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Abstract 19 

Fragaria nilgerrensis is a diploid wild strawberry widely distributed in Southwest 20 

China. Its white color and “peach-like” fragrance of fruits are valuable characters for 21 

the genetic improvement of cultivated strawberry plants. Its strong biotic and abiotic 22 

resistance and tolerance also enable it to survive in different habitats in the field. In this 23 

study, we evaluated the level of genetic variation within and between 16 populations 24 

with 169 individuals of F. nilgerrensis using 16 newly developed EST-SSR (expressed 25 

sequence tag-simple sequence repeats) markers. The results show that the genetic 26 

diversity of this species was highly based on Nei's genetic diversity (0.26) and 27 

polymorphic loci (0.41), although it is self-compatible and has clonal propagation. 28 

Significant genetic differentiation among populations was also detected by AMOVA 29 

analysis (Fst = 0.34), which could be indicative ofinterpreted by little gene flow (Nm = 30 

0.43) in F. nilgerrensis. The phylogenetic tree indicates that most of individuals from 31 

the same population have clustered together. These populations were not grouped based 32 

on the geographical distance, consistent with the Mantel test result (R2 = 0.0063, P > 33 

0.05). All the populations were assigned into two ancestral groups, with some 34 

individuals admixed, suggesting ancestral gene flow had occurred between these two 35 

groups. Our developed EST-SSR markers as well as the genetic diversity and 36 

population structure analysis of F. nilgerrensis are important for genetic improvement 37 

in the breeding process. Moreover, the populations that contain high genetic diversity 38 

would be a priority for collection and conservation. 39 

 40 

Keywords: Fragaria nilgerrensis; EST-SSR marker; Genetic diversity; Population 41 
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1. Introduction 44 

The strawberry is a very popular small berry. Diploid wild strawberries are 45 

important breeding materials due to their various fruit colors and special fragrance. 46 

Fragaria nilgerrensis is a self-compatible diploid wild strawberry with clonal 47 

reproduction, making itand it is widely distributed in Southwest China (Guo et al., 48 

2018). F. nilgerrensis is robust and has long, erect and brownish-yellow hairs on stolons, 49 

petioles, peduncle and inflorescences. These characters give it strong biotic and abiotic 50 

stress resistance and the plant can survive in different habitats in the field, including 51 

understory, valley forests, roadsides, dry limestone and meadows on mountain slopes. 52 

Our previous dated phylogeny indicated that F. nilgerrensis is grouped with an East 53 

Asian clade with origin time about 6.78 Mya (Qiao et al., 2016). Considering its major 54 

distribution is around the Qinghai-Tibet Plateau (QTP), different population of F. 55 

nilgerrensis may have undergone significant genetic changes to adapt to stress factors 56 

following the uplift of the QTP. Furthermore, the fruits of F. nilgerrensis are white to 57 

cream with a unique peach aroma. The unique aroma and white color from F. 58 

nilgerrensis were introduced into a derivative of cultivated strawberry (F. x ananassa) 59 

by interspecific crossing to form a decaploid white strawberry variety ‘Tokun’ 60 

(Noguchi 2011). Key information on genetic diversity and population structure of F. 61 

nilgerrensis is lacking, preventing the evaluation of current status of this species and 62 

its application in molecular breeding. 63 

Molecular markers, like SSR (Simple Sequences Repeat), RAPD (Random 64 

Amplified Polymorphic DNA), AFLP (Amplified Fragment Length Polymorphism), 65 

and ISSR (Inter-Simple Sequence Repeat) have extensively been used in conservation 66 

genetics. However, SSR markers have become an particularly important tool because 67 

of their co-dominant, polymorphic and cross-transferable nature. Compared with SSR, 68 

EST-SSR (Expressed Sequence Tag - Simple Sequences Repeat) has the advantage of 69 

transferability among plant species, and is widely used in plant genetic mapping (Dong 70 

et al., 2019; Yang et al., 2019; Zheng et al., 2019), genetic diversity evaluation (Ge et 71 

al., 2019; Ohbayashi et al., 2019; Sharma et al., 2020), and species identification (Li et 72 

al., 2014). Its location in the transcriptional region suggests polymorphism may be 73 

directly related to some functional genes (Zhang et al., 2015). Increased knowledge of 74 
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the genetic diversity and population structure of germplasm collections is an important 75 

foundation for crop improvement. In Fragaria, several researchers have developed high 76 

cross-species transferable EST-SSRs markers in F. vesca (Bassil et al., 2010), and 77 

performed genetic diversity and population structure analyses in F. nubicola (Meng et 78 

al., 2015) and multiple accessions of cultivated strawberry using SSR markers (Yoon 79 

et al., 2012).  80 

In the present study, we detected EST-SSRs in the assembled unigenes from 81 

transcriptome of F. nilgerrensis. Then we developed reproducible and polymorphic 82 

EST-SSR primers to assess the level of genetic diversity and genetic structure of F. 83 

nilgerrensis. Our study will provide novel insights for the utilization of F. nilgerrensis 84 

core germplasm resources. 85 

 86 

2. Material and methods 87 

2.1. Plant material and DNA extraction 88 

In this study, a total of 169 individuals from 16 populations of F. nilgerrensis were 89 

collected, which covered Yunnan, Guizhou and Sichuan provinces in Southwest China 90 

(Fig. 1A, 2A, Table 1). Some of the individuals were transplanted in the strawberry 91 

germplasm resources nursery in Yunnan University. The collected healthy young leaves 92 

were stored in allochronic silica gel. Genomic DNA was extracted from 30mg dried 93 

leaves of each individual using a DNA secure Plant kit (DP320, Tiangen Biotech Co., 94 

Beijing, China). The DNA quality and concentration were evaluated through a 95 

NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, USA). All DNA 96 

samples were diluted to 20 ng/ ul and stored at −20℃ for further experiments. 97 

 98 

2.2. EST-SSR mining from RNA-Seq and primer design 99 

In our previous research, the RNA-Seq of pooled samples including leaves, stems, 100 

flowers, and fruits of F. nilgerrensis was conducted using an Illumina Hiseq 2500 101 

platform and paired-end reads were generated and submitted to NCBI with accession 102 

number SRR4030219 (Qiao et al., 2016). EST-SSRs were detected in the assembled 103 

unigenes using the MIcroSAtellite (MISA) identification tool (http://pgrc.ipk-104 
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gatersleben.de/misa/misa/. Html, Beier et al., 2017). The SSRs were considered to 105 

contain mono-, di-, tri-, tetra-, penta- and hexa-nucleotides with minimum repeat 106 

numbers of 10, 6, 5, 5, 5 and 5, respectively. Unigenes with a sequence of more than 107 

150 bp before and after the SSR region were used for primer design by Primer v3.0 108 

(Rozen and Skaletsky, 2000). Oligonucleotides were synthesized at Shanghai Sangon 109 

Biological Engineering Technology (Shanghai, China). 110 

 111 

2.3. Practicability test of the designed EST-SSR primers 112 

All designed primer pairs were initially tested by amplification using 10 113 

individuals, which were randomly selected from 10 populations of F. nilgerrensis. The 114 

volume of the PCR reaction system was 15 µL, including 1.5 µl of 10 × Taq Buffer, 1.2 115 

µL of dNTP, each of forward and reverse primers for 0.5 µL, 1.2 µL of Taq DNA 116 

polymerase, 2 µL of template of DNA, and 9.1 µL of ddH2O. The PCR reaction and 117 

amplification conditions were performed as follows: initial denaturation at 95 °C for 7 118 

min followed by 35 cycles of 95 °C for 30 s, the annealing temperature (depending on 119 

EST-SSR primer) for 30 s, extension at 72 °C for 30 s. The final extension was 120 

performed at 72 °C for 7 min. Then, the amplified PCR products were detected by 8% 121 

non-denatureding polyacrylamide gels and stained by nucleic acid dye (Fig. 1B). 122 

Finally, the primer pairs, which that yielded clear, reproducible and polymorphic bands 123 

with expected size, were selected for allele identification and genetic diversity analysis. 124 

 125 

2.4. Data analysis 126 

SSR bands generated near the expected product size were scored visually for all 127 

the genotypes and this SSR genotype data was analyzed for genetic diversity and 128 

population structure. The band size of amplified products was determined by comparing 129 

with a 50 bp plus DNA ladder. The SSR bands scored in F. nilgerrensis genotypes 130 

wasere subjected to statistical analysis. 131 

The observed number of alleles (Na), the effective number of alleles (Ne), 132 

observed heterozygosity (Ho) and expected heterozygosity (He), polymorphic 133 

information content (PIC), Nei's genetic diversity index (H) and Shannon diversity 134 

index (I) were calculated using POPGENE 2.0 (Takezaki et al., 2010) and Power 135 

Marker 3.25 (Liu and Muse, 2005). Principle Coordinate Analysis (PCoA) and the 136 
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Mantel test, which evaluates the correlation between geographical and genetic distance 137 

were conducted using GenALEx V6.5 (Peakall and Smouse, 2012). An Unweighted 138 

Neighbor-Joining tree based on dissimilarity was constructed using DARWin 6.0 139 

(http://darwin.cirad.fr/Darwin/Html, Perrier and Jacquemoud-Collet, 2006). Population 140 

structure was estimated by the software STRUCTURE 2.3.4 (Pritchard et al., 2000). 141 

The admixture model was used with a burn-in of 50,000 and 100,000 iterations for 1 to 142 

10 K populations with ten independent runs each. The LnPD derived for each K was 143 

then plotted to find the plateau of the ΔK values (Evanno et al., 2005). Genetic 144 

differentiation of populations was estimated by the analysis of molecular variance 145 

(AMOVA) implemented in Arlequin 3.0 (Excoffier et al., 2005) and Power Marker 146 

3.25 (Liu and Muse, 2005). 147 

 148 

3. Results 149 

3.1. EST-SSR markers primer development 150 

In total, 11,722 EST-SSR loci were detected from 82,537 unigenes, distributed in 151 

9,785 sequences, with an average length of 5,526 bp per EST-SSR loci. The mono-152 

nucleotide (5,188, 44.20%) had the highest frequencies, followed by di-nucleotide 153 

(3,786, 32.22%) and tri-nucleotide (2,623, 22.38%) (Table 2, Fig. 1C). The total of 154 

tetra-, penta- and hexa-nucleotides only accounted for less than 1% (Table 2). Among 155 

these, the A/T repeat motif type was the most abundant (5,111, 43.6%) followed by 156 

AG/CT (2,791, 23.8%) and AAG/CTT (918, 7.8%). Further analysis indicated that the 157 

copy number of repeat motifs varied from 5 to 24 and was unevenly distributed in 158 

different unit types (from mono- to hexa- nucleotide repeats). The most frequent copy 159 

numbers in mono-nucleotide repeats were 9 to 12, while 5 to 8 were the most frequent 160 

copy numbers in di- and tri-nucleotide repeats respectively (Fig. 1C). Out of 125 EST-161 

SSR primer pairs which were selected for validation, 38 (30.4%) pairs of primers could 162 

amplify unambiguous bands. Among the primers that amplified successfully, 16 pairs 163 

of primers (12.8%) obtained well-sized products with polymorphic and reproducing 164 

bands (Table 3, Supplementary Table S1). 165 

 166 

3.2. Polymorphism of EST-SSR markers 167 
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The 16 EST-SSR primer pairs were used for genetic diversity study of F. 168 

nilgerrensis. A total of 71 alleles were detected with an average of 4.44 alleles per locus. 169 

As shown in Table 4, the number of alleles (Na) per locus ranged from 2 (primer pair 170 

FNG3) to 8 (primer pair FNG10); and the number of effective alleles (Ne) varied 171 

between 1.09 (FNG5) and 3.84 (FNG44), with a mean value of 1.89. The observed 172 

heterozygosity (Ho) ranged from 0.01 (FNG72) to 0.44 (FNG18), with a mean value of 173 

0.19. The genetic diversity (expected heterozygosity, He) of the 16 loci ranged from 174 

0.08 (FNG72) to 0.74 (FNG44), with an average of 0.40. The Shannon information 175 

index (I) and Nei’s genetic diversity index (H) both showed that primer pairs FNG44 176 

and FNG72 was of highest and lowest polymorphic site respectively. The average value 177 

of polymorphism information content (PIC) in 16 loci was 0.41 and ranged between 178 

0.08 (FNG5) and 0.70 (FNG44 and FNG91). All the above results suggested that the 179 

screening of 16 SSR loci genetic diversity was more abundant. The Hardy-Weinberg 180 

equilibrium test (HW-test) showed that most of the loci deviated from equilibrium 181 

significantly, except for primer pair FNG10 (Table 4). 182 

 183 

3.3. Genetic diversity of F. nilgerrensis populations 184 

As shown in Table 5, the genetic diversity parameters of populations were 185 

estimated as below: the number of alleles (Na) ranged from 1.44 (populations DLJ, JCP) 186 

to 2.56 (LZP, WT and ZDH), with the average number of 1.98; the effective alleles (Ne) 187 

varied from 1.19 (GS) to 2.11 (ZDH), with a mean value of 1.52. Ho and He were 0.28 188 

and 0.21 in 16 populations, respectively. The I and H indices both showed that ZDH 189 

had the highest genetic diversity, while JCP had the lowest genetic diversity. Across the 190 

16 populations, the average of polymorphic loci was 10.31, which accounted for 64.45% 191 

of all the detected loci. Furthermore, the average of I was 0.42 and mean H was 0.26. 192 

The results also indicated that the populations ZDH, WT, LZP, ZL had higher genetic 193 

diversity, while the GS, JCP, KM, BMH populations exhibited relatively lower genetic 194 

diversity. 195 

 196 

3.4. Genetic differentiation between populations 197 

The analysis of different scale genetic differentiation and inbreeding coefficients 198 

of F-statistics (Fis, Fit and Fst) estimates for 16 loci were 0.22, 0.51 and 0.40 199 
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respectively (Table 4). Among the 16 loci of F. nilgerrensis, three loci (FNG10, FNG18, 200 

and FNG34) showed excess heterozygosity with negative Fis values (-0.49, -0.22, -201 

0.09), while the other 13 sites showed insufficient heterozygosity with positive Fis 202 

values. The global inbreeding coefficient Fit ranged from -0.10 (FNG10) to 0.85 203 

(FNG72), with an average of 0.51. Across the 16 loci, Fst ranged from 0.21 (FNG71) 204 

to 0.58 (FNG72), with an average value of 0.40. Similarly, among the 16 populations, 205 

the Fst values varied from 0.32 (QXH) to 0.36 (BMH), with an average of 0.34 (Table 206 

5). This result was consistent with the analysis of AMOVA, which showed that genetic 207 

variation among populations of F. nilgerrensis accounted for 34.04% of the total 208 

variation, while the genetic variation within populations accounted for 65.96% (Table 209 

6). These results indicated that there had been significant genetic differentiation that 210 

occurred among the populations of F. nilgerrensis. Correspondingly, the average value 211 

of gene flow (Nm) was only 0.43 (Table 4). 212 

 213 

3.5. Clustering analysis of F. nilgerrensis populations  214 

To detect the population structure of F. nilgerrensis, we performed the 215 

STRUCTURE program for Bayesian clustering analysis. The results showed that when 216 

K = 2, the ΔK reached the maximum value, indicating that the 16 populations mainly 217 

came from two ancestral groups. Of them, one group was composed with admixed 218 

populations, while another group exhibited relatively pure composition (Fig. 2B). In 219 

addition, the un-weighted Neighbor-Joining (NJ) tree derived through DARwin 6.0.1 220 

software revealed that all the individuals clustered into three groups (Fig. 2D). 221 

Although most of individuals from same population clustered together in the NJ tree, 222 

JLT, LP and ZL exhibited scattered distribution. We also matched the individuals in 223 

the NJ tree to the two groups that STRUCTURE assigned and the results showed that 224 

the individuals with same ancestral genetic origin usually clustered together except for 225 

some intermixed individuals (Fig. 2D).  226 

The PCoA results showed that the first and second principal components 227 

accounted for 28.97% and 21.19% of the total genetic variation, respectively (Fig. 2C ). 228 

All 169 individuals could be roughly separated into two clusters on the second principal 229 

coordinate, which was in agreement with the Structure result. Most individuals were 230 
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clustered according to corresponding populations. However, the populations with 231 

higher genetic diversity index (WT, QXH, JLT, LP, LZP) showed several individuals 232 

admixing with other populations. Furthermore, both structure and the NJ dendrogram 233 

showed that populations did not cluster based on the geographical distance. This 234 

observation was also supported by the Mantel test, and no significant correlation was 235 

detected between genetic distance and the geographic distance (R2 = 0.0063, P > 0.05) 236 

(Fig. 2E). 237 

 238 

4. Discussion 239 

This study is the first attempt to develop and use EST-SSR markers to detect 240 

genetic diversity of F. nilgerrensis. The dominant EST-SSR repeat motifs were mono-, 241 

din- and tri-nucleotide repeats of A/T, AG/CT and AAG/CCTT in F. nilgerrensis, that 242 

were similar with cultivated strawberry, in which A/T, AG/CT, AAG/CTT and 243 

GAA/TTC commonly occurred (Zou et al., 2020). According to our results, the tri-244 

nucleotide repeats exhibited more polymorphisms than other types. 245 

The level of genetic diversity can reflect the strength of a population's ability to 246 

adapt to the environment and reveal the current level of utilization potential of the 247 

species, providing a basis for resource conservation and selection of breeding materials 248 

(Nachimuthu et al., 2015). Generally, outcrossing species tend to harbor more genetic 249 

variation than self-pollinating species. As a self-compatible species, the genetic 250 

diversity in F. nilgerrensis (0.26) is higher than that reported for out-crossing species 251 

F. nubicola (0.212), another diploid wild strawberry distributed in Southwest China 252 

(Meng et al., 2015). It was also higher than average values obtained for mainly selfing 253 

species (Hamrick and Godt, 1996). The relatively high level of genetic diversity of F. 254 

nilgerrensis seemed to contradict with its clonal propagation and self-compatibility. In 255 

fact, the level of genetic diversity of clonal plants is not necessarily very low, and 256 

previous studies show that some clonal plant populations can maintain a large amount 257 

of genetic diversity (Kirsten et al., 1998). Clonal plants can compensate for the loss of 258 

genetic variation through facultative sexual reproduction, to increase the genetic 259 

variation within populations and decrease the level of genetic variation among 260 

populations (Menken et al., 1995). In addition, spontaneous somatic mutations can also 261 
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be used to maintain genetic variation in clonal plants, such as dandelion (Eckert et al., 262 

2003) and cactus (Nason et al., 2002). As we observed, the seedlings of F. nilgerrensis 263 

growing in the field frequently undergo somatic mutation (the number of petals 264 

increases, the leaves deeply split, the petals turn red, etc.), Besides, because the 265 

ancestors of the cloned population may come from multiple genotype individuals, and 266 

different populations under heterogeneous environments may fix different loci by 267 

natural selection, they were able to maintain high genetic diversity. Although the 268 

breeding system of F. nilgerrensis is mainly selfing, long distance of pollen and seed 269 

dispersal would occur occasionally by flower visitors and human distribution. We 270 

speculate that the above factors may be the cause of its relatively high genetic diversity. 271 

The mean Fis > 0 and the lower observed heterozygosity than the expected 272 

heterozygosity at species level indicates lack of heterozygosity in the populations of F. 273 

nilgerrensis. It was reported that lack of heterozygotes among the related individuals is 274 

due to either random mating with a restricted paternal pollen pool, or non-random 275 

mating (Zhang et al., 2020). Both a self-compatible breeding system and clonal 276 

propagation in F. nilgerrensis could cause the low outcrossing rates and heterozygosity. 277 

In fact, the results of HW-test of 16 loci also suggest non-random mating in F. 278 

nilgerrensis, which showed that 14 loci deviated from the Hardy-Weinberg equilibrium. 279 

The Fst values of 16 populations obtained from Popgene software were consistent 280 

with the results of AMOVA analysis, indicating that there was significant genetic 281 

differentiation among populations. The genetic variation was maintained by both trade-282 

off between factors increasing (mutation and balance selection) and decreasing (natural 283 

selection and genetic drift) genetic variations. Generally, it is believed that when Nm > 284 

1, the gene flow is enough to inhibit genetic drift and prevent genetic differentiation 285 

among populations, while when Nm < 1, the gene flow was insufficient to offset the 286 

effects of genetic drift, the main factor leading to the genetic differentiation among 287 

populations (Slatkin, 1985; Schnabel et al., 1998). In F. nilgerrensis, Nm was only 0.43, 288 

suggesting that low levels of gene exchange among populations could not weaken the 289 

divergence among populations caused by natural selection and genetic drift. Therefore, 290 

we can speculate that the low gene flow could be an important reason for genetic 291 

differentiation of F. nilgerrensis, caused by asexual reproduction and a self-292 
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compatibility breeding system. Moreover, F.nilgerrensis is distributed from moderate 293 

to high elevations (up to 4000 meters) with various environments as we have observed 294 

in the field. The high elevation mountains usually generate heterogeneous habitats, 295 

where reproductive isolation in spatially discrete populations likely occurs (Qian et al., 296 

2014). The unique microhabitats for plants also could provide structural heterogeneity 297 

that enhances genetic diversity (Camp and Knight, 1997). Therefore, the heterogenous 298 

habitats are likely to favor the maintenance of high levels of genetic variation and also 299 

cause significant divergence of populations in F. nilgerrensis. Consistent with our 300 

results, the high genetic diversity of other clonal plants was also detected, and some of 301 

them have more genetic variation among populations than that within populations due 302 

to the barrier of gene flow (Ellstrand and Roose, 1987).  303 

According to the clustering analysis and Mental test, populations of F. nilgerrensis 304 

were not clustered based on the geographical distances. This means that geographic 305 

isolation is not major factor leading to high genetic differentiation of F. nilgerrensis. 306 

Considering that bumblebees and butterflies are the main flower visitors of F. 307 

nilgerrensis in the field, long distance of pollen dispersal would occur occasionally. 308 

The results of STRUCTURE assigned all the individuals into two ancestral groups. 309 

Several individuals displayed an intermixed composition, which could be attributed to 310 

a historical gene flow between them. In fact, the populations with admixed individuals 311 

also exhibited higher genetic diversity and scattered distribution in NJ tree PCoA 312 

according to our results. It suggests that these populations (e.g. ZDH, WT, LZP) contain 313 

more genetic variation of F. nilgerrensis and have priority to be conserved and utilized 314 

in the future. 315 

It is worth to note that in our study, the sample number of each population was 316 

uneven, for example, DLJ population has only four samples, while KM population has 317 

18 samples. Although the sample size was small in DLJ, it exhibited the same level of 318 

genetic diversity as KM did according to Nei’s genetic diversity. This may due to the 319 

different sampling strategies in the two populations. Individuals of DLJ came from four 320 

subpopulations because F. nilgerrensis is of scattered distribution at high-altitude levels. 321 

On the contrary, the samples of KM population were collected about 20 meters away 322 

between each other in a big population. This suggests that for genetic diversity study, 323 



11 

 

further distance is needed for clonal plants which live in homogeneous environments. 324 

 325 

5.Conclusions 326 

F. nilgerrensis is a wild strawberry species and could provide a rich source of 327 

genetic variations for cultivated strawberry improvement. Based on the 16 developed 328 

EST-SSR markers, we detected that the populations of F. nilgerrensis display abundant 329 

genetic diversity and significant genetic differentiation. High level genetic diversity 330 

suggests this species has strong capability to adapt to stressful environmental conditions, 331 

as well as to diseases. Therefore, the populations that exhibited higher genetic diversity 332 

suggests a higher level of utilization potential for resource conservation and selection 333 

of breeding materials. Although our study was based on a limited number of markers, 334 

our results should be considered in planning future conservation and research programs 335 

for the wild strawberry. In order to identify the candidate genes for important traits, 336 

future research should investigate genome-wide sequence variations of different 337 

populations by resequencing. 338 
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 453 

Figure Legends 454 

Fig. 1 (A) Habitat and morphology of Fragaria nilgerrensis in the wild. (B) Primer 455 

polymorphism detection results. (C) Proportion and Distribution characteristics of 456 

different EST-SSR motifs in F. nilgerrensis. Left: proportion of SSR motifs, Right: 457 

distribution of SSR motifs. 458 

 459 

Fig. 2 Genetic structure of F. nilgerrensis. (A) The collection sites of experimental 460 

materials. (B) Structure of F. nilgerrensis inferred by Bayesian clustering of SSR data. 461 

Upper: Assignment of individuals into K=2 genetically distinguishable groups. Below: 462 

Log probability of data L(K) as a function of K for 10 STRUCTURE runs at K = 1–10; 463 

C. Rate of change in the probability between successive runs, ΔK, as a function of K. 464 

(C) PCA of 169 individuals from F. nilgerrensis. (D) Unrooted Neighbor-joining tree 465 

of 169 individuals from F. nilgerrensis. Left: Individuals’ tree with different colors for 466 

different populations; right: individuals’ tree colored as two groups that Structure 467 

assigned. (E) Relationship between pairwise estimates of genetic distance and the 468 

corresponding geographic distance among 16 populations of F. nilgerrensis (R2 = 469 

0.0063, P > 0.05). 470 


