org/10.1021/np9002977
http://doi.org/10.1093/aob/mcl169
http://doi.org/10.1111/pbi.13141
http://doi.org/10.1016/j.plantsci.2005.08.011
http://doi.org/10.1016/j.indcrop.2015.07.033
http://doi.org/10.3389/fpls.2016.01039
http://doi.org/10.37358/RC.18.7.6439
http://doi.org/10.1016/S0981-9428(00)00754-3
http://doi.org/10.1055/s-2003-45150
http://doi.org/10.1111/j.1751-1097.2011.00904.x
http://www.ncbi.nlm.nih.gov/pubmed/21275996
http://doi.org/10.1016/j.foodchem.2010.03.008
http://doi.org/10.1080/15592324.2020.1764184
http://doi.org/10.1080/15592324.2019.1640561
http://doi.org/10.1016/j.plaphy.2019.04.012
http://doi.org/10.1016/j.plaphy.2005.07.013
http://doi.org/10.1038/nchembio.177
http://www.ncbi.nlm.nih.gov/pubmed/19448638
http://doi.org/10.1128/AEM.02187-09
http://www.ncbi.nlm.nih.gov/pubmed/20139316
http://doi.org/10.3390/genes11101210
http://doi.org/10.1007/s11240-015-0748-9
http://doi.org/10.1371/journal.pone.0115206
http://doi.org/10.1074/jbc.M301681200
http://doi.org/10.1071/FP10144
http://www.ncbi.nlm.nih.gov/pubmed/32480860
http://doi.org/10.1007/s11099-016-0189-7

Molecules 2021, 26, 2294 14 of 15

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.
55.
56.
57.
58.

59.

60.

Ludwig, M.; Burnell, ].N. Molecular comparison of carbonic anhydrase from Flaveria species demonstrating different photo-
synthetic pathways. Plant Mol. Biol. 1995, 29, 353-365. [CrossRef]

Hondred, D.; Hanson, A.D. Hypoxically inducible barley lactate dehydrogenase: cDNA cloning and molecular analysis. Proc.
Natl. Acad. Sci. USA 1990, 87, 7300-7304. [CrossRef]

Jedrzejas, ML]. Structure, function, and evolution of phosphoglycerate mutases: Comparison with fructose-2,6-bisphosphatase,
acid phosphatase, and alkaline phosphatase. Prog. Biophys. Mol. Biol. 2000, 73, 263-287. [CrossRef]

Singhania, R.R.; Patel, A.K.; Sukumaran, R K.; Larroche, C.; Pandey, A. Role and significance of beta-glucosidases in the hydrolysis
of cellulose for bioethanol production. Bioresour. Technol. 2013, 127, 500-507. [CrossRef] [PubMed]

Yap, K.L.; Yuan, T.; Mal, T.K,; Vogel, H.].; Ikura, M. Structural Basis for Simultaneous Binding of Two Carboxy-terminal Peptides
of Plant Glutamate Decarboxylase to Calmodulin. J. Mol. Biol. 2003, 328, 193—-204. [CrossRef]

Shih, M.C,; Lazar, G.; Goodman, H.M. Evidence in favor of the symbiotic origin of chloroplasts: Primary structure and evolution
of tobacco glyceraldehyde-3-phosphate dehydrogenases. Cell 1986, 47, 73-80. [CrossRef]

Li, M.; Welti, R.; Wang, X. Quantitative profiling of Arabidopsis polar glycerolipids in response to phosphorus starvation.
Roles of phospholipases D zetal and D zeta2 in phosphatidylcholine hydrolysis and digalactosyldiacylglycerol accumulation in
phosphorus-starved plants. Plant Physiol. 2006, 142, 750-761. [CrossRef] [PubMed]

Dudareva, N.; D’Auria, J.C.; Nam, K.H.; Raguso, R.A.; Pichersky, E. Acetyl-CoA: Benzylalcohol acetyltransferase-an enzyme
involved in floral scent production in Clarkia breweri. Plant J. 1998, 14, 297-304. [CrossRef]

Klundt, T.; Bocola, M.; Liitge, M.; Beuerle, T.; Liu, B.; Beerhues, L. A Single Amino Acid Substitution Converts Benzophenone
Synthase into Phenylpyrone Synthase. J. Biol. Chem. 2009, 284, 30957-30964. [CrossRef] [PubMed]

Germain, V.; Rylott, E.L.; Larson, T.R.; Sherson, S.M.; Bechtold, N.; Carde, J.-P; Bryce, ] H.; Graham, I.A.; Smith, S.M. Requirement
for 3-ketoacyl-CoA thiolase-2 in peroxisome development, fatty acid beta-oxidation and breakdown of triacylglyc-erol in lipid
bodies of Arabidopsis seedlings. Plant J. 2001, 28, 1-12. [CrossRef]

Ehlting, J.; Hamberger, B.; Million-Rousseau, R.; Werck-Reichhart, D. Cytochromes P450 in phenolic metabolism. Phytochem. Rev.
2006, 5, 239-270. [CrossRef]

Lau, W.; Sattely, E.S. Six enzymes from mayapple that complete the biosynthetic pathway to the etoposide aglycone. Science 2015,
349, 1224-1228. [CrossRef] [PubMed]

Marques, ].V.; Kim, K.-W.; Lee, C.; Costa, M.A.; May, G.D.; Crow, ].A.; Davin, L.B.; Lewis, N.G. Next Generation Sequencing in
Predicting Gene Function in Podophyllotoxin Biosynthesis. . Biol. Chem. 2013, 288, 466—479. [CrossRef] [PubMed]

Nelson, D.R. Plant cytochrome P450s from moss to poplar. Phytochem. Rev. 2006, 5, 193-204. [CrossRef]

Li, M,; Sun, P; Kang, T,; Xing, H.; Yang, D.; Zhang, ].; Paré, PW. Mapping podophyllotoxin biosynthesis and growth-related
transcripts with high elevation in Sinopodophyllum hexandrum. Ind. Crop. Prod. 2018, 124, 510-518. [CrossRef]

Brugliera, F.; Barri-Rewell, G.; Holton, T.A.; Mason, J.G. Isolation and characterization of a flavonoid 3/ -hydroxylase cDNA clone
corresponding to the Ht1 locus of Petunia hybrid. Plant J. 1999, 19, 441-451. [CrossRef] [PubMed]

Akashi, T.; Aoki, T.; Ayabe, S.-I. CYP81El, a cytochrome P450 cDNA of licorice (Glycyrrhiza echinata L.), encodes isoflavone
2’-hydroxylase. Biochem. Biophys. Res. Commun. 1998, 251, 67-70. [CrossRef]

Greer, S.; Wen, M; Bird, D.; Wu, X.; Samuels, L.; Kunst, L.; Jetter, R. The Cytochrome P450 Enzyme CYP96A15 Is the Midchain
Alkane Hydroxylase Responsible for Formation of Secondary Alcohols and Ketones in Stem Cuticular Wax of Arabidopsis. Plant
Physiol. 2007, 145, 653-667. [CrossRef]

Zhao, D.-Z.; Wang, G.-F,; Speal, B.; Ma, H. The Excess Microsporocytesl gene encodes a putative leucine-rich repeat receptor
protein kinase that controls somatic and reproductive cell fates in the Arabidopsis anther. Genes Dev. 2002, 16, 2021-2031.
[CrossRef]

Caro, E.; Castellano, M.M.; Gutierrez, C. A chromatin link that couples cell division to root epidermis patterning in Arabidopsis.
Nat. Cell Biol. 2007, 447, 213-217. [CrossRef]

Moriwaki, T.; Miyazawa, Y.; Kobayashi, A.; Uchida, M.; Watanabe, C.; Fujii, N.; Takahashi, H. Hormonal Regulation of Lateral
Root Development in Arabidopsis Modulated by MIZ1 and Requirement of GNOM Activity for MIZ1 Function. Plant Physiol.
2011, 157, 1209-1220. [CrossRef] [PubMed]

Srivastava, R.; Liu, J.X.; Howell, S.H. Proteolytic processing of a precursor protein for a growth-promoting peptide by a sub-tilisin
serine protease in Arabidopsis. Plant |. 2008, 56, 219-227. [CrossRef] [PubMed]

Martin, R.C.; Mok, M.C.; Mok, D.W.S. Isolation of a cytokinin gene, ZOG1, encoding zeatin O-glucosyltransferase from Phaseolus
lunatus. Proc. Natl. Acad. Sci. USA 1999, 96, 284-289. [CrossRef]

Lindquist, S.; Craig, A.E. The Heat-Shock Proteins. Annu. Rev. Genet. 1988, 22, 631-677. [CrossRef] [PubMed]

Vierling, E. The roles of heat shock proteins in plants. Ann. Rev. Plant. Physiol. Mol. Biol. 1991, 42, 579-620. [CrossRef]

Che, S.; Zhang, L.; Zhang, Z.; Lin, X.Z. Expression analysis of heat-shock protein gene Hsp845 in the Antarctic psychrotrophic
bacterium Psychrobacter sp. G under temperature and salinity stress. Adv. Polar. Sci. 2016, 27, 14-20.

Liu, Z.-M.; Zhu, X.-L,; Lu, J.; Cai, W.-]; Ye, Y.-P.; Lv, Y.-P. Effect of high temperature stress on heat shock protein expression and
antioxidant enzyme activity of two morphs of the mud crab Scylla paramamosain. Comp. Biochem. Physiol. Part A Mol. Integr.
Physiol. 2018, 223, 10-17. [CrossRef]

Zhou, M,; Shen, C.; Wu, L.; Tang, K,; Lin, ]. CBF-dependent signaling pathway: A key responder to low temperature stress in
plants. Crit. Rev. Biotechnol. 2010, 31, 186-192. [CrossRef]


http://doi.org/10.1007/BF00043658
http://doi.org/10.1073/pnas.87.18.7300
http://doi.org/10.1016/S0079-6107(00)00007-9
http://doi.org/10.1016/j.biortech.2012.09.012
http://www.ncbi.nlm.nih.gov/pubmed/23069613
http://doi.org/10.1016/S0022-2836(03)00271-7
http://doi.org/10.1016/0092-8674(86)90367-3
http://doi.org/10.1104/pp.106.085647
http://www.ncbi.nlm.nih.gov/pubmed/16891548
http://doi.org/10.1046/j.1365-313X.1998.00121.x
http://doi.org/10.1074/jbc.M109.038927
http://www.ncbi.nlm.nih.gov/pubmed/19710020
http://doi.org/10.1046/j.1365-313X.2001.01095.x
http://doi.org/10.1007/s11101-006-9025-1
http://doi.org/10.1126/science.aac7202
http://www.ncbi.nlm.nih.gov/pubmed/26359402
http://doi.org/10.1074/jbc.M112.400689
http://www.ncbi.nlm.nih.gov/pubmed/23161544
http://doi.org/10.1007/s11101-006-9015-3
http://doi.org/10.1016/j.indcrop.2018.08.007
http://doi.org/10.1046/j.1365-313X.1999.00539.x
http://www.ncbi.nlm.nih.gov/pubmed/10504566
http://doi.org/10.1006/bbrc.1998.9414
http://doi.org/10.1104/pp.107.107300
http://doi.org/10.1101/gad.997902
http://doi.org/10.1038/nature05763
http://doi.org/10.1104/pp.111.186270
http://www.ncbi.nlm.nih.gov/pubmed/21940997
http://doi.org/10.1111/j.1365-313X.2008.03598.x
http://www.ncbi.nlm.nih.gov/pubmed/18643977
http://doi.org/10.1073/pnas.96.1.284
http://doi.org/10.1146/annurev.ge.22.120188.003215
http://www.ncbi.nlm.nih.gov/pubmed/2853609
http://doi.org/10.1146/annurev.pp.42.060191.003051
http://doi.org/10.1016/j.cbpa.2018.04.016
http://doi.org/10.3109/07388551.2010.505910

Molecules 2021, 26, 2294 15 of 15

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Liu, Z; Jia, Y,; Ding, Y.; Shi, Y,; Li, Z.; Guo, Y.; Gong, Z.; Yang, S. Plasma Membrane CRPK1-Mediated Phosphorylation of
14-3-3 Proteins Induces Their Nuclear Import to Fine-Tune CBF Signaling during Cold Response. Mol. Cell 2017, 66, 117-128.e5.
[CrossRef]

Yang, H.; Yang, S.; Li, Y.; Hua, ]. The Arabidopsis BAP1 and BAP2 Genes Are General Inhibitors of Programmed Cell Death. Plant
Physiol. 2007, 145, 135-146. [CrossRef]

Zhou, A.; Sun, H.; Feng, S.; Zhou, M.; Gong, S.; Wang, J.; Zhang, S. A novel cold-regulated gene from Phlox subulata, PsCor413im1,
enhances low temperature tolerance in Arabidopsis. Biochem. Biophys. Res. Commun. 2018, 495, 1688-1694. [CrossRef] [PubMed]
Dubos, C.; Stracke, R.; Grotewold, E.; Weisshaar, B.; Martin, C.; Lepiniec, L. MYB transcription factors in Arabidopsis. Trends
Plant Sci. 2010, 15, 573-581. [CrossRef] [PubMed]

Kitajima, S.; Koyama, T.; Ohme-Takagi, M.; Shinshi, H.; Sato, F. Characterization of Gene Expression of NsERFs, Transcription
Factors of Basic PR Genes from Nicotiana sylvestris. Plant Cell Physiol. 2000, 41, 817-824. [CrossRef] [PubMed]

Nakano, T.; Suzuki, K.; Fujimura, T.; Shinshi, H. Genome-Wide Analysis of the ERF Gene Family in Arabidopsis and Rice. Plant
Physiol. 2006, 140, 411-432. [CrossRef]

Vannini, C.; Locatelli, F.; Bracale, M.; Magnani, E.; Marsoni, M.; Osnato, M.; Mattana, M.; Baldoni, E.; Coraggio, I. Overex-pression
of the rice Osmyb4 gene increases chilling and freezing tolerance of Arabidopsis thaliana plants. Plant J. 2004, 37, 115-127.
[CrossRef]

Chen, Y.; Chen, Z.; Kang, ].; Kang, D.; Gu, H.; Qin, G. AtMYB14 Regulates Cold Tolerance in Arabidopsis. Plant Mol. Biol. Rep.
2013, 31, 87-97. [CrossRef]

Faria, ].A.Q.A.; Reis, P.A.B.; Reis, M.T.B.; Rosado, G.L.; Pinheiro, G.L.; Mendes, G.C.; Fontes, E.P.B. The NAC domain-containing
protein, GmNACS, is a downstream component of the ER stress- and osmotic stress-induced NRP-mediated cell-death signaling
pathway. BMC Plant Biol. 2011, 11, 129. [CrossRef]

Rushton, PJ.; Somssich, LE.; Ringler, P; Shen, Q.J. WRKY transcription factors. Trends Plant Sci. 2010, 15, 247-258. [CrossRef]
Li, M,; Lv, M.; Yang, D.; Wei, J.; Xing, H.; Paré, PW. Temperature-regulated anatomical and gene-expression changes in
Sinopodophyllum hexandrum seedlings. Ind. Crop. Prod. 2020, 152, 112479. [CrossRef]

Chi, J.; Franklin, M. Determination of hypericin in plasma by high-performance liquid chromatography. J. Chromatogr. B Biomed.
Sci. Appl. 1999, 724, 195-198. [CrossRef]

Grabherr, M.G.; Haas, B.].; Yassour, M.; Levin, ].Z.; Thompson, D.A.; Amit, I.; Adiconis, X.; Fan, L.; Raychowdhury, R.; Zeng, Q.;
et al. Full-length transcriptome assembly from RNA-Seq data without a reference genome. Nat. Biotechnol. 2011, 29, 644—652.
[CrossRef]

Mortazavi, A.; Williams, B.A.; McCue, K.; Schaeffer, L.; Wold, B. Mapping and quantifying mammalian transcriptomes by
RNA-Seq. Nat. Methods 2008, 5, 621-628. [CrossRef]

Love, M.L; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNAseq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef] [PubMed]

Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. EdgeR: A Bioconductor package for differential expression analysis of digital gene
expression data. Brief Bioinform. 2009, 26, 139-140. [CrossRef] [PubMed]

Conesa, A.; Gotz, S.; Garcia-Gomez, ].M.; Terol, J.; Talén, M.; Robles, M. Blast2GO: A universal tool for annotation, visualization
and analysis in functional genomics research. Brief Bioinform. 2005, 21, 3674-3676. [CrossRef]

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


http://doi.org/10.1016/j.molcel.2017.02.016
http://doi.org/10.1104/pp.107.100800
http://doi.org/10.1016/j.bbrc.2017.12.042
http://www.ncbi.nlm.nih.gov/pubmed/29229392
http://doi.org/10.1016/j.tplants.2010.06.005
http://www.ncbi.nlm.nih.gov/pubmed/20674465
http://doi.org/10.1093/pcp/41.6.817
http://www.ncbi.nlm.nih.gov/pubmed/10945353
http://doi.org/10.1104/pp.105.073783
http://doi.org/10.1046/j.1365-313X.2003.01938.x
http://doi.org/10.1007/s11105-012-0481-z
http://doi.org/10.1186/1471-2229-11-129
http://doi.org/10.1016/j.tplants.2010.02.006
http://doi.org/10.1016/j.indcrop.2020.112479
http://doi.org/10.1016/S0378-4347(98)00572-6
http://doi.org/10.1038/nbt.1883
http://doi.org/10.1038/nmeth.1226
http://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
http://doi.org/10.1093/bioinformatics/btp616
http://www.ncbi.nlm.nih.gov/pubmed/19910308
http://doi.org/10.1093/bioinformatics/bti610
http://doi.org/10.1016/j.ab.2008.04.036

	Introduction 
	Results 
	Effect of Low Temperature on Biomass, Dark Glands, Leaf Stomata and Hyp Accumulation 
	Global Gene Analysis 
	Biological Category of DEGs 
	DEGs Involved in Hyp Biosynthesis 
	DEGs Involved in Photosynthesis 
	DEGs Involved in Carbohydrate Metabolism 
	DEGs Involved in Fatty Acids Metabolism 
	Differentially Expressed Cytochrome P450 (CYPs) 

	DEGs Involved in Morpho-Physiological Traits 
	DEGs Involved in Stress Response 
	DEGs Involved in Heat Shock Proteins (HSPs) and Cold-Responsive Proteins (CRPs) 
	Differentially Expressed Transcription Factors (TFs) 


	Discussion 
	Materials and Methods 
	Plant Materials 
	Observation of Dark Gland and Leaf Stomata 
	Hyp HPLC Quantification 
	Total RNA Extraction and Illumina Sequencing 
	Sequence Filtration, Assembly, Unigene Expression Analysis and Basic Annotation 
	qRT-PCR Validation 
	Statistical Analysis 

	Conclusions 
	References

