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Abstract: Amomum tsao-ko (Zingiberaceae) is a well-known medicinal and aromatic crop with a
long history of cultivation in China. Food and pharmaceutical industries widely use its dried
ripe fruit. In this study, 12 promoter anchored amplified polymorphism (PAAP) primer pairs and
12 conserved DNA-derived polymorphism (CDDP) primers were used to assess the genetic diversity
and population structure of 96 A. tsao-ko accessions from eight cultivated populations. A total of
98 polymorphic loci were detected by 12 PAAP primers with 8.167 polymorphic loci per primer,
and 203 polymorphic loci were observed using 12 CDDP primers with 16.92 alleles per primer.
Nei’s gene diversity (PAAP, H = 0.207; CDDP, H = 0.188) and Shannon’s information index (PAAP,
I=0.329; CDDP, I = 0.305) revealed the relatively high level of genetic diversity in these populations
of A. tsao-ko. The genetic differentiation coefficient (Gst) for the populations was 0.151 (PAAP) and
0.128 (CDDP), which indicated that 84.9% and 87.2%, respectively, of the genetic variation was within
populations. Analysis of molecular variance (AMOVA) also revealed that genetic differentiation of
the A. tsao-ko populations mainly occurred within populations (91% variation within populations for
both PAAP and CDDP). Genetic identity among the investigated populations was high for PAAP
(0.957) and CDDP (0.967). Cluster and principal coordinate analysis (PCoA) grouped the 96 A. tsao-ko
accessions into two major groups. Accession classification was consistent with population structure
analysis. Overall, these results will be useful for A. tsao-ko germplasm resource characterization,

conservation, and utilization.
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1. Introduction

Amomum tsao-ko (2n = 4x = 48) is a medicinal and aromatic plant of the Zingiberaceae
family, mainly distributed in the high-altitude mountains (1100 to 1800 m above sea level)
of southern Yunnan, China and northern Vietnam and Laos (Figure 1) [1]. The ripe fruit
of A. tsao-ko (also called Cao-Guo in China) is a commonly used Chinese herbal medicine
for aromatizing dampness in clinical practice [2]. Pharmacological studies have shown
that it has anti-oxidation [3], antibacterial [4], anti-inflammation [5], antidiabetic [6], anti-
tumor [7], and anticonvulsant properties [8]. In addition, A. tsao-ko has a strong spicy and
herbal fragrance, which can remove the unpleasant smell of meat ingredients and increase
people’s appetite. It is an important condiment in countries such as China, South Korea,
and Japan and is known as “one of the five spices” of food seasoning [9]. As an aromatic
Chinese herbal medicine used for both medicinal and edible purposes, essential oil is the
most important active ingredient of A. tsao-ko, and its content determines the quality of
A. tsao-ko (Pharmacopoeia of the People’s Republic of China, 2020).
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Figure 1. The habitat and morphology of Amomum tsao-ko in the Lancang population, Yunnan
Province, China (22°54'36"” N, 99°49'12" E, 1924 m above sea level). A. tsao-ko plants growing in a
typical shady, wet, humus-rich habitat (A,B), fresh fruit (C), and dried fruit (D).

Molecular marker technology is widely used in genetic diversity analysis, germplasm
resource identification, and molecular marker-assisted breeding [10]. Random amplified
polymorphic DNA (RAPD), simple sequence repeat (SSR), inter-simple sequence repeats
(ISSR), and amplified fragment length polymorphism (AFLP) are the four most widely used
molecular markers [11]. However, they are all random DNA molecular markers and are not
usually located in gene regions, which limits their application. Targeted molecular marker
technology is a new approach that is the result of in-depth development of functional
genomics and large-scale sequencing [12]. Amplification of functional regions or regulatory
regions is biased towards generating candidate functional markers, and the resulting
markers may be part of a target gene or closely linked to a target gene. This technology
can be used across different species and requires little or no genomic sequence information,
which has attracted increasing attention from researchers [13].

Promoter anchored amplified polymorphism (PAAP) based on RAPD markers is a
novel dominant DNA marker technology that specifically targets the regulatory regions
of a plant genome [14]. PAAP molecular marker technology uses two primers for PCR
amplification, including a 10 nucleotide-long RAPD primer and a 10 nucleotide-long
degenerate promoter primer based on conserved core promoter sequences. This marker
system can be used to identify and map promoter regions throughout the genome. At
present, this approach has been successfully applied in genetic analysis of cotton [14,15],
foxtail millet [16], soybean [17], and other crops. The dominant molecular marker method of
conserved DNA-derived polymorphism (CDDP) provides rapid identification of different
species by designing primers based on the conserved amino acid sequences of functional
genes and gene families in plants [18]. The amplified fragment from CDDP may be part of
the target gene or closely linked to the gene, so CDDP markers have obvious advantages
over random markers in the evaluation of plant genetic diversity and quantitative trait locus
(QTL) mapping. CDDP markers have been successfully used for genetic diversity analysis
of plant germplasm resources such as Salix taishanensis [19], Chrysanthemum morifolium [20],
Musa [21], and Pistacia vera L. [22].

As an important medicinal and aromatic crop, previous studies of A. tsao-ko mainly
focused on chemical components and pharmacological studies [2]. However, assessment of
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the genetic diversity of A. tsao-ko is lacking, which limits the selection of desirable germplasm
and breeding of A. tsao-ko. Recently, we have conducted several studies of the genetic diversity
of A. tsao-ko, including phenotypic analysis [23] and RAPD [24], ISSR [25], SRAP [25], and
SSR [1] molecular marker analyses. Compared with dominant markers such as RAPD and
ISSR, the primer sequences of PAAP and CDDP markers are specially designed for the
regulatory elements and conserved sequences of plant functional genes, and can effectively
generate functional molecular markers linked to target traits. It has important application
value in genetic studies of plants without reference genomes. However, to our knowledge,
the utility of PAAP and CDDP markers for genetic diversity assessment in A. tsao-ko has not
yet been reported. In this study, PAAP and CDDP primers were screened, and 96 germplasms
collected from eight populations of A. tsao-ko were amplified to reveal polymorphisms of
these two markers in the germplasm and to determine the genetic diversity and population
structure of these germplasm resources. In addition, the utility of the two marker types were
compared. Our aims were to provide the theoretical basis for the application of PAAP and
CDDP technology in the evaluation of A. tsao-ko germplasm.

2. Materials and Methods
2.1. Plant Materials

A total of 96 A. tsao-ko accessions were collected from eight different locations in
Yunnan Province, China during October 2016. During sampling, the linear distance between
samples within the same population was at least 50 m. Information on sampling points is
shown in Figure 2 and Table 1.
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Figure 2. Sampling locations of A. tsao-ko are indicated by red stars. JP = Jinping population
(13 accessions), PB = Pingbian population (13 accessions), LVC = Lvchun population (12 accessions),
YY = Yuanyang population (12 accessions), LC = Lancang population (13 accessions), XY = Yunxian
population (12 accessions), BS = Baoshan population (11 accessions), and DH = Dehong population
(10 accessions).
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Table 1. Original information of Amomum tsao-ko accessions used in this study.

Population No. of Accessions Latitude (N) Longitude (E) Altitude (m) Location
JP 13 22°54/36" 103°13'12" 1665 Jinping, Yunnan
YY 12 23°3/0" 102°55'12" 2108 Yuanyang, Yunnan
LVC 12 22°53/24" 102°24'43" 1880 Lvchun, Yunnan
PB 13 23°2/24" 103°31/48" 1721 Pingbian, Yunnan
LC 13 22°54/36" 99°49/12" 1924 Lancang, Yunnan
BS 11 24°49'48" 98°46'48" 1873 Baoshan, Yunnan
DH 10 24°45'0" 98°18/36" 1822 Lianghe, Yunnan
YX 12 24°17'24" 100°6'36" 1811 Yunxian, Yunnan

JP = Jinping population, YY = Yuanyang population, LVC = Lvchun population, PB = Pingbian population,
LC = Lancang population, BS = Baoshan population, DH = Dehong population, and XY = Yunxian population.

2.2. DNA Extraction

Genomic DNA was extracted from the young leaves of 96 A. tsao-ko accessions using
a modified cetyltrimethyl-ammonium bromide (CTAB) method [26]. The quantity and
quality of DNA were measured by UV spectrophotometer (NanoDrop Technologies Inc.,
Wilmington, DE, USA) at 260/280 nm, and the extraction quality was evaluated by 0.8%
agarose gel electrophoresis. Finally, the DNA was diluted to a concentration of 20 ng/pL.

2.3. PCR Amplifcation

Based on Pang et al. [14], four promoter primers and three RAPD primers were used
to generate 12 PAAP primer combinations; the sequences of the primers are listed in Table 2.
PAAP-PCR reactions consisted of 25-uL reactions, which contained the following: 10x
Taq Buffer (Mg?* plus), 5.5 uL; DNA template, approximately 60 ng; primer pair, 1 pM;
dNTPs, 0.25 mM; Taqg DNA polymerase, 1.25 U. The PCR reaction protocol was 94 °C,
pre-denaturation for 5 min; 45 cycles of denaturation at 94 °C for 45 s, annealing at 40 °C
for 30 s, and extension at 72 °C for 1.5 min; the final extension was at 72 °C for 5 min.

Table 2. Sequences and amplification results for PAAP primers.

Primer Name Primer Combination B PB PR/% PIC RP
PAAP1 UBC001 + G1 20 20 100.00 0.241 6.813
PAAP2 UBCO001 + GC1 12 12 100.00 0.220 3.802
PAAP3 UBCO001 + CA1 13 13 100.00 0.230 3.933
PAAP4 UBCO001 + TA1 3 1 33.33 0.039 0.125
PAAP5 UBC002 + G1 3 2 66.67 0.041 0.128
PAAP6 UBC002 + GC1 8 8 100.00 0.345 4.178
PAAP7 UBC002 + CA1 9 9 100.00 0.263 3.453
PAAPS UBC002 + TA1 7 6 85.71 0.248 2.344
PAAP9 UBC693 + G1 7 7 100.00 0.199 1.979
PAAP10 UBC693 + GC1 7 7 100.00 0.227 2.438

PAAP11 UBC693 + CA1 8 8 100.00 0.275 2.854
PAAP12 UBC693 + TA1 6 5 83.33 0.241 2.396
Mean - 8.583 8.167 89.09 0.214 2.870

UBC001 = 5'-CCTGGGCTTC-3/, UBC002 = 5'-CCTGGGCTTG-3/, UBC693 = 5'-GACGAGACGG-3/, G1 = 5'-
GCCACSTGTC-3/, GC1 = 5'-NNNGGGCGGN-3', CA1 = 5'-YRRCCAATWSR-3', TA1 = 5'-CTATAWAWASM-3'.
B, the number of amplified bands; PB, the number of polymorphic bands; PR, the polymorphism ratio; PIC, the
polymorphism information content; RP, the resolving power.

From the 21 CDDP primers of Collard and Mackill [18], 12 CDDP primers with clear
bands, stable amplification, and high polymorphism were selected for this study; the
selected primer sequences are shown in Table 3. The 25-uL PCR reactions contained: 10X
Taq Buffer (Mg?* plus), 5.5 uL; DNA template, approximately 60 ng; primer pair, 1 uM;
dNTPs, 0.25 mM; Taq DNA polymerase, 1.25 U; and ddH;0O, 14 pL. The PCR amplification
protocol was: 94 °C pre-denaturation for 5 min; 35 cycles of 94 °C denaturation for 1 min,
50 °C annealing for 1 min, and 72 °C extension for 2 min; and 72 °C extension for 5 min.
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Table 3. Sequences and amplification results for CDDP primers.

Primer Name Primer Sequence (5’ to 3') B PB PR/% PIC RP
ABP1-1 ACSCCSATCCACCGC 22 22 100.00 0.220 7.087
ERF3 TGGCTSGGCACSTTCGA 17 17 100.00 0.182 4.438
WRKY-R1 GTGGTTGTGCTTGCC 14 14 100.00 0.321 6.761
WRKY-R3 GCASGTGTGCTCGCC 15 15 100.00 0.186 4.132
KNOX2 CACTGGTGGGAGCTSCAC 9 9 100.00 0.224 3.271
KNOX3 AAGCGSCACTGGAAGCC 19 19 100.00 0.236 6.391
MADS2 ATGGGCCGSGGCAAGGTGG 16 15 93.80 0.249 5.685
MADS4 CTSTGCGACCGSGAGGTG 21 21 100.00 0.258 8.283
WRKY-R2 GCCCTCGTASGTSGT 21 21 100.00 0.228 7.234
WRKY-R2B TGSTGSATGCTCCCG 22 22 100.00 0.190 5.646
WRKY-F1 TGGCGSAAGTACGGCCAG 17 17 100.00 0.287 7.021
WRKY-R3B CCGCTCGTGTGSACG 11 11 100.00 0.296 4.957
Mean - 17.00 16.92 99.48 0.240 5.909

B, the number of amplified bands; PB, the number of polymorphic bands; PR, the polymorphism ratio; PIC, the
polymorphism information content; RP, the resolving power.

The primers used were synthesized by Beijing Liuhe Huada Gene Technology Co., Ltd.
PCR reactions were performed on an Eastwin PCR machine (ETC811), and the amplification
products of PAAP and CDDP were separated in 5% non-denaturing polyacrylamide gels,
silver-stained, and photographed.

2.4. Data Analysis

PAAP and CDDP polymorphic bands were scored as “1” or “0” for presence or absence
of the band, respectively, and binary (0, 1) data matrices were generated for each primer set.
Microsoft Excel software (Microsoft Excel 2016, Microsoft Corporation, Washington, DC,
USA) was used to count the number of amplified bands (B), the number of polymorphic
bands (PB), the polymorphism ratio (PR), the polymorphism information content (PIC), and
the resolving power (RP) of each primer. PIC was calculated using the formula provided in
Roldan-Ruiz et al. [27]. RP was calculated as Rp = ) Ib, whereIb=1 — (2 x 10.5 — pl)and
“p” is the proportion of genotypes containing the band [28]. Other genetic diversity param-
eters of the A. tsao-ko populations were estimated using POPGENE v1.32 software [29]. The
molecular analysis of variance (AMOVA), population genetic identity, and principle coordi-
nate analysis (PCoA) were performed with GenALEx v6.502 [30]. Unweighted pair-group
method with arithmetic mean (UPGMA) cluster analysis based on the genetic similarity
coefficient was performed using NTSYS-pc v2.1 software [31]. Population structure of the
96 A. tsao-ko accessions was analyzed using the software STRUCTURE v2.3.4 [32], K were
done from 2 to 11 in 5 independent runs, and the iteration parameters of burn-in period
and Markov Chain Monte Carlo (MCMC) were both set to 10,000. The optimal number of
population clusters (K) was determined using delta K criteria and was calculated using
the online program Structure Harvester [33]. Visualization of the population structure was
created by POPHELPER (http:/ /pophelper.com/) [34].

3. Results
3.1. Polymorphism Analysis

In the PAAP analysis, each primer pair could amplify 3 (PAAP4) to 20 (PAAP1) DNA
fragments, with a mean of 8.583 fragments (Table 2, Figure 3A). A total of 103 bands were
amplified from 12 PAAP primers, of which 98 were polymorphic. The polymorphism
ratio (PR) was 89.09%, and the mean polymorphism information (PIC) and resolving
power (RP) were 0.214 and 2.870, respectively. In the CDDP analysis, each primer could
amplify 9 (KNOX2) to 22 (ABP1-1 and WRKY-R2B) DNA fragments, with a mean of
17.00 fragments (Table 3, Figure 3B). A total of 204 bands were amplified using 12 CDDP
primers; 203 were polymorphic. The PR was 99.48%, and the mean PIC and RP were
0.240 and 5.909, respectively. The results showed that both PAAP and CDDP markers
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can effectively reveal polymorphisms between accessions, but the level of polymorphism
differed between the two types of markers. The mean PR, PIC, and RP of the amplified
products from CDDP were slightly higher than those of the PAAP markers.

A M1 M234 56 7 8910111213 141516 171819 20 21 22 2324 25 26 27 2829 30 31 32 33 34 3536 37 38 39 40 41 42 43 44 45 4647 48

B M1 M2 3 456 7 8 91011121314 1516 17 181920 21 22 2324 2526 27 2829 30 31 3233 3435 36 37 38 39 40 4142 43 44 45 464748

2005p ERF3

Figure 3. Amplification profiles of representative PAAP (A) and CDDP (B) markers. Lane 1-48 = JP8,
JP40, JP55, JP59, JP64, P84, P91, JP103, JP108, JP109, JP118, JP119, JP128, PB1, PB2, PB7, PB17, PB19,
PB21, PB25, PB30, PB31, PB38, PB41, PB45, PB48, LVC2, LVC5, LVC12, LVC21, LVC25, LVC28, LVC39,
LVC40, LVC41, LvC42, LVC49, LVC50, YY3, YY5, YY9, YY14, YY18, YY22,YY32, YY35, YY44, YY45;
Lane M = DNA marker (100 bp).

3.2. Genetic Diversity

Results from the PAAP markers (Table 4) showed that the total Nei’s gene diversity
(H) of the eight A. tsao-ko populations was 0.207, and the Shannon’s information index (I)
was 0.329. The polymorphism ratio (PR) in the eight A. tsao-ko populations ranged from
53.40% (YY) to 65.05% (JP) with a mean of 60.56%; H was between 0.150 (YY) and 0.198
(PB) with a mean of 0.177; I ranged from 0.233 (YY) to 0.299 (PB) with a mean of 0.272. The
CDDP analyses (Table 5) showed that the PR of each population ranged from 55.39% (BS)
to 74.02% (LC) with a mean of 62.32%; the H of each population ranged from 0.157 (PB)
to 0.175 (LC) with a mean of 0.164; I ranged from 0.247 (PB) to 0.282 (LC) with a mean of
0.259. Taking into account all the indicators, the genetic diversity of A. tsao-ko at the species
level was high. The genetic diversity of the JP, LVC, and LC populations was relatively
high, while the genetic diversity of the YY and BS populations was relatively low.

Table 4. Genetic diversity of A. tsao-ko populations by PAAP markers.

Population PR Na Ne H I Ht Hs Gst Nm
P 65.05% 1.651 1.274 0.167 0.263
PB 61.17% 1.612 1.336 0.198 0.299
LvVC 64.08% 1.641 1.316 0.189 0.290
YY 53.40% 1.534 1.248 0.150 0.233
LC 64.08% 1.641 1.319 0.188 0.289
YX 61.17% 1.612 1.313 0.187 0.286
BS 59.22% 1.592 1.268 0.166 0.259
DH 56.31% 1.563 1.272 0.167 0.258
Mean 60.56% 1.606 1.293 0.177 0.272

Species 89.90% 1.952 1.337 0.207 0.329 0.208 0.177 0.151 2.815

PR, polymorphism ratio; Na, observed number of alleles; Ne, effective number of alleles; H, Nei’s gene diversity; I,
Shannon’s information index; Ht, total genetic diversity; Hs, genetic diversity within populations; Gst, genetic
differentiation among populations; Nm, gene flow estimated from Gst.
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Table 5. Genetic diversity of A. tsao-ko populations from CDDP markers.
Population PR Na Ne H I Ht Hs Gst Nm
JP 66.18% 1.662 1.254 0.161 0.259
PB 58.33% 1.583 1.250 0.157 0.247
LvC 62.75% 1.628 1.267 0.165 0.260
YY 59.31% 1.593 1.269 0.165 0.256
LC 74.02% 1.740 1.274 0.175 0.282
YX 61.76% 1.618 1.266 0.166 0.261
BS 55.39% 1.554 1.258 0.159 0.248
DH 60.78% 1.608 1.254 0.163 0.259
Mean 62.32% 1.623 1.261 0.164 0.259
Species 99.48% 1.995 1.295 0.188 0.305 0.188 0.164 0.128 3.412
PR, polymorphism ratio; Na, observed number of alleles; Ne, effective number of alleles; H, Nei’s gene diversity; I,
Shannon’s information index; Ht, total genetic diversity; Hs, genetic diversity within populations; Gst, genetic
differentiation among populations; N, gene flow estimated from Gst.
3.3. Genetic Differentiation in Populations
For PAAP markers, total genetic diversity (Ht), genetic diversity within populations
(Hs), genetic differentiation among populations (Gst), and gene flow (Nm) of the eight
populations were 0.208, 0.177, 0.151, and 2.815, respectively. The results revealed that Gst
was 15.10 % among populations and 84.90 % within populations. For CDDP markers, Ht,
Hs, Gst, and Nm of the eight populations were 0.188, 0.164, 0.128, and 3.412, respectively.
Both types of molecular markers indicated that most genetic variation occurred within
populations rather than among the A. tsao-ko populations. AMOVA also indicated that
most of the genetic variation was found within populations (91%) (Table 6 and Figure 4).
Table 6. Analysis of molecular variance (AMOVA) of A. tsao-ko based on PAAP and CDDP markers.
Markers df SS MS Est. Var. % Value p
PAAP
Among Pops 7 203.316 29.045 1.300 9% 0.088 0.001
Within Pops 88 1184.892 13.465 13.465 91%
CDDp
Among Pops 7 405.769 57.967 2.573 9% 0.087 0.001
Within Pops 88 2386.627 27.121 27.121 91% - -
PAAP Among Pops | CDDP Among Pops

9% 9%

B

Figure 4. Analysis of molecular variance (AMOVA). AMOVA based on PAAP markers (A), AMOVA
based on CDDP markers (B).
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3.4. Genetic Identity Analysis of A. tsao-ko Populations

Nei’s genetic identity (GI) between pairs of populations using PAAP markers varied
from 0.930 to 0.980 with a mean of 0.957 (Table 7). The smallest GI was between YY and YX,
and the largest was between PB and LVC. For the CDDP analysis, pairwise GI values ranged
from 0.952 (PB and BS, PB and DH) to 0.982 (PB and LVC). The UPGMA dendrogram based
on pairwise GI from the PAAP analysis indicated that the eight populations were grouped
into 2 clusters (Figure 5A). The first group contained JP, PB, LVC, YY, LC, and DH. The
second group consisted of YX and BS. A dendrogram (Figure 5B), created using the CDDP
data, also grouped the eight populations into two clusters. The first group contained JP,
PB, and LVC. Five populations (YY, LC, YX, BS, and DH) were found in the second cluster.
The UPGMA dendrogram was also constructed using the combined PAAP and CDDP data.
Figure 5C showed that JP, PB, LVC, and YY populations were grouped together, and the rest
of the populations (LC, DH, YX and BS) were grouped into another group. These results
suggested that there was a close genetic relationship among A. tsao-ko populations.

Table 7. Pairwise Nei’s genetic identity based on PAAP (above diagonal) and CDDP (below diagonal)
between A. tsaoko populations.

Pop JP PB LvVC YY LC YX BS DH
JP 0.978 0.974 0.968 0.971 0.942 0.950 0.957
PB 0.977 0.980 0.970 0.968 0.953 0.945 0.953

LvC 0.979 0.982 0.973 0.963 0.941 0.938 0.936
YY 0.976 0.968 0.970 0.963 0.930 0.943 0.942
LC 0.973 0.953 0.964 0.976 0.969 0.959 0.970
YX 0.965 0.956 0.954 0.972 0.971 0.964 0.949
BS 0.962 0.952 0.957 0.964 0.969 0.975 0.940

DH 0.964 0.952 0.955 0.968 0.973 0.974 0.980

A B C

Y ———————JP ———————JP
LVC LVC LVC

YY YY —————YY
LC LC LC

—

DH YX DH
BS DH BS

T T
0.96 0.97
Coefficient

T T T T T
0.99 1.00 0.96 0.97 0.98 0.99 1.00 0.96 0.97 0.98 0.99 1.00

Coefficient Coefficient

Figure 5. Unweighted pair-group method with arithmetic mean (UPGMA) dendrogram based on
PAAP (A), CDDP (B), and PAAP + CDDP (C) markers for the eight A. tsao-ko populations.

3.5. Cluster Analysis of A. tsao-ko Accessions

A dendrogram for the 96 A. tsao-ko accessions derived from UPGMA cluster analysis
based on PAAP and CDDP data is shown in Figure 6A. All 96 accessions of A. tsao-ko were
grouped into two main clusters (with a similarity index of 0.75) except for LC26. Cluster
I (47 accessions) included Jinping (10), Pingbian (6), Lvchun (10), Yuanyang (6), Lancang
(6), Yunxian (2), Baoshan (5), and Dehong (2); Cluster II (48 accessions) included Jinping
(3), Pingbian (7), Lvchun (2), Yuanyang (6), Lancang (6), Yunxian (10), Baoshan (6), and
Dehong (8). Principal coordinate analysis (PCoA) was consistent with the results of the
cluster analysis; all samples were divided into two groups (Figure 6B).
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Figure 6. UPGMA cluster (A) and principal coordinates analysis (PCoA) (B) of the 96 A. tsao-ko
accessions based on PAAP and CDDP markers.

3.6. Population Atructure of A. tsao-ko Accessions

To further understand the genetic relationships between the A. tsao-ko accessions, we
performed model-based population structure analysis using STRUCTURE software. Based
on PAAP, CDDP, and PAAP + CDDP data, the best-fit grouping number (K = 2) was inferred
by the delta K; all samples were stratified into two groups (Figure 7A). For PAAP markers,
group I (red) contained 56 germplasm resources collected from JP (9), PB (8), LVC (10), YY
(4), LC (3), YX (2), BS (3), and DH (1), while group II (blue) contained 40 accessions from JP
(4), PB (5), LVC (2), YY (8), LC (10), YX (10), BS (8), and DH (9). There were 82 accessions
(85.42%) with Q > 0.6, which indicates that most of the A. fsao-ko accessions have a single
common ancestor; only 14.58% of the accessions, from the JP (1), PB (3), LVC (1), YY(1),
LC(1), YX(1), BS (5), and DH (1) populations, have admixed ancestry (Figure 7B). For CDDP
markers, Group I included 52 accessions from JP (11), PB (8), LVC (11), YY (7), LC (6), YX
(2), BS (4), and DH (3); group II contained 44 accessions from JP (2), PB (5), LVC (1), YY (5),
LC (7), YX (10), BS (7), and DH (7). There were 15 accessions with admixed ancestry from
group I and group II (Figure 7B). To reflect the actual population structure of A. tsao-ko, we
also performed a calculation based on the combined PAAP and CDDP data; the results
showed that group I included populations JP (10), PB (8), LVC (11), YY (7), LC (6), YX (2),
BS (3), and DH (2), and group Il included populations JP (3), PB (5), LVC (1), YY (5), LC (7),
YX (10), BS (8), and DH (8) (Figure 7B). The STRUCTURE analysis was consistent with the
results of the UPGMA cluster and PCoA analyses.
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Figure 7. Graphical representation of population structure using STRUCTURE v2.3.4 and Structure
Harvester v6.0 programs. (A) The median and variance of the estimated probability value for each K
value; (B) Population structure of 96 A. tsao-ko accessions.

4. Discussion

Genetic variation within a species is necessary for evolutionary adaptation to envi-
ronmental changes [35]. Therefore, evaluation of genetic diversity is an important part of
germplasm identification and collection [36]. As a minor crop with homologous medicine
and food, the genetic research on A. tsao-ko is relatively behind. We have used the dom-
inant markers, RAPD, ISSR, and SRAP markers, to identify the genetic diversity of A.
tsao-ko [24,25]. However, compared with other major crops, the available marker types and
marker numbers are insufficient, which limits the evaluation, identification, and collection
of A. tsao-ko germplasm resources. Therefore, mining and identifying different types of
molecular markers can enrich the types and quantities of available molecular markers in
A. tsao-ko, which is of great significance to the research and utilization of this crop. In this
study, two novel targeted molecular markers, CDDP and PAAP, were used to analyze the
genetic diversity of 96 A. tsao-ko accessions from eight major production areas in China.
The number of polymorphic bands (203), PR (99.48%), PIC (0.240), and RP (5.909) of the
CDDP markers were higher than those of the PAAP markers (98, 89.09%, 0.214, and 2.870,
respectively). The difference in resolution of the two marker techniques may be related
to different amplification principles. CDDP generally selects conserved DNA sequences
of genes or gene families related to biotic and abiotic stresses and plant development as
anchor sites for primer development; most of these genes are multigene families. In con-
trast, PAAP is a molecular marker specifically developed for the core conserved sequence
of regulatory sequence promoters [14,18]. The polymorphic ratio (99.48%) generated by
CDDP was similar to that of RAPD (98.98%), SRAP (99.29%), and ISSR (99.46%), which
indicated that the studied A. tsao-ko accessions had abundant genetic variations. In compar-
ison with our previous study, CDDP primers showed a higher average PIC value than the
RAPD (0.197) [24] and ISSR (0.232) [25] primers but a lower value than the SRAP (0.338)
markers [25]; the mean PIC value of the PAAP primers was higher than that obtained
by the RAPD primers. This result suggests that both PAAP and CDDP markers are use-
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ful tools for exploring genetic diversity and determining the genetic relationships of the
A. tsao-ko germplasm.

The average percentage of polymorphic sites, expected heterozygosity, and Shannon'’s
index at the population level (Ppop, Hpop, and Ipop) are three important parameters
used in the study of plant population genetic diversity. Zhang and Yang [37] presented
a statistical analysis of common genetic diversity parameters in multiple plant species.
At the population level, the mean percentage of polymorphic loci (Ppop), gene diversity
(Hpop), and Shannon’s information index (Ipop) were 40.3%, 0.123, and 0.186, respectively.
Our study reveals a relatively high level of Ppop (60.56% for PAAP, 62.32% for CDDP)
in the eight A. tsao-ko populations; Hpop (0.177 for PAAP, 0.164 for CDDP) and Ipop
(0.272 for PAAP, 0.259 for CDDP) are higher than the average genetic diversity of other
plant populations based on the ISSR markers. In this study, the JP population showed
a relatively high level of genetic diversity by the PAAP and CDDP markers, which is
consistent with our previous results for RAPD [24], SRAP, and ISSR [25] markers. Jinping
County has a long history of A. tsao-ko cultivation, more than 400 years, and it is generally
believed that A. tsao-ko originated in Jinping, which is consistent with the high genetic
diversity of germplasm in this area [25].

Genetic differentiation refers to the distribution of genetic diversity within and be-
tween populations [38]. The degree of genetic differentiation among populations can be
evaluated by the genetic differentiation coefficient Gst; when Gst > 0.25, the degree of
differentiation among populations is very high [39]. The results of this study showed
that only 15.10% (Gst = 0.151 for PAAP) and 12.8% (Gst = 0.128 for CDDP) of the total
genetic variation was shared among the eight A. tsao-ko populations, and within population
genetic differentiation was 84.90% (PAAP) and 87.2% (CDDP). The results of AMOVA
using PAAP and CDDP markers also demonstrated that most of the variability among
the accessions was within the populations. Higher genetic diversity within a population
is more beneficial for the conservation of a species. Therefore, to manage and protect
A. tsao-ko germplasm resources more effectively, germplasm resource nurseries should be
established in areas with high genetic diversity, such as Jinping County. Gene flow is the
main factor affecting the genetic structure of the population; when gene flow is greater than
one, genetic differentiation among populations caused by genetic drift is avoidable [40].
In this study, the high gene flow (Nm = 2.815 for PAAP, Nm = 3.412 for CDDP) among
the populations indicated that gene exchange between different populations was frequent;
this is also consistent with the high genetic identity (GI) revealed by the PAAP (average
GI = 0.957) and CDDP (average GI = 0.967) markers. The high gene flow may be re-
lated to the cross-pollination breeding characteristics and artificial germplasm exchange of
A. tsao-ko [25,41,42].

Cluster analysis and PCoA were helpful for understanding the relationships among the
96 A. tsao-ko accessions. Both UPGMA cluster and PCoA analyses divided the 96 accessions
into two groups based on the combined PAAP and CDDP marker data. The accessions from
different populations were distributed in different groups and were not clustered strictly by
geographic origin. This result was consistent with high within-population variation, genetic
identity, and gene flow and was found to be in agreement with the results obtained using
PAPD, ISSR, and SRAP markers [24,25]. Furthermore, we noticed that some accessions from
the same population tend to have the highest similarity, such as YY47 and YY48, YX7 and
YX8, and JP55 and JP109. Although the linear distance between the collections is not less
than 50 m when we sampled in the same population to reduce the possibility of sampling
from the same clone, there is still a concern that a small number of accessions have similar
genetic backgrounds. It will be necessary to expand the sampling distance between samples
within the same population in the future. Population genetic structure is the distribution of
each subgroup within the population and reflects the structural characteristics of subgroups.
When the Q (the corresponding membership coefficient) value of accessions in a certain
group is greater than or equal to 0.6, it is considered that the ancestry of the accession is
relatively pure, otherwise the ancestry of the accession is considered to be complex [43].
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In this study, 14.58% (PAAP), 15.63% (CDDP), and 14.58% (PAAP + CDDP) of accessions
showed mixed ancestry (Q < 0.6) from the STRUCTURE analysis. This finding further
shows that most of the germplasms of A. tsao-ko are relatively simple in origin, and most of
the genetic variation occurs within populations or geographical regions. This result is also
consistent with the result of genetic differentiation in A. tsao-ko populations.

5. Conclusions

In the present study, two novel targeted molecular markers, PAAP and CDDP, were
used to analyze the genetic diversity of 96 A. tsao-ko accessions. The results showed that
both PAAP and CDDP markers were suitable for the evaluation of the genetic diversity of
A. tsao-ko. At the population level, the eight populations had high genetic diversity; Gst and
AMOVA showed that the genetic variation of A. tsao-ko mainly existed within populations,
and there was high gene flow among the populations. Genetic identity analysis further
demonstrated that the genetic consistency among A. tsao-ko populations is relatively high,
and there is no genetic differentiation among A. tsao-ko populations. UPGMA cluster, PCoA,
and population structure analyses revealed that the 96 accessions were divided into two
groups, and the germplasms from different populations were scattered between the various
clusters and were not clustered strictly according to their geographical origin. Our study
expands the types of molecular markers available for A. tsao-ko research and is of great
value for the collection, identification, protection, and utilization of A. tsao-ko germplasm.
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