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Abstract: Aquilaria is a tropical forest tree, producer of the famed and expensive agarwood. Aggressive collection of agarwood put
strain on the natural stands of Aquilaria species, sparking efforts to domesticate the tree and cultivate agarwood in plantations. However,
tree domestication progress is hampered by the scarcity of genomic resources that is crucial for breeding programs. In this study,
the complete chloroplast (cp) genome sequences from eight Aquilaria species were analyzed in silico. For identification of the simple
sequence repeats (SSRs), MISA PERL script which had a repeat length of 12 for mononucleotides (mono-), 6 for dinucleotides (di-), 4
for trinucleotides (tri-), 3 for tetranucleotides (tetra-), pentanucleotides (penta-), and hexanucleotides (hexa-), respectively, along with
frequency were utilized. From a total of 312 SSRs that were discovered, merely 50 (16%) were found localized within the coding region
while the majority (84%) were within the intergenic regions, with an average of one SSR per 4.5 kb. The mean length of the SSRs were
11.63 bp. Mono- repeats were the predominant motifs (29.2%), followed by tetra- (28.8%), di- (20.5%), tri- (19.9%), and penta- (1.6%).
Whereas the most recurring motifs were A/T (97.8%) for mono-, AT/AT (87.5%) for di-, AAT/ATT (48.4%) for tri-, and AAAT/ATTT
(45.6%) for tetra-. GO analysis using the REVIGO software identified four molecular functions, six biological processes and three
cellular components. In conclusion, findings of this study offer a scientific foundation for future phylogenetics, evolutionary genetics,
diversity studies and breeding programs on Aquilaria species.
Key words: Gene ontology analysis, in silico PCR, transferability, molecular marker

1. Introduction
Aquilaria spp. are endemic to the Indomalesian region,
with a total of 22 species reported (The Plant List, 2013).
Aquilaria thrives on marginal terrain and under a wide
variety of environmental conditions. They are rapidly
growing trees that can reach a diameter of 10 cm diameter
at breast height (DBH) in four to six years in locations with
optimum moisture (Blanchette et al., 2015). They are best
known for producing the fragrant resin agarwood, which
is widely used as a raw material in perfumes, incenses, and
herbal medicines (Mohamed and Lee, 2016). Agarwood
chips of high grade are frequently offered for around $4000
USD per kilo, while far higher prices of $10,000 USD or
more per kilo are frequently encountered on the market
(Blanchette et al., 2015). The high commercial value of
agarwood fuels indiscriminative cutting of Aquilaria Lam.,
trees, reducing their natural populations (Barden et al.,
2000). To minimize unsustainable harvesting of Aquilaria
genetic resources, the species has been listed on the
International Union for Conservation of Nature’s (IUCN)

Red List of Threatened Species in 1998 (IUCN, 2021), and
have also been listed in Appendix II of the Convention
on International Trade in Endangered Species (CITES)
in 2005 (CITES, 2004). A study suggested an option for
mitigating the impact of Aquilaria tree overexploitation
by establishing large-scale ex situ plantations coupled with
techniques to increase agarwood production in young
plants (Faridah-Hanum et al., 2009). Except, necessary
tools for identifying seeds and seedlings are required for
the production and breeding of Aquilaria in the nursery.
A range of different molecular markers have been
created and is widely used in genetic and breeding studies,
where it is well understood that breeding studies mainly
determined by the extent of genetic variability (Smith et
al., 1991). Among them is simple sequence repeats (SSRs
markers) (Tautz, 1989), also known as microsatellites.
SSRs markers is a family of molecular markers comprised
of tandem repeats of short (1-6 nucleotide) DNA
sequences that are abundant in both the coding and
noncoding regions of the cp genome (Vieira et al., 2016).
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SSRs are classified as mono-, di-, tri-, and tetranucleotide
repeats, and one of the most important factors influencing
mutation rate is the length of the microsatellite. Andru et al.
(2011) developed and applied SSR markers for sugarcane
breeding in 2011. In their study, they utilized SSRs to
develop a correlation map of LCP 85-384, which allowed
them to analyze the segregation pattern in the mapping
population and chromosome pairing behavior during
meiosis. LCP 85-384 contains good agronomic properties
as well as resistance to biotic and abiotic stresses, and the
S1 progeny formed by selfing LCP 85-384 segregate in
response to these attributes. The framework map in this
study will provide crucial information that will be useful
for clone crossing and selection in the breeding program.
The SSRs markers system was created for both nuclear
and chloroplast genomes. However, due to the rapid
evolution of sequences, SSRs markers derived from the
nuclear genome are insufficient for phylogenetic analysis
of distinct species or genera. This hinders comparisons
of sequences and allele sizes across the species level
(Powell et al., 1996). On the other hand, chloroplast SSRs
(cpSSRs) obtained from the chloroplast genome sequence,
deems a suitable complimentary molecular tool as a
nuclear genetic marker. This is due to the fact that SSRs
loci in the chloroplast genome are frequently dispersed
throughout noncoding regions of the chloroplast genome
and exhibit a higher degree of sequence variation than
coding regions, despite the fact that chloroplast DNA
has a low evolutionary rate devoid of recombination rate
(McCauley, 1995; Provan et al., 2001). Therefore, cpSSRs
(microsatellite) markers can be utilized to study population
genetics and biogeography, as well as to shed light on the
genetic relationships between closely related species.
The length of the microsatellite is one of the most
significant parameters influencing mutation rate (Ellegren,
2004). Development of SSRs markers was a laborious
approach because it consumed a lot of time, costly method of
genomic library generation and sequenced a vast number of
clones to identify SSRs-containing DNA regions (Kale et al.,
2012). To facilitate this challenge, conventional techniques
for generating SSRs markers from genomic libraries have
been rapidly replaced by in silico mining of SSRs from DNA
sequences deposited in biological databases (Shanker, 2014).
In the early 1990s, SSRs markers were first demonstrated
to be beneficial in plant molecular genetics in the Glycine
subgenus soja, a subgroup of the seasonal cultivated soybean
Glycine max (L.) Merr. and its suspected wild progenitor
Glycine sugenus soja Siebold & Zucc. (Akkaya et al., 1992;
Morgante and Olivieri, 1993). For Aquilaria species, studies
on SSRs began in 2010 with Eurlings et al. (2010), who
successfully assessed the polymorphisms of five SSRs isolated
from an Aquilaria crassna Pierre ex Lecomte genomic
library and, based on the results of the cross specificity using

identified SSRs markers, determined two related Aquilaria
species bred in China and Vietnam as well as one SSRs locus
fruitfully amplified from wood and incense samples. In the
same year, Zhang et al. (2010) reported their findings from
assessing polymorphisms of eight SSRs loci (isolated from
Aquilaria sinensis Merr. genomic libraries) on 31 individuals
in the wild. In the following years of 2012 and 2015, Tnah et
al. (2012) and Singh et al. (2015) reported that 17 and 18
SSRs derived from enriched genomic libraries for Aquilaria
malaccensis Lam. were characterized using 24 and 45
samples from a natural population, respectively. Thereafter,
in 2016, Chua et al. (2016) attempted to analyze 963 samples
of A. malaccensis trees from 35 populations using a total of
17 SSRs reported by Tnah et al. (2012). Other than nuclear
SSRs, cpSSRs are widely used to assess the genetic structure
and diversity of other species such as the red pine (Echt et
al., 1998), Pyrus calleryana Decne. (Kato et al., 2013), Salix
caprea L. (Perdereau et al., 2014) and rubber tree (Phumichai
et al., 2015) within a population. A distinguishing aspect of
cpSSRs is their nonrecombinant, uniparentally inherited
nature, which is characterized by the presence of eight to
fifteen repeating mononucleotide repeats (Ozyigit et al.,
2015).
The complete Aquilaria cp genome has been sequenced:
it is a circular double-stranded DNA molecule with a size of
174,693 bp and two inverted repeat regions of 42,090 bp each
(Hishamuddin et al., 2020). The accessibility of complete
cp genome of eight Aquilaria species from our previous
study (Aquilaria beccariana Tiegh. MN125347, Aquilaria
crassna Pierre ex LecomteMN125348, Aquilaria hirta
Ridl. MN125349, Aquilaria malaccensis Lam. MH286934,
Aquilaria macrocarpa Baill. MN125350, Aquilaria
rostrata Ridl. MN125351 Aquilaria sinensis (Lour.) Spreng
MN147870 and Aquilaria subintegra Ding Hou MN147871)
at the National Centre of Biotechnology Information
(NCBI) database allows for the mining and identification of
SSRs. As a result, the current effort was designed to discover
SSRs in the Aquilaria cp genomes computationally (in silico
method), estimate their frequency and distribution, and
also determine SSRs crosstransferability within the genus
Aquilaria.
2. Materials and methods
2.1. Retrieval of chloroplast genome sequences
The complete cp genome sequences of eight species of
Aquilaria were retrieved in FASTA and GenBank formats
from NCBI (http://www.ncbi.nlm.nih.gov/genomes)
(Table 1).
2.2. Mining of simple sequence repeats (SSRs) and
primer designing
Classification of cpSSRs was performed using the MISA
PERL script, which is available online at http://pgrc.ipkgatersleben.de/misa/. MISA is capable of determining
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Table 1. The information of chloroplast genomes used in SSR mining.
No

Organism

Accession number

Genome size (kb)

1

Aquilaria beccariana

MN125347

174.831

2

Aquilaria crassna

MN125348

174.830

3

Aquilaria hirta

MN125349

174.761

4

Aquilaria malaccensis

MH286934

174.832

5

Aquilaria microcarpa

MN125350

174.819

6

Aquilaria rostrata

MN125351

174.693

7

Aquilaria sinensis

MN147870

174.907

8

Aquilaria subintegra

MN147871

174.828

the number and distribution of perfect SSRs (where each
repeat comes after the previous one without a separation)
as well as compound SSRs (repeats that are close to each
other). The minimum repetition size was defined as >=12
mononucleotides, >=6 dinucleotides, >=4 trinucleotides,
and >=3 tetranucleotides, pentanucleotides, and
hexanucleotides. The maximum difference between
two SSRs was 0. The Primer3 tool (http://bioinfo.ut.ee/
primer3-0.4.0/primer3/input.htm) was used to create
primer pairs for each SSR’s flanking sequences with default
function parameters of GC content, melting temperature
(Tm), primer, and size of the PCR product that was further
crosschecked with PCR Primer Stats which is available in
the Sequence Manipulation Suite (Stothard, 2000).
2.3. Gene ontology analysis
Blast2GO was used to functionally annotate the coding
sequences of Aquilaria species (Conesa et al., 2005).
A FASTA file including all coding SSRs was matched
to sequences annotated with the gene ontology (GO)
through the Blast2GO program based on Fisher’s exact
test and a false discovery rate (FDR) of 0.05, whereby
GO enrichment analysis have been used to classify the
functional categories that were abundant in the plant
UniProt database. (Conesa et al., 2005). The enrichment
analysis results were displayed and summarized using
REVIGO software (Reduce and Visualize Gene Ontology;
http://revigo.irb.hr/) by eliminating redundant GO terms.
2.4. In silico polymerase chain reaction (PCR)
To evaluate product amplification and study transferability,
SnapGene software (from Insightful Science; available
at snapgene.com) with default function parameters was
used to perform in silico PCR as well as gel simulation on
primer pairs optimized for cpSSRs of Aquilaria species. As
templates, the complete cp genome sequences of Aquilaria
species were utilized, and virtual amplicons were generated
for each primer pair. On the basis of different repeats
(mono, di, tri and tetra), a total of 25 candidate primer
pairs were identified for transferability validation, and
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primer selection will be based on a 100% transferability
result.
3. Results
3.1. SSRs frequency and distribution in Aquilaria
chloroplast genomes
A total of eight cp genomes of Aquilaria species were
examined for the presence of cpSSRs, and 312 perfect
cpSSRs were identified, of which 50 (16%) were within the
coding regions while 262 (84%) were within the intergenic
regions. Supplementary file 1 contains information on
the cpSSRs that were identified. The density of cpSSRs
discovered in the Aquilaria cp genome is as follows: A.
beccariana (1 SSR/4.3 kb), A. crassna (1 SSR/4.5 kb), A.
hirta (1 SSR/4.7 kb), A. malaccensis (1 SSR/4.3 kb), A.
macrocarpa (1 SSR/4.6 kb), A. rostrata (1 SSR/4.4 kb),
A. sinensis (1 SSR/4.6 kb) and A. subintegra (1 SSR/4.6
kb). According to data from Aquilaria cp genomes, the
average length of cpSSRs is 11 bp (Table 2). Among the
Aquilaria species, the largest number of cpSSRs (41) were
discovered in A. beccariana and A. malaccensis, while the
lowest number of cpSSRs (37) was discovered in A. hirta.
There were no penta- SSRs identified in A. crassna, A.
sinensis and A. subintegra (refer Table 2). Mononucleotides
were found to have the most repeats, followed by tetra(Figure 1), with A being the most frequent repeat followed
by T. The most of SSRs in the Aquilaria cp genome are
mononucleotide repeats (A/T). The A/T motifs (97.8%),
AT/AT motifs (87.5%), AAT/ATT motifs (48.4%) and
AAAT/ATTT motifs (45.6%) had the highest frequencies
for mono-, di-, tri- and tetra- in all Aquilaria cp genomes,
respectively (Tables 3 and S1).
Based on gene ontology analysis, the molecular
functions of cpSSRs identified were categorized according
to its binding, catalytic activity, signaling receptor activator
activity and transporter activity; whereas for the biological
process, it was categorized according to its cellular
component organization or biogenesis, cellular process, cell
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Table 2. Information of SSRs identified in chloroplast genomes of Aquilaria.
Organisms
Parameters

Aquilaria Aquilaria
beccariana crassna

Aquilaria
hirta

Aquilaria
Aquilaria Aquilaria
malaccensis microcarpa rostrata

Aquilaria
sinensis

Aquilaria
subintegra

Chloroplast genome size (bp) 174,831

174,830

174,761

174,832

174,819

174,693

174,907

174,828

Total SSRs identified

41

39

37

41

38

40

38

38

Density of SSR (kb)

1 SSR/4.3

1 SSR/4.5

1 SSR/4.7

1 SSR/4.3

1 SSR/4.6

1 SSR/4.4

1 SSR/4.6

1 SSR/4.6

Coding region

5 (12.2%)

7 (18%)

5 (13.5%)

7 (17%)

6 (15.8%)

6 (15%)

7 (18.4%)

7 (18.4%)

Average length of SSR (bp)

11.85

11.38

11.76

11.85

11.58

11.75

11.47

11.39

Repeat type
Mononucleotides

13 (31.7%) 12 (30.8%) 11 (29.7%)

13 (31.7%)

9 (23.7%)

11 (27.5%) 11 (28.9%) 11 (28.9%)

Dinucleotides

8 (19.5%)

8 (20.5%)

8 (21.6%)

8 (19.5%)

8 (21.1%)

8 (20%)

8 (21.1%)

8 (21.1%)

Trinucleotides

8 (19.5%)

8 (20.5%)

6 (16.2%)

8 (19.5%)

8 (21.1%)

8 (20%)

8 (21.2%)

8 (21.2%)

Tetranucleotides

11 (26.8%) 11 (28.2%) 11 (29.7%)

11 (26.8%)

12 (31.5%) 12 (30%)

11 (28.9%) 11 (28.9%)

Pentanucleotides

1 (2.5%)

1 (2.5%)

1 (2.6%)

-

-

1 (2.8%)

1 (2.5%)

-

Figure 1. (A) Distribution of cpSSRs in genus Aquilaria, (B) types of SSRs detected in eight chloroplast genomes of genus Aquilaria.

cycle, growth, signaling, and mitotic cell cycle process. The
cellular component was classified as membrane, (obsolete)
membrane part, integral component of membrane and
intrinsic component of membrane (Figures 2A–2C). In this
study, the most enriched molecular function, biological
process and cellular component are displayed with larger
components/boxes. Though the Treemap depicts only
the molecular function, biological process, and cellular
component, an interactive graph is constructed to display
the relationship and functional network associated with
each GO word (Figures 3A–3C).
To minimize functional category redundancy among
enriched GO terms, a semantic similarity technique was
used. The gene ontology interactive graph-based network
in the molecular function comprised of five nodes and
eight edges, nine nodes and three edges in the biological

process, whereas five nodes and two edges in the cellular
component. The network interaction in the molecular
function showed that all five nodes (GO term related to
binding (GO:0005488), catalytic activity (GO:0003824),
molecular
function
(GO:0003674),
transporter
activity (GO:0005215) and signaling receptor activator
activity (GO:0030546)) correlated with each other.
Notwithstanding, in the biological process, only three out
of nine nodes correlated with each other that was nuclear
division (GO:0000280), organelle fission (GO:0048285)
and organelle organization (GO:0006996). However, in
the cellular component display, intrinsic component of
membrane (GO:0031224) correlated with two nodes which
were an integral component of membrane (GO:0016021)
and membrane (GO:0044425).
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Table 3. The most frequent motif types of all Aquilaria species for mono-, di-, and tri- and tetra- repeat types.
Repeat types

Aquilaria
beccariana

Aquilaria
crassna

Aquilaria
hirta

Aquilaria
malaccensis

Aquilaria
microcarpa

Aquilaria
rostrata

Aquilaria
sinensis

Aquilaria
subintegra

A/T

13

12

11

13

9

10

10

11

AT/AT

7

7

7

7

7

7

7

7

AAT/ATT

4

4

2

4

4

4

4

4

AAAT/ATTT

5

5

5

5

6

5

5

5

Figure 2. Treemap of gene ontology distribution into molecular functions, biological processes and cellular components of cpSSRs for
Aquilaria species. (A) Molecular function category, (B) biological process category, (C) cellular component category. The most enriched
biological process is shown as larger components within the map. Treemap was generated using REVIGO (Supek et al., 2011).

3.2. Crosstransferability of SSRs
Ten out of 25 cpSSRs ((A)14, (TA)6, (TA)7, (TC)7, (ACA)4,
(TGA)4, (TTA)4, (ATAA)3, (ATTC)3 and (TAAT)3) showed
complete transferability (100%) within the genus using
in silico PCR and a gel simulator provided by SnapGene
software for the Aquilaria cp genomes (A. beccariana, A.
crassna, A. hirta, A. malaccensis, A. microcarpa, A. rostrata,
A. sinensis and A. subintegra) (Figure 4, Table 4).
4. Discussion
Simple sequence repeats are dispersed through the
sequence of plant genomes even though the frequency as
well as patterns of distribution are different (Sonah et al.,
2011). SSRs can be classified into three groups according
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to their genomic location: (1) nuclear SSRs (nSSRs), (2)
chloroplast SSRs (cpSSRs), and (3) mitochondrial SSRs
(mtSSRs) (Kalia et al., 2011). In accordance with previous
studies, there was a vast definition of dominant repetition
in each plant. For instance, the dominant repetitions that
was found in mung beans was defined as mono- (Chen et
al., 2015), tri- within citrus (Liu et al., 2013), tetra- within
cucumber (Cavagnaro et al., 2010), and penta- within
cotton (Zou et al., 2012). Moreover, the number of repeats
was not same at the genomic and transcriptional levels
(Moe et al., 2011). Simple sequence repeats were found
in lower numbers in coding regions than in noncoding
regions (Ueno et al., 2012). Our results corroborated the
identification of nearly all SSRs found in noncoding DNA.
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Figure 3. Interactive graph-based enriched gene ontology view from REVIGO. (A) Molecular function category, (B) biological process
category, (C) cellular component category. The bubble size indicates the frequency of the GO term. Highly similar GO terms are linked
by its edges in the graph, where the width of the line indicates the degree of similarity.

The present study used bioinformatics software (MISA
PERLscript) to screen for cpSSRs in eight Aquilaria cp
genomes available in GenBank. The majority of SSRs
discovered in the Aquilaria cp genomes are mononucleotide
repeats (T/A) (Table 1 and Figure 1), and were consistent
with the findings in monocots and dicots (Sonah et al., 2011).
In addition, AT/TA repeats instead of AG/CT were the most
common dinucleotide found in Aquilaria species. Although,
the most frequent AG/CT dinucleotide was identified in
plant peppers (Cheng et al., 2016). CG/CG repeats were
extremely rare among dinucleotide repeats in the organellar
genomes coding and noncoding regions (Shukla et al.,
2018), which intriguingly did not occur in this study.
A sum of 312 perfect cpSSRs were discovered within
the cp genomes of Aquilaria, with an average frequency
of 1 SSR/4.5 kb. The average cpSSRs density in Aquilaria
species was found to be less than that of the Nightshade (1
SSR/1.26 kb) and Hornwort (1 SSR/2.4 kb) (Tambarussi et
al., 2009; Shanker, 2013). Aquilaria species were found to

have a higher density than Oryza (1 SSR/6.5 kb) and ESTSSRs in barley, maize, rye, sorghum, and wheat (Varshney
et al., 2002; Rajendrakumar et al., 2007) (Table 2). In
general, the number of intergenic SSRs in Aquilaria species
is greater than the number of coding SSRs (Table 2), which
is likely due to the lower polymorphism of coding regions
compared to noncoding ones.
The frequency of SSRs repeats within a diverse region
of the cp genome varies greatly, suggesting that disparate
repeats play different roles in gene ontology studies
(Qian et al., 2013). Besides that, tetranucleotide repeats
were discovered to be more common than trinucleotide
repeats in Aquilaria cp genomes, which is not consistent
with previous reports where tetranucleotide repeats
were typically low (Liu et al., 2018) (Table 3). Gene
annotation of coding cpSSRs in various Aquilaria species
(A. beccariana, A. crassna, A. hirta, A. malaccensis, A.
microcarpa, A. rostrata, A. sinensis and A. subintegra) were
categorized according to many functions. The distribution

31

HISHAMUDDIN et al. / Turk J Bot

Figure 4. In silico transferability of cpSSRs for Aquilaria species. Gel lanes are labeled across the top as follows: M: DNA ladder, Figures
4A–4J (primer for repeat motif A(14), TA(6), TA(7), TC(7), ACA(4), TGA(4), TTA(4), ATAA(3), ATTC(3) and TAAT(3) lane 1-8: A.
beccariana, A. crassna, A. hirta, A. malaccensis, A. microcarpa, A. rostrata, A. sinensis, and A. subintegra.

of sequences including SSRs shared by A. beccariana,
A. crassna, A. hirta, A. malaccensis, A. microcarpa, A.
rostrata, A. sinensis, and A. subintegra was observed to
have descended from a common ancestor. Therefore, the
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data of SSRs in coding region generated from this study
would improve the utilization of coding sequences in the
development of genetic relationships and evolutionary
studies among Aquilaria species.
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Table 4. Primers designed for SSRs identified in Aquilaria chloroplast genomes.
No

Motif

Start

End

Forward (F)/Reverse Primer (R)

Primer Length
(unit)

Tm °C

GC%

1

(A)14

7694

7707

F: GACACGTCTAGATATAGAATTCAACCG
R: AGCATAGGCTTCGGGCAATTTGGC

27
24

53
60

40.7
54.2

2

(TA)6

62972

62983

F: GTCGAGTGGATTCAGTCAC
R: GCAATGTGTGGATTGTTC

19
18

52.7
49.3

52.6
44.4

3

(TA)7

33570

33583

F: TCGGATCTCTGTCAAATTGC
R: GGGCCATTTGATTCAATTAC

20
20

52.7
49.6

45
40

4

(TC)7

17672

17685

F: ATGCCCAAAATGAACTCCTG
R: CGACCAATCTCCGGTAGAAG

20
20

53.5
54.7

45
55

5

(ACA)4

112770

112781

F: GAGATGTCGTTTCTAGTCTATC
R: GACCCCAACGACCGAATTGC

22
21

49.8
59.1

40.9
60

6

(TGA)4

94579

94590

F: CCCGTCTCATGGAAAACCC
R: CAAGGTCACCGTCACTAGCA

19
20

55.9
56.9

57.9
55

7

(TTA)4

39706

39717

F: TCACTCAAGGACGGAACC
R: CGGGCAAATTTGGTTAATTC

18
20

53.9
50.4

55.6
40

8

(ATAA)3

6686

6697

F: TTGAATCCGCCTTACATTGTC
R: GTTCAGCCTACCTGATAGATACGG

21
24

53.2
54.2

42.9
50

9

(ATTC)3

25133

25144

F: GGGTTTTGTCACCTCTCC
R: CGATCTTTGGCTTTGGAAC

18
19

52.9
51.8

55.6
47.4

10

(TAAT)3

30483

30494

F: CGTAGTATGGGGAAGAAGTGG
R: TCGGAATACGAAAATGGG

21
18

54.6
49.5

52.4
44.4

Based on the GO visualization results generated by the
REVIGO software, the most enriched molecular function,
biological process and cellular component is depicted with
larger boxes and was found exhibiting different types of
processes. In the molecular function category, there are
four processes/GO termed: (1) GO:0005488 (binding for ligands that bind to receptors for signal transduction);
(2) GO:0003824 (catalytic activity - involve in enzyme
activity); (3) GO:0005215 (allows for the controlled
movement of substances (such as macromolecules, tiny
compounds, and ions); and (4) GO:0030546 (activity of a
signaling receptor activator - the capability of interacting
with receptors (directly or indirectly) in order to raise the
number of receptors in the active state).
Whereas in the biological process category there are
several important GO term such as: GO:0009987 (cellular
process - involve in cell communication), GO:0071840
(biogenesis - the process through which constituent
macromolecules are biosynthesized), GO:0040007 (growth
- part of an organism or a cell) and GO:0023052 (signaling
- engage in the process of information transmission inside
a biological system), while in the cellular component
categories there are also several important GO term such
as: GO:0016020 (membrane: a lipid bilayer that contains

and is linked to all the proteins and protein complexes)
and GO:0044425 (obsolete membrane part - a component
of the membrane) (Figures 2A–2C) (Binns et al., 2009).
Ten cpSSRs obtained from Aquilaria species were
tested for transferability using in silico PCR and gel
simulator methods (Table 4). This study determined
that the SSRs had significant transferability properties
between Aquilaria species and this discovery is verified to
a recent research (Pern et al., 2020). The transferability of
microsatellite markers is determined by the preservation of
primer binding sites (Fagundes et al., 2016). The relatively
high success rate of crosstransferability markers tested in
this study indicated that Aquilaria species have comparable
genetic relationships (Figure 4). Due to the high accuracy
and rigor with which microsatellite data can be explored
to generate DNA profiles of individuals for comparison to
a reference sample database, it may benefit in identifying
forest timber resources, particularly endangered plant
species (Dormontt et al., 2015; Hung et al., 2017).
5. Conclusion
In conclusion, this study shows the number and
distribution of cpSSRs identified in the complete cp
genomes of Aquilaria species acquired from GenBank
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database. Since there is a dearth of information of the
Aquilarieae tribe from genetic studies, findings from this
study may be applied in breeding programs as well as
serve as a valuable reference for future studies pertinent to
population and conservation genetics.
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