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Patchouli, Pogostemon cablin (Blanco) Benth., is a traditional Chinese medicinal 
plant from the order Lamiales.  It is considered a valuable herb due to its essen-
tial oil content and range of therapeutic effects.  This study aimed to explore the 
evolutionary history of repetitive sequences in the patchouli genome by analyzing 
tandem repeats and transposable elements (TEs).  We first retrieved genomic data 
for patchouli and four other Lamiales species from the GenBank database.  Next, 
the content of tandem repeats with different period sizes was identified.  Long 
terminal repeats (LTRs) were then identified with LTR_STRUC.  Finally, the evo-
lutionary landscape of TEs was explored using an in-house PERL program.  The 
analysis of repetitive sequences revealed that tandem repeats constitute a higher 
proportion of the patchouli genome compared to the four other species.  Analy-
ses of TE families showed that most of the repetitive sequences in the patchouli 
genome are TEs, and that recently inserted TEs make up a comparatively larger 
proportion than older ones.  Our analyses of LTR retrotransposons in their host 
genome indicated the existence of ancient LTR retrotransposon expansion, and the 
escape of these elements from natural selection revealed their ages.  Our identifi-
cation and analyses of repetitive sequences should provide new insights for further 
investigation of patchouli evolution.
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INTRODUCTION

Patchouli, Pogostemon cablin (Blanco) Benth., is a 
plant belonging to the genus Pogostemon of the Lamia-
ceae.  Originating from Southeast Asia, its introduc-
tion into China can be dated back to the Liang Dynasty 
(Wu et al., 2007).  For many years, patchouli has been 
widely used in medicinal materials, with great prospects 
in medicinal production and applications.  Its antiemetic 
and heat-releasing actions (He et al., 2016) are commonly 
used in traditional Chinese medicine.  As an increas-
ing number of technologies developed, modern studies 

have observed that patchouli and its essential oil have 
a large number of applications in medical fields, includ-
ing antibacterial, antitumor, antioxidant and insecticidal 
effects, and also in chemical fields, as important materials 
(Chinese Pharmacopoeia Commission, 2010).

Repetitive sequences are ubiquitous in many species 
and often account for a major proportion of eukary-
otic genomes (Britten and Kohne, 1968).  Repeats in a 
genome can be divided into tandem repeats and inter-
spersed repeats.  Tandem repeat sequences connect end 
to end to form a repetitive sequence with a relatively con-
stant short sequence as a repeating unit, and play roles 
in both human diseases and genome evolution (Hatters 
and Hannan, 2013).  Transposable elements (TEs), 
one subtype of interspersed repeats, are mobile genetic 
elements.  Widespread and abundant in almost all 
genomes of eukaryotic species, TEs are greatly influen-
tial in the evolution and structural organization of genes 
and genomes (Feschotte et al., 2002; Bennetzen, 2005; 
Biémont and Vieira, 2006; Feschotte, 2008; Bucher et al., 
2012).  TEs can be further categorized into two classes 
(Finnegan, 1989).  Class I TEs use an RNA intermediate 
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to transpose through a copy and paste mechanism, while 
class II TEs transpose by excising from one site and mov-
ing to another one by a cut and paste mechanism.  Class 
I TEs are also called retrotransposons and include LTR 
retrotransposons, short interspersed nuclear elements 
and long interspersed nuclear elements; LTR retrotrans-
posons possess LTRs (long terminal repeats) at both sides 
of the element.  Moreover, previous studies have recog-
nized the critical role played by LTR retrotransposons in 
the evolutionary history of numerous species (Beulé et 
al., 2015; Yin et al., 2015).  The Gypsy and Copia fami-
lies, as members of the LTR retrotransposons, are highly 
predominant in the genomes of flowering plants (Kumar 
and Bennetzen, 1999; Wicker et al., 2007).  Furthermore, 
TE activities such as insertion and deletion may affect 
the regulation of adjacent genes, which may in turn give 
rise to phenotypic variation.

As previous research has demonstrated, with the devel-
opment of high-throughput DNA sequencing techniques, 
a considerable number of bioinformatic approaches 
have been established to identify abundant repetitive 
sequences.  For instance, repeat-search programs found 
a large number of repetitive DNA motifs (Biscotti et al., 
2015).  Currently, studies involving key genes and the 
genome of patchouli are expanding (An et al., 2019).  How-
ever, these studies have focused on key genes rather than 
patchouli repeats.  To fill in the existing knowledge gap 
concerning repeats in the patchouli genome, the pres-
ent study aimed to analyze repetitive sequences in this 
genome, setting it apart from previous research.  Previ-
ous research found the contribution of repeats to the field 
of DNA sequence analysis, as well as developing bioin-
formatics technology to analyze LTR retrotransposons 
(Kidwell and Lisch, 2001).  With these tools, this paper 
addresses tandem repeats and TEs rather than only LTR 
retrotransposons.

To understand the relationship between the repetitive 
sequences in patchouli and the evolutionary history, de 
novo repeat annotation was collected from existing data, 
and the tandem repeats and TEs from the patchouli 
genome were compared with those of four other spe-
cies.  The patchouli genome with its repetitive sequences 
offers a reference to deduce information about the most 
recent common ancestor of all extant Lamiaceae.  Evolu-
tionary analysis of patchouli is thus important to eluci-
date the evolution of Lamiales at the genome level (Kumar 
and Bennetzen, 1999; Wicker et al., 2007).  Collectively, 
the principal issue addressed in this paper was to define 
a unique evolutionary history of repetitive sequences in 
the patchouli genome.  Exploration of patchouli evolu-
tion may also benefit analysis of its medicinal traits.  It 
is therefore important to shed new light on the repeats 
and on their content, evolution and unknown function in 
plant metabolism.

MATERIALS AND METHODS

Data resources for genomes and annotation  We 
chose four species to investigate in this study as they are 
phylogenetically closely related to patchouli (He et al., 
2018).  The unmasked and raw whole genomic sequences 
of patchouli were collected from the GenBank database 
(https://www.ncbi.nlm.nih.gov/) with the accession num-
ber QKXD00000000.  Gene and repeat annotation infor-
mation of the patchouli genome was downloaded from 
the website (https://doi.org/10.6084/m9.figshare.c.4100495) 
that we completed in our previous research (He et al., 
2018).  Genome data for other species were acquired 
from existing resources, and included Salvia miltiorrhiza 
(ftp://202.203.187.112, accession number: PRJNA287594), 
Utricularia gibba (http://genomevolution.org, accession 
number: NEEC00000000), Mimulus guttatus (http://
phytozome.jgi.doe.gov/, accession number: APLE00000000) 
and Sesamum indicum (http://www.ocri-genomics.org, 
accession number: APMJ00000000) (Hellsten et al., 2013; 
Ibarra-Laclette et al., 2013; Wang et al., 2014; Zhang et 
al., 2015; Lan et al., 2017).

Identification of tandem repeats  Each genome was 
annotated by the tandem repeats finder (TRF) using 
default parameters (Benson, 1999) to compare the tan-
dem repeats in patchouli and its relatives.  Merged frag-
ments from the read-through library with an insert size 
of 250 bp were also annotated by the TRF.  This two-part 
identification process includes detection and analysis of 
components.  First, we used a series of criteria based on 
statistics to detect those participant tandem repeats with 
k-tuple matches mentioned in previous studies (Benson, 
1999).  Next, we aimed to align each set of candidate 
repeats and to make full sense of proper parameters 
in the process of alignment.  Finally, the relationship 
between the percentage of the genome comprised of these 
tandem repeats and the period size was described.  The 
period size is defined as the optimum matching distance of 
these corresponding elements during alignment.  Using 
the same approach, we identified tandem repeats of Sa. 
miltiorrhiza, U. gibba, M. guttatus and Se. indicum.

TE expansion history analysis  An in-house PERL 
script was written to parse the result (.out file) gener-
ated by RepeatMasker (http://www.repeatmasker.org) 
to determine the divergence between copies of the TEs 
identified in the genome and the consensus sequence in 
the library.  Sequence divergence is usually denoted as 
K, which can be obtained by sequence pair comparison 
and corrected by a sequence evolution model (divergence 
K can be calculated by RepeatMasker).  The percent-
age of each TE family in each divergence window, with 
a window size of 0.01 ranging from 0.0 to 0.60, was cal-
culated.  Transposable element families that constituted 
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less than 0.1% of the genome were excluded from fur-
ther analysis.  An excessive accumulation of the TE at 
a certain evolutionary time point indicated a potential 
TE expansion in the host genome.  To detect expansion 
of a TE, we used the percent divergence as a proxy for 
the age of the TE.  Therefore, if the divergence between 
the consensus and the different TE paralogs is small, this 
is indicative of recent TE activity (transposition).  Con-
versely, greater divergence is indicative of the absence 
of a recent TE burst.  In other words, the master copy 
or (copies) that is responsible for the burst may be an 
ancient TE(s).

Analysis of LTR retrotransposons  LTR_STRUC 
(McCarthy and McDonald, 2003) is a structure-based 
tool that can both scan nucleotide sequence files for 
LTR retrotransposons and also analyze any resulting 
hits.  These elements were identified and automatically 
analyzed through the tool’s features based on the process 
of searching for and aligning structural features of LTR 
retrotransposons in the genome database.  To identify the 
LTR retrotransposons, full-length LTR retrotransposons 
were retrieved from LTR_STRUC to clarify their architec-
ture, and the time of insertion was calculated as described 
previously (Hu et al., 2011).  In detail, insertion times 
were estimated on the basis of the divergence between 
both LTR sequences of the same element.  Intact LTR 
retrotransposons were then identified using LTR_STRUC 
with default parameters, and LTR pairs were aligned 
using MUSCLE (Edgar, 2004).  Using the Kimura two-
parameter model as exploited in the EMBOSS package 
with the distmat program (http://emboss.sourceforge.net/), 
the distance K between the pairs was calculated with the 
formula T =  K/2r, where T is the insertion time and r the 
nucleotide substitution rate (Du et al., 2010).  The muta-
tion rate was assumed to be 8.1 ×  10 −9 substitutions per 
site per year.  The LTR retrotransposons of P. cablin, Sa. 
miltiorrhiza, M. guttatus and Se. indicum were analyzed 
using this approach.

RESULTS AND DISCUSSION

Unique evolutionary history of tandem repeats in 
patchouli  Annotation of repetitive sequences revealed a 
unique evolutionary history for patchouli.  Although the 
percentage of tandem repeats in the genome was similar 
among four of five species investigated (Table 1), patchouli 
indeed had more tandem repeats and a larger genome 
size than the other species.  The increasing percentage of 
tandem repeats with larger period sizes showed that the 
proportion of shorter tandem repeats was greater than 
that of longer tandem repeats in the genomes of these 
species (Fig. 1).  Optimum matching distances with both 
shorter (21, 40 and 62 nt) and longer (175 and 350 nt) 
period sizes were discovered in the patchouli genome (Fig. 
1).  The three shorter period sizes (21, 40 and 62 nt) were 
also found in P. cablin reads from sequenced original 
reads.  Similarly, in the Se. indicum genome, two longer 
period sizes (153 and 306 nt) were found, although no 
shorter ones were detected (Fig. 1).  No specific period 
sizes were discovered in the genomes of Sa. miltiorrhiza 

Table 1.  Repeat content (TE vs. non-TE) of selected genomes

Family Species
Accession  
number

Genome size 
 (bp)

Repeat  
counts

Total length 
(bp)

Repetitive sequences (%)

Total TEs Non-TE repeats

Lamiaceae Sa. miltiorrhiza PRJNA287594 611,633,377 849,367 179,712,577 29.38 24.51 4.87

Pedaliaceae Se. indicum APMJ00000000 270,357,869 421,703 120,550,352 44.59 41.79 2.80

Lamiaceae P. cablin QKXD00000000 1,763,018,886 2,346,338 770,110,585 43.68 39.95 3.73

Phrymaceae M. guttatus APLE00000000 289,885,078 505,356 161,665,292 55.77 52.52 3.25

Lentibulariaceae U. gibba NEEC00000000 81,385,102 7,954 542,629   0.67 0.06 0.61

Fig. 1.  Comparisons of tandem repeats from patchouli and four 
other species.  The x-axis is the period size, and the y-axis is 
the percentage of the genome comprised of tandem repeats with 
period size equal to or less than the x-axis value.  The “P. cablin 
reads” curve shows the distribution of tandem repeats identified 
in overlapped reads (250-bp library).
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or M. guttatus.  These optimum matching distances 
with period size were considered to illustrate an evolu-
tionary history of those tandem repeats.  In conclusion, 
these tandem repeats with smaller period size comprise a 
larger proportion of the patchouli genome (Fig. 1).  How-
ever, their biological function remains unclear, and func-
tion should therefore be a prominent question in further 
investigation.  Tandem repeats have been implicated in 
some biological functions and may also have been instru-
mental in biological evolution and development (Hatters 
and Hannan, 2013).  We therefore decided to focus on 
this theme to interpret the characteristics of tandem 
repeats in the patchouli genome.

History of TE expansion  Similar to other plant 
genomes, TEs made up a major component of repeti-
tive sequences in the patchouli genome (Table 1).  The 
moderate level of unknown TEs was 1.35% (Table 2), 
confirming that unknown repeats in patchouli and other 
common sequenced plants existed but did not domi-
nate.  In contrast to non-TE repeats containing assorted 
satellite sequences, TE repeats represented a larger pro-
portion of the genome (more than 20%) in most plants 
(Table 1), because these mobile repeats have been able 
to spread and exist universally with a strong ability to 
replicate within the host genome.  Moreover, the pro-
portions of disparate TEs in these species were diverse, 
and a medium proportion of TE repeats appeared in the 

Fig. 2.  Comparisons of different TEs of patchouli and other investigated species.  (A) Comparisons of TEs from patchouli and other 
relatives.  The x-axis indicates the five species investigated, and the y-axis indicates divergence of different TE families.  (B) Diver-
gence distribution of transposon sequences.  Divergence is defined as the sequence divergence between a transposon sequence and 
the consensus sequence, which can be calculated by RepeatMasker.  The x-axis includes divergence of four species, while the y-axis 
indicates TE percentage of genomes.
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patchouli genome in comparison with other species (Table 
1).  Among the species investigated, most TEs in the 
patchouli genome had divergence values between 0.15–
0.25.  Compared with patchouli, M. guttatus possessed 
more TEs inserted recently, especially LTR retrotranspo-
sons, while U. gibba had a larger proportion of old TEs 
that had existed for a longer time in its genome.  From 
the perspective of TE clusters, each of them had their 
own points of expanding evolution, whereas activities of 
most retroposons had relatively decentralized processes 
without distinct divergence peaks (Fig. 2A).  In terms of 
the percentage divergence results, recently inserted TEs 
with lower divergence occupied a larger proportion of 
the genome of patchouli than did older ones with higher 
divergence (Fig. 2B).  The evidence that Copia and Gypsy 
make up a larger proportion of the patchouli genome com-
pared with other TEs suggests that LTR retrotransposons 
play important roles in the evolution of these four plants 
(Fig. 2B).  As can be seen in Fig. 2B, P. cablin had an 
approximate span of divergence between 0.10–0.12 con-
taining most elements, while M. guttatus had a span of 
0.02–0.14, and these two species had more than twice as 
many recently inserted TEs as old ones.  On the other 
hand, the distribution of recently inserted and old TEs 
in the genomes of Se. indicum and Sa. miltiorrhiza was 
even.  At the same time, the fact that more LTR ele-
ments (more than 10%) were found than other subtypes 
of TEs in most of the plants investigated (Table 2) likely 

illustrates the selfish roles of LTR retrotransposons with-
out specific functions in the patchouli genome (Biémont 
and Vieira, 2006).

Evolutionary landscape of LTR retrotransposons 
LTR retrotransposons comprised more than 60% of the 
repeats in patchouli, which was much higher than in 
other plant species investigated (Table 2), underlining 
the implication of a unique LTR retrotransposon evolu-
tionary history.  Indeed, the higher proportion of LTR 
retrotransposons with greater divergence from the con-
sensus sequences, coupled with the higher proportion 
of ancient LTR retrotransposons in genome of patchouli 
than those of the other species, was remarkable (Fig. 
2A–2B).  The full-length LTR retrotransposons ranged 
from 3 to 9 kb in patchouli and from 5 to 10 kb in Se. 
indicum and M. guttatus, and from 4.5 to 7.5 kb in Sa. 
miltiorrhiza (Fig. 3A).  Given that full-length LTR ret-
rotransposons include open reading frames (ORFs) and 
bilateral LTRs, their ORFs accounted for the majority of 
the overall size of the TE (Fig. 3B).  Sizes of LTRs varied 
from 0.25 to 1 kb in patchouli, from 0.4 to 1 kb in Sa. 
miltiorrhiza, from 0.3 to 0.7 kb in Se. indicum and from 
0.45 to 1.35 kb in M. guttatus (Fig. 3B).  From Fig. 4, 
the number of LTR retrotransposons of these four species 
tends to decay with time tracing back.  Approximately 
95% of LTR retrotransposons inserted into the genome 
of M. guttatus within the past three million years.  This 

Table 2.  Repeat content by subtype in selected genomes

Sequences Sa. miltiorrhiza Se. indicum P. cablin M. guttatus U. gibba

Genome size (bp) 611,633,377 270,357,869 1,763,018,886 289,885,078 81,385,102

Class I TEs

Count (LTR)a 182,015 95,749 761,817 106,004 83

Length (bp, LTR) 79,773,667 49,199,479 489,383,180 81,535,693 8,262

Repeat content (%, LTR) 13.04 18.20 27.76 28.13 0.01

Count (LINE) 60,632 42,446 141,579 38,998 329

Length (bp, LINE) 15,825,333 13,975,416 32,829,132 10,204,171 22,834

Repeat content (%, LINE) 2.59 5.17 1.86 3.52 0.03

Count (SINE) 13,897 11,578 12,419 9,773 109

Length (bp, SINE) 1,578,334 1,326,009 1,286,444 1,396,121 7,214

Repeat content (%, SINE) 0.26 0.49 0.07 0.48 0.01

Class II TEs

Count (DNA) 265,102 196,170 768,378 255,461 119

Length (bp, DNA) 45,626,768 42,807,731 157,095,016 55824500 8,270

Repeat content (%, DNA) 7.46 15.83 8.91 19.26 0.01

Unknown TEs

Count (Unknown) 42,942 32,091 178,040 20,130 10

Length (bp, Unknown) 7,118,636 5,671,655 23,733,214 3,273,510 651

Repeat content (%, Unknown) 1.16 2.10 1.35 1.13 0.00
a LTR: LTR retrotransposon.
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was mainly due to the copy/paste mechanism of LTR ret-
rotransposons, which allows them to amplify themselves 
rapidly (Wicker et al., 2007).  The identification of three 
peaks exclusively in patchouli (1.2 million years ago 
(Ma), 3.4 Ma and 8.6 Ma) suggested the existence of both 

ancient LTR retrotransposon expansion, which happened 
millions of years ago, and recent expansion, although the 
number of recent LTR retrotransposons was twice that of 
the old ones (Fig. 4).  Their presence in full-length form 
suggests that these ancient LTR retrotransposons have 
not yet been purged by natural selection.  The reason 
why they have persisted may be due to the copy and paste 
amplification mechanism of these particular retrotrans-
posons, which can replicate themselves continuously with 
the RNA-mediated mechanism.  These LTR retrotrans-
posons may be amplified rapidly when the insertion and 
integration of new retrotransposons occurs in the host 
genome, causing an increase in the number of their cop-
ies (Wicker et al., 2007).  According to divergence win-
dows, some researchers have attached importance to the 
repeats in certain plants, while others discovered the close 
relationship between repeats and evolution (Kazazian, 
2004).  Nevertheless, little work had been performed on 
this herb called patchouli.  To rectify this oversight, this 
study focused on both non-TE repeats and TE repeats 
classified as class I and class II, such as DNA TEs, LTR 
retrotransposons, short interspersed nuclear elements 
and long interspersed nuclear elements, to explore the 
evolution of patchouli.

This study connected patchouli to evolutionary stud-
ies at the genomic level using bioinformatic meth-
ods.  Cumulatively, our research should be of great value 
to the further detection and understanding of the evolu-
tionary history of repeats.  However, it should be noted 

Fig. 3.  Structure of LTR retrotransposons.  (A) Full-length LTR retrotransposons.  (B) Distribution of LTR retrotransposon compo-
nents’ length.  The color bar and the vertical line represent length range of elements and median of lengths, respectively.

Fig. 4.  Evolutionary history of LTR retrotransposons.  Esti-
mated insertion times of LTR retrotransposons (mutation rate: 
8.1×10 −9 substitutions per site per year).  The x-axis is time 
before the present, while the y-axis is the number of LTR ret-
rotransposons per 100 megabases of the genome.  Ma, million 
years ago.
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that very little optimization work has been performed on 
functions in our study.  For instance, despite the com-
pelling evidence that patchouli indeed has more tandem 
repeats than other species except Sa. miltiorrhiza, bio-
logical features of these repeats have not yet been dis-
covered.  Hence, an additional functional component 
study integrated with genome-analyzing technology will 
be valuable for further investigations.  It is feasible to 
use our methods to explore the similarities and homology, 
as well as to make discoveries of potential value, of this 
plant and to compare the divergence between particular 
sequences of several plant relatives.  This study thus 
offers a new strategy to utilize this herb.

This work was supported by Grant No. 2017JQ0015 from the 
Outstanding Youth Science Foundation of Sichuan Province.
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