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Abstract Amomum tsao-ko Crevost & Lemarié is an
important crop that has been widely used in traditional
Chinese medicine and daily diets for a long time. In
this study, the genetic diversity and relationships of
eight cultivated populations of A. tsao-ko grown in
Southwest China were examined using sequence-
related amplified polymorphism (SRAP) and inter-
simple sequence repeat (ISSR) markers. The results
showed that 139 (99.29%) of 140 and 185 (99.46%) of
186 bands were polymorphic by SRAP and ISSR
primers amplification, respectively. The polymorphic
information content of detected bands were 0.270
(SRAP) and 0.232 (ISSR), respectively. The average
Nei’s gene diversity (H =0.217) and Shannon’s
information index (I = 0.348) at the species level
generated by SRAP primer were higher than those by
ISSR analysis (H = 0.158, I = 0.272). Genetic differ-
entiation coefficients and molecular variance analysis
(AMOVA) indicated that the genetic variance of A.
tsao-ko mainly occurred within populations rather
than among populations. The high genetic identity
among populations was revealed by SRAP (0.937) and
ISSR (0.963). Using UPGMA cluster analysis, prin-
cipal coordinate analysis, and population structure
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analysis, the accessions were categorized into two
major groups. Overall, results obtained here will be
useful for A. tsao-ko germplasm characterization,
conservation, and utilization.
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Introduction

Amomum tsao-ko Crevost & Lemarié, commonly
known as black cardamom, is a perennial evergreen
tufted herb belonging to the family Zingiberaceae. It is
mainly distributed in Southwest China and Northern
Vietnam at altitudes ranging from 1300 to 1800 m and
is a type of economic crop that grows in humid forests
(Liu et al. 2019; Wu and Raven 2000). The dried ripe
fruit of A. tsao-ko (Cao-guo in Chinese) is often used
to treat internal resistance to cold and dampness,
epigastric distension, fullness and vomiting, and
malaria among other ailments (Lim 2013; Shi et al.
2014). In addition, A. tsao-ko is also used in the
clinical treatment of patients with novel coronavirus
pneumonia (COVID-19) in China, indicating that A.
tsao-ko also plays an important role in antiviral
therapy (Zong 2020). According to statistics, A.
tsao-ko planting area in Yunnan Province was over
229. 300 hectares (average production about 7.5 t/ha),
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accounting for over 95% of the cultivation area in
China (Ma et al. 2020), it is one of the most impor-
tant economic sources in southwest mountainous
regions of China, the current market price of which
is approximately 60 ~ 100 RMB per kilogram
(Yang et al. 2017).

Germplasm resources are the basic materials for
fine variety breeding. Breeding effectiveness not only
depends on the number of germplasm resources but
also largely depends on the mastery of genetic
characteristics of the diversity of these germplasm
resources. In recent years, molecular marker technol-
ogy has been widely used to study the genetic diversity
of crop germplasm resources. Sequence-related ampli-
fied polymorphism (SRAP) is a unique double primer
design to specifically amplify the intron region and
promoter region of open reading frames (ORFs) (Li
and Quiros 2001). Polymorphism occurs due to
different lengths of introns, promoters, and spacers
in different individuals and species. Presently, SRAP
has been successfully applied to the analysis of crop
genetic diversity, the construction of a genetic map,
and the marking of important traits (Robarts and
Wolfe 2014). Inter-simple sequence repeats (ISSRs)
are an oligonucleotide primer based on simple
sequence repeats (SSRs) in the genome that uses
higher annealing temperature and longer primers. This
leads to high repeatability and good stability and does
not require prediction of genomic DNA sequence,
polymorphism, and rich information (Zietkiewicz
et al. 1994). ISSRs have been widely used in the
study of genetic diversity of crop germplasm resources
(El-tayeh et al. 2020; Zafar-Pashanezhad et al. 2019;
Zhang et al. 2020).

Previous studies have focused on A. tsao-ko as a
traditional Chinese medicine and condiment.
Researchers have mainly conducted experiments on
essential oil extraction, chemical composition analy-
sis, and pharmacological action (Kim et al. 2019; Liu
et al. 2018; Sim et al. 2019). However, few reports
have highlighted the genetic diversity of A. tsao-ko. In
recent years, with increasing awareness of identifica-
tion and protection of crop resources, research on the
genetic diversity of A. tsao-ko has increased gradually.
Zhang et al. (2019) analyzed the phenotype of A. tsao-
ko characteristics in nine producing areas of Yunnan
Province in China. The results showed that the
maximum straight diameter variation of fruit ridge
number, single fruit seed number, and fruit vertical
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diameter were the largest. Yang et al. (2014) devel-
oped 24 pairs of simple repeat sequence (SSR) primers
by FIASCO technique, but only nine of them were
polymorphic. We also analyzed the genetic diversity
of A. tsao-ko in eight populations in Yunnan Province
using 12 RAPD markers, and the results showed that
the genetic differentiation of A. tsao-ko mainly existed
within the population (Lu et al. 2018). In this study,
SRAP and ISSR molecular markers were used to
analyze the genetic diversity of eight populations in
China, evaluate the level of genetic diversity of A.
tsao-ko, and reveal the distribution pattern of intra-
population/inter-population genetic variation. The
results are of great significance for the preservation
and sustainable utilization of A. tsao-ko resources.

Materials and methods
Plant materials

A total of 91 accessions from eight cultivated popu-
lations of A. tsao-ko were collected from Yunnan
Province, China (the main producing area). When
sampling, the linear distance between the samples in
the same population was not less than 50 m. The
information of the sampling sites is shown in Fig. 1
and Table 1.

DNA extraction

The genomic DNA of A. tsao-ko was extracted using
the cetyltrimethylamine bromide (CTAB) method
(Doyle and Doyle 1987), and the concentration and
quality of DNA were detected by a NanoDrop 2000
ultra-micro spectrophotometer. The working solutions
of genomic DNA (20 ng/uL) of different samples
were stored at 4 °C.

PCR amplification

A total of nine pairs of SRAP and eight ISSR primers
with clear banding patterns and polymorphism were
selected to analyze the genetic diversity of A. tsao-ko
(Table 2). All amplifications were performed using an
ETC-811 PCR Thermal cycler (Eastwin, Beijing,
China). The 10 pL. SRAP-PCR reaction system
consisted of ~ 10 ng template DNA, 1.25 pL
10 x PCR buffer (Mg®>" plus), 1 U Taq DNA
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Fig. 1 Map of A. tsao-ko samples collection sites. PB, Pingbian population; JP, Jinping population; YY, Yuanyang population; LVC,
Lvchun population; YX, Yunxian population; LC, Lancang population; BS, Baoshan population; DH, Dehong population

Table 1 Original

; . Population No. of samples
information and number of
A. tsao-ko samples used in PB 9
this study P 13
YY 12
LVC 11
YX 10
LC 13
BS 11
DH 12

Latitude (N) Longitude (E) Altitude (m) Location

23°2' 24" 103°31’ 48” 1721 Pingbian, Yunnan
22°54' 36" 103°13' 12" 1665 Jingping, Yunnan
23°3' 0" 102°55' 12" 2108 Yuanyang, Yunnan
22°53" 24" 102°24' 43" 1880 Lvchun, Yunnan
24°17 24" 100°6" 36" 1811 Yunxian, Yunnan
22°54' 36" 99°49" 12" 1924 Lancang, Yunnan
24°83" 48" 98°77" 81" 1873 Baoshan, Yunnan
24°75' 0" 98°18' 36" 1822 Lianghe, Yunnan

polymerase, 0.2 mmol/L dNTPs, and 0.2 umol/L each
of SRAP forward and reverse primers. The PCR
reaction procedure was as follows: denaturation at
95 °C, annealing at 35 °C, annealing at 72 °C, exten-
sion for 1 min at 72 °C (5 cycles), then increasing the
annealing temperature to 50 °C to amplify 35 cycles,
and a final extension at 72 °C for 7 min to preserve at
4 °C. The optimum ISSR reaction system (25 pL)

included ~ 50 ng template DNA, 3.0 uL 10 x PCR
buffer (Mg®" plus), 1.5 U Taq DNA polymerase,
0.25 mmol/L dNTPs, and 0.3 pmol/L ISSR primers.
The PCR procedure included pre-denaturation (95 °C/
5 min), followed by 95 °C/1 min, 48 °C-54 °C/
1 min, 72 °C/1 min, a total of 35 cycles, and finally
extended at 72 °C for 10 min to preserve at 4 °C. The
amplified products were separated on 8% (SRAP) and

@ Springer



2658

Genet Resour Crop Evol (2021) 68:2655-2667

Table 2 Sequences of 9 SRAP primer combinations and 8 ISSR primers

SRAP primer Forward primer(5’-3") Reverse primer(5’-3") ISSR Sequences(5’-  Annealing
combinations primers 3N temperature(°C)
Mel/Em12 TGAGTCCAAACCGGATA GACTGCGTACGAATTGTC UBCS835 (AG)8YC 53
Mel/Em15 TGAGTCCAAACCGGATA GACTGCGTACGAATTCTG UBC836 (AG)8YA 53
Me2/Eml1 TGAGTCCAAACCGGAGC GACTGCGTACGAATTTCG UBCS840 (GA)8YT 48
Me2/Em12 TGAGTCCAAACCGGAGC GACTGCGTACGAATTGTC UBCS841 (GA)8YC 54
Me3/Em17 TGAGTCCAAACCGGAAT GACTGCGTACGAATTCCA UBCS847 (CA)S8RC 53
Me6/Em2 TGAGTCCAAACCGGTAG GACTGCGTACGAATTTGC UBCS873 (GACA)4 54
Me6/Em14 TGAGTCCAAACCGGTAG GACTGCGTACGAATTCAG UBC880 (GGAGA)3 54
Me8/Em16 TGAGTCCAAACCGGTGT GACTGCGTACGAATTCGG UBCS888 BDB(CA)S8 52
Me9/Em16 TGAGTCCAAACCGGTCA GACTGCGTACGAATTCGG

Y =G/C,R = A/G, B = C/G/T

5% (ISSR) non-denaturing polyacrylamide gel and
stained with 1% silver nitrate at the end of elec-
trophoresis and photographed after the bands were
clear.

Data analysis

The clear and repeated SRAP and ISSR bands were
marked as “1” and no bands in the same position are
marked as “0” The original matrices of 0 and 1 were
generated, and total number of bands (TNB), number
of polymorphic bands (NPB), percentage of polymor-
phic bands (PPB) were counted. The information
content of each marker was calculated with the
formula: PICi = 2fi (1-fi), where PICi is the polymor-
phic information content of marker ‘i’, fi is the
frequency of the amplified allele, and 1-fi is the
frequency of the null allele (Roldan-Ruiz et al. 2000).
Using POPGENE1.32 software (Yeh 1997), the
genetic diversity indices were calculated when the
pseudosettlement population was in Hardy—Weinberg
equilibrium: observed allele number (Na), effective
allele number (Ne), Nei’s gene diversity (H), Shannon
information index (I), total genetic diversity (Ht),
genetic diversity within populations (Hs), genetic
differentiation coefficient (Gst), and gene flow (Nm).
The number of private bands (PrB) as well as analysis
of molecular variance (AMOVA) and pairwise pop-
ulation differentiation (PhiPT) were calculated in
GENALEX 6 (Peakall and Smouse 2006), and this
software was also employed to calculate Nei’s genetic
identity between populations. According to the
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genetic similarity coefficient, the population was
analyzed by unweighted pair group method using an
arithmetic average (UPGMA) cluster analysis using
NTSYS-pc 2.11 software (Rohlf 2000), and the cluster
map was constructed. The genetic population structure
of A. tsao-ko was assessed using a Bayesian model
based on the combined SRAP and ISSR data in
STRUCTURE version 2.3.4 (Pritchard et al. 2000).
The Delta K values were used to evaluate best-fit
number of population clusters using Structure Har-
vester V6.0 online program (Earl and Vonholdt 2012).

Results
Polymorphism analysis of SRAP and ISSR

A total of 140 bands were amplified by nine pairs of
SRAP primers, of which 139 bands were polymorphic,
accounting for 99.29% of the total bands. The number
of bands amplified by different primers ranged from
11 (Mel/Em15 and Me8/Em16) to 21 (Me2/Em12),
and the average number of bands was 15.56. A total of
175 bands were amplified by eight ISSR primers, and
the number of bands amplified by each primer ranged
from 12 (UBC840) to 34 (UBC836), with an average
of 23.25. The percentage of polymorphic bands (PPB)
was 99.46%. From the polymorphic information (PIC)
of the marker, it was observed that when the same
electrophoretic method analyzed A. tsao-ko polymor-
phism, the SRAP marker revealed a slightly higher
PIC value than the ISSR marker (Table 3). Our results
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show that both SRAP and ISSR were suitable to assess
the genetic relationships among A. tsao-ko accessions
(Fig. 2).

Genetic diversity in populations

With SRAP, the mean percentage of polymorphic
bands (PPB) was 59.29%, ranging from 25.71% (BS)
to 77.86% (JP), whereas the mean observed number of
alleles (Na), effective number of alleles (Ne), Nei’s
gene diversity (H), and Shannon’s information index
(D were 1.593, 1.274, 0.168, and 0.262, respectively.
The JP population exhibited the highest H value
(0.240), while the BS population had the lowest H
(0.069) (Table 4). With ISSR, the mean PPB was
57.73%, ranging from 37.10% (BS) to 69.89% (LVC),
and the mean Na, Ne, H, and I were 1.577, 1.194,
0.130, and 0.214, respectively (Table 4). BS popula-
tion exhibited the lowest H value (0.095) again, but
YX population had the highest H value (0.153). 10
(SRAP) and 17 (ISSR) private bands (PrB) were found
in eight A. tsao-ko populations. The highest number of
PrB was observed in population LVC (4 for SRAP and
7 for ISSR) followed by JP (2 for SRAP and 4 for
ISSR), while no private bands were detected for PB
and YY populations. Mean genetic estimates except
PrB (mean PPB, Na, Ne, H, and I) from SRAP were
higher than those from ISSR (Table 4).

Genetic differentiations among populations
POPGENEL1.32 software was used to calculate the

genetic differentiation level among different popula-
tions of Amomum tsao-ko. The total genetic diversity

for the species (Hf) was 0.215 (SRAP) and 0.158
(ISSR), while the mean heterozygosity within popu-
lations (Hs) was 0.168 (SRAP) and 0.130 (ISSR).
Nearly 20% of the total genetic variation in the eight
populations of A. tsao-ko occurred among populations
(Gst = 0.218 for SRAP, Gst = 0.177 for ISSR), indi-
cating that most genetic variation in A. tsao-ko occurs
within populations. The gene flow levels (Nm)
between the populations based on SRAP and ISSR
analyses were all greater than 1 (SRAP = 1.795,
ISSR = 2.321), which indicates no significant genetic
differentiation among populations (Table 5).
Furthermore, analysis of molecular variance
(AMOVA) analysis showed that the percentage of
variation within populations was 83.90% (SRAP) and
90.55% (ISSR), and the percentage of variation among
populations was 16.10% (SRAP) and 9.45% (ISSR),
which also indicated that genetic variation mainly
exists within A. tsao-ko populations (Table 6). The
pairwise PhiPT provided estimates of genetic differ-
entiation between the populations. For SRAP, the
highest differentiation (0.384, P < 0.01) was observed
between population JP and BS and the lowest (0.000,
P < 0.001) was observed between PB and LC. For
ISSR, the highest differentiation (0.269, P < 0.01)
was observed between population DH and PB and the
lowest (0.000, P < 0.001) was observed between YY
and YX. The eastern populations except YY (PB, JP
and LVC) showed a clear genetic differentiation be-
tween western populations (BS and DH) (Table 7).

Table 3 List of total

Locus TNB NPB PPB (%) PIC Locus TNB NPB PPB (%) PIC

amplified bands and

polymorphic bands Mel/Eml12 17 17 100.00 0268 UBCS835 27 27 100.00  0.275

Igggg"gfi?nzsg SRAPand 8 Mel/Eml15 11 11 100.00 0313 UBC836 34 34 100.00  0.191
Me2/Emll 19 19 100.00 0263 UBC840 12 12 100.00  0.245
Me2/Em12 21 21 100.00  0.285 UBC841 28 27 9643  0.194
Me3/Eml7 15 15 100.00 0214 UBC847 18 18 100.00  0.299
Me6/Em2 14 13 92.86 0224 UBCS73 16 16 100.00  0.237
Me6/Eml4 20 20 100.00 0232 UBCS80 28 28 100.00  0.190

;ﬁ? tl‘l’;ilé‘:r“;bfer of bands; Me8/Eml16 11 11 100.00  0.294 UBCS88 23 23 100.00  0.222

polymorphic bands; PPB, Me9/Eml6 12 12 100.00  0.338 Mean 2325 2313 9946 0232

percentage of polymorphic Mean 15.56 1544  99.29 0.270  Total 186 185

bands; PIC, polymorphism Total 140 139

information content
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Fig. 2 Electrophoretic profiles of genomic DNA amplification
products using SRAP primer Mel/Em12 (a), Me2Em12 (b) and
ISSR primer UBC880 (c), UBC888 (d). Lane M indicated DNA
Marker (200, 400, 700, 1000, 1500, 2000 bp). Lane 1-48
indicated partial A. tsao-ko accessions: JPS, JP48, JP55, JP59,
JP64, JP84, JP91, JP103, JP108, JP109, JP118, JP119, JP128,

(d)

YY3, YYS, YYO, YY14, YY18, YY22, YY32, YY36, YY44,
YY45, YY47, YY48, LVC2, LVC5, LVC12, LVC21, LVC25,
LVC28, LVC34, LVC41, LVC44, LVC49, LVC50, PB1, PB2,
PB19, PB21, PB30, PB31, PB41, PB45, PB48, LC1, LC2 and
LC3

Table 4 Genetic diversity of A. tsao-ko populations based on SRAP and ISSR markers

Pop PPB Na Ne H I PrB

SRAP (%) ISSR (%) SRAP ISSR SRAP ISSR SRAP ISSR SRAP ISSR SRAP  ISSR
PB 70.70 53.23 1.707 1.532  1.298 1.189  0.193 0.130  0.305 0213 0 0
JP 77.86 66.60 1.779 1.667  1.405 1.180  0.240 0.130  0.367 0222 2 4
YY 41.43 53.76 1.414 1.538 1.214 1.191  0.126 0.125  0.192 0203 O 0
LvC 77.14 69.89 1.771 1.699  1.373 1.189  0.225 0.136  0.348 0234 4 7
YX 66.43 66.13 1.664 1.661 1.280 1.232 0.177 0.153  0.280 0.251 1 2
LC 67.80 65.59 1.679 1.656  1.313 1.218  0.195 0.147  0.304 0242 1 2
BS 25.71 37.10 1.257 1.371 1.116 1.151  0.069 0.095  0.108 0.150 0 1
DH 47.14 49.46 1.471 1495  1.192 1.200  0.122 0.125  0.193 0.199 2 1
Mean  59.29 57.73 1.593 1.577 1.274 1.194  0.168 0.130  0.262 0214 1.25 2.125
Total 99.29 99.46 1.993 1.995 1.342 1.229 0217 0.158  0.348 0.272 10 17

PPB, percentage of polymorphic bands; Na, observed number of alleles; Ne, effective number of alleles; H, Nei’s gene diversity; /,

Shannon’s information index; PrB, Private bands

Genetic identity analysis

The results of Nei’s genetic identity are shown in
Table 8. SRAP analysis showed that the genetic
identity between the eight A. tsao-ko populations
ranged from 0.857 (JP and BS) to 0.983 (LC and YX),
with an average of 0.937. For the ISSR analysis, the
genetic identity of the eight A. fsao-ko populations

@ Springer

ranged from 0.920 (JP and BS) to 0.991 (LC and YX),
with an average of 0.963. ISSR analysis also indicated
that LC population exhibited the highest similarity
with YX population, while JP and BS showed the
lowest similarity.
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Table 5 Genetic differentiation coefficients of A. tsao-ko
populations

Markers Ht Hs Gst Nm
SRAP 0.215 0.168 0.218 1.795
ISSR 0.158 0.130 0.177 2.321

Ht, total genetic diversity; Hs, genetic diversity within
populations; Gst, genetic differentiation coefficient; Nm, gene
flow

Cluster analysis and PCoA

The UPGMA cluster analysis based on SRAP, ISSR
and SRAP + SSR data revealed genetic relationship
among 91 A. tsao-ko accessions (Fig. 3). Based on the
SRAP data, 91 accessions were grouped into
two main clusters (Cluster I and Cluster II) (Fig. 1a)
at the 0.668 similarity coefficient level. Cluster I
contained 63 accessions from all of the eight A. tsao-
ko populations, could be further grouped into two sub-

Table 6 Analysis of molecular variance (AMOVA) in A. tsao-ko populations

Source df Sum of squares Mean squares Variation components Percentage of variance P-value

SRAP

Among populations 7 435.271 62.182 3.754 16.10%

Within populations 83  1623.844 19.564 19.564 83.90% 0.001

ISSR

Among populations 7 511.045 73.006 3.487 9.45%

Within populations 83 2773.559 33.416 33.416 90.55% 0.001

Table 7 Pairwise PB )3 YY LVC YX LC BS DH

population PhiPT values

based on SRAP (above PB - 0.061*  0.161** 0.026  0.068*  0.000  0.296%% 0.239%*

gizgggzg E‘;?WlfeiRAfb;]a"o‘f P 0050 - 0.261%% 0028  0.153%% 0067+  0.384% (.320%*

ko populations YY  0.136%F  0.124%% - 0.218*%  0.064*  0.118%% 0.085%*  (.105%*
LVC 0.117%  0.069*  0.085% — 0.133%*  0.034 0.357%*  0.296%*
YX  0.145%%  0.098*%*  0.000 0.077%% - 0.032 0.139%*  0.110%*
LC  0.094*  0.083** 0.002 0.026 0.011 - 0.211%%  0.173%*
BS 0.145%  0.188**  0.001 0.129%*  0.076*  0.014 - 0.116%*

. DH  0268%F 0217% 0.032 0.19%  0.046 0.067*  0.074% -

P < 0.05, *P < 0.01

Table 8 Nei’s genetic Population ~ PB P YY LVC  YX LC BS DH

identity among eight A.

tsao-ko populations by PB - 0964 0927 0968 0968  0.981 0.900 0912

iﬁg&%a;iﬁs(s%%;kers P 0979 - 0894 0975 0943 0963 0857 0870

( below diagonal) YY 0962 0948 - 0905 0962 0946 0969  0.960
LVC 0982 0984 0953 - 0948 0972 0870  0.884
YX 0975 0965 0982 0972 - 0983 0936  0.950
LC 0.981 0976 0980 0977 0991 - 0925 0933
BS 0940 0920 0979 0924 0968 0962  — 0.969
DH 0939 0926 0978  0.931 0967 0962 0973 -

clusters (IA and IIB). Sub-cluster IA consisted of 15
accessions collected from Lvchun (4), Jinping (3),
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Fig. 3 UPGMA cluster of 91 A. tsao-ko accessions based on SRAP (a), ISSR (b) and combined SRAP + SSR (c¢) markers

Yunxian (3), Yuanyang (2), Pingbian (2), and Lancang
(1); sub-cluster IB included 48 accessions collected
from Dehong (12), Baoshan (11), Yuanyang (10),
Lancang (6), Yunxian (5), Pingbian (3), and Lvchun
(1). Cluster IT comprised 28 accessions collected from
Jinping (10), Lvchun (6), Lancang (6), Pingbian (4),
and Yunxian (2). Based on the ISSR data, 87
accessions were successfully divided into two major
clusters (with a similarity index of 0.735) except for
LVC49, YX1, JP119 and P2 (Fig. 3b). Cluster I
consisted of 48 accessions from populations Dehong
(12), Baoshan (11), Yuanyang (9), Lancang (7),
Yunxian (6), Pingbian (3), which was similar to sub-
cluster IB based on the SRAP data. Unlike with SRAP
analysis, 11 accessions (JP8, JP48, JP59, YY3, YY9,
LVC2, LVC 12 and PB21) from Sub-cluster IA
(SRAP) were grouped into Cluster II. In order to
obtain more accurate genetic estimates, combined
analysis was carried out using all the SRAP and ISSR
data together. A dendrogram (Fig. 3c) that grouped all
the accessions into two clusters. Cluster I that included
66 accessions collected from eight A. tsao-ko popu-
lations was further divided into two sub-clusters. Sub-
cluster TA contained 19 accessions collected from
Jinping (5), Yuanyang (2), Lvchun (5), Pingbian (1),
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Yunxian (3), and Lancang (3); sub-cluster IB included
47 accessions collected from Yuanyang (10), Pingbian
(3), Yunxian (6), Lancang (5), Baoshan (11), and
Dehong (12). Cluster II included 24 accessions, 8 from
Jinping, 6 from Lvchun, 4 from Pingbian, 1 from
Yunxian, and 5 from Lancang. The results of principal
coordinate analysis for the combined data were
consistent with the UPGMA cluster analysis based
SRAP + SSR markers, and all accessions were
divided into two groups, I and II. The first two
principal coordinates explained 25.70% of the total
variation, with PC1 accounting for 20.22% and PC2
for 5.48% (Fig. 4).

Structure of A. tsao-ko germplasm genotypes

To further elucidate the relationships among the A.
tsao-ko accessions, the population structure was
analyzed using STRUCTURE software. According
to Structure Harvester V6.0, the best K value was 2.
All accessions were divided into two groups (Fig. 5).
Group I (green) contained 41 individuals from YY (9),
LC (5), YX (5), BS (11), and DH (11), while group II
(red) contained 38 germplasm resources collected
from JP (12), LVC (11), PB (6), LC (6), and YX (3).
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Fig.4 Principal coordinates analysis (PCA) of the 91 A. tsao-ko
accessions based on SRAP + SSR markers

(a)

K Reps Mean LnP(K) Stdev LnP(K) Ln'(K) |Ln"(K)|
1 5 -21002.74 2.052559 — —

2 ) -17452.6 10.489995 3550.14 2756.16
3 5 -16658.62 163.298552 793.98 446.52
4 5 -16311.16 141.029227 347.46 104.24
5 S -15859.46 107.401317 451.7 134.44
6 S5 -15542.2 113.271687 317.26 62.86
7 5 -15287.8 146.597527 254.4 133.84
8 5) -14899.56 45.904063 388.24 —

Discussion

Genetic diversity evaluation within a cultivated crop is
a prerequisite for plant breeding and conservation of
genetic resources (Wang et al. 2012). Molecular
marker technology is a robust approach to study the
genetic diversity of crop germplasm resources (Liao
et al. 2012). In this study, SRAP and ISSR markers
were used to analyze the genetic diversity of eight
cultivated populations of A. tsao-ko in southwest
China. For the SRAP markers, 15.56 bands per primer
set were scored, and 23.25 bands were obtained per
primer set by ISSR amplification. ISSR markers
generated more bands than SRAP markers. This
difference may be because ISSR amplified the whole
plant genome sequence, while SRAP amplified only
the open reading frames (ORFs) (Li and Quiros 2001;

(b) DeltaK = mean(|L"(K)|) / sd(L(K))
250
Delta K 200
— M
150
262741778 £
2.734378 a
0.739138 100
1.251754
0.554949 50
0.912976
o 0

PB JP YY

Fig. 5 Graphical representation of population structure using
STRUCTURE 2.3.4 and Structure Harvester v6.0 program,
a Evanno table output, b the median and variance of the

Accessions with admixed population assignments
were from JP (1), YY (3), PB (4), LC (1), YX (2),
and DH (1) populations.

YX LC BS DH

estimated probability value for each K value, ¢ Population
structure of 91 A. tsao-ko accessions

Zietkiewicz et al. 1994). SRAP and ISSR also had a
higher percentage of polymorphic bands (PPB) in A.
tsao-ko (SRAP = 99.29%; ISSR = 99.48%), indicat-
ing that both markers could effectively reveal the
polymorphism among A. tsao-ko germplasm. The PIC
revealed by SRAP (0.270) was higher than that of
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ISSR (0.232), suggesting that SRAP markers are more
efficient in distinguishing differences between A. tsao-
ko germplasms. In previous studies, there have been
many reports on the combination of SRAP and ISSR
markers to study plant germplasm resources, and the
genetic diversity revealed by SRAP and ISSR markers
was highly consistent (Liao et al. 2012; Peng et al.
2015; Wu et al. 2010; Yan et al. 2019). In our study,
Mantel’s test showed that SRAP and ISSR analysis
results were highly and significantly correlated at the
population level (r = 0.969, p < 0.01), and the com-
bination of the two type markers can better reveal the
genetic variation of A. tsao-ko germplasm.
PPB, H, and I are important parameters to measure
the level of genetic diversity of species. Zhang and
Yang (2008) counted the average level of genetic
diversity parameters of 66 species of plants based on
ISSR markers (Ppop = 0.403, Hpop = 0.123, Ipop =
0.186). In our study, a high level of genetic diversity
was observed at the population level (Ppop = 59.29%,
Hpop = 0.168, Ipop =0.262 in SRAP; Ppop =
57.73%, Hpop = 0.130, Ipop = 0.214 in ISSR). Plant
genetic diversity can be affected by several factors
including gene mutation, natural selection, genetic
drift, gene flow, and plant breeding systems (Hamrick
and Godt 1996; Nybom 2004). Of all these factors, the
breeding system is an important factor that determined
the genetic diversity in plant species. The out-breeding
plant has higher genetic diversity than a self-breeding
plant. A. tsao-ko is one of the flexistylous gingers with
populations comprising two types of floral morphs
termed cataflexistylous morphs and anaflexistylous
morphs. This mechanism can promote cross-pollina-
tion where genes can be fully exchanged among
individuals in the population (Li et al. 2017). Private
alleles present in populations are useful for conserva-
tion and utilization of plant germplasm resources
(Kalinowski 2004; Lee et al. 2020). In our study, the
highest number of private alleles was observed in LVC
population (private bands = 11), followed by JP
population (private bands = 6), more number of
private bands indicates the presence of specific genes
or sequences in both populations (Saboori et al. 2020).
The JP and LVC populations showed much higher
diversity parameters, and those two populations are
located at the southeast of the Yunnan Province—a
traditional A. tsao-ko growing region. Specifically,
Jinping County, known as the hometown of A. tsao-ko,
has cultivated the plant for more than 400 years (Ma
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et al. 2020). The quality of the A. tsao-ko is excellent,
and many variation types have been retained in the
long-term cultivation process. In previous studies, we
used RAPD markers to analyze levels of genetic
diversity in eight A. tsao-ko populations, and Ppop,
Hpop, and Ipop values were 57.18%, 0.121, and 0.202,
respectively (Lu et al. 2018), indicating that the RAPD
marker system is not as effective as SRAP or ISSR in
detecting the diversity of A. tsao-ko.

Previous studies have shown that the genetic
diversity of species dominated by self-crossing mainly
exists among populations, while that of outcrossing
species mainly exists within populations (Xiang et al.
2020; Zhou et al. 2020). In this study, POPGENE
software analysis showed that the genetic differenti-
ation of A. fsao-ko mainly existed within populations
(Table 5), which was consistent with the result by
RAPD and SSR markers (Lu et al. 2018, 2021). Gene
flow (Nm) helps to improve the level of genetic
diversity of plant populations and is also an important
factor affecting genetic differentiation. Nm > 1 can
prevent the genetic differentiation of a population
through genetic drift (Slatkin 1987). In this study,
Nm = 1.795 (SRAP) and 2.321 (ISSR) among A. tsao-
ko populations were enough to resist the genetic
differentiation caused by genetic drift. AMOVA
analyses also revealed that most genetic variation
detected by SRAP (83.90%) ISSR (90.55%) resided
within populations of A. tsao-ko. In order to bet-
ter understand the genetic relationships between pairs
of populations, pairwise PhiPT were estimated, the
eastern populations (PB, JP and LVC) showed higher
pairwise variation with western populations (BS and
DH). A. tsao-ko from origin regions (Jinping County
of China) gradually being introduced to other Yunnan
regions (Lu et al. 2018), the high genetic differenti-
ation between different populations may be explained
by founder effect, genetic drift and differences in the
choice of individuals made by breeders (Hundertmark
and Daele 2010; Kuwahara et al. 2014).

In general, the genetic identity between species and
populations of seed plants is approximately 0.67 and
0.90, respectively (Wang 1994). In this study, there is
a high degree of genetic identity between populations
(SRAP range from 0.857 to 0.983; ISSR range from
0.920 to 0.991), which is due to two factors. First, A.
tsao-ko is mainly distributed in southwest China and
north Vietnam at altitudes ranging from 1300 to
1800 m, where it thrives in well-drained, moist,
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organic-matter-rich soil in shade or partial shade.
Narrow distribution areas and special habitats lead to
the high genetic similarity between A. tsao-ko popu-
lations. Second, there is frequent germplasm exchange
among producers in different populations, which
reduces the genetic differentiation among populations.
Consistent with pairwise PhiPT analysis, lower ge-
netic similarity between western and eastern popula-
tions have been observed. A. tsao-ko gradually spread
from the origin regions to the periphery through in-
troduction. Generally, a higher genetic similarity is
expected between neighboring populations than be-
tween distant ones for species with low dispersal
ability (Sromek et al. 2019; Wright 1943).

In this study, The UPGMA analysis showed
slightly different clustering pattern based on SRAP
and ISSR. Eight accessions (JP8, JP48, JP59, YY3,
YY9, LVC2, LVC 12 and PB21) from Cluster I
(Fig. 3a for SRAP) were grouped into Cluster II
(Fig. 3b for ISSR), similar results were observed in
other studies (Li et al. 2013; Wang et al. 2012; Wu
et al. 2014), this could be related to different portion of
genome amplified by different marker systems
(Parthiban et al. 2018). Therefore, the combination of
the two markers could result in more comprehensive
and accurate analysis of genetic relationships among
accessions (Wu et al. 2010). UPGMA clustering and
PCoA analysis based a combination of SRAP + SSR
revealed similar results. All accessions were divided
into two groups, the samples from different popula-
tions were interlaced with each other, indicating that
the correlation between genetic similarity and geo-
graphical distance is not significant. Similar results
were reported in Goat’s rue (Wang et al. 2012), apricot
(Li et al. 2014), and Anise (Akgali Giachino 2020).
This result could imply the frequent A. tsao-ko
introduction across different geographical regions in
a long history of A. fsao-ko cultivation. Bayesian-
based population structure analysis also categorized
91 A accessions into two  groups.
Most of the accessions collected from BS (all acces-
sions), DH (11 accessions) and YY (9 accessions)
populations were grouped under Group I (green),
while Group II (red) was mainly composed of JP (12
accessions) and LVC (11 accessions) populations,
this result is consistent with pairwise PhiPT analysis.
The genetic differences among A. tsao-ko populations
may contribute to local adaptation and artificial se-
lection during introduction (Lu et al. 2018).

tsao-ko

A high level of genetic diversity is important for the
long-term survival of any species. Because the distri-
bution range of Zingiberaceae plants for both
medicine and food is very narrow, this study found
that the genetic diversity of A. tsao-ko in Honghe
Prefecture (PB, JP, YY and LVC population) is
relatively high, especially in the Jinping population
and Lvchun population. This study also confirms the
theory that the Jinping area of Honghe Prefecture is the
origin of A. tsao-ko at the molecular level. However, at
present, Jinping A. tsao-ko is faced with many
problems, such as a high incidence of diseases and
pests, unstable yield, lack of cultivation management,
and difficulties in seedling breeding. According to this
study’s results, the A. tsao-ko germplasm resources
nursery was established in Jinping County. Their
germplasm resources were widely collected, and high-
quality germplasm screening, seedling breeding, and
high-yield and high-quality cultivation techniques
were also carried out.

Conclusions

A. tsao-ko is a traditional Chinese medicine, condi-
ment, and important economic crop found in the
tropical forests of southwest China. In this study,
SRAP and ISSR marker systems were used for the first
time to evaluate the genetic diversity of A. tsao-ko
germplasm from eight populations in southwest
China. The SRAP marker reveals a slightly higher
PIC content than the ISSR marker. A high degree of
diversity was observed at the species and population
levels, and different A. tsao-ko populations showed
high genetic identity. POPGENE software and
AMOVA analysis showed that the genetic differenti-
ation of A. tsao-ko mainly existed within populations.
UPGMA clustering, together with PCoA and Baye-
sian-based population structure analysis revealed that
all accessions can be divided into two main groups.
This indicate genetic differentiation is gradually
formed in the process of introduction and cultivation.
The information obtained in this study will be helpful
for the protection and utilization of A. tsao-ko
germplasm in China.
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