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ABSTRACT

Objective: Amomum villosum (AV) is an herb whose dried fruit has been extensively used in modern med-
icine to treat digestive system diseases such as dysentery, vomiting and abdominal pain. This paper aims
to supplement chloroplast (cp) genomic resources and to be used in phylogenetic studies and identifica-
tion of AV related plants.

Methods: High-throughput sequencing technology was used to determine the complete sequence of the
AV cp genome, and the sequence was then compared with three related species.

Results: The genome size of AV we obtained was 163,968 bp with an obvious tetrad structure. The AV cp
genome was observed to contain 125 unique genes and 81 simple sequence repeat (SSRs) had been deter-
mined and the majority of which were adenine-thymine (AT)-rich. Comparative analysis of genome
sequence of four ginger plants showed that the atpF, clpP and rpl32 genes are potential markers for iden-
tifying Amomum species. Phylogenetic analysis suggested that AV was closely related to A. kravanh and A.
compactum.

Conclusion: These results have brought useful genetic resources for further identification researches, DNA
barcoding, resolving taxonomy and understanding the evolutionary mode of Zingiberaceae cp genome.

© 2020 Tianjin Press of Chinese Herbal Medicines. Published by ELSEVIER B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The chloroplast (cp) is formed by endosymbiotic interactions
between photosynthetic bacteria and non-photosynthetic hosts
(Xiang et al., 2016). The cp plays important roles throughout the
plant life cycle, including photosynthesis, metabolism, and starch,
pigments, fatty acids, and amino acids biosynthesis (Daniell, Lin,
Yu, & Chang, 2016; Liu et al., 2018; Park et al., 2017c). Due to con-
taining valuable information with highly conservative nature, the
cp genome has been widely used in molecular markers, barcode
identification, phylogenetic analysis and other fields (Wu et al.,
2017; Provan et al., 2001; Park, Yang et al., 2017; Park, Kim, Yang
et al., 2017). The cp genomes exhibit a circular quadripartite struc-
ture ranging from 120 to 160 kb in length, and these genomes typ-
ically consist of four parts: one long single-copy (LSC) region, one
short single-copy (SSC) region, and two copies of a large inverted
repeat (IR) region.

The cp genome exhibits a typical tetragonal structure with a
length between 120 and 160 kb. These genomes are usually com-
posed of four parts: a long single copy area (LSC), a short single
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copy area (SSC) and two reverse repeat regions (IR) (Choi and
Park, 2015; Yu et al.,, 2017). The number of genome sequences
was significantly increased because of the next-generation
sequencing technologies development (Wu et al., 2017). As of
February 2019, 2093 complete cp genomes of land plants had
already been added to the GenBank, which enable us to gain
insights into plant biological diversity, DNA barcoding, evolution,
and population genetic analysis (Daniell et al.,, 2016; Benson
et al., 2018; Baczkiewicz et al., 2017; Song et al., 2017).

Amomum villosum Lour. (AV, family Zingiberaceae) is a valuable
herbaceous plant distributed in Southeast Asia (e.g., Burma, Laos,
and especially in Southern China) (Wang et al., 2018; Li et al,,
2010). Its medicinal parts are the ripe fruits or seed groups, which
mainly contains volatile terpenes and has antibacterial, anti-ulcer,
and anti-diarrhea activities (Huang et al., 2014; Xue et al., 2015; He
et al., 2018; Chen et al., 2018). Due to its aroma and flavor, AV can
also be used as culinary spices to prepare beverages, tea and some
foods (Wang et al.,, 2018). The wide use of AV has increased
demand for the fruits, which are mainly produced from cultivation.
AV relies only on artificial pollination during the planting stage
because of its flowers’ special structure, where the stigma of the
pistil is higher than the stamen anther, making natural pollination
difficult (He et al., 2014). Its yield is extremely low (36-60 kg/acre),
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with high market price of about 3000-5000 RMB/kg. Therefore,
there are a number of adulterants and counterfeit AV in the mar-
ket. Some related fruits or seeds are usually exchanged with AV,
such as Amomum compactum Soland. ex Maton, Amomum kravanh
Pierre ex Gagnep, Alpinia oxyphylla Miquel, and others, causing
consumer health safety hazards and concerns (Wang et al,
2000). These factors have seriously affected the quality of AV.
There is a high degree of complexity and diversity in morphology
and internal structure, relying on traditional methods to identify
them are more difficult. Although there have been some researches
related on molecular identification and could provide some infor-
mation about the taxonomy of AV and its related species (Wang
et al,, 2000; Wu et al., 2018; Pan et al., 2001; Zhang et al., 2018),
few studies were performed on the genetic diversity of cp genome
in AV. Therefore, there is a need to apply new methods to identify
the AV and adulterants and abundant AV gene resources.

In this paper, the cp DNA structure of AV was determined and
analyzed, including its essential organization, codon usage, and
comparison of the entire genome. The phylogenetic tree was then
constructed using the protein-coding genes of 11 plants in three
genera of Zingiberales. Our results provide a complete AV cp gen-
ome, which is beneficial to phylogenetic research, breeding and
identification of the plants related to AV.

2. Materials and methods
2.1. Leaf DNA extraction and sequencing

The fresh AV leaves were gathered from Yangchun City, which is
located in Guangdong Province, China, well-known for producing
genuine and high-quality AV. The samples were identified by Prof.
Ping Ding (Guangzhou University of Chinese Medicine, Guangdong,
China). Voucher specimens were deposited in the herbarium of
Guangzhou University of Traditional Chinese Medicine, China.
Total DNA was extracted from liquid nitrogen ground leaf powders
using a Plant Genomic DNA Kit (Zhanchen Biotech Co., Guangzhou,
China) (Wang et al., 2016). The quality and integrity of DNA sam-
ples were tested by NanoDrop 2000 spectrometer (Thermo Scien-
tific, Waltham, MA, USA) and agarose gel electrophoresis (Saina
et al., 2018). High-quality cpDNA was used to prepare 500 bp (in-
sert size) pair-end DNA sequencing according to the manuscript
library (Yang et al., 2018), and were sequenced by employing the
[llumina Hiseq 4000 platform (Illumina Inc., San Diego, CA, USA).

2.2. Genome assembly

Briefly, filtering the sequencing reads based on quality value,
and the bases which quality < 20 and error rate > 0.01 of 3’ down-
stream and 5’ upstream were cliped (Yang et al., 2018). First, pair-
end sequencing reads were de novo assembled using SOAPdenovo
2 (http://soap.genomics.org.cn/soapdenovo.html) with multi-
kmer (35-75). Second, all reported cp genome sequences of dicot
were referenced, and all contigs were aligned using BLAST+
(National Center for Biotechnology Information, Bethesda MD,
USA) by using the blastn method (Wang et al., 2016). Third, we
assembled the contigs to the genome with overlap and read the
pair-end relationship. Additionally, the polymerase chain reaction
(PCR) was carried on to examine the assembly between LSC/SSC
and IRs areas (Table S1).

2.3. Gene annotation and codon usage

The CPGAVAS (Chinese Academy of Medical Sciences, Beijing,
China) and DOGMA (University of Texas at Austin, Austin, TX,
USA) were used for preliminary gene annotation (Wu et al,
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2017). The rRNA genes were confirmed using blastn with a nt data-
base (Yang et al., 2018; Cheng et al., 2013; Iwasaki et al., 2013). The
tRNAscan-SE v.2.0 (University of California Santa Cruz, CA, USA)
software was used to verify the tRNA genes (Schattner et al,
2005) and the OGDRAW (the Max Planck Institute of Molecular
Plant Physiology, Potsdam-Golm, Germany) program was used to
generate a circular genome map. The final cp genome of AV was
saved in GenBank with the accession number (pending upload).
The GC contents and relative synonymous codon usage values
(RSCU) of AV genome were analyzed using MEGA7 software to
character codon usage (Kumar et al., 2016). The RSCU was the ratio
between the actual observed value and the theoretical observed
value of the codon (Gu et al., 2018).

2.4. Identification of long repetitive sequences and simple sequence
repeats analysis

The size and position of long repeats in the cp genome of three
species, including forward repeats, inverted repeats, palindrome
repeats, and complement repeats were determined using REDuter
software with following parameters: the minimum repeat length =
20 bp, sequence similarity > 90% and the Hamming distance = 3.
The positions and types of simple sequence repeats (SSRs) within
the AV genome were identified by the MISA software (Leibniz Insti-
tute of Plant Genetics and Crop Plant Research (IPK), Stadt Seeland,
Germany). The microsatellites are some tandem repeats with one
to six nucleotides distributed throughout the genome. The SSR
thresholds were 10, 6, 5, 5, 5 and 5 for mononucleotide, dinu-
cleotide, trinucleotide, tetanotide, pentotide and hexotide, respec-
tively (Wang et al., 2016).

2.5. Analysis of synonymous and non-synonymous substitution rates

Using DnaSP 5 method (The University of Barcelona, Barcelona,
Spain) to estimate the ratio of synonymous and (Ks) non-
synonymous (Ka) substitution for protein-coding gene between
the AV cp genomes and other two plants were estimated
(Librado & Rozas, 2009). In order to evaluate the mutation rate of
Ka/Ks, a Python script was carried out to extract the shared single
protein coding exons and align them with MEGA7 (Wu et al,,
2017).

2.6. Cgview comparison tool (CCT) map

The CCT method (University of Alberta, Alberta, Canada) was
used to compare AV cp genome with other available plants of Zin-
giberaceae (Kyalo et al., 2018), and the result was shown as a circle.
We signed genes by orthologous groups clusters, and the BLAST
software was used to compare AV with other genomes. The distri-
butions of AT were analyzed based on AT skewed as follows: AT
skew = [A — T]/[A + T].

2.7. Phylogenetic analysis

A total of 77 common protein-coding genes from 12 species cp
genomes were used to determine the AV phylogenetic location,
including an outlier plant (T. latifolia). jModeltest 0.1.1 software
(The University of Vigo, Vigo, Spain) was applied based on the
Akaike information criterion (AIC) to analyze the model of GTR +
G + I for the nucleotide sequence (Wang et al., 2016), followed
by building the phylogenetic trees using RAXML 8.1.5 software
with a rapid bootstrap analysis (1000 replicates) (Stamatakis,
2014). Phylobayes 4.1b was performed to Bayesian inference (BI)
analysis with two chain max diff < 0.01 (Wang et al., 2016).
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3. Results and discussion Table 1
Base composition of A. villosum (AV) chloroplast genome.
3.1. Features of AV cp genome A(U)/% T/% G/% Cl% Length [bp
) ) ) LSC 32.48 33.80 16.50 17.22 88,798

We determined the complete cp genome of AV, a typical quadri- SSC 35.79 3423 14.27 15.72 15,352
partite structure, to be 163,968 bp in size. The large (LSC; IRA 30.20 28.72 21.26 19.82 29,909
88,798 bp) and short (SSC; 15,352 bp) single copy regions were IRB 28.72 o 19.82 21.26 29,909

. . A Total 31.69 32.26 18.29 18.29 163,968
sphted by two inverted repeats (IRs; 29,909 bp) (Table 1 apd DS 3151 3157 19.74 17.18 83271
Fig. 1). The overall GC content of the AV genome was 36.58%, with 1st position 31.50 23.97 2635 18.19 27,757
the IR regions possessing higher GC content (41.08%) than the LSC 2st position 30.20 32.37 17.38 20.05 27,757
(33.72%) and SSC regions (29.99%) due to the reduction of AT 3st position 32.83 38.37 15.50 13.30 27,757
nucleotides in the four duplicate rRNA genes. Within the protein- LSC: long single-copy; SSC: short single-copy; IR: inverted repeat; CDS: protein-

coding regions (CDS), the adenine-thymine (AT) content of the coding regions; A: adenine; T: thymine; G: guanine; C: cytosine.
third-codon positions (71.2%) was higher than that of the first

sion]
pers
peD Amomum villosum
chloroplast genome
163,968 bp
RNAHSETE)
AW‘@ A

[l photosystem |
[ photosystem Il
[ cytochrome bif complex &
[0 ATP synthase € <
[C] NADH dehydrogenase ?5
[l RubisCO large subunit R
B RNA polymerase 3

[0 ribosomal proteins (SSU)

[ ribosomal proteins (LSU)
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[ other genes

[ hypothetical chloroplast reading frames (ycf)

[l transfer RNAs
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Ointrons

Fig. 1. Complete chloroplast (cp) genome map of A. villosum (AV). Gene drawn inside circle is transcribed clockwise, while outside is just opposite. Color coding of genes is
based on functional groups they belong to. Dark gray color of inner circle indicates GC content.
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(55.47%) and second positions (62.57%). This preference for higher
AT content in the third bit of codon is often used to distinguish cp
DNA from nuclear DNA and mitochondrial DNA, similar to other
reported cp genomes (Morton, 1994; Muse and Gaut, 1997; Yang
et al., 2012). The cp genome was almost equally divided into
non-coding (i.e., intergenic regions, pseudogenes, and introns)
and coding regions (Wu et al., 2017).

In total, the cp gene of AV has 125 unique functional genes,
including 87 protein-coding genes (PCGs), 30 transfer RNA (tRNAs)
genes, and eight ribosomal RNA (rRNAs) genes (Table 2). Of these,
18 genes were present as duplicates: six tRNAs, four rRNAs, and
eight protein-coding genes (rps7, rps12, rps19, rpl2, rpl23, ndhA,
ndhB, and ycf2). All eight rRNA were situated in IR regions (Liu
et al., 2018; Liu, Yang, Zhao, Li, & Xiang, 2017; Zhou et al., 2018),
which is consistent with numerous research results. The rps19
gene was found to be located in the IR and LSC boundary region,
and ycf1 gene was mapped in the junction of IR and SSC.

Introns play an inseparable role in regulating gene expression,
and can increase the expression of foreign genes at a specific time
and location, they therefore can be used as an important tool to
improve the efficiency of transformation (Yi et al., 2012). Among
the 125 functional genes, eight genes contained introns and most
of them contained only one, whereas ycf3 and clpP harbored two,
similar to other species (Chen et al., 2015; Curci et al,, 2015).
Among the eight intron genes, five protein-coding genes were
mapped at the LSC, two at the IR, and only one gene at the SSC area
(Table 3). In particular, the rps12 gene was a trans-spliced gene, in
which 5’exon was located at the LSC area, while the 3’exon and
intron were replicated in the IR area. The ndhA gene contained
the longest intron region (1049 bp).

Table 2
Gene contents in A. villosum cp genome.

Chinese Herbal Medicines 12 (2020) 375-383
3.2. Codon usage

Codon usage biases have important ramifications for cellular
function and reflect lineage specific translational systems, thus
providing additional means for studying speciation and evolution
at the molecular level (Gu et al., 2018; Plotkin and Kudla, 2011;
Ikemura, 1981). Therefore, in this study, we examined the fency
of codon usage in AV plastome (Fig. S1), as well as the RSCU value.
As shown in Table S2, a total of 27,758 codons were involved in the
protein-coding genes. Among these, leucine, isoleucine, and serine
are the most frequent amino acids in AV, which encode in 2855
(10.28%), 2437 (8.77%), and 2182 (7.86%) codons, respectively.

RSCU represents a simple measure of the frequency of use of
each codon encoding the same amino acid (Wu et al., 2017;
Wang et al., 2016). It generally includes four types: lack of bias,
low bias, moderate bias and high bias, and the corresponding RSCU
ranges are < 1.0, 1.0 < RSCU < 1.2, 1.2 < RSCU < 1.3 and > 1.3,
respectively (Liu et al., 2018b). In this study, there were 32 lack
of bias codons (except tryptophan and methionine), two low bias
codons, eight moderately biased codons, and 20 highly biased
codons. Arginine, leucine and serine were each indicated by six
synonymous codons with higher RSCU values (Fig. 2), which may
be useful for protecting protein mutations given the function of
the amino acids in biosynthesis (Park, Kim, Yeo et al., 2017;
Wang et al., 2016; Zuo et al., 2017). The results showed that the
RSCU was significantly biased except for tryptophan and methion-
ine in AV. Notably, almost every amino acid has half of the codons
ending in A or T (U), and the RSCU value is higher, while the
remaining codons end in C or G with lower RSCU value, just like
other plants reported (Gu et al., 2018; Raubeson et al., 2007;

Gene category Gene groups

Gene names

Transfer RNAs

Ribosomal RNAs
Ribosomal proteins (SSU)
Ribosomal proteins (LSU)
RNA polymerase

NADH-dehydrogenase
Photosystem I
Photosystem Il
Cytochrome b/f complex
ATP synthase

Self-replication

Photosynthesis

30 tRNA genes

16 (x2), 23 (x2), rrn4.5 (x2), rr5 (x2)

rps2, rps3, rps4, rps7 (x2), rps8, rps11, rps12 (x2), rps14, rps15, rps16, rps18, rps19 (x2)
pl2 (x2), rpl14, rpl16, rpl20, rpl22, rpl23 (x2), rpl32, rpl33, rpl36

rpoA, rpoB, rpoC1, rpoC2

ndhA (x2), ndhB (x2), ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhl, ndhJ, ndhK

psaA, psaB, psaC, psal, psal

psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbl, psb], psbK, psbL, psbM, psbN, psbT, psbZ
petA, petB, petD, petG, petL, petN

atpA, atpB, atpE, atpF, atpH, atpl

RubisCo Large subunit rbcL
Other Translational initiation factor infA
Maturase matK
Protease clpP
Envelope membrane protein cemA
Subunit of Acetyl-CoA-carboxylase accD
c-Type cytochrome synthesis gene ccsA

Hypothetical chloroplast reading frames (ycf)

Yefl, yef2 (x2), yef3, ycf4

Note: (x2) Genes with two copies.

Table 3

Genes with introns in AV cp genome, and lengths of exons and introns.
Genes Locations Exon I /bp Intron I /bp Exon II /bp Intron II /bp Exon III /bp
atpF LSC 390 796 168
rpoC1 LSC 1638 723 423
yef3 LSC 153 777 228 715 152
clpP LSC 352 630 1300 841 69
pl2 IR 435 659 384
ndhB IR 756 700 777
ndhA SSC 540 1049 555
rps12 LSC/IR 114 - 114
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RSCU Value
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Ala Arg Asn Asp Cys Gin Glu Gly His lle Leu Lys Met Phe Pro Ser Stp Thr Trp Tyr Val
[GET! [JAGAY DAAT [GAT [TeTI [CAAN [GAAI [GGAI [FOATI DA BTTAY PAAAN DATGN T [6eTl e AR BACTI Weal AT laTa
= oo
‘caa fetc! Tca
leec! lera! laae!

Amino acid

Fig. 2. Relative synonymous codon usage (RSCU) of AV cp genome.

Delannoy et al., 2018), and is the main reason for the relative con-
servation of cp genes. Furthermore, the usage of the start codons
AUG (encoding Met) and TGG (encoding Trp) exhibited no bias
(RSCU = 1).

3.3. Repeat and simple sequence repeats analysis

Repeated regions are of great significance in the evolutionary
process, and can affect changes in genome structure like substitu-
tion and duplication, and they mostly occur in the sequences of
intron and intergenic spacer (IGS) (Park, Kim, Yeo et al., 2017). In
this study, we used REDuter to compare the forward (F), palin-
drome (P), reverse (R), and tandem (T) types (>30 bp) of the three
plants of Amomum, and found that the AV genome had the largest
number of repeats (47F, 39P, 12 R, and 12 T types), followed by A.

A 50 47
H Type F
40 B Type_P
H Type_R

H Type_F

A.kravanh A.villosum

Species

A.compactum

C

69.09%

compactum (41F, 34P, 20 R and 14 T types), while A. kravanh had
the least repeats. Among them, the F and P types accounted for
the largest proportion with lengths mainly varied from 20 to
39 bp (Fig. 3A and B). The generation of F types is often related
to the activity of transposons, which can lead to variations in gen-
ome structure, and is usually used as a marker for population rela-
tionship studies (Gu et al., 2018). There were 69.09% repeats
located in the intergenic area, 17.27% in coding area, and 13.64%
of the sites such as atpF and rps12 were located in the intron area
(Fig. 3C).

Simple sequence repeat (SSR), or microsatellite was extensively
used in bioengineering, breeding and phylogenetic research as an
effective technical method (Zhang et al., 2016). There were 81 SSRs
have been identified, and mononucleotides had the largest num-
ber, accounting for 88.89% of the total SSRs, followed by dinu-

B 125 4
W Length_20-39(bp)
103 99
1004 95 M Length_40-59(bp)
W Length_>=60(bp)
o 75
Qo
£
3
Z 504
25
74
. 6 0 6 0 4
A.compactum  A.kravanh A.villosum
Species
BCDsS
17.27% @ intron
BIGS

13.64%

Fig. 3. Number of long repetitive repeats in three Amomum complete cp genomes. (A) Repeats number: F, forward; P, palindromic; R, reverse; T, tandem; (B) Repeats length
range; (C) Repeats proportion in protein-coding (CDS), intergenic spacer (IGS), and intron regions.
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cleotide SSRs (Fig. 4A). However, the tetra-, penta-, or hexa-
nucleotide SSRs couldn’t be found according to our method. The
mononucleotide repeats were mainly composed of A and T, which
may lead to A/T richness in the angiosperm cp genomes (Liu et al.,
2018). The results are similar to the statement, that is, most SSRs
are consisted of short poly A (polyadenine) or poly T (polythymine)
sequences. Approximately 13.58%, 9.88% and 76.54% SSRs were
presented in protein-coding, introns, and intergenic areas of the
AV, respectively (Fig. 4B). These findings are similar, as the distri-
bution of SSR is unbalanced in the genome (Park et al., 2017).

3.4. Analysis of synonymous and non-synonymous substitution rates

The non-synonymous (Ka) and synonymous (Ks) substitution
ratio (denoted as Ka/Ks) is an important tool, mainly used to esti-
mate the evolutionary pressures in specific groups of genes.
Ratios > 1 indicate positive selection, values < 1 (especially
if < 0.5) indicate negative selection, and values close to 1 indicate
neutral selection (Wu et al., 2017). Here, we analyzed the Ka/Ks
ratio of the 79 unique protein-coding genes in AV, A. compactum
and A. kravanh genome (Table S3). Of these, most of the proteins
possessed Ka/Ks ratios < 0.5, which suggests that most of
protein-coding genes faced great pressure for purification and
selection. In atpF and ycf1, the Ka/Ks values were > 1, which indi-
cated a positive selection. In the genes involved in photosynthesis,
for example, the atpF gene can encode a subunit of the H*-ATP syn-
thase, thereby affecting the electron transport and photosynthetic
phosphorylation in photosynthesis. These findings suggested that
different levels of selective pressure in species may affect the func-
tion of the cp gene (Wu et al., 2017).

3.5. CG view comparison tool (CCT) map

Four available cp genomes of Zingiberaceae species (A. com-
pactum, A. kravanh, A. oxyphylla, and Curcuma flavifloraS Q. Tong)
were selected for comparison with AV because the former is mor-
phologically similar to AV (Fig. S2). The sequence identity between
AV and other species’ cp genomes was analyzed using CGView
(University of Alberta, Alberta, Canada) with the annotated AV
sequence as the reference. The closeness between plants generally
reflects the similarity of gene sequences. The results revealed that
the sequence similarity of A. compactum genome was the highest
(>90%), followed by A. kravanh, similar to the cluster analysis
results. The most similar regions were located in the IR area, and

A 40
35 -
30 -
25 -
20 -
15 -
10 -

5 al
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the SSC and LSC areas were quite different among these genomes
involved in this study.

Differences in coding regions were smaller than non-coding
regions, and the region with the greatest divergent lies in the inter-
genic area (Wu et al., 2017). The most divergent genes between AV
and A. compactum were atpF, clpP, and rpl32, for which the blast
identity values were 98.03, 98.87, 98.85, respectively (Fig. 5). The
greatest difference in genes between AV and A. kravanh were atpF
and rpl32, which were also considered to have high variability in
other species (Yin et al., 2018). These three genes can be better
used in the identification of Amomum family, even other species.
Hence, the atpF, clpP, and rpl32 genes may be considered for devel-
opment as molecular markers and barcoding to differentiate Amo-
mum species. Among them, the atpF gene was also strongly
positively selected. Above results bring a new insight for the devel-
opment of molecular markers for Amomum family and even other
species.

3.6. Phylogenetic analysis

The cp sequences are often used in phylogenetics, evolution,
and molecular systems studies (Liu et al., 2018). To determine
the phylogenetic relationship of AV in Zingiberales, we used Max-
imum (ML) and Bayesian (BI) nucleic acid to analyze 77 protein-
coding genes commonly found in 12 plants including AV. (Fig. 6).
The results of ML and BI exhibited similar phylogenetic topologies.
All nodes with a Bootstrap value of 100% were found using ML, and
nine of them had observed bootstrap values > 95% based on BI.
Similarly, ML and BI protein analyses revealed that 8 of 9 nodes
with bootstrap values of > 99% (Fig. 7). Both nucleic acid and pro-
tein analyses showed that Amomum and Alpinia plants were sister
groups. The four plants of AV, A. compactum, A. kravanh, and A. oxy-
phylla were grouped with 100% bootstrap values, and AV clustered
more closely with A. compactum and A. kravanh than with A.
oxyphylla.

The results of our cluster analysis are basically consistent with
the phenotype-based clustering results reported in the literature
(Zhang, 1994; Benedict et al., 2015). A. compactum and A. kravanh
are plants from the same genus as AV, and are similar in the exte-
rior shape and interior structure of their fruits. They are the most
common counterfeits in many markets. A. oxyphylla is part of a
related genus plants, and its seed groups are similar to AV’s
(Fig. 8) and it may be occasionally used as AV. The chemical con-
stituents of the above four plants have considerable differences
(Ding et al., 2004), and misuse may pose a threat to human health

B

O -

A T AT

TA

ATA

Fig. 4. Simple sequence repeats (SSRs) analysis in AV cp genome. (A) Frequency distribution of different classes of polymer in cp genome of AV and (B) SSRs frequency

identified in intergenic spacer (IGS), protein-coding (CDS) and intron regions.
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Fig. 6. Genetic relationship of AV based on maximum likelihood (ML) and bayesian inference (BI) nucleic acid analyses of 77 genes. First number represents Bl bootstrap
value of each branch, and the last one corresponds to ML. Phylogenetic tree was drawn using Typha latifolia as an outgroup. Position of AV is shown in boldface.
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Fig. 7. Genetic relationship of AV based on ML and BI protein analyses of 77 genes. First number represents Bl bootstrap value of each branch, and the last one corresponds to
the ML. Phylogenetic tree was drawn using Typha latifolia as an outgroup. Position of AV is shown in boldface.

A

L0 L FRELTYELE

Fig. 8. Appearance comparison of AV and its related fruits. A. compactum (A), A.
kravanh (B), AV (C) and A. oxyphylla (D).

(Zhang, 1994). The results will facilitate the use of molecular mark-
ers to identify species of AV and other genera.

4. Conclusion

The AV entire cp genome was analyzed in this study, and the
genome obtained had a quadruple structure. There were 81 SSRs
in the AV genome, which will be used for further species identifi-
cation. The ratio of Ka/Ks revealed that a large proportion of genes
were in a state of strong purification selection. The fruits or seeds
of A. kravanh, A. compactum and A. oxyphylla are usually substituted
for AV due to highly similar morphological traits, and the phyloge-
netic tree fully supported AV as being closely related with A. kra-
vanh and A. compactum, with a 100% bootstrap value.

Comparison of cp genomes of the three plants indicated that the
differences between them are very slight, while the atpF, clpP,
and rpl32 genes are the most highly divergent regions, which will
be developed as molecular markers that could discriminate the
above related plants. The cp genome information of AV is an essen-
tial genetic resource that may facilitate the molecular identifica-
tion of AV, and will lay a way for the breeding of a good cultivar
of AV.
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