Genetic diversity and population structure of Gerbera delavayi
Franch. revealed by newly developed genic-SSR markers
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Background: Gerbera delavayi Franch., a perennial herb native to southwest China, is of important and
special value in textile and culture. Its abaxial leaves have a layer of soft fibers, which can be manually
peeled, twisted into a yarn, and applied in textiles for hand-made clothes. The particular craftsmanship,
unique all over the world, is a part of the intangible cultural heritage in Yunnan and Sichuan Province. To
date, the wild species has become endangered because its leaves are excessively harvested for textile
applications. Estimating the genetic variation of plant species is crucial for plant conservation and
breeding. So, the aim of this study was to (1) provide an accurate outline of the genetic diversity and
population structure of G. delavayi and (2) propose targeted conservation strategies for these wild
resources.

Methods: Simple sequence repeats (SSR) markers were developed from the G. delavayi transcriptome
for its genetic analysis. A total of 5,179 genic-SSR markers were identified and 350 primer pairs were
selected for PCR validation. After primary screening , 19 polymorphic and neutral primer pairs were used
to analyze the genetic diversity and population structure of nine wild fireweed populations (a total of 204
individuals) collected from Southwest China.

Results: Moderate genetic diversity (allelic richness (Ar)=3.436, Shannon’s information index (/)=0.789 ,
observed heterozygosity (Ho)=0.304 , and expected heterozygosity (He)=0.415) and moderate
differentiation (F;;=0.110, P=0.000) were found among nine populations. The lowest genetic diversity
(Ar=2.351, 1=0.497, Ho=0.178, and He=0.284) and highest inbreeding (inbreeding coefficient
(Fs)=0.365) were both detected within the isolated population PE. Furthermore, high genetic
differentiation, limited gene flow, and clear genetic barrier were detected between PE and other
populations, showing the significant effects of habitat fragmentation on the genetic differentiation of
these G. delavayi populations.

Conclusions: Our results showed that human overexploitation has led to moderate genetic diversity in
G.delavayi populations. Furthermore, habitat fragmentation has resulted in clear genetic barrier and high
differentiation between the isolated and concentrated populations. Upon the genetic features of wild G.
delavayi populations, we proposed several strategies for protecting and utilizing the current wild
resources.
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ABSTRACT

Background: Gerbera delavayi Franch., a perennial herb native to southwest China,
is of important and special value in textile and culture. Its abaxial leaves have a layer
of soft fibers, which can be manually peeled, twisted into a yarn, and applied in
textiles for hand-made clothes. The particular craftsmanship, unique all over the
world, is a part of the intangible cultural heritage in Yunnan and Sichuan Province. To
date, the wild species has become endangered because its leaves are excessively
harvested for textile applications. Estimating the genetic variation of plant species is
crucial for plant conservation and breeding. So, the aim of this study was to (1)
provide an accurate outline of the genetic diversity and population structure of G

delavayi and (2) propose targeted conservation strategies for these wild resources.

Methods: Simple sequence repeats (SSR) markers were developed from the G
delavayi transcriptome for its genetic analysis. A total of 5,179 genic-SSR markers
were identified and 350 primer pairs were selected for PCR validation. After primary
screening, 19 polymorphic and neutral primer pairs were used to analyze the genetic
diversity and population structure of nine wild fireweed populations (a total of 204

individuals) collected from Southwest China.

Results: Moderate genetic diversity (allelic richness (Ar)=3.436, Shannon’s
information index(/)=0.789, observed heterozygosity (Ho)=0.304, and expected
heterozygosity (He) =0.415) and moderate differentiation (Fsy=0.110, P=0.000) were

found among nine populations. The lowest genetic diversity (Ar=2.351, 1=0.497,
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Ho=0.178, and He=0.284) and highest inbreeding (inbreeding coefficient (F;5)=0.365)
were both detected within the isolated population PE. Furthermore, high genetic
differentiation, limited gene flow, and clear genetic barrier were detected between PE
and other populations, showing the significant effects of habitat fragmentation on the

genetic differentiation of these fireweed populations.

Conclusions: The results showed that human overexploitation has led to moderate
genetic diversity in G delavayi populations. Furthermore, habitat fragmentation has
resulted in clear genetic barrier and high differentiation between the isolated and
concentrated populations. Upon the genetic features of wild G delavayi populations,

we proposed several strategies for protecting and utilizing the current wild resources.
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INTRODUCTION

Fireweed (Gerbera delavayi Franch.) is an endangered perennial herb of the
Compositae family and mainly distributed in plains, slopes, and woodlands at an
altitude of 1,800m to 3,200m in Southwest China and North Vietnam (Cheng, 1996).
To the best of our knowledge, fireweed fiber is a unique natural material that is
obtained from the abaxial side of a leaf blade and is used for textile applications (Fig.
1). This material exhibits good characteristics in textile (Xu et al. 2016). The
leaf-pasted fibers can be manually peeled, twisted into a yarn, and applied to make
traditional clothes without any chemical treatments. This craft began more than 500
years ago and has been included in the intangible cultural heritage in Yunnan and
Sichuan Provinces, China (Li and Li 2010). With special cultural symbols, hand made
fireweed clothes represent love and wisdom in some ethnic minority groups (e.g. Yi,
Bai, and Lisu) in Southwest China. In addition, because the fleshy fibrous root of G
delavayi contains coumarin that has bactericidal effects (Liu et al. 2010), it is also
collected to make Chinese traditional medicine and to treat dysentery, stomach pain,
and indigestion (Xu 2014). What’s more, fireweed has strong resistance and hard
pedicel; therefore, Chinese breeders consider it as the parent of the distant
hybridization of Barberton Daisy (Gerbera jamesonii Bolus).

For hundreds of years, few varieties of G delavayi were domesticated and
cultivated for textile and medical applications. Local farmers often collected raw
materials from neighboring wild populations. Unfortunately, because of the increasing

price of raw materials (eg., 60 dollars per kg of leaves in 2015) and the growing

4

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.2656v1 | CC BY 4.0 Open Access | rec: 21 Dec 2016, publ: 21 Dec 2016




71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

demands for fireweed products, numerous wild G. delavayi resources have been cut
down to obtain leaves and roots, leading to severe loss of natural resources and an
urgent need to breed and conserve this endangered species.

Knowledge on genetic diversity and population structure can provide a basis for
plant breeding and conservation. However, few research have been conducted to
estimate the genetic variation of G delavayi. Genetic molecular markers, such as
inter-simple  sequence repeat (ISSR)markers, amplified fragment length
polymorphisms (AFLP), single nucleotide polymorphisms (SNP), and simple
sequence repeats (SSR), have been widely used to analyze the genetic diversity and
population structure of many plant species (Xia et al., 2007; Emanuelli et al., 2013;
Hou and Luo, 2011; Zhang et al., 2016). Compared with ISSR, RAPD, and AFLP
markers, SSR markers have been recognized as the most effective tools for the study
of genetic variation because of their high polymorphisms, co-dominant inheritance,
high reproducibility, and low costs (Arnaud-Haond et al., 2005). In addition, the
developments of sequencing and biological information technologies also provide
good opportunities to generate transcriptome data and developing genic-SSRs for G
delavayi.

In this study, 350 new genic-SSR markers developed from the fireweed
transcriptome were selected for PCR validation. Finally, 19 high polymorphic and
neutral primer pairs were used to estimate the genetic diversity and population
structure of nine wild fireweed populations collected from Southwest China. Our
goals were to (1) provide an accurate outline of the genetic diversity and population
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93  structure of G delavayi and (2) propose targeted conservation strategies for these wild
94  resources.

95

96 MATERIALS AND METHODS

97  Plant material, RNA, and DNA extraction

98 Covering the current distribution of wild fireweed populations, 270 healthy

99  plants were collected from nine wild populations in Yunnan and Sichuan provinces
100  (Fig. 2) and subsequently planted in the warming houses of Kunming University of
101 Science and Technology. The tissue plantlets from “Shilin” (SL) were selected for
102 Illumina sequencing. The transcriptome database of “T01” in this population was used
103  to test the genic-SSR contents. Twenty-four samples were randomly selected from
104  nine populations for PCR validation. To analyze the genetic variation of G. delavayi, a
105  total of 204 individuals were selected from the nine wild populations (Table 1). The
106  total RNA was extracted using the method of Gong et al. (2012). The total genomic
107  DNA of all studied individuals was extracted from the leaf samples using the method

108  reported by Minerva et al. (2012).

109  Transcriptome sequencing and genic-SSR identification

110 The transcriptome of G delavayi was sequenced on Illumina HiSeq 2500 and
111 assembled de novo with Trinity software (Grabherr et al., 2011). Unigenes that were
112 longer than 1,000 bp were screened for potential microsatellite loci by the MISA

113 (http://pgrc.ipk-gatersleben.de/misa/misa.html). The criteria for SSRs were set as
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114  follows: (1) repeat motifs should include di-, tri-, tetra-, and penta-nucleotide repeats;
115  (2) the amplified fragments size should range from 150 bp to 300 bp; (3) unigenes of

116  good quality should be evenly distributed throughout the transcriptome.

117  Primer design

118 Sufficient flanking sequences containing microsatellites were selected to design
119  primer pairs using Primer 3 (Rozen and Skaletsky, 1999). The annealing temperature
120  was set to 60°C.The lengths of the designed primers were between 20 and 23 bp with
121 an effective size of Ln=2(G+C) + (A+T). The maximum base repeat number of the 4.
122 5" and 3’ regions could not contain over 2 continuous A/T, and 3’ regions could not
123 contain more than 3 G/C. In this study, 3,464 primer pairs were designed, of which

124 350 pairs were manually selected for further genetic analysis.

125  PCR amplification and electrophoresis

126 PCR reaction was performed in 15uL of reaction mixture, consisting of 7.5 pL of
127  Tapmix, 1pL of DNA, 4.5 puL of ddH,0O, and 1uL of each primer labeled with
128  fluorescent FAM, HEX, and TAMRA (Applied Biosystems, Foster City, CA, USA).
129 PCR products were sized on an ABI 3730 Prism Genetic Analyzer (Applied
130  Biosystems). The PCR procedure of all DNA amplification was as follows: an initial
131 denaturation step of 2 min at 98°C was followed by 30 cycles at 98 °C for 10s, 60 °C

132 for 5 s, and 72 °C for 2 s, and a final extension at 72 °C for 10 min.
133  Data analysis
134 The raw molecular data of all loci were obtained by GeneMarker version 2.62
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135  (SoftGenetics, State College, PA, USA), and all binned peaks were checked for
136  correct assignment to corresponding bands and corrected manually. Dataset editing
137  and formatting were performed in GenAIEx version 6.501 (Peakall and Smouse,
138 2012). The Fsr-outlier approach (Beaumont and Nichols 1996; Beaumont 2005) was
139  used to test for signs of positive and balancing selection on the selected loci in
140  LOSITAN software (Antao et al., 2008). The allelic variation of genic-SSRs and the
141 levels of genetic diversity of the nine populations were tested in GenAIEx version
142 6.501 and PowerMarker version 3.25(Liu and Muse, 2005). Genetic diversity
143 parameters were as follows: number of observed alleles (NVa), number of effective
144  alleles (Ne), number of private alleles (Np), polymorphism information content (PIC),
145  Shannon’s information index (/), observed heterozygosity (Ho), expected
146  heterozygosity (He), and inbreeding coefficient (Fjs). The allelic richness (Ag) was
147  estimated in FSTAT version 2.9.3 (Goudet, 2001). The Hardy—Weinberg equilibrium

148  was tested using GENEPOP version 4.1.4 (Rousset, 2008).

149 Based on the Bayesian method, STRUCTURE version 2.2.3 (Pritchard et al.,
150  2000) was used to cluster individuals and infer population structure. The combination
151  of admixture and correlated-allele frequency model was used for the analysis. Twenty
152 independent runs were performed for each set, with the K values ranging from 1 to 10,
153 a burn-in of 1 x 10° iterations, and 1 x 10° subsequent Markov chain Monte Carlo
154  (MCMC) steps. Based on the method of Evanno et al. (2005), the best K value was
155 estimated in  the  website of the STRUCTURE HARVESTER

156  (http://taylor0.biology.ucla.edu/structureHarvester/)  (Earl2012). The CLUMPP
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157  version 1.1.2 (Jakobsson and Rosenberg 2007) was used to account for label
158  switching and detect the existence of distinct solutions across replicates. Finally, the
159  graphical displays of the final results were generated in the DISTRUCT version 1.1

160  (Rosenberg, 2004).

161 Nei’s genetic distance (1983) was calculated in PowerMarker version 3.25 and
162  then used to construct the unrooted UPGMA tree of populations. The bootstrap values
163  were calculated in Phylip version 3.6 (Felsenstein, 2005), and the final files were
164  visualized and edited in MEGA version 5.10 (Tamura et al., 2013). Principal
165  coordinate analysis (PCoA) was performed with NTSYS version 2.1(Rohlf, 2000).
166  The genetic differentiation between pairwise populations was computed using Fsrand
167  tested with ARLEQUIN version 3.1 (Excoffier and Lischer, 2010). The gene flow
168  between pairwise populations was estimated using Wright’s principle

169 Nrn=( 1 ‘FST)/4FST (Wright, 193 1)

170 The correlation analysis between the genetic distance (Rousset 1997), Fs7/(1-Fsr),
171 and geographic distance was carried out with the Mantel test (Mantel 1967) in
172 GenAlEx version 6.501. Finally, based on the maximum difference algorithm of
173 Monmonier, BARRIER version 2.2was used to identify the genetic barriers among the

174  nine populations (Manni 2004).

175

176 RESULTS

177 SSR frequencies and distribution of repeat motif types
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178 A total of 15,616 Unigenes were identified in the G delavayi transcriptome, with
179  an average length of 1975 bp (Table 2). A total of 4,133 Unigenes were detected with
180 5,179 SSRs, of which 839 Unigenes (5.37%) contained more than one SSR.
181  Mononucleotides were the most abundant category, accounting for 54.37% of all
182 SSRs (2816/5179), followed by dinucleotides (22.90%), and trinucleotides (21.70%).
183  Compared with mononucleotides, dinucleotides, and trinucleotides, tetranucleotides,
184  pentanucleotides, and hexanucleotides were significantly less abundant, accounting
185  for 0.07%, 0.01%, and 0.01% of all SSRs, respectively. Without considering
186  mononucleotides repeat, 2,363 SSRs remained. Dinucleotides, trinucleotides,
187  tetranucleotides, pentanucleotides, and hexanucleotides accounted for 50.19%
188  (1186/2363), 47.57% (1124/2363), 1.52% (36/2363), 0.42% (10/2363), and 0.30%

189  (7/2363) of all SSRs, respectively.

190 In mononucleotide repeats, the most frequent motif (51.27%) was (A)n (not
191  shown). Among the dinucleotide repeats, AG/CT was the most abundant motif,
192  accounting for 60.66% of all dinucleotide SSRs (Fig. 3). Among the trinucleotide

193  repeats, AAT/ATT was the richest motif and accounted for 25.50% (Fig.3).

194  SSR assessment and selection for genetic analysis

195 A total of 3,464 SSR primer pairs were designed using Primer 3, and 350 of these
196  SSR primer pairs were randomly selected for PCR validation. Sixty-one primer pairs
197  yielded clear and specific bands, of which 21 were polymorphic for each allele in 24
198  individuals. Subsequently, the polymorphism level of 21 markers was estimated in

199 204 individuals (Table 3). A total of 169 alleles were detected across all loci, ranging
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200 from 4 (GdS 4) to 14 (GdS 50) alleles, with an average of 8.048 alleles per locus. The
201 effective alleles were 48.305, between 1.068 (GdS 51) and 4.494 (GdS 43), with an
202 average of 2.300 per locus. The mean PIC was 0.481, ranging from 0.063 (GdS 51) to
203 0.750 (GdS 43). The mean He and Ho were 0.329 and 0.487, respectively. All of these

204  results exhibited the 21 SSR markers’ potential in genetic analysis.

205 The Fsr outlier test was conducted to identify the SSR loci potentially under
206  selection pressure (Fig. 4). Results showed that GdS2 and GdS18 were under positive
207 and balancing selections, respectively. Therefore, they were excluded from further
208  genetic analysis, and the remaining 19loci were finally selected to analyze the genetic

209  diversity and population structure ofthenine wild fireweed populations.

210  Genetic diversity

211 Moderate genetic diversity (Ar=3.436, [=0.789, Ho0=0.304, He=0.415) was
212 detected in fireweed populations (Table 4). The lowest I was 0.497 and the highest
213 was 1.004. The Na was between 2.579 and 4.895, Ne was between 1.579 and 2.502,
214 Ar was between 2.351 and 4.323, Ho was between 0.178 and 0.389 and He ranged
215  from 0.284 to 0.496. With a similar trend, all of these indices indicated that the lowest

216  genetic diversity was detected in PE and the highest was observed in WD.

217 A total of 46 private alleles were identified in 8 out of 9 wild populations (Table
218  4). A total of 216 rare alleles were detected among the 9 populations, from 12 (PE) to
219 36 (SL), with an average of 24 per population. All populations significantly deviated

220 from HWE. Furthermore, the F;s was positive and ranged from 0.207 (WD) to 0.365
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221 (PE) with an average of 0.262, indicating the moderate inbreeding within populations.

222 Population structure

223 The genetic distance (Nei, 1983) had a range of 0.063 to 0.184 (Table 5); the
224  lowest was generated between SL and XP, and the highest was detected between KY
225 and PE. Most notably, the genetic distance between PE and other populations was
226 higher than that between the remaining pairwise populations. We constructed the
227  unrooted UPGMA tree for populations based on Nei’s genetic distance (Fig. 5 A). In
228  the population tree, PE (cluster I ) from South Yunnan was separated from the rest of
229  the populations with 100% bootstrap support, followed by EY and LJ (cluster II ) from
230  Northwest Yunnan with 85% bootstrap support. Subsequently, KY from Southeast
231  Yunnan was assigned to cluster III with a bootstrap value of 43%, and the 5
232 populations from central Yunnan and South Sichuan were grouped in cluster IV with a
233 bootstrap value of 69%. These four clusters were highly relevant to the geographic

234  distribution of the nine studied populations.

235 In this study, model-based STRUCTURE analysis failed to detect any structure
236  among the nine populations (Fig. 5 B). Referring to the suggestion of Pritchard et al.
237 (2010), with the population location as prior information, we also used LOCPRIOR to
238  assist in the clustering, but still detected the absence of population structure. The
239  maximum LnP (D) value was detected at K=5, indicating that 204 individuals could
240  be clustered into five genetic clusters (Fig. S1). Interestingly, at 0>0.800, population
241 PE could be assigned into a distinct cluster. Frequent gene introgression was detected

242 between EY and LJ, and among KY, FY, SL, SDC, XP, and WD.
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243 Consistent with STRUCTURE, genetic distance, and UPGMA tree, PCoA also
244  showed that PE was significantly separated from other populations with a small admix

245 (Fig. S2).

246 Relatedness between genetic and geographic distance and Genetic Barrier

247 A data analysis method, which involves the regression of Fs7/(1- Fsr) estimate
248  for pairs of subpopulations on geographic distance for populations along linear
249  habitats or logarithm of distance for populations in two-dimensional habitats, was
250 used in the Mantel test (Mantel, 1967). Results showed a significant and positive
251  correlation between genetic and geographical distances (=0.573, P=0.001) (Fig. S3),
252  indicating the isolation-by-distance (IBD) among the nine populations. Based on the
253  maximum difference algorithm of Monmonier, our genetic barrier prediction analysis
254  identified three putative barriers among the nine populations (Fig. 6). The first barrier
255  separated PE from the rest of the populations. The second one separated KY from the
256  remaining seven populations. The third one separated EY and LJ from the rest of the

257  populations.

258  Genetic differentiation and gene flow

259 In the analysis of molecular variance (AMOVA), moderate differentiation
260 (Fsr=0.110, P=0.000) was detected among the nine populations, and 89.03% of
261  variation occurred within populations (Table 6). The pairwise Fsr and gene flow
262  among the nine populations showed higher differentiation and limited gene flow

263  between PE and the other populations when compared with those between the
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264  remaining pairwise populations (Table 5 and S1). According to the results of UPGMA
265 and genetic barrier analysis, the nine populations were assigned to four clusters,
266 cluster I (PE), cluster II (EY and LJ), cluster III (KY), and cluster IV (FY, SL, SDC,
267 XP, and WD) for further analyses. Moderate genetic differentiation (Fsr=0.131,
268  P=0.000) and low genetic variation (7.65%) were detected among the four clusters
269  (Table 6). The Fsr values between cluster I and the other clusters were significantly
270 higher than those between the remaining pairwise clusters (Table S2). The gene flow
271 values between cluster I and the other clusters were much lower than those between

272 the remaining pairwise clusters (Table S2).

273

274 DISCUSSION

275  Genic-SSR markers

276 A total of 5,179 genic-SSR markers were characterized in the G delavayi
277  transcriptome. The frequencies and distribution of the identified repeat motif types
278  were analyzed in this study. Results showed that the frequency of a repeat decreased
279 as its length increased. Three most abundant categories, mononucleotides,
280  dinucleotides, and trinucleotides, comprised 98.97% of all identified SSRs. Excluding
281  mononucleotide, dinucleotide was the most abundant category, followed by
282  trinucleotide. This result was consistent with those of other studies (Wu et al., 2014;
283  Dutta et al., 2011) but different from the report on Gerbera hybrid (Benemann et al.

284  2012), which indicated that the richest motif was trinucleotide. The most abundant
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285  dinucleotide motif was AG/CT, which was consistent with many previous reports
286  (Zhang et al., 2012; Moccia et al., 2009). However, the richest trinucleotide motif was
287  AAT/ATT, which was different from that (AAG/CTT) in many dicotyledons

288  (Morgante et al., 2002).

289 of the 350 primer pairs, 21 genic-SSR markers were selected to genotype 204
290 fireweed individuals. The mean Ho, He, and PIC of 21 loci were 0.329, 0.481, and
291 0.487, respectively, showing their high potential in the genetic analysis of fireweed
292 populations. We conducted the Fsr outlier test across 21 loci because most of the
293  genetic parameters were calculated under the hypothesis that all the loci are neutral
294  (Shen et al., 2013). Results showed that GdS2 and GdS18 were under significant

295  selection. Therefore, we excluded them from further genetic analyses.

296  Moderate genetic diversity

297 Moderate genetic diversity was detected in fireweed populations. The mean Ar, 1,
298  Ho, and He of fireweed populations were 3.436, 0.789, 0.304, and 0.415, respectively,
299  which were significantly lower than those of some plant species from the same
300 regions (Ar=6.778, I=0.789, Ho=0.502, He=0.597) (Zhao et al., 2014) but similar to
301  those of many partially endangered species (Ar: 2.016-4.000, I: 0.789-0.885, Ho:
302 0.260-0.441, He: 0.334-0.457) (Xu et al., 2016; Feng et al., 2014; Colling et al.,
303 2010). These results indicated the existing grim situation of these fireweed
304 populations. Human overexploitation may be the most possible reason for this
305  moderate genetic diversity. Our latest field investigation found that because of human

306  overexploitation, the natural distribution and population size of G delavayi has
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307 drastically decreased in recent years, and the partial natural populations reported by
308  previous research have disappeared. Collecting the leaves and roots of wild fireweed
309 to make related products has already caused serious, even catastrophic damage to

310 these wild resources, and has led to a moderate level of genetic diversity.

311 The lowest genetic diversity and highest inbreeding were both detected in PE, a
312 relatively isolated population compared with the remaining eight populations. For PE,
313  marginal and isolated distribution may reduce the chance to communicate with other
314  populations and lead to low genetic diversity and high inbreeding. This observation
315  can be supported by the limited gene flow between PE and other populations and the
316  significantly higher genetic diversity in other concentrated populations, such as WD,

317 LJ, EY, and FY.

318  Genetic barrier and population structure

319 STRUCTURE, UPGMA tree, PCoA, and pairwise Fsr all showed that PE was
320  significantly separated and differentiated from other populations. According to Manni
321 et al. (2004), the most important genetic barrier was detected between PE and other
322 populations in the genetic barrier analysis. Population isolation is probably
323  responsible for the substantial genetic barrier and high differentiation between PE and
324  other populations because population isolation caused by habitat fragmentation may
325 lead to increased genetic differentiation among populations (Young et al., 1993). PE is
326  the only sampling population in South Yunnan. The Ailao Mountains and Honghe rift
327  valley, where few fireweeds inhabit, isolate PE from other populations. The high

328  mountains and wide rift valley hinder the gene flow through seeds and pollen, finally
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329 leading to the clear genetic barrier and high differentiation between PE and the other

330 populations.

331 In addition to PE, our study detected moderate genetic differentiation among the
332 remaining eight populations. Results of STRUCTURE, UPGMA tree, and Mantel test
333 showed the absence of genetic structure and close genetic relationship among
334  populations from the same or adjacent regions. For plant species, mating system plays
335 an important role in shaping population structure and genetic differentiation (Petit and
336 Hampe, 2006). Fireweed is a strictly outcrossing species. In a certain geographic
337 range, seed and pollen can be effectively dispersed by insects and animals, which
338 improves the gene flow and weaken the genetic differentiation among adjacent
339  populations. Perennial characteristics can also maintain shared ancestral information
340 and limit the differentiation among populations (Petit and Hampe, 2006). Therefore,
341  these combined factors contribute to the absence of population structure and the

342  moderate differentiation among the remaining eight populations.

343  Conservation implications

344 This study detected moderate genetic diversity in the nine wild fireweed
345  populations. Human activities and habitat fragmentation have led to significant
346  genetic diversity reduction, high genetic differentiation, and substantial genetic barrier
347 in G delavayi. The abundant rare alleles within populations also indicated the
348  potential loss of genetic diversity. Therefore, resource protection and public education
349  are necessary. As for G delavayi, the breeding varieties used for medicine and textile

350  may be the most basic method to reduce the exhaustive exploitation of wild resources.
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351  Therefore, we also suggest ex situ conservation for individuals with specific excellent
352  characteristics for future plant breeding. Moreover, given the low genetic diversity in
353 the isolated PE population, we propose seed and pollen dispersals among populations
354  to improve the genetic diversity within populations and strengthen the gene flow

355  among the nine populations.

356

357 CONCLUSIONS

358 5179 Genic-SSRs were identified from 15616 Uni-scaffolds in G delavayi
359 transcriptome. Twenty one primer pairs were polymorphic and selected to yield PCR
360 amplicons across 204 individuals. After removing two outlier loci, nineteen primer
361  pairs were used to study the genetic diversity and population structure of nine wild
362  fireweed populations. Our results showed that the human over-exploitation has led to
363  the moderate genetic diversity in these populations, and habitat fragment has resulted
364 in clear genetic barrier and high differentiation between the isolated and concentrated
365 populations. Finally, we proposed several strategies for protecting and utilizing the

366  current wild resources.

367
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Table 1 Sample sizes and locations of nine wild Gerbera delavayi populations.

Population

Locality

Sample size

Latitude

Longitude

Altitude

WD

FY

LJ

EY

KY

PE

SL

XP

SDC

Wuding, Yunnan
Fuyuan, Yunnan
Lijiang, Yunnan
Eryuan, Yunnan
Kaiyuan, Yunnan
Puer, Yunnan
Shilin, Yunnan
Xinping, Yunnan

Dechang, Sichuan

22

24

23

17

23

24

22

24

25

25°28'12.39"N

25°50'30.84"N

26°53'59.81"N

26°09'38.82"N

23°48'19.36"N

22°4620.11"N

24°54'31.20"N

23°55'55.32"N

27°1920.92"N

102°19'32.92"E

103°17'18.83"E

100°10'47.33"E

99°54"20.12"E

103°37'52.97"E

101°00'56.81"E

103°20'42.31"E

102°08"21.12"E

102°17'27.08"E

2026m

2468m

2564m

2312m

1456m

1466m

1862m

1528m

2180m
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Table 2 Detailed characteristics of Genic-SSRs in Gerbera delavayi

transcriptome.
Searching Item Number
Total number of sequences examined 15,616
Total size of examined sequences (bp) 30,835,470
Total number of identified SSRs 5,179
Number of SSR containing sequences 4,133
Number of sequences containing more than 1 SSR 839
Number of SSRs present in compound formation 271
Mononucleotide 2,816
Dinucleotide 1,186
Trinucleotide 1,124
Tetranucleotide 36
Pentanucleotide 10
Hexanucleotide 7
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Table 3 Characteristics of 21 selected genic-SSR markers in 204 individuals.

Locus Motif  Primer sequence(5'-3") Na Ne PIC Ho He Genbank numbers

GdS2 TCT F: TGAACCACACCGTTACGAAG 6 3.340 0.469 0.271 0.701 KY050788
R: CAGAACCAACTGGAAGAGGG

Gds4 TCG  F: GTCGAGGAGGTTGACGAAAG 4 1.133  0.114 0.084 0.118 KY050789
R: GCGGCACTCTCCTTCTATGA

GdS5 GGC F: GTTATAAGGCGGTGGAGGGT 9 1.686 0.380 0.257  0.407 KY050790
R: GGTGGTTCTAGCAGCTCAGG

GdS17 CTG F: GGAGTTGCTACTGCAAAGGC 5 2995 0.600 0.643 0.666 KY050791
R: ATGGTAGAGCATCGGAATGG

Gds18 CT F: TGCAGCTTGTTAATGGAGGA 9 2470 0.615 0.837 0.595 KY050792
R: GTCGGTGAGAGGAGAGTTGC

Gds20 CT F: CGCTGCTACAGAACTCATCG 5 2.100 0436 0434 0.524 KY050793
R: GGAATCGAAGCAGTCTCCAC

GdS22 ATG F: GTACTCCGGATCTCCCAACA 5 1.139  0.120 0.066 0.122 KY050794
R: GGGACTCAGACTAACCGACG

Gds27 GAC  F: TGGGGTTGTGTTGAAGATGA 6 2376 0.493 0.040 0.579 KY050795
R: CCAAACTTGATGCCCAATTC

Gds29 TG F: GATGGACCTTCTGCACCAGT 8 2.600 0.570 0429 0.615 KY050796
R: CGGCATCAGCAGAATCTACA

Gds31 TGA  F: AGCATTCACAACCACAACCA 7 1.253  0.195 0.105 0.202 KY050797
R: CTAGCGCTTGTCAGAACACG

GdS32 CGC  F: GACAAGTGAAGCAGGGGAAG 10 3.674 0.682 0295 0.728 KY050798
R: AGTAATCCCAACCCCACACA
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GdS40 TG F: CTGCTAAAGCTGTTGCTTGG 11 3.013 0.628 0.407 0.668 KY050799

R: AGGTTAAGTTCGGTTCCGGT

GdS43 TAT F: CACCCAAGTTTGACGATGTG 8 4494 0.750 0.463 0.778 KY050800

R: TCGTTTCCCAACCAATTCTC

GdS45 AAG  F: AGGTGACCATGGTTTCTTGG 7 1.689 0382 0320 0.408 KY050808

R: ACCTATAACCCATGGGAGGG

GdS48 GA F: AAGAGCCTTGTTAGGCGTTG 13 3273  0.677 0.465 0.694 KY050807

R: CCAGAACCCACAGGTACCAC

GdS50 GA F: ACCGCAGTAGGTTGAAGGAA 14 2476  0.559 0.443 0.596 KY050806

R: AGGTGAAGCAACAGGACCAC

GdSs51 GT F: ATGCATCATGTCAAAGCAGC 10 1.068  0.063 0.035 0.064 KY050805

R: GGTTCAGATGGAGGTCTGGA

GdSs56 TCT F: GCCATTAGGGTTTCCTCTCA 10 1.229  0.180 0.155 0.186 KY050804

R: ACTTTAGGGTTTGCTCCGGT

GdSs8 ACA  F: GGTGGTTGCTGTAATGGAGG 10 2.076 0431 0399 0.518 KY050803

R: TGATCGGGTGGTTAGAGAGG

GdS60 CGG  F: TGCAATGACCGAAGCTATCA 7 1.991 0.466 0.350 0.498 KY050802

R: AATCATCCAACATTCCCACC

GdS6l AG F: TACCCAAAGGAACCCAAGTG 5 2228 0475 0.404 0.551 KY050801

R: GTGGAATGCCAGGTAAGGAG

Mean 8.048 2300 0481 0329 0.487

Total 169 48.305

Na: number of observed alleles; Ne: number of effective alleles; PIC: polymorphism

information content; Ho: observed heterozygosity; He: expected heterozygosity.
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Table 4 Genetic diversity of nine Gerbera delavayi populations based on nineteen

genic-SSRs loci.

Pop Na Ne Ar Np Nr Il Ho He FIS

PE 2579 1.57 2.351 1 12 0497 0.178 0.284 0.365

EY 3.947 210 3.702 9 22 0.810 0.265 0.426 0.345

LJ 4263 2.16 3.787 13 27  0.882 0.356 0.457 0.216

KY 3.632 196 3.162 4 24 0.744 0291 0.402 0.295

SDC 4.263 2.12 3.668 6 33 0.830 0.298 0424 0.247

FY 3.895 2.17 3.442 6 20 0.854 0.362 0.458 0.261

SL 4.000 193 3.485 2 36  0.766 0.292 0.400 0.213

WD 4.895 250 4323 5 29  1.004 0389 0.49 0.207

XP 3263  1.95 3.000 0 13 0.718 0.307 0.391 0.210

Mean 3.860 2.05 3.436 5.111 24 0.789 0304 0.415 0.262

Total 46 216

Na: number of observed alleles; Ne: number of effective alleles; Ar: allelic richness;
Np: number of private alleles; Nr: number of rare alleles; /:Shannon’s information
index; Ho: observed heterozygosity; He: expected heterozygosity; Fis: inbreeding
coefficient. Populations that deviate from the Hardy-Weinberg equilibrium are in bold

format.
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Table 5 Pairwise Nei’s genetic distances (1983) (below diagonal) and pairwise Fsr

values (above diagonal) between nine Gerbera delavayi populations.

PE EY LJ KY FY WD  SDC SL XP

PE  0.000 0.261 0.217 0.224 0.194 0.194 0.229 0.190 0.130

EY 0.181 0.000 0.031 0.082 0.086 0.090 0.069 0.107 0.169

LJ 0.162 0.133 0.000 0.087 0.068 0.081 0.093 0.113 0.156

KY 0.184 1.194 0.130 0.000 0.102 0.085 0.081 0.093 0.124

FY 0.161 0.119 0.094 0.130 0.000 0.021 0.067 0.048 0.083

wD 0.171 0.115 0.119 0.113 0.064 0.000 0.041 0.031 0.087

SDC 0.171 0.116 0.116 0.123 0.094 0.076 0.000 0.052 0.097

SL  0.141 0.112 0.119 0.091 0.084 0.077 0.073 0.000 0.068

XpP 0.112 0.140 0.136 0.113 0.099 0.104 0.090 0.063 0.000

*P<0.05, **P<0.01.
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Table 6 Analysis of molecular variance (AMOVA) from genic-SSR data.

Source of variation d.f. Sun of Variance Percentage of Fixtion

Among nine populations

Among populations 8 203.557 0.47653Va 10.97 Fgr=0.110%*
Within populations 399 1543.162 3.86757Vb 89.03 Nm=2.029
Total 407 1746.718 4.3441

Among four genetic clusters

Among clusters 3 129.024 0.34059 Va 7.65 Fgr=0.131%%*
Among populations 5 74.532 0.24403 Vb 5.48 Fsc=0.059**
Within populations 339 1543.162 3.86757 V¢ 86.87 Fcr=0.077%*
Total 407 1746.718 4.45219 Nm=1.658

Fsr: variance among coefficient of individual relative to the total variance; Fsc:
variance among subpopulations within groups; F¢r: variance among groups relative to

the total variance; Nm: gene flow. *P<0.05, **P<0.01.
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Cut flower

Manual Spinning

h Fireweed clothes

Herbal medicine

Fig. 1 Gerbera delavayi. Similar to many species of the Compositae family, fireweed
flowers can be used as cut flowers. In addition, in Southwest China fireweeds
(Gerbera delavayi) can be used in two applications: textile and herbal medicine. The
leaf-pasted fibers can be harvested to make fireweed fiber-made clothes. The roots of

this plant are collected and used as Chinese herbal medicine.
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Fig. 2 Geographic distribution of the studied Gerbera delavayi populations. Nine wild
fireweed populations were mainly distributed in five different areas. LJ and EY were
located in northwest Yunnan. WD, FY, SL, and XP were distributed in central Yunnan.
KY and PE lived in South and Southeast Yunnan, respectively. SDC was from South

Sichuan.
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Fig. 3 SSR frequencies and distribution of different dinucleotides and trinucleotides in

the Gerbera delavayi transcriptome.
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Fig. 4 Fgr outlier test for 21 genic-SSR loci in nine Gerbera delavayi populations.

Gds 2 is located in the red area, indicating this locus is under positive selection. Gds
18 is distributed in the yellow area, indicating this locus is subject to balancing

selection.
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Fig. 5 Clustering of nine Gerbera delavayi populations. A: the unrooted UPGMA tree
of nine Gerbera delavayi populations. The bootstrap values are indicated at major
branches. Cluster I (PE), II(EJ and LJ), III (KY), and IV(FY, WD, SDC, SL and
XP) are indicated by red, purple, blue, and green colors, respectively. B: population
structure of nine Gerbera delavayi populations. Each individual is shown with a

vertical line, and the membership proportion is shown on the y axis.
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Fig. 6 Genetic barrier detected with the BARRIER Software. Genetic barriers are
indicated by red bold lines with arrows. A, B, and C represent the first, second, and

third genetic barrier, respectively.
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Fig. S1 Plot of the Ln P (D) + SD and delta k.
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Fig. S2 Principle component analysis (PCoA) of 204 individuals. Color codes for
individuals and populations are consistent with those of four genetic clusters in the

unrooted UPGMA tree.
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Fig. S3 Correlation between geographic and genetic distances among nine Gerbera

delavayi populations.
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Table S1 Pairwise gene flow between nine Gerbera delavayi populations.

PE EY LJ KY FY WD SDC SL XP

PE 0.000

EY 0.708 0.000

LJ 0.902 7.815 0.000

KY 0866 2.799 2.624 0.000

FY 1.038 2.657 3.426 2.201 0.000

WD  1.038 2528 2.836 2.691 11.655 0.000

SDC 0586 3.373 2438 2836 3.481 5.484 0.000

SL 1.066 2.086 1962 2438 4958 7.815 4.558 0.000

XP 1.549 1229 1353 1.766 2.762 2.624 2327 3.426 0.000
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Table S2 Pairwise Fsr (above diagnol) and gene flow (below diagnol) between

four genetic clusters.

Cluster | Cluster II Cluster [II Cluster [V
Cluster | 0.000 0.221** 0.224** 0.143**
Cluster II 0.881 0.000 0.077** 0.072%*
ClusterlII 0.866 2.997 0.000 0.067**
Cluster[V 1.498 3.222 3.481 0.000

Cluster [ : PE; Cluster Il : EJ and LJ; Cluster [II: KY; Cluster [V: FY, WD, SDC, SL,

and XP. *P<0.05, **P<0.01.
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