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ABSTRACT
Background: The circadian clock for patchoulol synthase  (PTS) gene in 
Pogostemon cablin remains largely unexplored. Objective: The objective 
of this study is to clone and to investigate the expression of PTS gene from 
the leaves of P. cablin throughout a day. Materials and Methods: The 
full‑length PTS cDNA was isolated by a combination of reverse transcription 
polymerase chain reaction (RT‑PCR) and rapid amplification of cDNA ends 
in P. cablin. Gene expression profiles across leaves at different time points 
of P. cablin were evaluated using quantitative RT‑PCR. Results: The PTS 
clone contained a 1659‑bp open reading frame coding for 552 amino 
acids, a 61‑bp 5′‑untranslated end, and a 219‑bp 3′‑untranslated sequence. 
The deduced amino acid sequence was 47%–63% identical with the 
sequence of other known sesquiterpene cyclases from angiosperms. It 
was observed that the oscillations of PTS transcript persisted in P. cablin 
during the daily cycle, with peak expression occurring at 1:00 h, 5:00 h, 
7:00 h, 9:00 h, 16:00 h, 19:00 h and 22:00 h. In general, PTS had lower 
oscillation frequency and transcription abundance at daytime than at night, 
corresponding with the higher temperature, the lower humidity, and the 
presence of an ultraviolet index. Conclusion: The PTS gene identified in 
this study is under clock control, which in turn may provide insight into 
evolutionary progresses in the green lineage.
Key words: Circadian clock, clone, lamiaceae, patchoulol synthase, 
Pogostemon cablin, sesquiterpene

SUMMARY
•  The patchoulol synthase  (PTS) clone contained a 1659‑bp open reading

frame coding for 552 amino acids, a 61‑bp 5′‑untranslated end and a
219‑bp 3′‑untranslated sequence. And the deduced amino acid sequence
was 47%–63% identical with the sequence of other known sesquiterpene
cyclases from angiosperms

•  It was observed that the oscillations of PTS transcript persisted in P. cablin 
during the daily cycle, with peak expression occurring at 1:00  h, 5:00  h,
7:00  h, 9:00  h, 16:00  h, 19:00  h, and 22:00  h. In general, PTS had lower
oscillation frequency and transcription abundance at daytime than at night,
corresponding with the higher temperature, the lower humidity, and the
presence of ultraviolet index.

Abbreviations used: PTS: Patchoulol synthase; EC: Evening complex; 
FDP: Farnesyl diphosphate; RACE: Rapid amplification of cDNA ends; 
CMA: China Meteorological Administration.
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INTRODUCTION
Plant sesquiterpenes are secondary metabolites with plenty of structural 
diversity, which show a range of biological activities, playing significant 
roles in plant growth and survival.[1] In plants, sesquiterpenes of different 
structural types are biosynthesized by sesquiterpene synthases (cyclases), 
the putative key enzyme of sesquiterpenes. With the high‑speed 
development of molecular biology and analytical chemical technologies, 
a number of cDNA clones encoding sesquiterpene synthases are 
isolated.[2‑5] These enzymes may share a common catalytic mechanism 
and expression pattern with highly conserved regions.[6]

The metabolism and physiology of plants adapt to 24 h light‑dark cycles, 
which in turn are controlled by evolutionarily conserved intrinsic 
circadian oscillators.[7] Plants rely on the endogenous timekeeper 

to control energy production and energy consumption, activity of 
pollinators, as well as seasonal changes that tell them when to flower 
or shed their leaves.[8] The core clockwork consists of negative feedback 
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loops through which a series of clock components sustain their own 
rhythm. To begin with, cryptochrome, a light‑absorbing molecule, 
helps light to set the daily clocks of plants.[9] In the model plant 
Arabidopsis thaliana, the Myb‑type transcription factors late elongated 
hypocotyl (LHY) and circadian clock‑associated 1 (CCA1) activate the 
expression of pseudo‑response regulators (PRRs). This activation occurs 
indirectly through the inhibition of the evening complex (EC), which 
is the repressor of PRRs. In turn, the EC indirectly activates CCA1 and 
LHY by directly inhibiting the repressive PRRs.[8] Homologs to these 
clock genes were identified in many species.[10‑12] Circadian clocks affect 
gene expression in diverse organisms, and numerous plant species 
have been observed to exhibit diurnal rhythm including Actinidia 
chinensis,[4] A. thaliana,[13] Populus trichocarpa,[14] and Chrysanthemum 
morifolium.[15]

One of the important traditional medical materials, Pogostemon 
cablin (Blanco) Benth. (patchouli), is a perennial aromatic herb in the 
Lamiaceae family, which is used to treat colds, diarrhea, vomiting, 
and nausea.[16] Morphologically, patchouli adapts to hot and humid 
climatic conditions.[17] Research into the phytochemical constituents 
and pharmacological activities of patchouli shows that oil accumulated 
by P. cablin possesses antioxidant, anti‑inflammatory, antithrombotic, 
antidepressant, analgesic, and many other activities.[18] Patchouli 
oil is unique because it consists of diverse sesquiterpenes, rather 
than a blend of different mono‑, sesqui‑and di‑terpene compounds. 
Patchoulol synthase (PTS) is a putative key enzyme of sesquiterpenoid 
biosynthesis in patchouli, catalyzing the conversion of farnesyl 
diphosphate to patchoulol as the major product, producing at least 
13 additional sesquiterpenes.[19] Recently, Yu et  al.[20] confirmed that 
micro RNA156  (miR156)‑targeted SQUAMOSA promoter binding 
protein‑like factors upregulated PTS expression and sesquiterpene 
accumulation in patchouli. Circadian clocks occur with a periodicity 
of approximately 24  h and regulate a wide range of metabolic and 
physiologic functions.[21‑23] Since a substantial portion of the plant 
transcriptome is under clock control, we ask whether PTS involves the 
conservation of clock‑controlled transcriptional programs? And if so, 
whether ambient temperature, humidity, or ultraviolet (UV) index also 
coordinately regulate it?
The present study was undertaken to clone and investigate the regulation 
of diurnal variations for PTS in patchouli leaves. We have assessed the 
relationship between PTS expression and temperature, humidity, and 
UV index. Moreover, the significant changes in transcript of PTS gene 
throughout a day were determined.

MATERIALS AND METHODS
Plant materials and RNA isolation
P. cablin plants were grown in pots filled with soil under natural 
photoperiod in Jinan University, Guangzhou City, Guangdong 
Province, China, and identified by Dr.  Ying Zhang  (College of 
Pharmacy, Jinan University). A voucher specimen (GHX 201711001) 
was deposited at the Research Center for Traditional Chinese Medicine 
of Lingnan, Jinan University. For analysis of diurnal regulation of gene 
expression, mature leaves  (50–100  mg) of P. cablin were collected in 
triplicate in November 25, 2017, at hourly intervals during the 24  h 
cycle. Each sample was isolated and stored at − 80°C until use. For the 
isolation of total RNA, patchouli leaves were frozen in liquid nitrogen 
and ground to a fine powder using a mortar and pestle. Total RNA 
was extracted using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA), 
following the manufacturer’s instructions. An average of 15 µg total 
RNA was typically obtained from 100  mg of tissue. The quality and 
integrity of the RNA were evaluated by verification of the integrity 
of the ribosomal RNA bands after agarose gel electrophoresis. The 

presence of three distinct bands of 28S rRNA, 18S rRNA, and 5S 
rRNA in agarose gel proved the intactness of the RNA samples. The 
average spectrophotometric values of the isolated RNA ranged from 
1.8 to 2.0 (A260/A280), indicating the high quality of RNA devoid of 
polyphenol, polysaccharide, and protein contamination.

Isolation of the full-length patchoulol synthase 
cDNA
Total RNA  (1 µg) from leaves was reverse‑transcribed using 
HiScriptII Reverse Transcriptase  (Vazyme, Nanjing, China), 
following the manufacturer’s instructions. The specific 
primers PTS‑F  (5′‑ATGGAGTTGTATGCCCAAAGT‑3′) and 
PTS‑R  (5′‑TTAATATGGAACAGGGTGAAG‑3′) were designed based 
on the previously described PTS cDNA sequence (Acc No. AY508730).[19] 
Conditions were worked out using the PTS‑F and PTS‑R to obtain the 
expected band of 1659‑bp (30 amplification cycles of 95°C for 10 s, 61°C 
for 30 s, and 72°C for 2  min), which was purified and cloned into a 
Peasy‑T5 Zero plasmid (TransGen, Beijing, China).
The positive clone was used to isolate a complete cDNA by 
3′ and 5′ rapid amplification of cDNA ends (RACE). Sequence 
information from this clone was used to design four gene‑specific 
primers: 5′‑AAGCAGTTGTACCTTCACCCTGTTCC‑3′, 
5′‑TGTGTTTGAGGAAGTTGACGAGG‑3′ for 3′RACE, and 
5′‑CGAAGCCCAAAAGTAGGACTCCACC‑3′, 5′‑CAAGAGGACG 
AGAGGCAGCACC‑3′ for 5′RACE. Amplification of 3′ and 5′ segments 
of the cDNA was performed using the SMARTer RACE 5′/3′Kit (Clontech, 
Mountain View, CA, USA) following the manufacturer’s protocol. For 
complete cDNA cloning did not yield any band, even with a touch down 
program, nested polymerase chain reaction (PCR) was also used.

Quantitative polymerase chain reaction analysis
Total RNA  (1 µg) from each sample was reverse‑transcribed 
using Prime Script reverse transcription  (RT) reagent kit with 
gDNA eraser  (TAKARA, Tokyo, Japan) in a reaction volume of 
20 µL according to the manufacturer’s instructions and diluted 
2‑fold before use. Relative quantitation real‑time gene expression 
analysis of the target PTS gene and the housekeeping ‑actin gene 
was performed  (with three technical replicates) on a Light Cycler 
480  (Roche, Basel, Switzerland) platform using the SYBR Premix 
Ex Taq II  (TAKARA, Tokyo, Japan). The data were expressed as 
mean  ±  standard deviation  (SD) of three biological duplicates. 
Analyses of the genes expression level were carried out using the 
2‑∆∆C

T method as described by Livak and Schmittgen.[24] The thermal 
program was 30 s at 95°C and 40 cycles of 5 s at 95°C, 30 s at 60°C, 
followed by melting curve analysis at 95°C for 5 s and 60°C for 1 min, 
and then ramping at 0.11°C/s to 95°C.
The amplicon for PTS consisted of 133  bp  (primers were as follows: 
5′‑ATTCTTCGAAGCCACGCATC‑3′; 5′‑TGCGTTGTGGACTTG 
TTTCG‑3′). The amplicon for the ‑actin reference gene consisted of 
149 bp (primers were as follows: 5′‑ATTGGAGCTGAACGATTCCG‑3′; 
5′‑AGGACAATGTTGCCGTACAG‑3′).

Weather condition records
The hourly temperature, humidity, and UV index recorded at the same 
time points to the above gene expression analysis were provided by the 
China Meteorological Administration  (CMA)  (http://www.weather.
com.cn).
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Statistical analysis
One‑way ANOVA analysis of variance followed by Tukey’s multiple 
comparison test was used for the comparison of means. All statistical 
analyses were performed using Software (GraphPad Software, CA, USA). 
All P < 0.05 were considered to be statistically significant.

RESULTS
cDNA isolation and sequence analysis
Total RNA was extracted from the freshly ground leaves of patchouli. 
Using the oligo‑dT primers, cDNA was obtained by reverse 
transcription of the total RNA. Probing the library with primers 
designed from the sequence coding PTS  (Acc No. AY508730),[19] a 
1659‑bp fragment was amplified by PCR. The full‑length sesquiterpene 
synthase cDNA was subsequently isolated by a combination of 5′ and 3′ 
RACE, and the sequence deposited in GenBank (Acc No. MG386648). 

The full‑length clone contained an insert of 1939‑bp with a translation 
starting sequence  (CCGTAATGG) at positions 62–64 followed by 
an open reading frame of 552 amino acids. The deduced mass of the 
encoded protein is 64  kDa and the pI is calculated to be 5.38. PTS 
was not predicted to contain a plastid‑targeting peptide according to 
the TargetP and SignalP prediction programs, which is in accordance 
with previous theory.[19] Alignment revealed that there were several 
varying amino acids in comparison to the previously annotated PTS 
sequences (96%–99% identity) as detailed in Figure 1. In the meantime, 
eight sesquiterpene synthases from angiosperms including three PTS 
from different patchouli cultivars had been aligned  [Figure  1]. The 
definition of the nine conserved regions, such as the most highly 
conserved metal ion‑binding motif DDXXD  (region 6),[2] was based 
on a relatively limited number of amino acid sequences. The deduced 
amino acid sequences of PTS showed relatively high homology (47%–
63% identity) to other sesquiterpene synthases from angiosperm 

Figure 1: Alignment of the deduced amino acid sequence of eight sesquiterpene synthase from angiosperms
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species. The highest homology (63% identity) between PTS and P. cablin 
germacrene D synthase was not surprisingly observed.
GAS, germacrene A synthase from Vitis vinifera (Acc No. ADR66821.1);[25] 
DCS, ‑cadinene synthase isozyme A from Theobroma cacao 
(Acc No. EOY12645.1);[26] AFS, ‑farnesene synthase from Murraya koenigii 
(Acc No. AQT33225.1);[27] PTS, PTS from this study (Acc No. MG386648); 
PTS2, PTS from previous study  (Acc No. AHL24448.1);[28] PTS1, PTS 
from other previous study (Acc No. AAS86323.1);[19] GDS, germacrene D 
synthase from P. cablin  (Acc No. Q49SP6.1);[19] BGS, bicyclogermacrene 
synthase from Phyla dulcis (Acc No. J7 LMP2.1).[29] Nine regions of high 
similarity in sesquiterpene synthases from angiosperms are boxed and 
labeled 1–9. “*,” fully conserved residues; “:,” chemically conserved residues.

Gene expression analysis
Leaves of patchouli were detached at different time points during the 
experiment. Relative quantitative real‑time PCR, which was carried 
out over the course of a 24 h day/night cycle, revealed a PTS rhythmic 
expression to be present in the leaves of patchouli  [Figure  2]. The 
transcript profile for PTS showed that peak expression levels were 
occurred at 1:00 h, 5:00 h, 7:00 h, 9:00 h, 16:00 h, 19:00 h and 22:00 h, 
with the highest expression at 19:00 h. As presented in Figure 2, PTS had 
three peaks at daytime while it had four peaks in mRNA accumulation 
at night, thus, there was a higher oscillation frequency for PTS in the 
evening. In generally, night‑grown patchouli accumulated more PTS 
mRNA than did day‑grown one.
Samples were collected at different time points throughout a day. The 
expression level of PTS at 6:00 h was used to normalize the expression level 
of the remaining samples. Data are presented as mean ± SD (n = 3). Means 
labeled with a common letter are not significantly different  (P > 0.05) 
using one‑way ANOVA followed by Tukey’s multiple comparison test.

Effects of weather condition
The information of hourly temperature, humidity and UV index for the 
experiment was obtained from CMA, as seen in Figure 3. The temperature 
profiles during a day showed that peak temperature occurred at 17:00 h 
then declined over the next 5 h where it remained low until evening. In 
contrast to the temperature, time points analyses of the humidity showed 
that the lowest humidity was detected at 18:00  h, although levels did 
appear to gradually raise from evening onwards. The pattern of UV index 
was similar to that of temperature, with peak level occurring at 13:00 h, 
although there was no UV index detected at night [Figure 3]. Notably, 

Figure 2: The diurnal expression pattern of patchoulol synthase gene in 
patchouli leaves

the higher temperature, the lower humidity, and the presence of UV 
index corresponded to the lower oscillation frequency and transcription 
abundance of PTS during the daytime.

DISCUSSION
Sesquiterpenes are common phytochemical constituents of many plants, 
and sesquiterpene synthases have been characterized in a number of 
plant species, including Polygonum minus,[5] Citrus sinensis,[3] Artemisia 
annua,[2] and A. chinensis.[4] In patchouli, PTS was assumed to be the 
key enzyme responsible for the synthesis of patchoulol plus at least 
13 additional sesquiterpene products.[19] Our data showed that the amino 
acid sequence similarity between the new PTS and other PTSs from 
previous study varied (96%–99% identity) as detailed in Figure 1. Patchouli 
is native to Southeast Asia and has been cultivated in China over 1000 of 
years,[30] resulting in a genetic divergence between the different patchouli 
cultivars.[31] In general, the PTS showed the same pattern of sequence 
homology to other sesquiterpene synthases [Figure 1].
The rotation of the earth on its axis confers daily changes in the 
environment with a wide variety of consequences for plants that have to 
contend with the transitions from day to night and back again. Circadian 
clocks that temporally organize many aspects of growth and metabolism 
are found in numerous plant species.[21‑23] Our work also showed that 
over the course of a day‑night cycle, PTS expression followed an obvious 
diurnal rhythm with peak expression levels occurring at 1:00 h, 5:00 h, 
7:00 h, 9:00 h, 16:00 h, 19:00 h and 22:00 h [Figure 2], which is in agreement 
with the results of previous study.[32] In snapdragon, monoterpene 

Figure 3: Hourly temperature (celsius), humidity (%), and ultraviolet index 
during a day
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synthase mRNA levels as well as corresponding monoterpene emission 
follow diurnal rhythms were controlled by a circadian clock.[33] A similar 
daily fluctuation was found in the endogenous level of geranyl acetate 
and in the expression of its biosynthetic gene, alcohol acetyl transferase 
in rose flowers.[22]

In our study, PTS gene that proved to be circadian regulated seemed 
to have higher oscillation frequency and transcription abundance 
at night  [Figure  2]. There could be a range of reasons that regulate 
the level of PTS transcript in P. cablin throughout a day, depending 
on a number of factors, such as temperature, humidity, light, and 
many other slightly controlled aspects. Our data showed that PTS 
transcript continued to progressively accumulate from daytime toward 
evening, which corresponding well with the lower temperature, the 
higher humidity and the absence of UV index  [Figure  3]. Shinwari 
et  al.[34] revealed that the ‑glucuronidase reporter gene driven by 
the DREB1 promoters was induced at transcriptional level by low 
temperature in transgenic Arabidopsis. While in Barley, the expression of 
low‑temperature‑induced Wcs and Wcor gene families were regulated by 
photoperiod and temperature through separate pathways.[35] According 
to the report from Thioune et al.[36] relative expression level analyses of 
genes involved with abscisic acid signaling, such as CcNCED3, indicated 
temperature‑dependent, transcriptional change during the humidity 
shock treatments in coffee leaves. Although it had been demonstrated 
that the higher concentrations of cumulative patchoulol corresponded 
to lower light intensity in patchouli, there was no statistically significant 
correlation between patchoulol content and shading levels.[37] While 
in most cases, nocturnal emission of volatiles is controlled directly by 
light.[38] The results presented here suggest that more detailed studies 
on the combined effects of circadian clock and weather condition are 
warranted. However, the molecular mechanisms based on the circadian 
clock, as well as its interactions with environmental signal and plant 
physiology exhibit complex and incompletely understood networks.[39] 
The promoter regions of some circadian‑regulated genes in poplar leaves 
had been observed to have a relatively conserved motif within 300 bp 
of their start codons, which is associated with circadian regulation.[14] 
Therefore, the availability of genome sequences of P. cablin has permitted 
a more systematic and comprehensive survey of clock‑controlled PTS 
gene.[40,41].

CONCLUSION
In the present study, we have cloned a PTS gene that accounts for 
sesquiterpene especially patchoulol biosynthesis in P. cablin leaves. 
Moreover, the data reported here indicate that the expression of PTS 
in patchouli leaves varies throughout a day, with circadian regulation 
implicated. Clearly further study on clock‑controlled architecture and 
function in P. cablin is needed.
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