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ABSTRACT

Arnebiae Radix is an important medicinal and perennial herb found in Western China, particularly in the
Xinjiang region. However, the assessment, utilization and conservation of Arnebiae Radix resources are still
unexplored. In this study, we evaluated the genetic diversity of three Arnebiae Radix populations across 47
regions (Ae = 16, Ag = 16, Ad = 15) in Xinjiang, China, using inter-simple sequence repeat (ISSR) molecular
markers. In total, 48 alleles were amplified by six pairs of primers screened with ISSR markers. The average
number of effective alleles (Ne) was 1.5770. The percentage of interspecific genetic polymorphisms in A. gut-
tata (Ag = 89.58 %) was greater than that in A. euchroma. and A. decumbens (Ae = Ad = 87.50 %).
Intraspecific genetic polymorphisms, Bo Le (BL) population of A. euchroma exhibited the highest percentage
of polymorphic bands (PPB% = 58.33 %, Na = 1.313, Ne = 1.467,1 = 0.0.366, H = 0.255), which indicated
high genetic diversity. In contrast, the Tuo Li (TL) population of A. guttata had the lowest values for these
parameters (PPB% = 0.00 %, Na = 0.313, Ne = 1,000, I = 0.000, H = 0.000). The Arnebiae Radix germ-
plasms were classified into two major groups (I and II) based on UPGMA cluster analysis (Fig. 8a) and principal
coordinate analysis (PCOA). In addition, A. decumbens is placed in a separate category due to its high differen-
tiation coefficient. The AMOVA and genetic differentiation coefficient results indicated that the genetic varia-
tion in Arnebiae Radix was predominantly due to intrapopulation differences (78 %). Additionally, the gene
flow index (Nm) between populations was 2.4128, which further indicated that the genetic diversity of
Arnebiae Radix was greater at the intrapopulation level. The destruction of the ecological environment leads
to the continuous reduction and degradation of the genetic diversity of Arnebiae Radix germplasm resources.
In this study, we used ISSR molecular markers to analyze the genetic diversity and relatedness of Arnebiae
Radix, which revealed the genetic relationship of Arnebiae Radix germplasm resources at the molecular level
and provided a scientific basis for future research on selecting and breeding good varieties, evaluating the qual-
ity of Arnebiae Radix, and conserving and utilizing its resources.

1. Introduction

(Fig. 1). The active constituents of Arnebiae Radix are mainly fat sol-
uble and water soluble, with the fat soluble constituents being mainly

Arnebiae Radix is a traditional Chinese medicine. It is the dried root
bark of A. euchroma (Royle) Johnst. and A. guttata Bunge, according to
the Chinese Pharmacopoeia (2020 version). The Xinjiang region is a
well-known producer of Arnebiae Radix.' > The Boraginaceae family
is divided into three genera: Arnebiae Forsk., Li thospermum L., and
Oncsma L. The roots of Arnebiae Forsk. are primarily valuable for
medicinal purposes. Arnebiae Forsk. includes the following species:
A. euchroma (Royle) Johnst., A. guttata Bunge., A. tschimganica
(Fedtsch.) G. L. Chu, and A. decumbens (Vent.) Coss. and Kral*®

naphthoquinones and the water soluble constituents being mainly
Arnebiae Radix polysaccharides. Arnebiae Radix has anti-
inflammatory, antibacterial, antiviral, antitumor, antiallergic, hepato-
protective, enzyme-lowering, and hemostatic effects; promotes the
healing of burns and wounds; and has other pharmacological effects.
Arnebiae Radix is distributed mainly on the northern and southern
slopes of Tianshan Mountain in Xinjiang, China, and west of Tibet.
Arnebiae Radix is also distributed in Central Asia, such as Nepal, on
the sunny slopes of mountains and grasslands at an altitude of
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Fig. 1. (a). Arnebia euchroma (Royle) Johnst.; (b). A. decumbens (Vent.) Coss. And Kral; (c). A. guttata Bunge.

2000 — 4200 m. There are two ways to reproduce Arnebiae Radix,
namely, sexual reproduction and asexual reproduction. Since the seed
germination of Arnebiae Radix is strongly affected by internal and
external factors, when relying on seeds for sexual reproduction, the
germination rate is low when the external conditions are unsuitable
and even lower when the external conditions are uncontrolled and
unsuitable, which is one of the main reasons why wild populations
of Arnebiae Radix cannot be recovered rapidly within a limited period
of time. Therefore, the germplasm resources of Arnebiae Radix were
further explored by reflecting the affinities among different popula-
tions through ISSR markers. We hope to promote the cultivation of
Arnebiae Radix as soon as possible to alleviate its scarcity.

Genetic diversity indicates the extent of genetic variation present
among individuals within a breed or population resulting from DNA
recombination, mutation, or genetic drift during inheritance.® The
diversity within plant populations occurs due to the variation in the
genetic makeup of reproducing individuals. The genetic diversity of
medicinal plants depends on the heritable variation present between
and within populations.”® It arises from genetic variation in DNA
sequences, chromosomal mutations, and sexual reproduction, leading
to alterations in DNA sequences, genetic maps, protein structures,
and morphological traits.® Genetic diversity in plants generally occurs
at three levels: diversity among species, diversity among populations
within a species, and diversity among individuals within a popula-
tion.'®!! Genetic diversity is commonly referred to as the genetic vari-
ation among different populations within a species or among different
individuals within a population. The interspecies diversity, interpopu-
lation diversity within species, and interindividual diversity within
populations represented interspecies variation, interpopulation varia-
tion, and interindividual variation within populations, respectively.

2. Materials and methods
2.1. Plant material

In this study, we used three Arnebiae Radix resources from Arnebia
Forsk., namely, A. euchroma (Royle) Johnst., A. decumbens (Vent.)
Coss. and Kral, and A. guttata Bunge, as our materials. The plants were
dispersed across 47 districts in the Xinjiang Uyghur Autonomous
Region and consisted of 159 samples (Fig. 2). Among them, 62 samples

were of A. euchroma (Royle) Johnst. (Ae), 43 samples were from A. gut-
tata Bunge (Ag), and 54 samples were from A. decumbens (Vent.) Coss.
and Kral (Ad). A. euchroma is mainly distributed in the northern and
southern Tianshan Mountains in Xinjiang, China, on the sunny slopes
of mountains at an altitude of 2000-4200 m. In the southern region, it
is mainly distributed in Bazhou, Kezhou, Aksu and Kashi. It is afraid of
high temperature and cold tolerance and has high temperature and
humidity requirements during the growing season. It is mainly dis-
tributed in Bazhou, Kezhou, Aksu and Kashgar in southern Xinjiang.
In the north, A. euchroma was mainly distributed in Yili and Urumgi.
A. guttata occurs in Xinjiang in the Front Range deserts, Gobi, etc. It
grows in areas with a dry climate and annual precipitation not exceed-
ing 200 mm. The population has a strong ability to regenerate and has
a large distribution area but low abundance; only the outer skin of the
roots shows a purple-red color without obvious embolization, and the
yield of a single plant is not high, and the plant is not easy to dig up.
The fungi were distributed mainly in FY, HJ, HM, and ATS. A. decum-
bens occurs in northern Xinjiang on mountain slopes, sandy places and
wastelands at 200-1200 m above sea level. The main distribution
areas are FK, JMSR, JH, and WS. While sampling, we collected at least
one fresh leaf from each site and ensured that the linear distance
between samples of the same germplasm was >1 m (Table 1).

We extracted DNA samples using the TSINGKE DNA Plant Extrac-
tion Kit. Briefly, 20 mg of each of the silica gel-dried samples presented
in Table 1 was extracted according to the manufacturer’s instructions.
The extracted genomic DNA was stored at —-20 °C until further
amplification.

2.2. PCR amplification

Eight highly variable DNAs (X2-3, X7-10, X8-3, H6-2, H7-1, H12-2,
Y6-3, and Y7-16) were selected after DNA extraction. The eight highly
variable genomic DNAs were amplified with 100 primer pairs based on
the 100 universal ISSR primer sequences published by Columbia
University.'> The amplification program was as follows:
pre-denaturation at 98 °C for 2 min; denaturation at 98 °C for 10 s;
re-denaturation at 7 °C for 10 s; denaturation at 72 °C for 10 s for
35 cycles; extension at 72 °C for 5 min; and storage at 4 °C. Finally,
six pairs of polymorphic primers were screened (UBC814, UBC821,
UBC830, UBC860, UBC888, and UBC889) (Table 2).
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Fig. 2. The distributions of the three species of Arnebiae Radix in the study area are shown on a map.

2.3. Statistical analysis

The ISSR is a dominant marker, and each band obtained through
electrophoresis is considered to be a molecular marker representing
a distinct binding site of the primer. The molecular markers were con-
verted into a binary matrix, with labeled bands represented as “1” and
no bands as “0”.'%

2.3.1. Genetic diversity

The percentage of polymorphic marker sites was calculated using
the formula P (%) = (K/N) X 100, where K indicates the number of
polymorphic sites and N indicates the total number of sites. The num-
ber of polymorphic sites was assessed after 2-3 PCR amplifications of
the same ISSR primers, and after the electrophoresis, the gel plates
showed clear and stable bands. The percentage of polymorphic sites
(PPB), Shannon’s information index (I), Nei’s gene diversity, number
of observed alleles (Na), and number of effective alleles (Ne) were cal-
culated using GenAlEx V6.5 and POPGENE1.32."*

2.3.2. Structure analysis

The genetic structure of the population was analyzed using the pop-
ulation clustering method based on Bayesian modeling in STRUCTURE
(version 2.3.3). Using the Markov chain Monte Carlo (MCMC) method,
predetermined population groupings (K) were used to calculate, sam-
ple, and group individuals based on allele frequencies.'>'® The opti-
mal interval for the K value was determined following the guidelines
of Evanno.'” The K values ranged from 2 to 10, with 20 independent
runs conducted for each value, and 100,000 replicate samples were
obtained for each cycle. The appropriate population clustering number
was determined by calculating the delta K value using STRUCTURE
HARVESTER.'® The samples were grouped into three Arnebiae Radix
Latin abbreviations (Ae, Ag, Ad). The nomenclature used was Latin

abbreviation + code (Table 1) + sample collection number. (e.g.,
Ael-8 are collections of A. euchroma with MNS number 8).

2.3.3. Genetic differentiation

Genetic differentiation coefficients within and between populations
were evaluated via analysis of molecular variance (AMOVA).'® We
also calculated Nei’s diversity analysis indices for Hs, Ht, and Gst,
along with the Nm (Nm = (1-Fst)/4Fst), to assess interpopulational
diversity.”°

2.3.4. Cluster analysis

Genetic distances were calculated using GenAlEx version
6.501.>** Principal component analysis was conducted based on
these calculations. Using the NTSYS calculations, a similarity matrix
or distance matrix file was generated. We used an unweighted group
averaging method (UPGMA) to build a clustering tree of individuals
based on the similarity or distance matrix. This clustering tree showed
kinship relationships between individuals. The sample grouping proce-
dure was performed with STRUCTURE.

3. Results
3.1. Genetic diversity

In total, 48 alleles were amplified using six sets of primers. The
number of amplified bands ranged from 5 to 10. UBC814 and
UBC899 generated most of the bands (n = 10), while UBC830 gener-
ated the fewest bands (n = 5). Eight bands were amplified on average.
The percentage of polymorphic sites (PPB) in Arnebiae Radix was
found to reach 100 %. The total number of Ne was 10.9225, with a
maximum value of 1.6403 (UBC814) and a minimum value of
1.3813 (UBC860). The average number of effective alleles per locus
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Table 1
Source of the three species of Arnebiae Radix used in this study.

Pop District Code Longitude (E) Latitude (N) Altitude (m) Sample

A. euchroma(Ae) MNS Ae-1 86°13'11.03” 44°18'13.51” 2010 4
ML Ae-2 90°31'09.79” 43°33'21.42” 2568 3
BL Ae-3 81°84'55.37” 41°82'11.06” 2606 4
NLT Ae-4 83°56'10.92” 43°10'11.24” 2500 4
TSKEG Ae-5 75°04'52.20” 37°49'58.71” 4234 4
WQ Ae-6 74°34'44.80” 39°54'36.53” 3323 4
WQX Ae-7 80°32'18.03” 45°02'18.16” 2299 4
HJ Ae-8 84°07'13.31” 42°42'00.50” 2456 3
HCH Ae-9 81°09'53.83” 44°27'32.39” 2502 4
Zs Ae-10 81°19'39.02” 42°33'56.4” 2194 4
GL Ae-11 82°23'19.10” 43°35'42.30” 2530 4
XY Ae-13 83°27'66.19” 43°41'55.40” 2201 3
WLMQ Ae-14 87°07'28.67” 43°17'19.09” 2507 4
JH Ae-15 83°15'44.71” 44°23'42.60” 2144 4
AKS Ae-16 80°29'31.22” 41°15'33.28” 2030 4
ATS Ae-17 76°12'33.08” 39°27'43.50” 2300 4

A. guttata(Ag) ATS Ag-1 76°54'38.11” 40°10'42.03” 1313 3
FY Ag-2 98°52/02.03” 46°02'46.01” 1065 2
BLK Ag-3 91°39'48.60” 43°47'25.60” 1632 2
NLK Ag-4 82°10'03.02” 43°36'41.03” 765 2
TSKEG Ag-5 75°28'58.30” 37°13'44.70” 3780 3
QT Ag-6 91°22'52.90” 44°58'00.51” 1167 3
HJ Ag-7 86°00'23.56” 43°01'01.89” 2253 2
HF Ag-8 85°35'11.01” 46°47'59.07” 1292 4
TL Ag-10 82°34'40.01” 45°35'00.01” 1532 3
ML Ag-11 91°23'22.51” 45°03'20.05” 1312 3
QH Ag-12 90°38'25.03” 46°67'07.03” 1193 3
wQ Ag-13 81°8'18.04” 44°46/'32.07” 1801 3
XY Ag-14 82°29'45.02” 43°24'17.02” 894 2
YW Ag-17 94°48'51.30” 43°19'25.31” 1414 2
JMSR Ag-19 89°07'19.46” 44°45'17.46” 1067 4
ALT Ag-20 88°14'19.46” 47°86'17.46” 1067 2

A. decumbens (Ad) JMSE Ad-1 89°01'23.07” 44°57'07.02” 778 3
MQ Ad-3 87°26'47.11” 44°36'42.03” 707 4
JH Ad-4 82°92/11.33” 44°67'13.12” 444 4
WS Ad-5 84°57'40.12” 45°11'48.03” 379 3
SHZ Ad-6 86°14'28.06” 45°01'42.05” 472 3
BRJ Ad-7 86°92'34.51” 47°07'33.08” 497 2
SW Ad-8 85°55'17.15” 44°55'52.11” 564 4
KLMY Ad-9 84°57'40.13” 45°11'48.01” 436 4
FK Ad-10 88°17'34.11” 44°24'39.10” 487 4
TKS Ad-11 81°54'41.78” 43°12'10.64” 1375 4
FY Ad-12 89°50'02.03” 47°00'46.01” 565 4
HF Ad-13 86°4520.03” 46°40'50.01 1285 4
FH Ad-14 87°50'24.01” 47°12'07.01” 543 4
QT Ad-15 89°38/36.05” 44°25'60.04” 530 4
ALT Ad-17 88°53'36.03” 47°24'53.08” 650 3

Table 2

ISSR primers and their optimal annealing temperatures.

was 1.5770. The maximum value of Shannon’s index (I) was 0.5486
(UBC888) and the minimum value was 0.3433 (UBC860). The average

Shannon index value was 0.5060. The mean Nei’s gene diversity was

Number Primer Annealing temperature (°C)
0.3383 (Table 3). Agarose gel electrophoresis images of the PCR prod-
814 CTCTCTCTCTCTCTCTA 51 ucts are shown (Fig. 3).
821 GTGTGTGTGTGTGTGTT 51 w 1 d the i ifi ic di . f th 1
230 TGTGTGTGTGTGTGTGG 53 ' e evaluated the interspecific genetic diversity of three popula-
860 TGTGTGTGTGTGTGTGRA 57 tions of A. euchroma (Ae), A. guttata (Ag), and A. decumbens (Ad).
888 BDBCACACACACACACA 50 The observed allele count (Na) and the effective allele count (Ne) of
889 DBDACACACACACACAC 50 the three populations ranged between 1.750 and 1.792 (mean
Table 3
Polymorphism of ISSR Primer Amplification Products.
Primer NSB NPB PPB Na Ne I H PIC
UBC814 10 10 100 % 2 1.6403 0.5389 0.3652 0.8245
UBC821 8 8 100 % 2 1.6031 0.5203 0.3507 0.6735
UBC830 5 5 100 % 2 1.4853 0.4704 0.3050 0.4603
UBC860 6 6 100 % 2 1.3813 0.3433 0.2220 0.5247
UBC888 9 9 100 % 2 1.5992 0.5486 0.3653 0.7538
UBC889 10 10 100 % 2 1.6363 0.5389 0.3638 0.8061
Mean 8 8 100 % 2 1.5770 0.5060 0.3383 0.6342

NSB = number of scorable bands, NPB = number of polymorphic bands, PPB = percent polymorphism bands, Na = no. of different alleles; Ne = no. of effective
alleles; I = Shannon’s information index; H = Nei’s gene diversity; PIC = polymorphic information content.
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X618 XI6-12 X17
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VI35 VI3 YIS YIS I3 Y131 Y122 YIS6 Y1410 Y141 YIS YIS 6 YIE10 YIS.16 Y171 ¥17.10 Y1714

HILIS 128 FI2-16HI2-19 138 I8 HI322 17

0306 YIISYI2 Y110 Y31 Y35 Y310

Fig. 3. ISSR PCR profile results of three Arnebiae Radix strains produced with six primers (a. UBC814, b. UBC821, c. UBC830, d. UBC860, e. UBC888, f. UBC889).
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1.771) and between 1.321 and 1.443 (mean 1.380), respectively. Nei’s
gene diversity (H) ranged from 0.202 to 0.264 (mean 0.234), whereas
the Shannon diversity index (I) ranged from 0.322 to 0.402 (mean
0.366). The percentage of polymorphic loci (PPB) ranged from
87.50 % to 89.58 % (Table 4).

We also examined the genetic variation within individuals of the
species using 159 samples from this collection. Among them,
13 populations of A. euchroma (Royle) Johnst. (Ae), 10 populations
of A. guttata Bunge (Ag), and 12 populations of A. decumbens (Vent.)
Coss. and Kral (Ad) 120 samples were evaluated. The mean diversity
values of the three Arnebiae Radix strains were Na = 0.739,
Ne = 1.216,1 = 0.173, and H = 0.120 (Table 5).

For A. euchroma (Royle) Johnst. (Ae), the observed allele count
(Na) and effective allele count (Ne) ranged from 0.583 to 1.313 and
from 1.142 to 1.467, respectively. Nei’s genetic diversity index (H)
and Shannon diversity index (I) ranged from 0.083 to 0.255 and from
0.116 to 0.366, respectively. The highest genetic diversity was found
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in the Bo Le (BL) population, for which the diversity parameters were
Na = 1.313, Ne = 1.467,1 = 0.366, and H = 0.255. The number of
observed alleles (Na) and the number of effective alleles (Ne) in
A. guttata Bunge (Ag) ranged from 0.271 to 0.979 and from 1.000 to
1.313, respectively. Nei’s genetic diversity index (H) and Shannon’s
diversity index (I) ranged from 0.000 to 0.157 and from 0.000 to
0.225, respectively. The number of observed alleles (Na) and effective
alleles (Ne) of A. decumbens (Vent.) Coss. and Kral (Ad) ranged from
0.375 to 1.125 and from 1.083 to 1.521, respectively, and Nei’s
genetic diversity index (H) and Shannon’s diversity index (I) ranged
from 0.042 to 0.260 and from 0.058 to 0.361, respectively. The high-
est genetic diversity was found in the Wu Su (WS) population, for
which the diversity parameters were Na = 1.125, Ne = 1.521,
I = 0.361, and H = 0.260.

The effective allele count (Ne) in the Arnebiae Radix population
might indicate the number of alleles influencing the observed alleles
and thus can indicate allelic richness.”® The populations with a higher

Table 4

Interspecific genetic diversity of Amnebiae Radix.
Pop Na Ne I H PPB (%)
Ae 1.750 1.374 0.374 0.238 87.50 %
Ag 1.792 1.321 0.322 0.202 89.58 %
Ad 1.771 1.443 0.402 0.264 87.50 %
Mean 1.771 1.380 0.366 0.234 88.19 %
SE 0.053 0.028 0.020 0.014 0.69 %

Na = number of different alleles; Ne = no. of effective alleles; I = Shannon’s information index; H = Nei’s gene diversity; PPB = percent polymorphism bands.

Table 5
Genetic diversity of individuals within Arnebiae Radix species based on ISSR.
Pop District Na Ne I H PPB (%)
A. euchroma (Ae) MNS 0.750 1.225 0.180 0.125 29.17 %
BL 1.313 1.467 0.366 0.255 58.33 %
NLT 0.979 1.296 0.257 0.174 43.75 %
TSHKEG 0.917 1.308 0.253 0.174 41.67 %
wQ 0.667 1.142 0.123 0.083 20.83 %
HJ 0.625 1.167 0.116 0.083 16.67 %
HCH 0.583 1.233 0.186 0.130 29.17 %
GL 0.813 1.233 0.198 0.135 33.33 %
XY 0.875 1.275 0.227 0.156 37.50 %
WLMQ 0.833 1.292 0.233 0.161 37.50 %
JH 0.813 1.196 0.163 0.112 27.08 %
AKS 0.896 1.233 0.214 0.143 37.50 %
ATS 0.813 1.233 0.198 0.135 33.33 %
A. guttata (Ag) ATS 0.979 1.283 0.225 0.157 35.42 %
FY 0.479 1.188 0.130 0.094 18.75 %
TSKEG 0.271 1.042 0.029 0.021 4.17 %
QT 0.604 1.233 0.186 0.130 29.17 %
HJ 0.771 1.313 0.217 0.156 31.25 %
HF 0.646 1.183 0.146 0.102 22.92 %
TL 0.313 1.000 0.000 0.000 0.00 %
ML 0.375 1.067 0.053 0.037 8.33 %
Yw 0.646 1.183 0.146 0.102 22.92 %
ALT 0.500 1.125 0.087 0.063 12.50 %
A. decumbens (Ad) JMSE 0.375 1.083 0.058 0.042 8.33 %
MQ 0.667 1.154 0.134 0.091 22.92 %
JH 0.542 1.183 0.146 0.102 22.92 %
ws 1.125 1.521 0.361 0.260 52.08 %
SHZ 0.688 1.083 0.066 0.046 10.42 %
SW 0.875 1.204 0.181 0.122 31.25 %
KLMY 0.875 1.333 0.262 0.182 41.67 %
TKS 1.083 1.375 0.306 0.211 50.00 %
FY 0.729 1.163 0.152 0.102 27.08 %
FH 0.896 1.242 0.201 0.138 33.33 %
QT 0.667 1.100 0.094 0.063 16.67 %
ALT 0.875 1.217 0.172 0.120 27.08 %
Mean 0.739 1.216 0.173 0.120 27.86 %
SE 0.021 0.009 0.007 0.005 2.29 %

Na = number of different alleles; Ne = no. of effective alleles; I = Shannon’s information index; H = Nei’s gene diversity.
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Ne were ranked as follows: Ad Wu Su (WS) > Ae Bo Le (BL) > Ag He
Jing (HJ). Nei’s index of genetic diversity (H) and Shannon’s diversity
index (I) indicate the level of genetic diversity among populations. The
populations with high Shannon’s indices were Ae Bo Le (BL) > Ad Wu
Su (WS) > Ag A Tu Shi (ATS), and the Nei populations were Ad Wu Su
(WS) > Ae Bo Le (BL) > Ag A Tu Shi (ATS). In contrast, the Ag Tuo Li
(TL) population (0.000, 0.000) had the lowest genetic diversity.

3.2. Structure analysis

Allelic diversity and population differentiation can be effectively
used for plant species conservation and breeding genetics'®. We deter-
mined appropriate K values from the structure analysis following the
method described by Evanno et al.'” When the K value was approxi-
mately 3-8, the populations were indistinct and more heteroge-
neous.>*?° The analysis showed that when the K value was 2, the
delta K reached its maximum value (Fig. 4), and the 35 populations
representing Arnebiae Radix could be divided into two groups. When
the K value was 2, the differences between Ae and Ag were not promi-
nent. All the Ae, Ag, and a few Ad (MQ, JH, and WS) strains were very
similar and formed one group (the green part). Most of the Ad (SHZ,
SW, KLMY, TKS, FY, FH, and QT) were similar and formed another
group (the red part) (Fig. 5).

Deltak = mean(|L"(K)|) / sd(L(K))

100

Delta K
3

20
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3.3. AMOVA

Nei’s diversity analysis of the populations of the three Arnebiae Dis-
cussion Radix species using POPGNE 1.32 showed that Nei’s total
genetic diversity index (Ht) was 0.3344, Nei’s intrapopulation genetic
diversity index (Hs) was 0.2770, and the interpopulation genetic dif-
ferentiation coefficient (Gst) was 0.1717%° (Table 6). The AMOVA
results revealed that the coefficients of genetic differentiation (®st)
within and among populations were 78 % and 22 %, respectively
(Table 7). This indicated that 78 % of the genetic differentiation was
recorded within populations, whereas 22 % of the genetic differentia-
tion was recorded among populations. The value of Gst ranges from 0
to 1. When Gst tends to 0, Ht = Hs, and there is little differentiation
between populations. Ht exists mostly within populations. The main
genetic variation in Arnebiae Radix was found within the populations
(Fig. 6). This result was similar to that of Nei’s genetic diversity. Addi-
tionally, the gene flow index (Nm) between populations was 2.4128
(i.e., >1), which further indicated that the genetic diversity of Arne-
biae Radix was greater at the intrapopulation level.>”

4. Discussion

Arnebiae Radix is a traditional Chinese herbal medicine that is
widely used in various fields. Several researchers around the world
have investigated the active ingredients of Arnebiae Radix, including
their pharmacological effects and clinical application.”**° In China,
Arnebiae Radix is found mainly in the high-altitude mountainous areas
of Xinjiang or the western region of Tibet. Its special growing environ-
ment indicates that wild Arnebiae Radix has specific requirements for

Table 6
Analysis of the genetic structure of the populations.
Index Method
Ht 0.3344 Nei’s analysis of genes in subdivided populations
Hs 0.2770
Gst 0.1717
Nm 2.4128

®st'(among Pops) 22 %
®st(within Pops) 78 %

The Analysis of Molecular Variance (AMOVA)

N
w
I
w
o
~
©
©

Fig. 4. Deltak change plot of Arnebiae Radix with K = 2-9.

Ht = Total genotype diversity; Hs = Within-population diversity; Gst = Mean
coefficient of gene differentiation value; Nm = estimate of gene flow from
Gst. Nm = 0.5 (1-Gst)/Gst; ®st = Genetic differentiation coefficient.

Fig. 5. Structure of the three species of Arnebiae Radix with K

I
[
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Table 7

Analysis of molecular variance using ISSR markers.
Source df SS MS Est. Var. %
Among Pops 2 162.760 81.380 1.905 22 %
Within Pops 117 811.682 6.937 6.937 78 %
Total 119 974.442 8.843 100 %

df, degree of freedom; SS, sum of squares; MS, mean square; Est. Var., estimated variation.

Percentages of Molecular Variance

Fig. 6. A graphical representation of the percentage of genetic differentiation.

growth. However, with the overharvesting of wild resources and the
imperfection of artificial cultivation technology, wild Arnebiae Radix
resources are endangered.®’ The number of studies on Arnebiae Radix
resources has decreased in recent years. Most of those studies were
performed only by DNA barcoding and high-resolution melting curve
(HRM) technology to establish a method for identifying Arnebiae Radix
and applying PCR-RFLP to differentiate between Chinese Pharma-
copoeia varieties and non-Chinese Pharmacopoeia varieties of mar-
keted Arnebiae Radix herbs and tablets.>**® Given that traditional
physical and chemical identification methods are unsatisfactory for
detailed studies of wild Arnebiae Radix resources, in this study, we ana-
lyzed the population genetic structure of 159 Arnebiae Radix samples
from 47 populations at the molecular level using ISSR molecular mark-
ers. ISSR molecular markers are widely used in the identification of
germplasm resources, relationship analysis, genetic diversity determi-
nation, etc. Compared with AFLP, RFLP, and RAPD molecular marker
technology, ISSR markers have several advantages; for example, infor-
mation on the genome sequence of the samples is not needed, and the
procedure is simple and efficient.>*>> Therefore, elucidating the
genetic diversity of Arnebiae Radix germplasm resources through
molecular markers is conducive not only to identifying plant varieties
but also to rational conservation, cultivation, breeding, sustainable
development, and utilization.’*° In this study, the differences in
genetic structure and differentiation among the populations of A.
euchroma (Royle) Johnst. (Ae), A. guttata Bunge (Ag), and A. decumbens
(Vent.) Coss. and Kral (Ad) were more pronounced. The genetic varia-
tion between populations was investigated by analysis of molecular
variance (AMOVA) with measures of population differentiation (Fst).
The results showed that 22 % of the total genetic variation occurred

Table 8

Nei’s genetic identity and genetic distance between populations.
Pops Ae Ag Ad
Ae - 0.9392 0.8548
Ag 0.0627 - 0.8488
Ad 0.1569 0.1640 -

Principal Coordinates (PCoA)
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Fig. 7. PCoA of the three Arnebiae Radix species.

between populations, and the genetic variation in the three Arnebiae
Radix species was mainly intraspecific (78 %). POPGENE 1.32 soft-
ware revealed that Fst had significant genetic differentiation in the
range of 0.0627 to 0.9392 (Table 8). The relationships between
genetic distance and genetic identity showed that the Ag population
had the smallest genetic distance (0.0627) from the Ae population,
and the genetic distance between the Ag and Ad populations was the
greatest (0.1640). In contrast, the Ag population had the highest
genetic identity (0.9392) with the Ae population and the lowest iden-
tity (0.8488) with the Ad population. Therefore, the Ag population had
the highest genetic identity with the Ae population, with almost no
genetic differentiation. Conversely, the Ag population had the greatest
genetic distance from the Ad population, with the highest genetic dif-
ferentiation. In the POCA, three populations could be divided into two
clusters; Ae and Ag represented a class of clusters together, whereas Ad
represented a class of clusters alone.’”*! The results of the principal
component analysis also showed that the Ae and Ag populations were
concentrated in the second and third quadrants, respectively, and the
Ad population was mainly concentrated in the first and fourth quad-
rants (Fig. 7).

The genetic structure of a population is a fundamental genetic char-
acteristic of a species and is manifested by genetic differentiation
between and within species groups.*? Based on the UPGMA analysis,
we divided 120 samples into two major clustering groups (I and II).
The Jaccard similarity coefficients ranged between 0.02 and 1.00
(Fig. 8). Cluster I mainly consisted of A. euchroma (Royle) Johnst.
(Ae) and A. guttata Bunge (Ag). Cluster II mainly consisted of A. decum-
bens (Vent.) Coss. and Kral (Ad) (Fig. 8a). These results were consistent
with the structural and PCA results. All three species of Arnebiae Radix
were grouped into two main categories, A and B. For the species A.
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I

Fig. 8. (a). UPGMA cluster analysis of three Arnebiae Radix species. (b). A. euchroma (Ae) (c). A. guttata (Ag) (d). A. decumbens (Ad).

euchroma (Royle), Johnst. (Ae) Individuals from the TSKEG, WQX, H = 0.255 had the highest index of genetic diversity and bifurcated
ATS, and BL areas formed one category. Among them, the BL popula- into a single cluster; the rest of the population belonged to class A
tion with PPB% = 58.33 %, Na = 1.313, Ne = 1.467, 1 = 0.0.366, (Fig. 8b). For the species A. guttata Bunge (Ag), individuals from the
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Fig. 8 (continued)

XY region were placed in one category. The individuals from the QT
region with PPB% = 29.17 %, Na = 0.604, Ne = 1.233,1 = 0.186,
and H = 0.130 showed high genetic diversity and were placed in
one category. The remaining individuals were placed in one category
(Fig. 8¢). For the species A. decumbens (Vent.) Coss. and Kral (Ad), the

10

individuals from the JH and WS areas were in one category, whereas
those from the KLMY areas had genetic diversity indices of PPB% =
41.67 %, Na = 0.875, Ne = 1.333,1 = 0.262, H = 0.182 and formed
another category; the remaining individuals were placed in one cate-
gory (Fig. 8d).***
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5. Conclusion

In this study, 159 samples of three species of Arnebiae Radix were
molecularly characterized by amplifying 48 alleles with six primer
pairs. We discussed the interspecific and intraspecific genetic differ-
ences among A. euchroma (Royle) Johnst., A. guttata Bunge, and A.
decumbens (Vent.) Coss, and Kral. We found that the three Arnebiae
Radix species could be divided into two major groups: the first two
species formed a group that exhibited a close relationship, whereas
the third species formed a separate group. Genetic diversity is a very
important indicator of the degree of variation in a population; the
greater the degree of variation, the greater the genetic diversity of
the population, and the richer the genetic resources that can be used
to improve the adaptability of species to climate change and historical
events. Genetic resources can also facilitate the conservation of species
resources and the selection of excellent populations.
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