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Abstract

Tanacetum parthenium, commonly known as feverfew, is a perennial medicinal herb renowned for its therapeutic proper-
ties, particularly attributed to the sesquiterpene lactone parthenolide. This study explores the regulatory impact of Tricho-
statin A (TSA), an epigenetic modulator, on the expression of genes associated with parthenolide biosynthesis and accu-
mulation in 7. parthenium. We assessed the expression profiles of key genes, namely Germacrene A synthase (GAS),
Parthenolide synthase (PTS), and Hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate reductase (HDR) with qRT-PCR. The
experimental approach involved treating feverfew plants with varying concentrations of TSA through seed pretreatment
under in vitro conditions and foliar spray on in vivo-cultured plants. Our findings indicate that specific concentrations of
TSA, notably 0.5 uM and 1 pM, positively modulate the expression of GAS and PTS genes, thereby influencing the final
concentration of parthenolide. This research provides valuable insights into the potential of TSA as a strategic tool for
enhancing secondary metabolite production in medicinal plants.

Key message
Trichostatin A (TSA), a typical histone deacetylase inhibitor, can increase the production of parthenolide (a major sesqui-
terpene lactone) in the in vivo plants and in vtiro seedlings of feverfew.
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Abbreviations Introduction
GAS Germacrene A synthase
GAO Germacrene A oxidase Feverfew (Tanacetum parthenium L.) Bip.), a member of the
COS Costunolide synthase Asteraceae family, is a medicinal herb with a long history
PTS Parthenolide synthase of traditional use for various diseases, including toothache,
HDR Hydroxy-2-methyl-2-(E)-butenyl 4-diphos- stomachache, migraine, fever, arthritis, and helminthiasis
phate reductase (Simmons et al. 2002). Feverfew contains many sesquiter-
TSA Trichostatin A pene lactones, of which parthenolide is the highest concen-
IDP Isopentenyl diphosphate tration (up to 85%) of sesquiterpene in the plant (Pareek et
DMADP Dimethylallyl diphosphate al. 2011). Parthenolide has been studied for its potential in
MVA Mevalonic acid treating inflammatory conditions, cardiovascular diseases,
MEP Methylerythritol phosphate and cancer (Watson et al. 2009; Chadwick et al. 2013). Par-
HDACs  Histone deacetylases thenolide has an a-methylene-y-lactone ring and epoxide
HATs Histone acetyltransferases group, responsible for its biological effects including tumor

treatment and lowering blood pressure in humans (Kupchan
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etal. 1971). The potential of parthenolide for the treatment of
cancers has been confirmed which mainly resulted from its
cytotoxicity to cancer cells as well as from targeting cancer
stem cells (Ghantous et al. 2013). Aerial tissues of feverfew
have parthenolide. The cytosolic compartment in glandular
secretory trichome cells is responsible for synthesizing it
(Majdi et al. 2011). Similar to other terpenes, the biosyn-
thesis of parthenolide involves isopentenyl diphosphate
(IDP) and dimethylallyl diphosphate (DMADP) precursors
derived from the mevalonic acid (MVA) and methyleryth-
ritol phosphate (MEP) pathways (Majdi et al. 2011). The
MVA pathway is located in the cytosol, while the MEP path-
way is in the plastid (Dudareva et al. 2005). In the MVA
pathway, two genes GAS and PTS are involved in partheno-
lide production. The first step in parthenolide biosynthesis,
GAS catalyzes the farnesyl diphosphate to germacrene A.
Subsequently, germacrene A is converted to germacrenoic
acid by GAO, and then germacrenoic acid is converted to
costunolide by COS. In the last step, PTS catalyzes costu-
nolide to parthenolide (Majdi et al. 2011; Liu et al. 2014a).
HDR, the initial pathway gene of terpene biosynthesis in
the MEP pathway, is responsible for converting 1-hydroxy-
2-methyl-2-(E)-butenyl 4-diphosphate (HMBDP) into IDP
and DMADP (Huang et al. 2009). In plastidial terpenes,
HDR can have a rate-limiting role in the biosynthesis of
MEP-derived precursors (Hsiech and Goodman 2005). Due
to the ability to transfer IDP from plastid to cytosol and
vice versa, the MEP pathway might affect parthenolide pro-
duction (Dudareva et al. 2005). Internal and external fac-
tors can affect the level of parthenolide in feverfew. One
of the internal factors is chromatin structure, a complex of
DNA and histone proteins, which plays an important role
in gene expression and controlling transcriptional levels by
adjusting the availability of DNA to the transcription factors
(Klemm et al. 2019). In eukaryotes, chromatin comprises
nucleosomes, with each nucleosome containing 147 bp of
DNA around on an octameric core of two molecules each
of histone H2A, H2B, H3, and H4 (Handy et al. 2011). The
N-terminal tails of these histones undergo post-translational
modifications, such as phosphorylation, ubiquitination,
acetylation, and methylation (Yang et al. 2010). Histone
acetylation influences chromatin structure and gene expres-
sion. Histone acetyltransferases (HATs) enzymes add ace-
tyl groups to lysine residues on amine-terminals of histone.
This process weakens interactions between histones, as well
as between histones and DNA, thus increasing DNA acces-
sibility to chromatin-binding proteins (Wang et al. 2014).
On the other hand, histone deacetylases (HDACs) remove
these modifications (Graff and Tsai 2013). HATs activity led
to relaxed chromatin and gene transcription, while deacety-
lation is associated with heterochromatin and gene repression
(Shahbazian and Grunstein 2007). The interaction between

the HATs and HDACs controls developmental processes
and stress responses (Wang et al. 2014; Liu et al. 2014a). In
recent years, epigenetic modifications have become a cen-
tral tool in the research and breeding of crops (Samantara
et al. 2021). Studies about HDACs in plants have attracted
more attention, especially the investigation of HDAC genes
in Arabidopsis and other plant species (Ma et al. 2013).
In plants, the HDAC family is divided into three families:
RPD3/HDA1 (Reduced Potassium Dependency 3/histone
deacetylase 1), SIR2 (Silent Information Regulator 2), and
a plant-specific HD2 (histone deacetylase 2) (Wdjcikowska
et al. 2020; Kumar et al. 2021). HDAC enzymes require a
zinc molecule as an essential cofactor in their binding site
and are inhibited by Zn2+-binding HDAC inhibitors such
as TSA (Kim and Bae 2011). TSA, a zinc-dependent histone
deacetylase inhibitor, increases histone acetylation in chro-
matin, subsequently enhancing gene expression (Yoshida et
al. 1995; Tan and Liu 2015). The hydroxamic group from
TSA inhibits HDAC activity by binding to the zinc ion in
class I and II HDACs. Since HDAC enzymes remove ace-
tyl groups of lysine residues on amine-terminals of histone
(Seto and Yoshida 2014), TSA with inhibition of HDACs
can increase the hyperacetylation of histones, resulting in
an open chromatin structure and the transcription of genes
(Gorisch et al. 2005). The application of TSA in plants
causes increased histone acetylation and alters gene expres-
sion (Yang et al. 2010). In Arabidopsis, the treatment with
TSA has increased in vitro somatic embryogenesis via the
auxin-related pathway (Wojcikowska et al. 2018). In Bras-
sica napus, the application of TSA and blocking HDAC
activity leads to pollen cell embryogenesis (Li et al. 2014).
TSA has increased cell division efficiency, callus prolifera-
tion, and adventitious shoot formation in the protoplast cul-
ture of Nicotiana benthamiana (Choi et al. 2023). Also, the
effects of TSA on the division of mitosis in maize (Yang et
al. 2010) and cold stress in Arabidopsis have been studied
(Song et al. 2017). It was demonstrated that the use of TSA
significantly enhances the efficiency of the wheat haploid
doubling protocol (Jiang et al. 2017) and promotes the for-
mation of embryonic callus and green shoots in this plant
(Bie et al. 2020). In fungi, TSA treatment has increased the
production of secondary metabolites (Shwab et al. 2007)
and new meroterpenoids were identified from the cultures
of Aspergillus terreus under the influence of TSA (Sun et al.
2018). The main objective of this study was to investigate
the impact of seed treatment with different concentrations of
TSA on increasing parthenolide production and the expres-
sion of genes related to its biosynthetic pathway in leaves
of in vitro feverfew plantlets. Additionally, the impact of
a foliar spray of in vivo feverfew plants with TSA on par-
thenolide production was investigated. The findings pro-
vide valuable insights into TSA’s potential as an epigenetic
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modulator for enhancing secondary metabolite production,
advancing our understanding of strategies to manipulate
plant biosynthetic pathways for improved yield and quality
of medicinal compounds.

Materials and methods
Plant materials

Feverfew seeds (T. parthenium. L) were provided from
Zardband Company, Tehran, Iran.

Seed priming

Before sowing, seeds were treated with different TSA con-
centrations including 0.1 uM, 0.5 uM, 1 pM, and 2 uM for
24 h at 4 °C. The treated seeds were then dried at room tem-
perature. Additionally, some seeds were treated with dis-
tilled water in the same condition as a control.

In vitroseed culture.

Surface-sterilizing the pretreated seeds was done via
immersion in 70% ethanol for 40 s and then submerging in
2% sodium hypochlorite for 5 min. Subsequently, the seeds
were washed twice with sterile distilled water and asepti-
cally cultured on a 1/4 strength MS medium (Murashige
and Skoog, 1962) with 3% (w/v) sucrose, 0.8% (w/v) agar,
and pH=5.7. The cultures were kept in a growth room at
25 °C under continuous light (approximately 40 pmol m~>
s~!, cool white fluorescent tubes). The in vitro seedlings
obtained from the primed seeds are referred to as in vitro
plants.

Foliar spraying of in vivo plants with TSA

The non-treated seeds were sown in a seedling tray and then
transferred to pots. The pots were kept in a greenhouse. The
organization of pots was done in a completely randomized
design (CRD) with three replications. For foliar spraying of
TSA on in vivo feverfew plants, TSA solution at different
concentrations (0.1 uM, 0.5 uM, 1 uM, and 2 uM) (pH 7.0)
was sprayed on the leaves of 2-month-old plants until run-
off. Some of the plants were sprayed with distilled water as
a control (pH 7.0). Leaves were harvested at the following
time points: 24, 48, and 72 h after spraying.

Quantification of parthenolide
Feverfew leaves of 2-month-old plants for each replication
were dried for 48 h at 65 °C and milled to a good pow-

der using liquid nitrogen in a mortar and pestle. Afterward,
ultrasonication-assisted extraction was done for 100 mg

@ Springer

of powdered leaves in 4 ml methanol for 18 min at room
temperature for each replication. Each sample was centri-
fuged for 8 min at 4000 rpm and then the upper liquid was
transferred to new vials. These vials were concentrated by
a rotary evaporator (Heidolph, Germany) under vacuum
at below 40 C. Dried methanol extracts were dissolved in
a ratio of 10 mg/1 ml of pure methanol. So each replica-
tion was filtered through a 0.45 um PTFE flters in new
vials. From each replication, equal amounts (20 ul) were
injected into the RP-HPLC-PDA system (Shimadzu, Japan),
equipped with a reversed-phase 4.6 mm X 250 mm column.
The mobile phase was an isocratic 10% methanol: 90%
water at a 0.7 ml/min flow rate for 10 min. The UV detector
was set at 210 nm. Calibration curve was obtained by run-
ning multiple injections of different concentrations of stan-
dard parthenolide (SIGMA).

Gene expression analysis

For gene expression analysis, leaves of 2-month-old plants
were ground in liquid nitrogen into powder with a mortar
and pestle. Total RNA was extracted using the RNXPlus kit
(SinaClon, Iran). Isolated RNA was treated with DNase I
(SinaClon, IRAN). First-strand cDNA was synthesized with
the 2-step Tagman Reverse (SinaClon First Strand cDNA
synthesis) kit using 2 pg of total RNA based on the manufac-
turer’s instructions. For gene expression analysis, real-time
quantitative PCR (qRT-PCR), was done with a light cycler
real-time 480 system (ROCHE, Switzerland) using the Sina
Green HS-qPCR Mix, 2X (no ROX) (SinaClon, IRAN).
The GAPDH was used as a housekeeping gene to normal-
ize. The ACt method was used for RGE measurements. The
ACt was calculated as follows: ACt=Ct (target gene)— Ct
(GAPDH gene). The RGE obtained as: RGE=POWER (2;
-ACt) (Livak and Schmittgen 2001). The qRT-PCR protocol
was as follows: 15 min at 95 °C; followed by 40 cycles of
denaturation for 20 s at 94 °C, annealing for 20 s at 59 °C,
and elongation for 20 s at 72 °C, followed by melting curve
analysis. The specific primer pairs (GAPDH, GAS, PTS,
and HDR) were obtained from a published article (Majdi
et al. 2015), and HDA19 (XM _010438600.2) Primer was
designed with Primer3 (Table 1).

Measurement of glandular trichomes density

The density of glandular trichomes on leaf surfaces was
determined through a histochemical test involving concen-
trated H2SO4 (Liu and Liu 2012). Leaves from 2-month-old
plants grown from TSA treated seeds were selected for this
analysis. In each replication, the upper, middle, and lower
leaves of the plant, were randomly selected. The leaves were
placed on a glass slide and a drop of concentrated sulfuric
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Table 1 Nucleotide sequences of primers used in real-time PCR

Transcript Forward primer sequence  Reverse primer
sequence

GAPDH 5'GTTGACTTGACTGT 5' CCTTGAGGTTG
GAGACTTGAG CCTTCGGATTC

GAS 5' TGCTATCTCGGGTA 5 TTCTCCTCTTAT
CTTTCAAGG TCTCAACTGTGC

PTS 5" GGCTGCATTTAACC 5 CTCGTTAGATGG
TTCCCC GCGTGTTG

HDR 5" CTGAGTGGCGTCAC 5'GAAGGGAGAAA
AGATGG CAGAGGAGATAGG

HDA19 5'CCAGCAAGATCAGA 5 TTGACAGAGCC
TTCGCC ACCAACAGA

acid was poured on the leaves. Samples were then placed
under a microscope to observe the glandular trichomes.
The density of glandular trichomes was measured in 1 mm?
of adaxial areas in the leaves at 10x magnification using
Digimizer (Version 5.4.9) image analyzing software.

Microscopical investigation

Scanning electron microscopy (SEM) was conducted fol-
lowing the method outlined by Krak and Mraz with slight
modifications (Krak and Mraz, 2008). Leaves of 2-month-
old plants grown from TSA treated seeds were dehydrated
in an oven at 60 °C for 24 h and coated with a gold layer
(500 A). Samples were observed using a JEOL/JSM-840 A
scanning electron microscope at 25 kV. For Optica imag-
ing, freshly taken samples were examined with an Optika
B9 Italy microscope.

Data analysis

A completely randomized design (CRD) with three rep-
lications was employed in experiments. Data were sub-
jected to analysis of variance (ANOVA) to assess statistical

Fig. 1 Comparison of the density
of glandular trichomes in leaves
of in vitro plants treated with 0.5
uM TSA compared to control
plants. a depicts the sample
treated with 0.5 pM TSA, while
b illustrates the control sample.
The images were obtained using
scanning electron microscopy,
with a scale bar of 100 um. Addi-
tionally, ¢ presents the 0.5 uM
TSA-treated sample, and d shows
the control sample, as observed
under scanning Optica micros-
copy, with a scale bar of 70 pm
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Fig. 2 Mean comparison of glandular trichome density in leaves of
in vitro plants treated with various concentrations of TSA. Different
letters indicate significant differences (P <0.001) according to Dun-
can’s test. Bars represent means (n=3)+ S.E. the results of a display
obtained from scanning Optical microscopy, while b presents results
from scanning electron microscopy

significance. Multiple comparisons of means were con-
ducted using Duncan’s multiple tests with SPSS software.
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Results

Effect of seed pretreatment with TSA on the density
of glandular trichomes in leaves of in vitro plants

In this research, the effect of different TSA concentrations
on the density of glandular trichomes in leaves was inves-
tigated. The density of glandular trichomes in leaves of in
vitro 2-month-old plants was assessed using scanning elec-
tron microscopy (SEM) and the Optika B9 Italy microscope
(Fig. 1). Analysis of the data using light microscopy showed
significant differences among various TSA treatments for
glandular trichome density (P <0.001). Compared to con-
trol plants, significant differences in glandular trichome
density were observed at 0.5uM and 1uM TSA, while 2uM
TSA showed density similar to the control, and the lowest
density of glandular trichomes was observed at 0.1uM TSA
(Fig. 2a). Notably, the density of glandular trichomes in
leaves of plants treated with 0.5uM and 1uM TSA increased
to 1.6 and 1.5 times higher, respectively, than that of control
plants.

The results of the ANOVA for electron microscopy were
consistent with those obtained from light microscopy. The
highest density of glandular trichomes was observed at
0.5uM compared to its respective control and other TSA
treatments. Moreover, the results indicated that the density
of glandular trichomes at 0.1uM TSA was similar to that
of the control. Furthermore, there was an increase in the
density of glandular trichomes at 1uM TSA compared to
its control counterpart; however, at 2uM, there was a sig-
nificant decrease in trichome density. Specifically, these
values were 1.1 (0.1uM), 2.3 (0.5uM), 1.8 (1uM), and 0.6
(2uM) times higher than those observed in untreated plants

(Fig. 2b).
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Fig. 3 Parthenolide content (ug-mg~' DW) in the leaves of T. parthe-
nium in vitro plants treated with TSA. Different letters indicate signifi-
cant differences (p <0.001) according to Duncan’s test. Bars represent
means (n=3)+S.E
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Effect of seed pretreatment with TSA on
parthenolide production in leaves of in vitro plants

The effects of different TSA concentrations on the content
of parthenolide, a major secondary metabolite of fever-
few, were investigated in this experiment. The results of
the ANOVA indicated a significant impact of TSA concen-
trations on parthenolide content. In the leaves of in vitro
plants, the parthenolide content at concentrations of 0.1,
0.5, 1, and 2 uM TSA was measured as 334.2, 1033.5,
999.3, and 379.6 pg/mg DW, respectively. The highest par-
thenolide concentration was observed at 0.5uM and 1pM
(P<0.001) (Fig. 3). Parthenolide accumulation in leaves of
TSA-treated plants with 0.5uM and 1uM increased to 2.27
and 2.2 times higher than that of control plants, respectively.
There was no significant difference in parthenolide accumu-
lation between the 0.1uM and 2uM TSA treatments and the
control (Fig. 3).

Effect of seed pretreatment with TSA on the
expression of parthenolide biosynthesis pathway
genes in leaves of in vitro plants

Gene expression analysis using qPCR was carried out to
understand how TSA affects parthenolide biosynthesis and
the relationship between gene expression and partheno-
lide accumulation. The study found that the expression of
genes involved in the parthenolide biosynthetic pathway,
including GAS and PTS of the MVA pathway, the HDR
gene in the MEP pathway, and a histone deacetylase gene
(HDA19), exhibited significant changes in response to TSA.
The expression levels of GAS significantly increased at
concentrations of 0.5uM and 1uM TSA, reaching 1.48 and
1.4 times that of control plants, respectively. Conversely,
the expression of GAS at 0.1uM and 2uM TSA was sig-
nificantly decreased and resembled that of control plants
(Fig. 4a). Similarly, the expression pattern of PTS increased
significantly with all concentrations of TSA compared to
the control. The treatment with 0.5 pM TSA produced the
highest transcript levels of the PTS gene, which were 1.69
times higher than those in untreated plants. Although the
expression of the PTS gene decreased significantly at con-
centrations of 0.1uM, 1uM, and 2uM TSA, it remained sig-
nificantly higher than in control plants (Fig. 4b). Regarding
the HDR gene, its expression levels decreased significantly
at a concentration of 0.1uM TSA compared to the control
(Fig. 4c). However, there was no significant difference in
gene expression levels between the 0.5uM and 1pM TSA
treatments and the control. Interestingly, the expression pat-
tern of HDR increased significantly at 2uM TSA, reaching
2.12 times higher levels than in untreated plants (Fig. 4c).
Furthermore, the expression pattern of the HDA19 gene
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Fig. 4 Relative gene expression (RGE) of two parthenolide biosyn-
thetic pathway genes, namely a: GAS and b: PTS, as well as c: an initial
terpene biosynthesis pathway gene (HDR), and d: HDA19 gene, act-
ing as a histone deacetylase, were assessed in both control (untreated)
and TSA-treated in vitro plants. Real-time quantitative PCR (qPCR)

decreased significantly at concentrations of 0.1uM, 0.5uM,
and 1uM TSA compared to the control (Fig. 4d). The high-
est transcript levels of the HDA19 gene were observed at
2uM TSA (P<0.001), showing a 1.19-fold increase com-
pared to control plants (Fig. 4d).

Effect of foliar spraying of in vivo plants with TSA on
parthenolide accumulation

The effect of foliar spraying with different concentrations
of TSA on parthenolide production in in vivo plants was
investigated in this experiment. The results of the ANOVA
indicated that the concentrations of TSA, the parthenolide
extraction times after TSA treatments, and their interaction
all had significant effects on parthenolide levels in the leaves
of treated feverfew plants (P <0.001). Throughout the time-
course experiment, parthenolide accumulation exhibited a
steady concentration in control plants. No significant dif-
ference in parthenolide content was observed in control
plants during the time series of the experiment (P> 0.05)
(Fig. 5). Following 24 h of foliar spraying with 0.1puM TSA,
there were no significant differences in parthenolide con-
tent compared to the control plants. However, after 48 h,
the parthenolide amount (2277 pg'mg’ DW) increased
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analysis was conducted based on the Ct values. GAPDH, serving as
a housekeeping gene, was utilized to normalize the Ct values for each
sample. Bars labeled with different letters indicate significant differ-
ences (p <0.001), as determined by Duncan’s test. Error bars represent
means (n=3)+S.E

significantly, reaching a level 1.48 times higher than in con-
trol plants. Subsequently, at 72 h after TSA foliar spraying,
parthenolide accumulation decreased but remained signifi-
cantly higher than in control plants (1.18 times) (Fig. 5).
After foliar spraying with 0.5uM TSA, no significant dif-
ference in parthenolide content was observed compared to
control plants at 24 and 48 h. However, the highest amount
of parthenolide (3765.45 pg-mg' DW) was detected 72 h
after treatment with 0.5 pM TSA, which was 2.21 times
higher than in untreated plants (Fig. 5). When 1uM TSA
was used, the parthenolide contents increased at 24 and 48 h
after spraying, but decreased at 72 h, although it remained
significantly higher than in the control plants. The partheno-
lide amounts at 24, 48, and 72 h were 2027.5, 2927.34, and
2320.23 ug-mg’! DW, respectively, which were 1.25, 1.91,
and 1.36 times higher than in control plants (Fig. 5). The
impact of foliar spraying with 2uM TSA on parthenolide
production increased at 24, 48, and 72 h. The amounts of
parthenolide were 2347.54, 2618.12, and 2261.33 pg-mg-1
DW, respectively, which were 1.45, 1.7, and 1.33 times
higher than in control plants (Fig. 5).
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Effect of foliar spraying of in vivo plants with TSA on
the expression levels of parthenolide biosynthesis
pathway genes

To assess the effect of TSA on parthenolide biosynthesis
and the relationship between gene expression and parthe-
nolide accumulation, real-time PCR was employed to iden-
tify changes in the transcript levels of GAS and PTS from
the MVA pathway, HDR gene from the MEP pathway, and
HDAC19, which is a histone deacetylase gene. Transcript
levels were evaluated in leaves of feverfew plants that
were sprayed with various concentrations of TSA, water
was used as control, at three time-points of 24 h, 48 h, and
72 h after spraying. ANOVA analysis revealed significant
(P<0.001) differences among TSA concentrations, various
time points, and their interaction for the transcription levels
of all genes in the leaves of feverfew plants. Throughout the
different time series, no significant difference was observed
for transcription levels of all studied genes in control plants
(P>0.05). Using 0.1uM TSA, the transcription level of the
GAS gene significantly decreased. At this concentration of
TSA, the expression levels of GAS at 24 h, 48 h, and 72 h
time points were lower than those of the control (Fig. 6a).
Foliar spraying with 0.5uM and 1uM TSA increased the
expression level of the GAS gene. The highest expression
levels of the GAS gene were detected 24 h after treatment
with 0.5uM and 1uM TSA, which were 2.43 and 2.45 times
higher than those in untreated plants (Fig. 6a). However,
the expression level of the GAS gene decreased at 48 h and
72 h time points and, returning to the level of control plants
(Fig. 6a). When plants were foliar sprayed with 2uM TSA,
the expression level of GAS was significantly increased
24 h after treatment, which was 1.4 times higher than in
control plants (Fig. 6a). The expression level of the GAS
gene decreased at 48 h and 72 h, reaching a lower level than
that of the control plants (Fig. 6a). Regarding the PTS gene,
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24h 48h 72h

24h 48h 72h 24h 48h 72h 24h 48h 72h

0.1 0.5 1 2
Trichostatin A (uM)

foliar spraying of the plants with 0.1uM TSA decreased the
expression level of this gene after 24 h. However, after 48 h
and 72 h from the initial treatment, the expression levels
increased, but remained lower than those of the control
plants (Fig. 6b). After treating the plants with 0.5uM and
1uM TSA, the expression levels of the PTS gene signifi-
cantly increased at 24 h and 48 h time points. The highest
level of PTS transcript was observed 48 h after treatment
with 0.5uM TSA, which was 2.06 times higher than that
in control plants. For 1uM TSA PTS transcript level was
1.9- fold higher than control plants. However, after 72 h, the
level of PTS transcription dropped and declined to the level
of control plants for both TSA concentrations (Fig. 6b).
The level of PTS transcription was not significantly differ-
ent from control plants 24 h after foliar spraying with 2uM
TSA. However, after 48 h, the expression level of the gene
increased significantly (1.48-fold higher than in control
plants). After 72 h, the expression level of PTS decreased
compared to control plants (Fig. 6b). The effect of foliar
spraying of feverfew plants with different TSA concentra-
tions on HDR gene expression levels showed that 0.1uM
TSA at 24 and 48 h significantly decreased the expression
levels of this gene compared to control plants. The expres-
sion level of HDR at these time points was lower than that
of the control. However, the expression level of this gene
increased at 72 h and reached the level of control plants
(Fig. 6¢). Twenty-four hours after spraying the plants with
0.5uM TSA, there was no change in the transcription level
of the HDR gene compared to the control plants. However,
after 48 h, the expression level of the gene increased sig-
nificantly, which was 1.44 times higher than control plants.
Subsequently, at 72 h after foliar spraying, the expression
level decreased and reached a lower level than the control
plants (Fig. 6¢). When 1uM TSA was used, the expression
level of HDR at 24 h increased to 1.96 times higher than
the control plants. The highest HDR transcript level was
observed 24 h after treatment with 1uM TSA. At 48 h and
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Fig. 6 The effects of foliar spraying of differ-
ent TSA concentrations on in vivo plants and
different time points of sampling, on relative a a
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72 h time points, the expression levels of HDR decreased
but they were still significantly higher than those of control
plants (1.6 and 1.5 times that of control plants, respectively)
(Fig. 6¢). The application of 2uM TSA decreased the expres-
sion level of HDR at 24 h, which was lower than that of the
control plants. However, after 48 h, the expression level of
the gene increased to the level of control plants, and at 72 h,
the level of gene expression decreased again, which was
lower than that of the control plants (Fig. 6¢). The analysis
of the expression of the HDA19 gene after spraying with
different concentrations of TSA showed that 24 h after using
0.1uM TSA, the gene’s transcript level decreased signifi-
cantly compared to the control plants. After 48 h, the expres-
sion levels increased and reached that of the control plants.
However, at 72 h, the gene expression level decreased again
compared to the control plants (Fig. 6d). By treating with
0.5uM TSA, the expression level of HDA19 decreased at
24 and 48 h, lower than in the control plants. However, after
72 h, the gene expression level increased and matched the
control plants (Fig. 6d). When treated with 1uM TSA, the
expression of HDA19 decreased at 24 h and then returned
to the control level at 48 h. At 72 h post-treatment with 1uM
TSA, the expression level of the HDA19 gene increased to
1.66 times higher than in the control plants, reaching the
highest HDA19 transcript level (Fig. 6d). Foliar spraying
of feverfew plants with 2uM TSA decreased the expression
level of the HDA19 gene after 24 h. However, the expres-
sion levels subsequently increased and returned to the con-
trol plant levels at 48 and 72 h (Fig. 6d).

Discussion

Our study demonstrates that treating seeds with TSA has a
significant impact on the biosynthesis and accumulation of
parthenolide in the leaves of T. parthenium under in vitro
conditions. Our findings indicate that levels of 0.5uM and
IuM TSA increased the density of glandular trichomes
(Fig. 2). Glandular trichomes, specialized epidermal
appendages in plants, are well-known for synthesizing and
releasing secondary metabolites such as terpenoids, flavo-
noids, methyl ketones, and acyl sugars (Ashrafi et al. 2022).
Various phytohormones, including auxins, cytokinins, gib-
berellins, jasmonates, and brassinosteroids, can influence
epidermal differentiation programs, leading to increased
trichome density in plants like Artemisia annua (Maes et al.
2011). Additionally, specific growth regulators in the culture
medium can enhance glandular trichome density in Stevia
rebaudiana (Ashrafi et al. 2022).

In another study, it was found that the symbiosis Arbus-
cular mycorrhizal fungi with Stevia rebaudiana led to
an increase in trichome density and the accumulation of
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secondary metabolite (Sarmiento-Lopez et al. 2021). The
primary stages of trichome development are regulated by
the TRANSPARENT TESTA GLABRA 1 (TTG1) gene
(Larkin et al. 1994; Ioannidi et al. 2016). A previous study
on Arabidopsis thaliana indicated that biotic and abiotic
factors can influence the regulation of the TTG1 gene and
ultimately affect trichome density on leaves (Larkin et al.
1994). Sarmiento-Lopez et al. (2021) reported a correla-
tion between increased expression levels of TTG1 and an
increase in trichome density on leaves from S. rebaudi-
ana-colonized plants. Our results indicated that TSA can
increase gene expression profiles, potentially influencing
genes associated with trichome development, particularly
the TTG1 gene, leading to an increase in trichome numbers
on the leaves of T. parthenium. In our study, HPLC analysis
indicated that 0.5uM and 1uM TSA had the most significant
impact on parthenolide accumulation (Fig. 3). Considering
that glandular trichomes are known as biochemical factories
for the production and accumulation of secondary metabo-
lites (Huchelmann et al. 2017), our observations suggest that
TSA may directly or indirectly increase trichome density
and parthenolide accumulation in 7. parthenium. Our results
also indicate that TSA influences the expression of GAS and
PTS from the MVA pathway, the HDR gene from the MEP
pathway, and HDA19 as a histone deacetylase. The inhibi-
tion of HDACs by TSA has increased acetylation on lysine,
neutralizing the positive charge of histones and reducing the
interaction between histones and DNA (Bannister and Kou-
zarides 2011). It leads to the loosening of chromatin, mak-
ing the DNA sequence accessible to transcription factors
and RNA polymerase, and increases the expression of genes
(Bannister and Kouzarides 2011). The expression of the
studied genes from the MVA pathway, which was stimulated
by TSA, may be associated with parthenolide accumulation.
Our study showed that the GAS gene was upregulated by
0.5uM and 1uM TSA, and the expression of PTS increased
with 1uM TSA. The expression levels of GAS and PTS are
closely related to parthenolide biosynthesis. Although HDR
was affected differently by TSA treatments, its expression
did not show the same pattern as parthenolide accumulation.
The expression of HDA19 increased with 2uM TSA (Fig. 4).
Darbahani et al. (2022) reported that nanoparticles (Alumi-
num Oxide alpha (A1203) and Magnesium Aluminate Spi-
nel (Mg AI204) caused an increase in the expression of the
GAS gene and other genes in the parthenolide biosynthesis
pathway, and the expression of GAS correlated with parthe-
nolide accumulation in Feverfew. In a study by Majdi et al.
(2015), it was demonstrated that Feverfew with high expres-
sion of TpGAS in glandular trichomes showed a significant
correlation with high concentrations of parthenolide. In
the protoplast culture of Nicotiana benthamiana, TSA has
increased cell division efficiency, callus proliferation, and
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adventitious shoot formation (Choi et al. 2023). It was also
shown that TSA increased the expression of Cyclin-depen-
dent kinase (CDK), Cyclin D3-1 (CYCD3-1), cell cycle
regulatory genes, and WUSCHEL (WUS) genes in the pro-
toplast culture of Nicotiana benthamiana (Choi et al. 2023).
In a previous study, TSA-induced somatic embryogenesis in
Arabidopsis indicated that TSA affected the expression level
of several genes encoding transcription factors including
LECI1, LEC2, BBM, and stress responses (MYB118) and
increased the expression of these genes in the TSA-treated
explants (Wojcikowska et al. 2018). In the second experi-
ment, plants were sprayed with different concentrations of
TSA. Investigations at three time points (24 h, 48 h, and
72 h after treatment) showed an increase in the expression
of GAS at 24 h after treatment with 0.5uM and 1pM TSA
(Fig. 6a), an increase in the expression of PTS at 48 h after
treatment with 0.5uM TSA (Fig. 6b), an increase in HDR
expression at 24 h after treatment with 1uM TSA (Fig. 6¢),
and induced the highest expression of HDA19 at 72 h after
treatment with 1puM TSA (Fig. 6d). Additionally, the high-
est accumulation of parthenolide was observed at 72 h after
treatment with 0.5 pM TSA (Fig. 5). In this experiment, a
positive correlation was observed between the expression of
GAS and PTS genes and the accumulation of parthenolide.
These results are consistent with the findings of previous
researchers (Darbahani et al. 2022).

HDAI19, belonging to RPD3/HDAL, is involved in ger-
mination, flowering, biotic and abiotic stress responses, and
zygotic embryos (Wojcikowska et al. 2020; Kumar et al.
2021). HDAC enzymes require a zinc molecule as an essen-
tial cofactor in their binding site and are inhibited by Zn2+-
binding HDAC inhibitors such as TSA (Kim and Bae 2011).
Inhibition of HDACs by TSA leads to an increase in acetyl
groups on histones, resulting in hyperacetylation and a more
open chromatin structure associated with enhanced gene
expression (Gorisch et al. 2005). The results of this research
showed that TSA increased HDAC19 gene expression in all
concentrations, especially after 48—72 h of initial treatment.
These results are attributed to the positive effect of TSA on
the opening of chromatin structure. Additionally, the results
of this research, as well as previous researches, show that
TSA has an inhibitory effect on histone deacetylase enzyme
and not on the gene responsible for it, as its inhibitory
mechanism was mentioned above. In the protoplast culture
of Nicotiana benthamiana, TSA has enhanced histone H3
acetylation levels (Choi et al. 2023). Furthermore, treating
Arabidopsis seedlings with TSA has been shown to increase
H3K9/K14Ac and H4K5Ac epigenetic marks (Venturelli et
al. 2015; Mengel et al. 2017). The reduction of HDAC activ-
ity up to two times lower than the freshly isolated tissues of
Arabidopsis explants cultured on somatic embryogenesis
induction media has been indicated with the application

of 1uM TSA (Wojcikowska et al. 2018). Treatment with
1uM TSA increased the expression level of the AhHDAI
gene of Arachis hypogaea L. compared to control (Su et al.
2015). Moreover, the expression levels of transcription fac-
tor genes (AhAREB1, AhDREB2A-like, AWWRKY33-like)
increased with 1uM TSA in Arachis hypogaea L. (Su et al.
2015). It has been demonstrated that TSA can upregulate
gene transcription profiles during in vitro somatic embryo-
genesis in Arabidopsis (Wojcikowska et al. 2018) and Bras-
sica napus (Li et al. 2014). In Picea abies, the use of TSA
during the maturation of embryogenic cultures has halted
the maturation process, and maintained the expression levels
of PaHAP3A and PaVP1 (Uddenberg et al. 2011). Further-
more, Nowak et al. (2024) reported that TSA treatment in
barley in vitro cultures resulted in enhanced expression lev-
els of LEC1, FUS3, BBM, PHB, and ERF022 genes (Tran-
scription factor) in barley in vitro cultures. Additionally, the
expression levels of HDA19 and HDAG6 have been shown to
increase in response to TSA. Similarly, TSA has increased
the expression of HDA19 in Arabidopsis (Moronczyk et al.
2022) and the expression of HDACs in grapevine (Martinez
etal. 2021) and wheat (Valero-Rubira et al. 2023). In several
previous studies on the production of secondary metabolites
by fungi, it has been demonstrated that TSA enhances the
chemical diversity of secondary metabolites (Williams et
al. 2008). Fungi treated with 1 pM trichostatin A showed
increased production of secondary metabolites in cultures
of Penicillium expansum and Alternaria alternata (Shwab
et al. 2007). Additionally, in Aspergillus clavatus, TSA at
0.5 uM increased secondary metabolites (Zutz et al. 2013).
Furthermore, four new meroterpenoids were isolated after
the treatment of the culture medium of Aspergillus terreus
with 10uM TSA (Sun et al. 2018). Kooke et al. (2019) ana-
lyzing QTL data in Arabidopsis reported that epigenetics
might play an important role in regulating the accumula-
tion of secondary metabolites. Our findings show that TSA,
as an epigenetic modulator, can have a positive impact on
the expression of GAS and PTS genes in the parthenolide
biosynthesis pathway. The increased expression of GAS
and PTS is likely linked to higher parthenolide accumula-
tion. Our results indicate that concentrations of 0.5 uM and
1 uM of TSA can lead to an increase in parthenolide levels.
A lower concentration of TSA (0.1 uM) had a smaller effect
on parthenolide production, while a higher concentration
(2 uM) caused a reduction in parthenolide production in
Feverfew plants, possibly due to its toxicity.
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Conclusion

In conclusion, our investigation into the impact of exogenous
Trichostatin A (TSA) application on the expression of genes
associated with parthenolide biosynthesis and accumulation in
feverfew (I. parthenium) provides valuable insights into the
regulation of secondary metabolite production in plants. This
study revealed that TSA, an inhibitor of histone deacetylases
(HDAC:), positively influenced the expression of key genes,
including Germacrene A synthase (GAS) and parthenolide syn-
thase (PTS), as well as the density of glandular trichomes, lead-
ing to an enhanced production of parthenolide. The results were
consistent across two experimental approaches: seed priming
under in vitro conditions and foliar spray on in vivo Feverfew
plants. The findings suggest a potential role for TSA as a tool
to modulate plant secondary metabolism and improve the yield
of valuable metabolites, such as parthenolide. The positive cor-
relation between TSA concentration and parthenolide accumu-
lation, along with the differential expression of biosynthetic
genes, highlights the intricate regulatory mechanisms involved
in the biosynthesis of secondary metabolites. Furthermore, the
study underscores the importance of epigenetic modifications,
specifically histone acetylation, in influencing gene expression
and, consequently, the production of bioactive compounds
in medicinal plants. This research contributes to the growing
knowledge of the application of epigenetic modulators in plant
biotechnology, providing a foundation for further exploration
of strategies to enhance the production of bioactive compounds
with pharmaceutical and therapeutic potential. The detailed
understanding of the molecular mechanisms uncovered in this
study opens avenues for targeted approaches to manipulate
secondary metabolite pathways in plants for improved yield
and quality of medicinal compounds.
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