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A B S T R A C T   

Gansu Province is a district renowned for the cultivation of Angelica sinensis (Oliv.) Diels, ac
counting for greater than 90% of China’s total annual production. However, virus infection has 
caused a reduction in A. sinensis yield. Here, we collected suspected virus-infected A. sinensis leaf 
samples from Gansu Province’s A. sinensis cultivation area. For the first time, using small RNA 
deep sequencing and RT-PCR, lychnis mottle virus (LycMoV) was found to naturally infect 
A. sinensis. The coat protein (cp) gene of the Gansu A. sinensis LycMoV isolate was obtained 
through cloning, where its nucleotide and amino acid identity was highest while having the 
closest affinity to the China Pearl (i.e., Prunus persica) isolate. Recombination analysis indicated 
that genetic recombination had only a limited influencing effect on the molecular evolution of 
LycMoV. Moreover, results from genetic diversity analysis indicated that the host, geographic 
isolation, and genetic drift may be the main factors that contributed to the formation of genetic 
diversity and differentiation in LycMoV. Furthermore, the LycMoV population trend was 
expansionary. Selection pressure may also be the main driver for the evolution of the entire 
LycMoV population, while the driving effect of genetic recombination is limited. This study marks 
a new LycMoV host (i.e., A. sinensis) for the first time and provides scientific support for the 
identification, prevention, and control of LycMoV.   

1. Introduction 

Angelica sinensis (Oliv.) Diels is a perennial herb of the Angelica L. genus in the family Umbelliferae [1]. Along with the rapid increase 
in the demand for Chinese herbs, the annual demand for A. sinensis has exceeded 30,000 t [2]. A. sinensis is cultivated in Minxian, 
Weiyuan, Tanchang, and Zhangxian counties and surrounding areas in Gansu Province, China, which is commonly considered the 
“district road” of A. sinensis production, whose planting area exceeds >90% of that of the entire country [3]. Plant virus infections can 
affect the growth of A. sinensis stem and leaf components and ultimately lead to plant death. There are three known plant viruses that 
infect A. sinensis: tomato mosaic virus (ToMV) [4], konjak mosaic virus (KoMV) [5], and Japanese hornwort mosaic virus (JHMV) [2]. 
Plant viruses are known as plant “cancers” [6]. Although no effective control measures are available, strengthening quarantine 
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measures and eliminating vectors are two typical approaches often considered [7]. Therefore, the accurate and rapid identification of 
all viruses and virus-like components in samples is an important prerequisite for disease control and basic research. The advantage of 
small RNA sequencing is that it does not solely rely on known virus information. Moreover, this technique is gradually becoming 
routine in plant virus detection [8]. 

Lychnis mottle virus (LycMoV) belongs to an unclassified genus of the Secoviridae family. According to the International Committee 
on Taxonomy of Viruses (ICTV), the cnidium vein yellowing virus (CnVYV) is an isolate of LycMoV [9]. This virus possesses two RNA 
strands, namely, RNA1 and RNA2, each containing an open reading frame. RNA1 encodes protease cofactors, RNA helicases, viral 
genome-linked proteins (VPgs), and helicases, while RNA2 encodes RNA-dependent RNA polymerase (RdRP) and movement proteins, 
large coat proteins (CPs), and small CPs. Since the initial discovery of LycMoV in Lychnis cognata Maxim. in Korea [10], the virus was 
found to be capable of infecting ornamental plants (e.g., peonies and lilies), agricultural plants (e.g., alfalfa) [11], and medicinal plants 
(e.g., Ligusticum chuanxiong Hort) [12,13]. The host range suggests that the virus has the potential to cause significant economic loss. 

The mutation rate of RNA viruses is high, subsequently facilitating the adaptation and survival of the virus in different hosts and 
under different environments. For epidemic monitoring and the ecological control of plant virus diseases, it is necessary to analyze 
both host and regional differences in viral populations to reveal the genetic structure of plant viral populations as well as their dynamic 
evolutionary patterns. Studies have shown that the population structure of LycMoV in the United States of America (which is currently 
expanding) is subject to negative selection [12]. However, this finding has yet to be reported elsewhere. It is critical that we investigate 
LycMoV genetics, variability, and causes for variation and epidemiological patterns during field occurrences. This will provide us a 
theoretical basis for the development of long-term sustainable prevention and control strategies, such as the establishment of specific 
assays to prevent false negatives, the determination of necessary control requirements based on changes in viral infectivity and the 
selection and breeding of resistant varieties. 

2. Materials and methods 

2.1. Sample collection and small RNA sequencing 

In July 2019, A. sinensis leaf samples were collected from fields in Zhangxian, Tanchang, and Zhangxian counties, Gansu Province, 
China, suspected of being infected with viral disease. Seven A. sinensis samples were mixed into a composite sample and entrusted to 
Sangon Biotech (Shanghai) Co., Ltd. for small RNA sequencing (sRNA-Seq) using the Illumina sequencing platform. RNA was extracted 
from the mixed samples using the Total RNA Extraction (Trizol) Kit (Sangon Biotech (Shanghai) Co., Ltd.). Small RNA-Seq libraries 
were prepared using the TruSeq™ Small RNA Sample Prep Kit (Illumina, San Diego, USA). The constructed libraries were then 
sequenced using Illumina’s HiSeq 2000/2500 sequencing system, applying a (single-end) x 50 bp read length. The Cutadapt tool was 
used to preprocess downstream sequences and to quality score preprocessing methods to raw sequencing reads, including the removal 
of pre-spliced sequences and low-quality sequences. Qualified reads were spliced using the SPAdes algorithm [14] with a k-mer value 
of 17. Assembly results were compared with the National Center for Biotechnology Information (NCBI) NT database to screen the 
sequences used to compare viruses. 

2.2. Primer design 

The primer design was based on the LycMoV cp gene sequence. Primer Premier 5 software was used to design the specific primers: 
LycMoV-F 5′-ACTGAGTGGGGGCGGTTTTAT-3′ and LycMoV-R 5′-GGGGACGGATCTGGGATGGTA-3′, which were used to verify Lyc
MoV infection. Primers LycMoV-CP-F5′-GGTAATCATCATGAAGAGCTGGTTC-3′ and LycMoV-CP-R 5′-CCACCAACAAAAGTGTTCTCA- 
3′ were used to amplify the LycMoV cp gene. The primers were synthesized at Sangon Biotech (Shanghai) Co. Ltd. 

2.3. Total RNA extraction and RT-PCR 

RNA was extracted from A. sinensis leaf samples that were suspected of being infected with the virus using the total RNA extraction 
kit (Tiangen Biochemical Technology (Beijing) Co. Ltd.), while the 1st strand cDNA was synthesized through reverse transcription 
using the PrimeScript II 1st strand cDNA Synthesis Kit (Takara Biomedical Technology Co., Ltd.) Reverse Transcription (RT)- poly
merase chain reaction (PCR) was used to amplify cp genes. Amplification conditions were as follows: pre-denaturation at 94 ◦C for 4 
min, denaturation at 94 ◦C for 30 s, annealing at 58 ◦C (LycMoV-F/LycMoV-R) and 62 ◦C (LycMoV-CP-F/LycMoV-CP-R) for 45 s, 
extension at 72 ◦C for 90 s, 35 amplification cycles, and extension at 72 ◦C for 10 min. PCR products were detected using 1.5% agarose 
gel electrophoresis. Target fragments were recovered using a DNA recovery kit (i.e., the Agarose Gel DNA Fragment Recovery Kit), the 
purified fragments were ligated into pMD19-T vectors (Takara Biomedical Technology Co., Ltd.) and transformed into Escherichia coli 
DH5α cells (Takara Biomedical Technology Co., Ltd.). Positive colonies were screened on an ampicillin screening medium, and the 
recombinant plasmids were then extracted. Positive plasmids were verified using PCR and Sanger sequencing (Tsingke Biotechnology 
Co. Ltd). The BLAST algorithm was used to compare sequencing results. 

2.4. Recombinant analysis 

Recombinant analysis is the basis of all evolutionary analyses. Phylogenetic and natural selection analyses can only be performed 
after first removing recombinant isolates. Accordingly, SplitsTree (v. 4.13.1) was first used to construct a phylogenetic network and to 
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calculate pairwise homoplasy index (PHI) [15]. Then, the seven tools provided in RDP5 software [16] (i.e., RDP, GENECONV, 
BOOTSCAN, MAXCHI, Chimera, SISCAN, and 3SEQ) were used to detect recombination events based on the viral cpgene dataset. 
Default values were used for all parameters, and a Bonferroni-corrected P-value of 0.05 was used to evaluate recombination events 
detected in greater than half of four out of at least seven of the tools as valid. 

2.5. Construction of evolutionary tree 

All LycMoV cp sequences, including that of the LycMoV A. sinensis isolate which was amplified in this study, were retrieved from the 
NCBI. A total of 61 sequences (i.e., totaling 60 after removing the recombinant isolates) were obtained. These sequences were used to 
analyze LycMoV phylogenetic relationships. Multiple sequence comparisons were performed using MEGA7 software. The most ac
curate nucleotide and amino acid substitution model was selected using ModelFinder in IQ-TREE software. The tree was constructed 
using the maximum likelihood estimation method [17,18]with a spanning value of 1000. 

2.6. Population genetic analysis 

Nucleotide diversity (π), number of segregation sites (S), total number of mutations (η), average number of nucleotide differences 
between sequences (K), haplotype diversity (Hd), number of non-synonymous mutations (Ka), synonymous mutations (Ks), and the 
ratio of non-synonymous to synonymous mutations (Ka/Ks) were calculated using DnaSP software [19]. Tajima’s D, Fu & Li’s D, and 
Fu & Li’s F were calculated to test whether they fit the neutral evolutionary model. When all three parameter values are positive, the 
population is stably selected and the number is in decline. A negative value means that the population is negatively selected and the 
population is expanding following a recent bottleneck [20,21]. 

2.7. Population difference test 

Four independent population differences were verified for the Ks*, Kst*, Z*, and Snn cp gene sequences. Genetic differences be
tween different populations were tested for significance by means of repeated sampling (1000 times) using a permutation test. Fst is the 
genetic differentiation coefficient, used to measure the degree of diversity among populations, ranging from zero (0) (indicating no 
differentiation among populations) to a theoretical maximum of one (1) (where populations show significant differentiation) [15,22, 
23]. 

2.8. Gene flow analysis 

The Fst parameter can also be used to estimate the degree of genetic exchange among populations. An absolute Fst value greater 
than 0.33 indicates infrequent genetic exchanges between two populations, while the opposite indicates frequent genetic exchanges 
[24]. The Nm parameter can be used to assess gene flow and genetic drift. An Nm value of less than one (1) indicates that the pop
ulation is prone to genetic drift. Genetic drift is the main cause of genetic differentiation in a population. An Nm value greater than one 
(1) indicates no genetic drift between two populations, where gene flow can occur through an unknown channel. 

3. Results 

3.1. Small RNA sequencing results and validation 

Samples were sequenced to obtain 1199561625 raw_bases and 281093971 clean_bases by removing unqualified reads. After as
sembly using the SPAdes algorithm, 56 were obtained and compared with the NCBI’s NT database, wherein seven counts were ho
mologous to LycMoV (Table 1). These specific primers were designed according to matched counting, and PCR amplification was 
performed to verify the target band of 1654 bp (Fig. 1S). Target bands were verified to be the expected size. Sequencing results were 
compared using BLAST on the NCBI data, showing 85.06% nucleotide similarity to LycMoV (LC579913.1), which infects Prunus persica 
(China Pearl). LycMoV infection was then confirmed in A. sinensis leaf samples and was determined to be natural infection. LycMoV 
infected A. sinensis displayed yellow blotches and mottled symptoms (Fig. 1B and C). 

3.2. Cloning and sequencing of cp genes 

The cDNA obtained by reverse transcription was used as a template for PCR to amplify the full length of the LycMoV cp genes, 
Additionally, electrophoresis showed that the amplified fragment was between 1000 and 2000 bp, which was consistent with the 

Table 1 
Statistical sample Quality Control results.  

Raw_num Raw_bases Clean_bases Mean_len Contig Contig belonging to LycMoV 

15994155 1199561625 281093971 21.81 56 7  
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expected size of 1887 bp (Fig. 2S). Sequences obtained by sequencing were submitted to the NCBI database (GenBank accession 
number: OQ185382). 

3.3. Genetic recombination 

The split network showed evidence of a reticular structure; however, PHI = 0.083 (PHI below a 0.05 threshold (Фw < 0.05) in
dicates that there is significant recombination present in the dataset), indicating that no verifiable significant recombination took place 
(Fig. 3S). On the other hand, a potential recombinant MW035178.1 (Arkansas (USA)/P. lactiflora cv. ’Coral N′ Gold) was identified 
among the 61 isolates using recombinant RDP5 software analysis. Secondary and primary parents were MW035151.1 (Michigan 
(USA)/P. lactiflora cv. La Perle) and MW035153.1 (Michigan (USA)/P. lactiflora cv. Illini Belle), respectively. The recombination loci 
were 218–942 (95% confidence interval) (Table 2). 

3.4. Genetic diversity analysis of LycMoV 

A phylogenetic tree was constructed using IQ-TREE and referred to the BIC criteria during GTR + F + I +G4 model selection. A total 
of five branches were clustered, and the LycMoV Gansu A. sinensis isolate (GSDG) was clustered with Chinese, Korean, and Japanese 
isolate branches. The isolates from Michigan (USA), Alaska (USA), and New York (USA) were combined, and the isolate from Arkansas 
(USA) was split into two. MW035190.1 (USA: Alaska) was clustered into one (Fig. 2). Nucleotide and amino acid identity analyses of cp 
genes (detected using BioAider) showed that the nucleotide identity of the 60 LycMoV isolates ranged from 74.68% to 99.52%, and 
amino acids ranged from 89.49% to 100% (Fig. 3A). The isolates obtained in this study showed the highest nucleotide and amino acid 
identity to LC579920.1 (China/P. persica), with 84.77% and 96.5% sequence identity, respectively. Nucleotide identity with 
BK011047.1 (China/Medicago sativa) was the lowest at 77.65%, but amino acid identity was higher at 93.63%. The lowest amino acid 
identity (92.99%) (Fig. 3B) was found with MW035176.1 (USA/Arkansas Paeonia lactiflora cv. ’Coral N′ Gold) and MW035144.1 (USA: 
New York/P. lactiflora). Although these findings indicated that CPs exhibited extensive mutations in nucleotides during speciation, 
most were synonymous mutations, and that CP proteins were highly conserved in their evolution. 

3.5. Characteristics and diversity of LycMoV populations 

To explore LycMoV population diversity, we divided LycMoV cpgene sequences based on the geographic location (China, Japan/ 
Korea, Arkansas, Alaska, Michigan, and New York) of six populations. Because one isolate from Japan could not be grouped with 
certainty, it was grouped with Korea. Haplotype diversity (Hd) and nucleotide diversity (π) were greater than 0.500 and 0.005, 
respectively, in all six populations investigated. These results indicated high genetic diversity within populations. The highest mean 

Fig. 1. (A) Healthy Angelica sinensis plants; (B and C) A. sinensis plants exhibiting virus-like symptoms of leaf mosaic, mottling, and chlorosis, which 
have been found positive for lychnis mottle virus infection. 

Table 2 
Detection of recombination event within cp gene.  

Recombinant 
sequence(s) 

Minor parental 
sequence(s) 

Major parental 
sequence(s) 

P-value of the six detection methods in RDP 

3seq RDP GENECONV Bootscan Maxchi Chimaera SiSscan 

MW035178.1 MW035151.1 MW035153.1 6.620 ×
10− 03 

NS 3.634 ×
10− 03 

4.964 ×
10− 04 

2.856 ×
10− 04 

NS 5.130 ×
10− 04 

Note: NS: Non-significant. 
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number of cp nucleotide differences (K = 363.000) and nucleotide diversity (π = 0.19268) were found in the Chinese population, 
having the highest number of segregating loci (S = 687) and the highest number of mutations (η = 884). These results indicated that 
the genetic diversity of the Chinese population was comparatively the highest. The Alaska population had the least number of 
segregating loci (S = 60) and the least number of mutations (η = 60). The Michigan population exhibited the lowest mean nucleotide 
differences (K = 36.3810) and nucleotide diversity (π = 0.01982). Haplotype diversity (Hd = 0.905) was lowest in ROK and JPN, while 
Hd = 1 for all remaining populations. Moreover, Ka/Ks values of the six populations ranged from 0.02356 to 0.08844, indicating that 
predominant synonymous mutations were subjected to negative (or purifying) selection. The Alaska population had the lowest Ka/Ks 
(0.02356) value and was under the least selection pressure. The New York population had the highest selection pressure with a Ka/Ks 
value of 0.08844 (Table 3). 

Statistical analysis showed that all three parameters of the Korean population had values greater than zero (0) indicating that the 
Korean and Japan population is more selectively stable while being in decline. For the USA populations, Tajima’s D, Fu & Li’s D, and Fu 
& Li’s F were all less than zero (0). Additionally, Tajima’s D and Fu & Li’s F were less than zero (0) for the Chinese populations, 
indicating that these populations could potentially be expanding (Table 4). 

3.6. Genetic differences and gene flow analysis of LycMoV populations 

In this study, Snn P-values were equal to 1 corresponding Ks*, Kst*, Z*, and Snn parameters were all less than 0.01 among the 
Chinese and various other populations, indicating significant differences. These results demonstrated considerable genetic differences 

Fig. 2. The phylogenetic tree of lychnis mottle virus (LycMoV) isolates based on nucleotide sequences of the cp genes (where the GenBank accession 
number of the LycMoV sequence of infected A. sinensis is OQ185382.1). 
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Fig. 3. Two-dimensional graphic representation of the percentage of the pairwise identity plot of (A) the nucleotide sequence and (B) the amino 
acid sequence of lychnis mottle virus (LycMoV) cp genes (where the GenBank accession number of the LycMoV sequence of infected A. sinensis 
is OQ185382.1). 
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among the Chinese population and the other populations. However, Snn P-value parameters between the Japanese/Korean and the 
Alaska populations were not significant, but Ks*, Kst*, and Z* P-values were all less than 0.01. The P-values of Ks*, Kst*, Z*, and Snn 
among the Japanese/Korean population and the Alaska, Michigan, and New York populations were all less than 0.01. These results also 
demonstrated large genetic differences between the Japanese/Korean and the USA populations. The P-values of all four Arkansas, 
Michigan, and New York population parameters were significant, indicating a large genetic gap. Only the Snn parameter P-value was 
significant between the Alaska population and the New York population. Furthermore, Kst* was greater than zero (0) and Snn was 
greater than 0.5 among the New York population and the Alaska and Michigan populations, indicating genetic differentiation; 
however, the P-value was greater than 0.01 and was therefore not significant. The genetic differentiation coefficient (i.e., Fst) between 
the New York and Michigan populations was close to zero (0), and none of the four parameters significantly correlated (Table 5). 

The absolute Fst values between the Chinese and Korean/Japan populations and among the USA populations were all less than 
0.33, while the Nm value was greater than one (1). This was indicative of the frequent gene exchanges that have occurred among these 
populations. However, there was no evidence of genetic drift, and gene flow may occur through other channels. The absolute Fst values 
among the USA, Japanese/Korean, and Chinese populations were all greater than 0.33, which was indicative of infrequent gene ex
change. However, the Nm value was less than one (1), which was potentially indicative of genetic drift (Table 6). 

4. Discussion and conclusions 

High-throughput sequencing methods are uniquely suited to study the distribution patterns and genetic evolution of viruses [25]. 
In this study, LycMoV was detected in A. sinensis for the first time by the small RNA sequencing, where in the corresponding cp gene 
sequence was cloned and upon which A. sinensis was determined to be a new LycMoV host. The isolates obtained for this study had the 
highest nucleotide and amino acid identity with P. persica (China Pearl) isolates. In the phylogenetic tree, A. sinensis and P. persica 
populations were also the most closely related. 

Results from haplotype and nucleotide diversity in cp gene analysis indicated that the entire LycMoV population is rich in genetic 
resources and is high in genetic diversity, facilitating the virus to adapt to different hosts and environments. The LycMoV population 
may have evolved from a large and stable population over an extended period or from secondary contact between the populations of 
two different lineage groups (Grant & Bowen, 1998). Moreover, genetic diversity parameters (i.e., S, η, K, and π) were significantly 
higher in the Chinese and Japanese/Korean populations than in the USA populations. This could may be due to either regional 
geographic differences or to host differences, given that P. lactiflora was the host of all USA isolates. Chinese and Japanese/Korean 
population hosts included a variety of plants, such as lilies, alfalfa, and A. sinensis, suggesting that host differences could potentially be 
one of the reasons for the formation of genetic diversity in LycMoV populations. In this study, only one recombinant isolate was 
observed among 61 cp genes, and the level of significance of two recombinant isolates was negligible. This result could potentially be 
related to the fact that cp gene sequences are evolutionarily conserved and shorter compared to the whole genome, limiting the 
production of certain recombinant isolates. However, to some extent, this result could also indicate that the driving effect of 
recombination on the molecular evolution of LycMoV is limited. Selection pressure analysis suggested that negative selection pressure 
is the main driving factor for LycMoV evolution. From neutral assay analysis results, the Japanese/Korean population was found to be 
more stable in selection than the Chinese population while its size is on the decline. Conversely, other populations, including those in 
Gansu Province, China, are increasing. Since LycMoV was first reported in Korea, it has widely been speculated that the first LycMoV 

Table 3 
Genetic diversity parameters estimated for CP genes of the lychnis mottle virus.  

population M η K π Hd SS NS Ks ka Ka/Ks 

ALL 60 1279 179.318 0.09584 0.999 465.89 1403.11 0.31517 0.02294 0.07279 
China 6 884 363.000 0.19268 1.000 471.14 1412.86 0.64067 0.04323 0.06748 
Japanese and Korean 7 800 335.000 0.17781 0.905 469.88 1414.12 0.58190 0.04353 0.07481 
Alaska 3 60 40.000 0.02123 1.000 467.78 1416.22 0.07979 0.00188 0.02356 
Arkansas 30 192 41.669 0.02222 1.000 467.31 1407.69 0.07691 0.00407 0.05292 
Michigan 7 108 36.381 0.01982 1.000 469.05 1414.95 0.06709 0.00346 0.05157 
New York 7 137 46.667 0.02489 1.000 465.95 1406.05 0.07903 0.00699 0.08844 

M: number of sequences used; η: total number of mutations; K: average number of nucleotide differences; π: nucleotide diversity; Hd: haplotype (gene) 
diversity; SS: synonymous sites. Number of sites; NS: nonSynonymous sites; Ka: number of non-synonymous mutations; Ks: synonymous mutations; 
Ka/Ks: the ratio of non-synonymous to synonymous mutations. 

Table 4 
Neutrality tests of the LycMoV population from a pairwise comparison of lychnis mottle virus sequences.  

Population Tajima’s D Fu & Li’s D Fu & Li’s F 

ALL − 1.24091 0.28941 − 0.38531 
China − 0.40640 0.00222 − 0.09368 
Japanese and Korean 0.15286 0.66416 0.60950 
Arkansas − 0.54234 − 0.65797 − 0.73293 
Michigan − 1.02105 − 1.13948 − 1.23362 
New York − 0.96899 − 0.93120 − 1.04198  
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outbreak must have occurred in that country. 
Population genetic differentiation and gene flow analysis showed significant genetic differences among the Chinese, Japanese/ 

Korean, and USA populations. Results showed a significant genetic difference in populations subject to infrequent gene exchange, 
which were susceptible to genetic drift. However, the genetic differentiation between the Chinese and Japanese/Korean populations 
was less than that of the USA populations, which indicated frequent gene exchange and lower genetic drift susceptibility. Genetic 
differences were significant between the Arkansas and Michigan populations and between the Arkansas and New York populations. 
However, no genetic differences were observed between the New York and Michigan populations. Collectively, geographic analysis 
suggested that geographic isolation and genetic drift could be responsible for the differences observed among these populations. 
Although gene exchange between the virus has frequently occurred among the various USA populations, no genetic drift has been was 
detected, which could potentially be host related. Peonies, as an ornamental plant, are widely distributed throughout the USA and are 
mostly propagated through grafting. Virus could therefore be carried from parent to progeny. 

For the first time, this study has confirmed that LycMoV is able to infect A. sinensis, a popular medicinal plant. Results from genetic 
diversity analysis indicated that the host, geographic isolation, and genetic drift could be the main factors that have contributed to the 
formation of genetic diversity and differentiation of LycMoV, and that selection could may be the main driver for LycMoV population 
evolutionary processes as a whole. Results from this study provide a basis for LycMoV identification and control measures, which can 
be used in designing long-term, sustainable LycMoV management strategies. 
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Table 5 
Genetic differentiation measurements between subpopulations of lychnis mottle virus sequences and the summary of test statistics examined for 
permutation probability.  

Population Ks* Kst* Ks*, Kst*P-value Z* Z* p-value Snn Snn P-value 

China/Japanese and Korean 5.46232 0.05315 0.0120 * 3.14249 0.0130 * 1.00000 0.0020 ** 
China/Alaska 5.30817 0.07360 0.0000 *** 2.21976 0.0220 * 1.00000 0.0350 * 
China/Arkansas 3.92104 0.10699 0.0000 *** 5.22617 0.0000 *** 1.00000 0.0000 *** 
China/Michigan 4.45094 0.15866 0.0000 *** 2.83773 0.0010 ** 1.00000 0.0010 ** 
China/New York 4.65804 0.13578 0.0010 ** 2.83531 0.0010 ** 1.00000 0.0010 ** 
Japanese and Korean/Alaska 4.85492 0.09592 0.0220 * 2.66236 0.0220 * 0.80000 0.0930 ns 
Japanese and Korean/Arkansas 3.88025 0.11701 0.0000 *** 5.18916 0.0000 *** 0.94595 0.0000 *** 
Japanese and Korean/Michigan 4.26471 0.16757 0.0000 *** 3.07001 0.0000 *** 0.85714 0.0140 * 
Japanese and Korean/New York 4.45069 0.14628 0.0000 *** 3.04314 0.0000 *** 0.85714 0.0060 ** 
Alaska/Arkansas 3.63597 0.00716 0.0920 ns 5.21460 0.0620 ns 0.96970 0.0080 ** 
Alaska/Michigan 3.33785 0.02820 0.1210 ns 2.74677 0.1920 ns 0.85000 0.0290 * 
Alaska/New York 3.65073 0.00399 0.3630 ns 2.85995 0.3710 ns 0.70000 0.2110 ns 
Arkansas/Michigan 3.60210 0.01284 0.0140 * 5.38820 0.0080 ** 0.92793 0.0010 ** 
Arkansas/New York 3.66029 0.01102 0.0180 * 5.41872 0.0230 * 0.91892 0.0000 *** 
Michigan/New York 3.54220 0.00939 0.1690 ns 3.42835 0.0690 ns 0.71429 0.0760 ns 

Note: Ks*, Kst*, Ks*, Z* and Snn are test statistics of genetic differentiation; Significance thresholds: *, 0.01< P-value<0.05; **, 0.001< P-value<0.01; 
***, P-value<0. 

Table 6 
Estimate of gene flow among lychnis mottle virus populations.  

Population Nm Fst 

China/Japanese and Korean 1.18 0.17434 
China/Alaska 0.22 0.53260 
China/Arkansas 0.22 0.53016 
China/Michigan 0.21 0.53791 
China/New York 0.22 0.52671 
Japanese and Korean/Alaska 0.26 0.48864 
Japanese and Korean/Arkansas 0.26 0.48658 
Japanese and Korean/Michigan 0.26 0.49012 
Japanese and Korean/New York 0.27 0.48139 
Alaska/Arkansas 2.31 0.09775 
Alaska/Michigan 4.77 0.04976 
Alaska/New York 56.87 0.00438 
Arkansas/Michigan 2.39 0.09469 
Arkansas/New York 3.00 0.07688 
Michigan/New York − 27.25 − 0.00926 

Note: Nm: gene flow; Fst: genetic differentiation coefficient. 
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