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Venturia carpophila, the causal agent of scab disease of peach, mume, and apricot, is widely distributed around the world. Scab of stone fruits is an important disease in China. However, little is known about the population biology and genetic diversity of the V. carpophila. To better understand the genetic diversity and population structure of V. carpophila, 186 single-spore isolates from different hosts and geographic regions were obtained and analyzed by using 31 simple sequence repeat (SSR) markers. This included 156 isolates from peach spanning 14 provinces, 15 isolates from mume and 15 isolates from apricot in Huazhong Agricultural University (HZAU). Diversity analysis with SSR markers showed a low incidence of polymorphisms within mume isolates (32.59% of markers), but a higher incidence of polymorphisms within peach isolates (42.96%) and apricot isolates (57.04%). Within peach isolates, Nei’s average gene diversity ranged from 0.07 for Hebei population to 0.18 for Hubei population. AMOVA analysis revealed that 13% of the observed genetic diversity was partitioned among the geographic populations, while 40% of the observed genetic diversity was partitioned among the host populations. Other analyses (PCoA, STRUCTURE, DAPC, MSN, and UPGMA) indicated that the Chinese V. carpophila populations could be clustered into three distinct genetic groups, which correspond to the host boundaries of peach, mume and apricot. The genetic identity of V. carpophila isolates throughout the range is dependent on hosts, but not geographic regions.
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Introduction

Stone fruit trees such as peach (Prunus persica), mume (P. mume), and apricot (P. armeniaca) are grown widely in China (Chuda et al., 1999; Li et al., 2018). Venturia carpophila is an important pathogen that causes scab disease on several stone fruits including peach, mume, apricot, and almond (Prunus dulcis; Sivanesan, 1977; Chen et al., 2014; Bailly, 2020). The scab disease can result in yield loss, fruit quality decline, and increased management costs. Scab is one of the most serious diseases on peach in China, which can cause defoliation and tree weakening, and more susceptible to chilling and freezing injuries (Zhou et al., 2021a). Typical symptoms on fruits are black freckles, spots, and/or scabs of variable sizes, distribution and density, irregularly circular to oval lesions, developing a slightly raised dark-brown purple border and be slightly raised and corky in appearance (Scherm et al., 2008; Chen et al., 2017; Kim et al., 2017; Figure 1). Multiple spots on fruits often merge, leading to cracking of the skin (Figures 1A,B,E). Leaf symptoms are less common, but occur as yellowish blotches and then turn grayish as spores are produced (Chen et al., 2014; Figure 1F). In our experiments, we found that isolates from three hosts showed obvious differences in colony morphology, growth rate and spore production on the MEA medium. On MEA medium after 42 days at 21°C, isolates from apricot were light gray in color and were fast growing with approximately 3 cm colonies in diameter and the least conidia production (0.9 × 104/dish). Isolates from mume were dark gray in color and the fastest growing with approximately 3.3 cm colonies in diameter and better conidia production (2 × 104/dish). Isolates from peach were white to gray in color and were slow growing with approximately 2.6 cm colonies in diameter and the best conidia production (10 × 104/dish, unpublished data). Conidia of the pathogens are spread by rain splash and wind. The disease is particularly severe in temperate climate regions characterized by humid and cool springs, and poor air circulation (Bock et al., 2020). If the weather condition is favorable, asexual conidia release and cause massive secondary infections during the growing season (Villarino et al., 2012; González-Domínguez et al., 2017). Scabs can result in fruit downgrading and/or rejection if the infection is severe, and these blemishes reduce the value of fruit intended for the fresh market and cause huge economic losses (Schnabel and Layne, 2004). During the sample collection, the infection could be observed in up to 100% of fruits in some orchards (Figures 1A,C). Control of scabs is mainly based on the application of fungicides in China. So far, carbendazim resistance has been detected (Zhou et al., 2021a). Integrated management approaches such as planting resistant cultivars could potentially reduce scab inocula in orchards.
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FIGURE 1
 Typical symptoms of scab on peach, mume, and apricot. (A,B) Typical symptoms on peach, (C,D) on mume, (E,F) on apricot fruit and leaf, respectively.


With the development of modern molecular biology, molecular markers have become important tools to study the genetic diversity and population structure of pathogenic fungi. Different molecular tools have been used to characterize the genetic diversity of populations of Venturia spp., including random amplified polymorphic DNA (RAPD; Koh et al., 2013; Chen et al., 2014; Poniatowska et al., 2016), restriction fragment length polymorphism (RFLP; Tenzer and Gessler, 1999; Guérin et al., 2004; Padder et al., 2013), amplified fragment length polymorphism (AFLP; Gladieux et al., 2008), and simple sequence repeat marker (SSR; Tenzer and Gessler, 1999; Guérin et al., 2004; Chen et al., 2018). SSR markers have the advantages of high polymorphisms, stability, codominant inheritance, and easy operation. At present, SSR technology has been widely used in variety identification, genetic classification, mapping, core germplasm identification and evaluation, and genetic diversity research of pathogenic fungi, including Verticillium dahliae (Jiménez-Díaz et al., 2011; Baroudy et al., 2019), V. inaequalis (Tenzer and Gessler, 1999; Leroy et al., 2013; Ebrahimi et al., 2016), V. nashicola (Choi et al., 2019), Monilinia fructicola (Fan et al., 2010; Villarino et al., 2012), and Ustilaginoidea virens (Sun et al., 2013; Yu et al., 2016). In this study, SSR markers were used to make a fundamental and thorough analysis of the genetic diversity and population structure of V. carpophila. Although the genetic diversity was carried out on V. inaequalis from different regions of the world, the characterization of V. carpophila has rarely been reported, most likely the latter one is very difficult to be obtained in the laboratory. Two molecular tools have been used to characterize the genetic diversity of populations of V. carpophila in the United States. Results revealed some divergence between two different geographic V. carpophila populations, and different levels of genetic diversity were observed within the two populations (Chen et al., 2014, 2018).

Stone fruit scab is widely distributed in China, yet there is no information about the genetic diversity of Chinese V. carpophila populations. In this study, we collected samples and isolated single-spore isolates from three hosts and 14 provinces in China. Population genetics analysis is crucial for understanding the population genetic structure and diversity, thus helping to prevent and control the disease (Sitther et al., 2018; Choi et al., 2019; He et al., 2019; Singh and Khan, 2019). Considering that scab disease is one of the most important peach diseases in China, the population structure needs to be studied and monitored. The objectives of this study are to determine (i) if all scab-like symptoms on different stone fruits (peach, mume, and apricot) are caused by V. carpophila, (ii) the genetic diversity and population structure of V. carpophila in China, and (iii) if the genetic differences are specifically correlated with geographic regions or hosts.



Materials and methods


Isolation of Venturia carpophila

From 2017 to 2019, samples of stone fruit scab were collected from 14 provinces in China, among them, peach scab samples were collected from 14 provinces, and all the apricot scab and mume scab samples were collected from Hubei Province (Table 1). Altogether 750 isolates were obtained using the single spore isolation method, from which 186 isolates were selected for genetic diversity analysis (Table 1; Figure 2). Among selected isolates, 156 were from peach or nectarine that were located in 14 provinces in China, 15 were from mume and 15 were from apricot in Huazhong Agricultural University (HZAU; Table 1), the isolates from mume and apricot are mainly used as references. Briefly, asexually produced conidia of V. carpophila were scraped from a single lesion on the fruit surface using a scalpel and then spread with a scalpel on the surface of water agar (20 g of agar per liter) plates. Using a modified microscope (Wuhan Heipu Science and Technology Ltd., Wuhan, China), a single spore was isolated with a glass needle and then transferred to potato dextrose agar (PDA; 200 g of potato, 20 g of dextrose, and 20 g of agar per liter) amended with lactic acid (0.50 ml/L), streptomycin sulfate (0.20 g/L), tetracycline (0.05 g/L), and chloramphenicol (0.05 g/L; Chen et al., 2014). For long-term storage, isolates were maintained on dried filter paper. In brief, colonies were grown on antibiotic-amended oatmeal agar medium (OMA; 30 g of oatmeal; 20 g of agar per liter) in petri dishes starting with mycelial suspension, and sterile filter paper discs (5 mm in diameter) were placed on the OMA surface (Zhou et al., 2020, 2022). Each isolate was grown at 21°C for about 14 days in darkness. When the filter discs were fully covered with mycelium, they were removed and dried in a desiccator with silica gel. After 10 days, discs were transferred into 1.5-ml sterile centrifuge tubes with desiccated silica gel and stored at −20°C (Chen et al., 2019; Zhou et al., 2021b).



TABLE 1 Sampling geographic regions, host, cultivar, and tissue of isolates of Venturia carpophila collected to assess population genetic diversity.
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FIGURE 2
 Distribution map of 186 Venturia carpophila isolates, which were collected from 14 major peach-producing provinces in China.




DNA extraction

Suspension of V. carpophila spores was transferred into 50 ml of malt extract broth (MEB, 30 g of malt extract and 5 g of peptone per liter of water) in an Erlenmeyer flask, and incubated at 21°C, 160 rpm for 10 days to obtain a sufficient amount of mycelium for DNA extraction. Approximately 100 mg of mycelium of each isolate was collected from the MEB broth, and put into a pilot freeze dryer (25 L Genesis SQ Super ES-55) to dehydrate for 48 h. Dehydrated hyphae were placed into Eppendorf tubes containing 0.5 g steel balls (5 mm in diameter) and frozen with liquid nitrogen for 2 min. Mycelium was homogenized by shaking the tubes for 5 min at 30 shakes/s in a Mixer Mill Type LT2020 (Beijing Dinghaoyuan Gmbh, China). After homogenization, DNA was immediately extracted by the modified SDS method (Turan et al., 2015), and genomic DNA was diluted with 70 μl of sterile distilled water. DNA was quantified with a NanoDrop spectrophotometer (Thermo Fisher Scientific) and stored at −20°C.



Identification of isolates

Isolates of V. carpophila were identified based on morphological and molecular characterization. Briefly, fragments of nuclear ribosomal internal transcribed spacer regions (rDNA-ITS; White et al., 1990) and large subunit ribosomal RNA gene (LSU; Vilgalys and Hester, 1990) were amplified from 186 isolates by polymerase chain reaction (PCR), and then used for sequencing. The PCR reaction was performed following the conditions of 95°C for 3 min, followed by 35 cycles at 95°C for 30 s, annealing at 55°C for 50 s, 72°C for 2 min, and 72°C for 5 min. The Sanger sequencing of PCR products was performed on ABI 3730xl DNA Sequencer at Tianyihuiyuan Biotechnology Co., Ltd. (Wuhan, China). Phylogenetic trees of Venturia species were constructed based on the combined multi-locus dataset (LSU + ITS). The majority rule consensus tree from maximum parsimony (MP) analysis was used to show the phylogenetic relationships of Venturia species and their close species. The tree was rooted with Sympoventuria capensis (CBS 120136). The Bayesian posterior probabilities values (BIPP) ≥0.70, maximum likelihood and maximum parsimony bootstrap values (MLBS and MPBS) ≥ 50% were shown at the branch nodes (BIPP/MLBS/MPBS).



Analysis of genetic diversity and population structure of Venturia carpophila

The genetic diversity analysis was carried out according to the previous description with minor modifications (Chen et al., 2018). Thirty-two microsatellite primers (Supplementary Table S1) were developed from a draft genome of V. carpophila which has been released, after primary screening, 31 microsatellite primers were used to conduct the genetic diversity analysis in this study (Chen et al., 2018). SSR markers were obtained via PCR reactions with fluorescently labeled primers. Primers were manufactured at Tianyihuiyuan Biotechnology Co., Ltd. (Wuhan, China). When primers were synthesized, the universal M13 sequence (5′-TGT AAA ACG ACG GCC AGT-3′) was added to the 5′ end of each forward primer. Simultaneously, M13 was labeled by FAM fluorescent dyes at the 3′ end. The labeled M13 was added to the PCR reaction to detect PCR product by complementing the unlabeled M13 added at 5′ end of primer (Chen et al., 2018). The PCR reaction was in a volume of 15 μl, including 4.5 μl ddH2O, 7.5 μl Mastermix (no dye), 0.4 μl of M13-tagged forward primer (10 μM) and 0.8 μl reverse primer (10 μM), 0.8 μl FAM-labeled M13 primer (10 μM), and 1 μl DNA (50~200 ng/μl). PCR conditions were an initial denaturation at 95°C for 5 min followed by 10 cycles of denaturation at 95°C for 30 s, annealing at 62°C for 30 s (with a −1°C Ramp/cycle), and extension at 72°C for 30 s, a further 25 cycles of denaturation at 95°C for 30 s, annealing at 52°C for 30 s, extension 72°C for 30 s, and ending with a final extension of 72°C for 2 min (iCycler; Bio-Rad Laboratories Inc., Hercules, CA). The fluorescent PCR products were loaded to an ABI 3730 × I Genetic Analyzer Capillary to generate chromatographic trace files. Negative control (ddH2O) was included in the analysis to eliminate potential contamination. Resulted amplicon peaks were scored by base pair size for each marker using GeneMarker V2.2.0 to generate a microsatellite allele table for subsequent analysis. The PCR-generated bands were scored as “1” (for presence) and “0” (absence) in a binary matrix for further analysis. Because the V. carpophila is a haploid organism, only a single band was observed at each locus for individual isolate.



Data analysis

The scorable bands for all isolates were determined and analyzed as dominant markers with genetics based on a haploid organism (Bock et al., 2005; Chen et al., 2014). The number of markers observed for the 186 isolates with each primer set was counted, and the percentage of polymorphic loci was calculated. The numbers of alleles (Na), and effective alleles (Ne) were calculated using Popgene 32 based on SSR markers identified among isolates of V. carpophila (Yeh et al., 1999).

The genetic structure of the populations was further explored by using analysis of molecular variance (AMOVA) in GenALEX 6.5, which was conducted at two scales: across geographic populations, across host populations (Peakall and Smouse, 2006). The population structure of V. carpophila was analyzed in five ways. (1) A principal coordinate analysis (PCoA) was performed to visualize patterns of variation between populations at the host and geographic region levels based on Nei’s measure of genetic distance, in GenALEX 6.5 (Peakall and Smouse, 2006). (2) STRUCTURE 2.2 was used to detect the most likely number of populations (K) among the V. carpophila isolates based on allele frequencies per locus using a Bayesian approach (Falush et al., 2007). To estimate the number of clusters, an admixture model with correlated allele frequencies was independently run 10 times, with 10,000 iterations followed by 120,000 Markov chain Monte Carlo interactions (Bock et al., 2014). Evanno’s ΔK method was used to identify the appropriate number of clusters (Evanno et al., 2005), which was computed using Structure Harvester (Earl and vonHoldt, 2012). (3) Discriminant analysis of principal components (DAPC) was performed in adegenet of R software (Jombart et al., 2010), thus interrelationships among V. carpophila populations from different geographic regions or different hosts could be visually explored. (4) The minimum spanning network (MSN) was created in the R package poppr (Bruvo et al., 2004) by using default parameters to identify the distribution of population substructure at different scales. (5) To compare populations, the UPGMA analysis of population structure based on Nei’s genetic distance was calculated using MEGA7, and annotation and management of phylogenetic trees were conducted using Evolview V2 (He et al., 2016).

Significant differences of growth rate and spore production values from different host populations were evaluated by one-way analysis of variance with the least significant difference test in SPSS software (release 19.0; SPSS).




Results


Identification and genotyping of Venturia carpophila

In the current study, all 186 isolates used were investigated for morphological characteristics. The 186 isolates were incubated at 21°C for 6 weeks in darkness on PDA, and the V. carpophila colonies on PDA were black with circular morphology and floccose texture (Figures 3A,B). The conidia were cylindrical to fusiform, 0 to 1 septate, yellowish and (11.44 to 23.16) 15.87 × 4.15 (2.56 to 6.48) μm (n = 30) in size, L/W = 3.8 (Figures 3C,D), conidiophore is fusiform (Figure 3D), which were similar with the characteristics of V. carpophila described previously (Chen et al., 2017; Dar et al., 2019; Shen et al., 2020).
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FIGURE 3
 Morphological characteristics of Venturia carpophila. (A,B) Front and back view of 42-day-old PDA culture (petri dish is 90 mm); (C,D) conidia and conidiophores produced on PDA. Scale bars: C = 40 μm; D = 20 μm.


The phylogenetic analysis based on sequences of fragments from two loci (LSU + ITS) showed that the tested isolates grouped with representative V. carpophila strains GH120501 (Korea), CBS160.55 (United States), and CBS497.62 (Switzerland) in the same clade (Figure 4). New sequences obtained in this study were deposited in GenBank (Table 1, ITS: MN958548 to MN958647; LSU: MT845672 to MT845769).

[image: Figure 4]

FIGURE 4
 Phylogenetic tree in the Venturia species inferred from combined alignment with a two-locus dataset (LSU + ITS). The maximum parsimony (MP) analysis was shown for the phylogenetic relationships of species among Venturia spp. and closely related species. The tree was rooted to Sympoventuria capensis (CBS 120136). The Bayesian posterior probabilities values (BIPP) > 0.70, maximum likelihood and maximum parsimony bootstrap values (MLBS and MPBS) > 50% were shown at the branch nodes (BIPP/MLBS/MPBS). Scale bar estimated substitutions per site with 20. The isolates used in this study were displayed in bold fonts.


These 186 isolates were genotyped based on the ITS region which was amplified using the ITS4 and ITS5 primers, and four haplotypes were found for the ITS region with one to two nucleotide changes (Supplementary Figure S1). Overall, most of the isolates fell into ITS haplotype group I (MN958568, MN958609), group II (MN958640) with 82.80, and 15.59%, respectively. Only 1.08, and 0.54% of the tested isolates were in haplotype group III (MN958584), and group IV (MN958592).



Screening of the SSR markers

To better understand the genetic diversity and population structure of Chinese V. carpophila populations, 31 SSR primer sets were chosen to analyze 186 selected single spore isolates. One peak per isolate, consistent with the haploid nature of the V. carpophila, was observed for all the loci. Among the tested 31 SSR primer sets, two primer sets (Vc015 and Vc021) showed monomorphic profiles with the only peaks at 222 bp (Vc015) and 301 bp (Vc021). The remaining 29 primer sets showed polymorphic profiles, the number of alleles at each microsatellite locus ranged from two to 21, and a total of 135 alleles were identified, with a mean number of 4.66 alleles per locus. Vc110 was the most variable primer set with 21 alleles detected and polymorphism information content (PIC) value was 0.77, whereas Vc106 had only 2 alleles and PIC value was 0.03 (Supplementary Table S1). The genotype accumulation curve showed that 29 polymorphic microsatellites were adequate to describe the genetic variability of V. carpophila (Supplementary Figure S2).



Genetic diversity of Venturia carpophila isolates

Altogether a total of 135 polymorphic loci (NPL) were detected in 186 isolates. Among them, 105 NPL were detected in 14 geographic populations and 102 NPL were detected in three host populations (Supplementary Tables S2, S3). In geographic populations, Hubei (HuB) had the largest number of NPL (77), and Hebei (HeB) had the least (22). In host populations, apricot had the largest number of NPL (77), and mume had the least number (44). Different levels of genetic diversity (H) were observed among 14 geographic populations and 3 host populations, ranging from 0.07 for HeB population to 0.18 for HuB population; a low genetic diversity of mume isolates (0.11) was observed, while higher genetic diversities were detected for peach isolates (0.14) and apricot isolates (0.17). Geographic populations showed a low percentage of polymorphic loci (PPL) in HeB population (15.30% of markers) but a higher PPL in Zhejiang (ZJ) population (50.37%) and HuB population (57.04%). Host populations showed a low PPL in mume population (32.59% of markers), and higher PPL in peach population (42.96%) and apricot population (57.05%). The number of observed alleles (Na) of the apricot population and HuB population were up to 1.57. The effective allele number (Ne) and Shannon index (I) of the HuB population were the highest, i.e., 1.31 and 0.27, respectively. Interestingly, the apricot population had only 15 isolates, but the number of polymorphic loci (NPL) was 77, as high as the HuB population (37 isolates; Supplementary Tables S2, S3). These results indicated that genetic diversity varied among different populations, and the HuB population showed the highest genetic diversity among different geographic populations, while the apricot population had the highest genetic diversity among different host populations.



Distribution of genetic variation

Among different geographic populations, the lowest genetic similarity coefficient was 0.8819 for Guizhou versus Guangdong (GZ vs. GD), and the highest was 0.9882 for Zhejiang versus Hubei (ZJ vs. HuB). Among different host populations, the lowest genetic similarity coefficient was 0.8616 for apricot vs. mume (A vs. M), and the highest was 0.8841 for peach vs. mume (P vs. M, Supplementary Tables S4, S5). These results indicated that populations shared a moderate to substantial identity. At the same time, Nei’s genetic distance indicated that geographic populations varied in their degree of relatedness from 0.0118 (HuB vs. ZJ), which was separated by a relatively short genetic distance, to 0.1257 (GD vs. GZ), which was separated by greater genetic distance (Supplementary Table S4). Different host populations varied in their degree of relatedness from 0.1231 (P vs. M) to 0.149 (M vs. A; Supplementary Table S5).



Genetic differentiation of Venturia carpophila

AMOVA analysis of 14 geographic populations indicated that 13% of the observed genetic diversity was partitioned among the populations and 87% was within individual populations (PhiPT = 0.125; p = 0.001). For three host populations, 40% of the observed genetic diversity was partitioned among the populations and 60% was within individual populations (PhiPT = 0.403; p = 0.001). A moderate genetic differentiation was observed across host populations, however, limited genetic differentiation was observed across geographic populations (Supplementary Tables S5, S6). The pairwise indices of differentiation quantified the genetic variation between geographic and host populations (Supplementary Tables S6, S7). Significant pairwise geographic population PhiPT values ranged from 0.00 to 0.509, and the highest differentiation was found between the HeB and Yunnan (YN) populations (Supplementary Table S8). Significant pairwise host population PhiPT values ranged from 0.367 to 0.426, and the highest differentiation was found between the mume and apricot populations (Supplementary Table S9).



Population structure

Principle coordinate analysis (PCoA) is a multidimensional scaling analysis to visualize the clustering of isolates due to genetic similarities among tested isolates. The analysis was performed in GenAlEx V6.5 based on Nei’s genetic distance. PCoA revealed three groups, one was specific to apricot isolates, the other was to mume isolates, and the third one was to peach isolates. Axes 1 and 2 of the PCoA accounted for 29.75% and 25.12% of the total genetic variation. Isolates from mume were relatively closer to peach isolates (Figure 5).
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FIGURE 5
 Principal coordinate analysis of 16 populations of Venturia carpophila in China based on Nei’s genetic distance using GenALEX. The red circle represents the isolates from peach, the green circle represents the isolates from mume and yellow circle represents the isolates from apricot. BJ, Beijing; CQ, Chongqing; GD, Guangdong; GX, Guangxi; GZ, Guizhou; HeB, Hebei; HuB, Hubei; HN, Henan; JS, Jiangsu; SC, Sichuan; SD, Shandong; SX, Shanxi; YN, Yunnan; ZJ, Zhejiang.


A similar clustering pattern was obtained by structure analyses. Structure analysis of all of the populations revealed that the highest likelihood values and the mode of the distribution of the ΔK index were all observed for K = 3 (Figure 6A), i.e., 186 isolates V. carpophila from China were divided into three subgroups (K = 3; Figure 6B). Structure analysis of 14 geographic populations revealed that the highest likelihood values and the mode of the distribution of the ΔK index were all observed for K = 3 (Same as Figure 6A, data not shown), significantly higher than other clusters. From 14 geographic populations, isolates were divided into three subgroups (K = 3; Figure 6C) which were not correlated with geographic regions. Structure analysis of 3 host populations revealed that the highest likelihood values and the mode of the distribution of the ΔK index were all observed for K = 3 (data not shown), significantly higher than other clusters. From 3 host populations, isolates were divided into three subgroups (K = 3; Figure 6D) which were correlated with hosts, i.e., isolates from the same host clustered in a group. Similarly, the DAPC analysis displayed the interrelationship of the 186 Chinese V. carpophila haplotypes. The model-based DAPC analyses suggested the existence of at least three clusters in V. carpophila populations (Figure 7A). One hundred and fifty-six isolates collected from 14 provinces on peach were overlapped (Figure 7B), while 45 isolates from different 3 hosts at the same collection geographic region showed that there are three clusters corresponding to their specific hosts (Figure 7C). Minimum spanning network (MSN) is a great way to visualize relationships among individual isolates. It is a more powerful visualization tool than trees. MSN analyses further confirmed the subdivision of populations based on hosts, where the apricot population was obviously separated from other populations, and mume isolates were relatively closer to peach isolates (Figure 8). The dendrogram was inferred using the UPGMA method based on a pairwise comparison genetic distance between populations, demonstrated three major clusters of sampling populations: one cluster included all isolates from apricot, the second cluster included all isolates from mume and a few isolates from peach, and the third cluster were all peach isolates (Figure 9). Altogether, the population structure of Chinese V. carpophila was analyzed in five ways, i.e., PCoA, STRUCTURE, UPGMA, MSN, and DAPC, and congruence among PCoA, DAPC, UPGMA, MSN, and STRUCTURE clusters was observed. The V. carpophila populations in China were clustered based on specific hosts instead of the different geographic regions.
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FIGURE 6
 Estimation of population structure. (A) Optimum number of subpopulations was determined by using LnP(D) derived ∆K. The maximum value of delta K was found to be at K = 3, suggesting division of the entire population into 3 subpopulations. (B) Assignment plots of Venturia carpophila from 14 peach producing provinces and 3 hosts with K = 3 performed in the program STRUCTURE. Black lines separate isolates from different locations. 1 = Beijing (BJ), 2 = Chongqing (CQ), 3 = Guangdong (GD), 4 = Guangxi (GX), 5 = Guizhou (GZ), 6 = Hebei (HeB), 7 = Hubei (HuB), 8 = Henan (HN), 9 = Jiangsu (JS), 10 = Sichuan (SC), 11 = Shandong (SD), 12 = Shanxi (SX), 13 = Yunnan (YN), 14 = Zhejiang (ZJ), 15 = Mume, 16 = Apricot. (C) Assignment plots of V. carpophila from 14 peach producing provinces with K = 3 performed in the program STRUCTURE. 1 = Beijing, 2 = Chongqing, 3 = Guangdong, 4 = Guangxi, 5 = Guizhou, 6 = Hebei, 7 = Hubei, 8 = Henan, 9 = Jiangsu, 10 = Sichuan, 11 = Shandong, 12 = Shanxi, 13 = Yunnan, 14 = Zhejiang. (D) Assignment plots of V. carpophila from 3 hosts with K = 3 performed in the program STRUCTURE, 1 = Peach, 2 = Mume, 3 = Apricot.
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FIGURE 7
 Discriminant analysis of principal components (DAPC) of Venturia carpophila populations including different geographic and host populations (A). Discriminant analysis of principal components of 14 geographic V. carpophila populations on peach (B). Discriminant analysis of principal components of 3 host populations (Peach, mume and apricot) V. carpophila (C). Eigenvalues signifying the variance explained by principal component analysis (PCA) and discriminant analysis (DA) indicated that the first two principal components adequately explain the genetic structure of the populations. Points represent individual isolates and ellipses represent individual populations. There is no representation of clonal individuals in this graphic.
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FIGURE 8
 Minimum spanning network of 186 Venturia carpophila based on genetic distance from 14 geographic and 3 host populations. Node colors represent population membership and are proportional to the pie size. There is no representation of clonal individuals in this graphic.
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FIGURE 9
 Relationships among 186 Venturia carpophila isolates from 14 provinces and 3 hosts. The dendrogram was constructed using the unweighted pair group method with arithmetic mean based on Nei’s genetic distance. Shape labels, circle: isolates from fruits, rectangle: isolates from twigs and triangle: isolates from leaves. Color labels, pink: isolates from peach, green: isolates from mume and purple: isolates from apricot. Phylogenetic tree was managed and annotated by using Evolview V2.





Discussion

In this study, all of the isolates from scab samples of peach, mume, and apricot were confirmed as V. carpophila based on morphological and molecular characterizations. In order to better understand Chinese V. carpophila populations, SSR markers developed previously were used to analyze V. carpophila populations in China. Altogether 29 SSR markers could successfully differentiate a vast majority of isolates and sufficiently describe the genetic diversity of V. carpophila populations (Supplementary Figure S2). The relationship among different geographic populations and different host populations provides a new perspective for understanding the spread and inheritance of V. carpophila.

Chen et al. released the genomic data of V. carpophila, and designed SSR primers based on the genomic data (Chen et al., 2018). After screening, 32 pairs of SSR primers with polymorphisms were finally obtained. Genetic diversity analysis of 39 strains isolated from peach or nectarine using the above primers showed that the number of alleles identified ranged from 2 to 9, and the polymorphic information contents were from 0.097 to 0.792, indicating the substantial diversity of V. carpophila (Chen et al., 2018). Similarly, it was found that V. carpophila isolates in China were genetically diverse. The gene diversity of V. carpophila observed in this study is 0.07 to 0.18, which is similar to the results obtained in close fungal pathogen Fusicladium effusum (Nei’s measure of gene diversity = 0.083 to 0.160; Bock et al., 2014). The genetic diversity among V. carpophila isolates in China is higher than that observed in the United States (Chen et al., 2018), probably because our samples were from more geographic locations and different hosts, and also in our study, more isolates and primers were used.

Genetic diversity in host populations and geographic populations showed different levels. Genetic diversity levels among geographic populations directly correspond to the number of isolates and sampling range. For instance, the genetic diversity of the HuB population was the highest at 0.18, and the HuB population had the most isolates (37) and the widest sampling range (5 orchards that were more than 500 km apart). HeB population had the least number of isolates, only one sampling site, and showed the lowest genetic diversity at only 0.10. On the other hand, this study detected the highest genetic diversity within a small sample of 15 apricot isolates from the same orchard. Among three host populations collected from HZAU, the genetic diversity of the apricot population was higher than peach and mume populations. The sexual stage of V. carpophila was first reported in Australia on apricot trees in 1961. It was showed that V. carpophila had the ability of gene recombination (Fisher, 1961). According to our observation, the apricot leaf scab is the most common one among the three host scabs, and lesions on leaves are rare on peaches and plums. The infestation time is very long, and apricot leaf scab can be still observed until the leaf fall in autumn, which provides the basis for V. carpophila to produce sexual stage and genetic recombination. It might be the reason why the highest genetic diversity was observed within the apricot population.

In this study, AMOVA analysis of 14 geographic populations indicated that 13% of the observed genetic diversity was partitioned among geographic populations and 87% was within geographic populations. In addition, AMOVA analysis of three host populations indicated that 40% of the observed genetic diversity was partitioned among host populations and 60% was within host populations. This is similar to the results observed in a recent study (Bock et al., 2020). In four populations with more than 10 isolates, the AMOVA analysis indicated that most variance could be found within orchards for both original (83.10%) and clone corrected (87.98%) data sets (Bock et al., 2020). However, they did not conduct a population genetic study on isolates from different hosts. The genetic diversity was analyzed for V. carpophila isolates collected from peach and nectarine in the United States, although the sample size was smaller (n = 39 and 81), both studies revealed that the genetic diversity of V. carpophila isolates does not correspond to locations or host cultivars (Chen et al., 2018; Bock et al., 2020). Gene diversity is indicative that there is a transfer of genetic material among the populations infecting peach and nectarine. This may not be surprising as nectarine is considered a smooth-skinned peach (P. persica).

Population structure analysis revealed moderate host population differentiation (40%), which was identified when three host populations from HZAU were used. However, structure analysis of 14 geographic regions’ population revealed that V. carpophila were divided into three subgroups, and no significant differentiation was identified among geographic populations (13%). Analysis of the genetic structure of 81 peach isolates of V. carpophila from the eastern United States showed that V. carpophila population clustered in three distinct groups (Bock et al., 2020). In this study, the genetic structure analysis of V. carpophila isolates from peach (14 provinces) of China obtained similar results. Overall, these results suggested that there was a significant interflow of V. carpophila isolates among different geographic regions but not among different hosts, e.g., peach, mume, and apricot. Similarly, based on the DAPC analysis, isolates collected from 14 provinces did not cluster according to geographic regions, the discriminant analysis also demonstrated the overlap among isolates from different geographic regions, however, isolates from different hosts did cluster according to their hosts. The dendrogram construction based on Nei’s genetic distance using UPGMA for the isolates from 14 different geographic regions and three hosts also showed that isolates were grouped into three major clusters according to their hosts. The three host populations of V. carpophila showed significant differences in colony morphology, growth rate and spore production on the MEA medium. The cultures of V. carpophila from California almond trees and from peach trees in the southeastern United States showed similar results in which differences were observed for isolates from different hosts (Chen et al., 2014). This biological observation indicated that V. carpophila isolates from different hosts had significant differences, which were consistent with the results obtained by molecular analysis based on SSR markers. These differences might be caused by host specialization during the evolution of V. carpophila.



Conclusion

In brief, the genetic diversity and population structure of the V. carpophila have rarely been characterized. This is the first report of the genetic variation and population structure in V. carpophila isolates from China. We demonstrated that Chinese V. carpophila populations could be clustered into three distinct genetic groups, which correspond to the host boundaries, i.e., peach, mume, and apricot. Based on peach isolates from 14 provinces, it is obvious that V. carpophila isolates do not group according to the geographic regions. These results show that the host but not the environment play an important role during the evolution of V. carpophila. In other words, the genetic identity of V. carpophila isolates is dependent on the host, but not the geographic region. This research laid a solid foundation for a better understanding of the population biology and genetics of V. carpophila. The global geographic populations and more host populations of V. carpophila should be further explored in the future.
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SCCD1-23 Peach
SCCDI-4-3 Peach

D3-1-2 Nectarine

SCCDA-1-2 Peach
SCCDS-1-2 Peach
D622 Peach
SCCD8-1-2 Peach
SCIYI-1-1 Peach
SCIY1-7-2 Peach
SCIY2-1-1 Peach
SDLX1-10-2 Peach
SDLXI-1-3 Nectarine
SDLX1-7-2 Peach
SDLY1-1-1 Peach
SDLY1-4-1 Peach
SDLY1-6-1 Peach
SDQDI-1-4 Peach
SDQD1-5-2 Peach
SDQD1-6-3 Peach
SDTAI-1-2 Peach
SDTA2-10-1 Peach
SDTA2-5-3 Peach
SDWFI-1-2 Peach
SDWFI-5-4 Peach
SDWE2-4-1 Peach
SXXAL-1-1 Nectarine
SXXAL-3-1 Nectarine
XAL10-1 Nectarine
SXXAL-2-1 Nectarine
SXXAL-$-1 Nectarine
SXXA2-1-1 Peach
YNKMI-2-1 Peach
YNKMI-2-2 Peach
YNKMI-2-3 Peach
YNKMI-4-1 Peach
YNKMI-5-1 Peach
ZJHZ10-1-1 Peach
ZJHZ1-1-1 Peach
ZJHZ11-4 Peach
ZJHZ1-2-2 Peach
ZJHZ12-2-1 Peach
ZJHZ13-2-1 Nectarine
ZJHZ1-4-1 Peach
ZJHZ14-1-1 Peach
ZJHZ14-1-2 Peach
2JHZ15-2-1 Nectarine
ZJHZ19-3-1 Peach
7JHZ2-2-1 Peach
2JHZ2-2-1 Peach
7JH72-2-2 Peach
2JHZ2-3-1 Peach
2JHZ2-4-3 Peach
7JHZ2-5-1 Peach
ZJHZ3-1-1 Peach
2JHZ4-2-1 Peach
7JHZ4-2-2 Peach
7JHZ5-3-1 Peach
2JHZ7-2-1 Peach
2JH77-2-3 Peach
7JHZ7-2-5 Peach
7JHZ8-2-3 Peach
ZJHZ8-3-1 Peach
2JHZ9-2-1 Nectarine
HZAUTY4-1-2 Peach
HZAUTY3-1-1 Peach
HZAUTY3-1-2 Peach
HZAUTY2-1-1 Peach
HZAUMPTY7-1-1 Peach
HZAUMPTZ6-1-1 Peach
HZAUMPTZ6-1-3 Peach
HZAUMPTZ7-1-1 Peach
HZAUMPTZ8-1-2 Peach
HZAUTZ3-1-1 Peach
HZAUTG4-1-2 Peach
HZAUTG3-1-1 Peach
HZAUTG2-1-2 Peach
HZAUTG2-1-1 Peach
HZAUTGI-1-1 Peach
HZAUMZ4-1-1 Mume.
HZAUMZ3-1-2 Mume
HZAUMZ3-1-1 Mume
HZAUMZI-1-2 Mume.
HZAUMZI-1-1 Mume
HZAUMY6-1-1 Mume
HZAUMY4-1-1 Mume
HZAUMY1-1-2 Mume
HZAUMY3-1-1 Mume
HZAUMY1-1-1 Mume.
HZAUMG6-1-1 Mume
HZAUMGA4-1-1 Mume
HZAUMG3-1-1 Mume.
HZAUMGI-1-2 Mume
HZAUMGI-1-1 Mume
HZAUXGS-1-2 Apricot
HZAUXGS-1-1 Apricot
HZAUXG3-1-2 Apricot
HZAUXG2-1-1 Apricot
HZAUXGI-1-1 Apricot
HZAUXZ5-1-2 Apricot
HZAUXZ4-12 Apricot
HZAUXZ4-1-1 Apricot
HZAUXZ1-1-1 Apricot
HZAUXY5-1-2 Apricot
HZAUXY5-1-1 Apricot
HZAUXY3-1-2 Apricot
HZAUXY2-1-1 Apricot
HZAUXY1-1-1 Apricot
HZAUXZ2-1-1 Apricot

Origin

Beijing

Beijing

Beijing

Beijing

Beijing

Beijing

Beijing

Beibei, Chongging
Hechuan, Chongging
Hechuan, Chongging
Hechuan, Chongging
Hechuan, Chongging
Hechuan, Chongging
Hechuan, Chongging
Shapinba, Chongging

Tongnan, Chong

ing
Tongnan, Chongging

‘Yongchuan, Chongging
‘Yongchuan, Chongging
‘Yongchuan, Chongging
‘Yongchuan, Chongging
Lechang, Guangdong
Lechang, Guangdong
Lechang, Guangdong
Lechang, Guangdong
Lechang, Guangdong
Lechang, Guangdong
Guilin, Guangxi
Guilin, Guangxi
Guilin, Guangxi
Guilin, Guangxi
Guilin, Guangxi
Guilin, Guangxi
Guilin, Guangxi
Guilin, Guangxi
Tongren, Guizhou
Tongren, Guizhou
Tongren, Guizhou
Shijiazhuang, Hebei

Shijiazhuang, Hebei

Shijiazhuang, Hebei
Shijiazhuang, Hebei

Shijiazhuang, Hebei

Shijiazhuang, Hebei
Suizhou, Hubei
Suizhou, Hubei
Suizhou, Hubei
Suizhou, Hubei
Suizhou, Hubei
Xiaogan, Hubei
Xiaogan, Hubei
Xiaogan, Hubei
Xiaogan, Hubei
Xiaogan, Hubei
Xiaogan, Hubei
Xiaogan, Hubei
Xiantao, Hubei
Yibing, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
Jiaozuo, Henan
Jiaozuo, Henan
Xinzheng, Henan
Xinzheng, Henan
Zhumadian, Henan
Nanjin, Jiangsu

Sugian,

ngsu
Sugian, Jiangsu
Sugian, Jiangsu
Sugian, Jiangsu
Sugian, Jiangsu
Sugian, Jiangsu
Chengdu, Sichuan
Chengdu, Sichuan
Chengdu, Sichuan
Chengdu, Sichuan
Chengdu, Sichuan
Chengdu, Sichuan
Chengdu, Sichuan
Jianyang, Sichuan
Jianyang, Sichuan
Jianyang, Sichuan
Laixi, Shandong
Laixi, Shandong
Linyi, Shandong
Lingi, Shandong
Lingi, Shandong
Linyi, Shandong
Qingdao, Shandong
Qingdao, Shandong
Qingdao, Shandong
‘Taian, Shandong
‘Taian, Shandong
‘Taian, Shandong
‘Weifang, Shandong
Weifang, Shandong
‘Weifang, Shandong
Xian, Shaanxi

Xian, Shaanxi

Xian, Shaanxi

Xian, Shaanxi

Xian, Shaanxi

Xian, Shaanxi
Kunming, Yunnan
Kunming, Yunnan
Kunming, Yunnan
Kunming, Yunnan
Kunming, Yunnan
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
Hangzhou, Zhejiang
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wahan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wahan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
Wahan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
Wahan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wahan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wahan, Hubei
Wauhan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wahan, Hubei
Wuhan, Hubei
‘Wuhan, Hubei
‘Wahan, Hubei
‘Wuhan, Hubei
‘Wuhan, Hubei
‘Wahan, Hubei
Wauhan, Hubei
‘Wuhan, Hubei
Wahan, Hubei
Wauhan, Hubei
‘Wuhan, Hubei
‘Wahan, Hubei
Wauhan, Hubei
Wuhan, Hubei
‘Wahan, Hubei
‘Wuhan, Hubei
Wuhan, Hubei

‘Wuhan, Hubei

Tissue

Fruit
Fruit
Fruit
Eruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Eruit
Fruit
Fruit
Eruit
Fruit
Fruit
Eruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Eruit
Fruit
Fruit
Eruit
Fruit
Fruit
Eruit
Fruit
Fruit
Eruit
Fruit
Fruit
Eruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Leaf
Leaf
Leaf
Leaf
Leaf
Twig
Twig
Twig
Twig
Twig
Fruit
Eruit
Fruit
Fruit
Eruit
Twig
Twig
Twig
Twig
Twig
Leaf
Leaf
Leaf
Leaf
Leaf
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Fruit
Eruit
Fruit
Twig
Twig
Twig
Twig
Leaf
Leaf
Leaf
Leaf
Leaf

Leaf

rDNA-ITS?

NA
NA
MN958548
MN958549
NA
MN958550
NA
NA
MN958551
MN958552
NA
NA
NA
NA
MN958553
MN958554
NA
MN958555
NA
NA
NA
MN958564
MN958563
NA
NA
NA
NA
MN958566
MN958567
NA
MN958568
NA
NA
NA
NA
MN958569
MN958570
MN958571
NA
MN958573
NA
NA
MN958574
NA
NA
NA
NA
NA
MN958576
MN958577
NA
NA
NA
NA
MN958578
NA
MN958579
MN958580
NA
MN958581
MN958582
NA
MN958583
NA

MN958584

MN958586

NA
MN958587
MN958588
MN958589
NA
NA
MN958590
MN958591
NA
MN958592
NA
MN958593
NA
NA
NA
MN958594
NA
MN958595
MN95859
NA
MN958597
NA
NA
MN958598
NA
MN958599
NA
NA
NA
MN958600
NA
MN958601
NA
NA
NA
NA
MN958602
NA
MN958603
MN958604
NA
MN958605
NA
MN958606
MN958607
MN958608
MN958609
MN958610
MN958611
NA
MN958612
MN958615
MN958613
NA
MN958614
MN958616
MN958617
NA
NA
MN958618
NA
MN958619
MN958620
NA
MN958621
MN958622
NA
MN958623
NA
MN958624
NA
MN958625
MT995091
MT995092
MT995093
MT995094
MT995095
MT995096
MT995097
MT995098
MT995099
MT995100
MT995101
MT995102
MT995103
MT995104
MT995105
NA
MN958630
MN958631
MN958632
NA
MN958633
NA
NA
MN958634
MN958635
MN958636
NA
MN958637
NA
MN958638
MN958639
NA
MN958640
NA
MN958641
MN958642
NA
MN958643
MN958644
MN958645
NA
MN958646
NA
MN958647

NA

LSU

NA

NA
MT845672
MT845673
NA
MT845674
NA

NA
MT845675
MT845676
NA

NA

NA

NA
MT845677
MT845678
NA
MT845679
NA

NA

NA
MT845688
MT845689
NA

NA

NA

NA
MT845690
MT845691
NA
MT845692
NA

NA

NA

NA
MT845693
MT845694
MT845695
NA
MT845697
NA

NA
MT845698
NA

NA

NA

NA

NA
MT845700
MT845701
NA

NA

NA

NA
MT845702
NA
MT845703
MT845704
NA
MT845705
MT845706
NA
MT845707
NA
MT845708
NA
MT845709
NA
MT845710
NA
MT845711
MT845712
MT845713
NA

NA
MT845714
MT845715
NA
MT845716
NA
MT845717
NA

NA

NA
MT845718
NA
MT845719
MT845720
NA
MT845721
NA

NA
MT845722

NA

NA

NA
NA
MT845724
NA
MT845725
NA
NA
NA
NA

MT845726

NA

NA
NA

MT845728
NA

MT845729
MT845730
MT845731

MT1772296

MT845732

MT845733
NA

MT845734
MT845737
MT845735
NA

MT845736
MT845738
MT845739
NA

NA

MT845740
NA

MT845741
MT845742
NA

MT845743
MT845744
NA

MT845745
NA

MT845746
NA

MT845747
MT995106
MT995107
MT995108
MT995109
MT995110
MT995111
MT995112
MT995113
MT995114
MT995115
MT995116
MT995117
MT995118
MT995119
MT995120
NA

MT845752
MT845753
MT845754
NA

MT845755
NA

NA

MT845756
MT845757
MT845758
NA

MT845759
NA

MT845760
MT845761
NA

MT845762
NA

MT845763
MT845764
NA

MT845765
MT845766
MT845767
NA

MT845768
NA

MT845769

NA

'NA, Data not uploaded, only select the sequences of some representative isolates were uploaded to NCBI. rDNA-ITS, internal transcribed spacer regions; LSU, large subunit

RNA gene.
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