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Understanding the genetic variability and dispersal capabilities of plant pathogens is

important to better predict pathogen spread and virulence, especially under global change

conditions. The outcome of host-pathogen interactions directly depends on the dispersal

capacity of the pathogens, on environmental conditions, and disease resistance of the

host. Here, we analysed the distribution of finely resolved phylogenetic lineages of a

poplar-specific fungal pathogen (Sphaerulina populicola) in western North America, across

a 3,200 km latitudinal gradient of the host tree’s (Populus balsamifera) distribution. We

specifically tested whether dispersal limitations or environmental filters limit the spread

and establishment of the pathogen into new areas. We assessed the genetic diversity of

the pathogen with ITS1 oligotypes, recorded by metabarcoding leaf-associated fungal

communities. The distribution of the recorded 16 S. populicola oligotypes showed no

geographic patterns, indicating the lack of dispersal limitation of the pathogen throughout

the investigated area. Climatic conditions also did not seem to restrict the occurrence and

abundance of the pathogen oligotypes. Finally, we found strong variation in oligotype

presence within single localities, which may suggest the importance of biotic factors in

regulating the infection of this well-dispersing fungal pathogen. Our interpretation implies

that the future prevalence of S. populicola-related disease will likely depend on the

dynamics of host-pathogen interactions, since the pathogen does not seem dispersal-

limited at a continental scale.
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20 1. Abstract

21 Understanding the genetic variability and dispersal capabilities of plant pathogens is important to 

22 better predict pathogen spread and virulence, especially under global change conditions. The 

23 outcome of host-pathogen interactions directly depends on the dispersal capacity of the 

24 pathogens, on environmental conditions, and disease resistance of the host. Here, we analysed 

25 the distribution of finely resolved phylogenetic lineages of a poplar-specific fungal pathogen 

26 (Sphaerulina populicola) in western North America, across a 3,200 km latitudinal gradient of the 

27 host tree’s (Populus balsamifera) distribution. We specifically tested whether dispersal 

28 limitations or environmental filters limit the spread and establishment of the pathogen into new 

29 areas. We assessed the genetic diversity of the pathogen with ITS1 oligotypes, recorded by 

30 metabarcoding leaf-associated fungal communities. The distribution of the recorded 16 S. 

31 populicola oligotypes showed no geographic patterns, indicating the lack of dispersal limitation 

32 of the pathogen throughout the investigated area. Climatic conditions also did not seem to restrict 

33 the occurrence and abundance of the pathogen oligotypes. Finally, we found strong variation in 

34 oligotype presence within single localities, which may suggest the importance of biotic factors in 

35 regulating the infection of this well-dispersing fungal pathogen. Our interpretation implies that 

36 the future prevalence of S. populicola-related disease will likely depend on the dynamics of host-

37 pathogen interactions, since the pathogen does not seem dispersal-limited at a continental scale. 

38
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43 2. Introduction

44 Disease outbreaks pose major threats to forest ecosystems (Sturrock et al., 2011). Forests 

45 affected by abiotic environmental stress, e.g., wind damage, drought, etc. are particularly 

46 vulnerable because weakened trees are more susceptible to pathogen infestation (Desprez-

47 Loustau et al., 2007). Environmental stressors related to global change have intensified and 

48 increased in frequency during the last years, which has led to more frequent and more severe 

49 disease outbreaks (Sturrock et al. 2011, Pautasso et al. 2015, Desprez-Loustau et al. 2016). 

50 Climate change is predicted to affect the distribution and severity of forest diseases (Desprez-

51 Loustau et al. 2007, Shaw & Osborne 2011, Sturrock et al. 2011). For example, diseases will 

52 have higher establishment probabilities, due to enhanced overwintering conditions or dispersal 

53 facilitated by human activities (Shaw & Osborne, 2011; Sturrock et al., 2011). In addition, in 

54 some areas pathogens will encounter more favourable conditions under climate change, such as 

55 mild winters (Desprez-Loustau et al., 2007). 

56 Climate-related disease outbreaks already decimated forests (e.g., Solheim & Krokene 

57 1998, Berg & Henry 2003). Overall, about 3.8 million hectares of forest per year (2000-2005) 

58 were affected by diseases and more than 36 million hectares by insects (FAO, 2010). The 

59 mountain pine beetle, Dendroctonus ponderoseae, destroyed more than 16 million ha of pine 

60 forest in Canada and the western United States over more than 10 years (Carroll et al. 2003, FAO 

61 2010). Probably due to milder winter temperatures, the beetle was able to disperse into 

62 previously unaffected regions leading to an unprecedented epidemic (Carroll et al. 2003, Kurz et 

63 al. 2008). Sphaerulina musiva is another important forest fungal pathogen causing leaf spot 

64 disease in eastern cottonwood, Populus deltoides. Throughout the 20th century, this fungus has 

65 expanded its range and increased its host breadth to further species, such as P. trichocarpa, P. 
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66 balsamifera and Salix lucida (Newcombe et al. 2001, Callan et al. 2007, LeBoldus et al. 2009, 

67 Herath et al. 2016). S. musiva is also considered the most severe disease of hybrid poplars 

68 threatening poplar plantation areas of 44,128 ha in Canada and 45,000 ha in the US (FAO, 2012). 

69 Disease-related damages to forest ecosystems depend on the ability of pathogens for 

70 efficient spread and infection. However, the biogeographic and environmental factors that 

71 influence pathogen distribution and establishment are not well understood. Theoretical 

72 frameworks suggest that a number of abiotic and biotic filters determine the distribution of 

73 species and the assembly of communities (Martiny et al. 2006, HilleRisLambers et al. 2012), and 

74 an organism may establish in the local species pool, if it can overcome these filters. The first 

75 filter acts on dispersal: an organism is present in a local community if it can disperse to there 

76 from the regional species pool. Despite small sizes and assumed high dispersal capacities many 

77 microbial taxa seem to be dispersal limited (Taylor et al. 2006, Hanson et al. 2012, Tedersoo et 

78 al. 2014). However, many pathogens may have large ranges when compared to other functional 

79 groups in fungi (Meiser et al. 2014, Tedersoo et al. 2014, Murray et al. 2015). Environmental 

80 conditions represent the second set of filters for local establishment. Even if an organism is able 

81 to arrive at a location, the local environmental conditions have to be favourable for survival. 

82 Finally, once the organism has overcome the dispersal and environmental filters, it has to deal 

83 with the other species already present in the local community. These interactions can lead to 

84 complex feedback mechanisms, by environmental conditions influencing the outcome of 

85 interactions (Chamberlain et al. 2014, Smith & Reynolds 2015). 

86 The disease triangle (Agrios, 2005; McNew, 1960), another concept in phytopathology, 

87 states an additional factor, which contributes to the development of disease: a susceptible host (in 

88 addition to a suitable pathogen, and a favourable environment). Indeed, the genetic background 
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89 of the host influences fungal community composition in poplar (Bálint et al., 2013), and 

90 resistance genes have been described in poplar species, which enhance tolerance towards abiotic 

91 and biotic stressors (Newcombe & Bradshaw, 1996; Su et al., 2011). Host genetic composition 

92 could thus be viewed as additional filter that must be overcome by pathogens for successful 

93 development of disease.

94 In the present study, however, we focus only on the pathogen and the environment. We 

95 used the framework of ecological filters to investigate the biogeography of an opportunistic 

96 fungal pathogen, Sphaerulina populicola Peck (synonyms: Septoria populicola, Mycosphaerella 

97 populicola), associated with a continentally important boreal tree, Populus balsamifera. We 

98 hypothesized that local communities of the pathogen are filtered: i) by dispersal limitation 

99 caused by the same biogeographic barriers as in the host’s case, ii) and/or by climatic factors 

100 including temperature and precipitation. 

101 To date most studies have investigated microbial diversity patterns using global sequence 

102 similarity thresholds clustering sequences into OTUs (Huse, Welch, Morrison, & Sogin, 2010). 

103 This however can group potentially unrelated taxa and skew interpretations since the OTUs do 

104 not necessarily represent biologically meaningful units (Eren et al., 2013; Patin, Kunin, 

105 Lidström, & Ashby, 2013; Ryberg, 2015). Recent studies indicate the significance of 

106 investigating below OTU-level diversity, revealing ecologically or even clinically meaningful 

107 patterns previously overlooked (Eren et al., 2013; Eren, Morrison, et al., 2015). For example, the 

108 oligotyping approach revealed habitat preference of bacteria in the human oral cavity, host-

109 specificity of bacteria in the genus Blautia in animal and human faeces or epidemiological 

110 significance of oligotypes of Gardnerella vaginalis causing bacterial vaginosis (Eren et al., 2011; 

111 Eren, Borisy, Huse, & Mark Welch, 2014; Eren, Sogin, et al., 2015). This approach has been 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26985v1 | CC BY 4.0 Open Access | rec: 12 Jun 2018, publ: 12 Jun 2018



112 used in bacterial 16S studies, however it remains largely untested in ITS-based fungal 

113 community studies. Here we analysed the geographic distribution of S. populicola genetic 

114 diversity using oligotyping with a taxonomic unit resolution within conventional 97% sequence 

115 similarity OTUs. 

116

117 3. Material & Methods

118 3.1. Study system

119 Balsam poplar is a North-American foundation tree species covering temperate and 

120 boreal habitats and ranging from Northern USA, over Canada to Northern Alaska (Burns & 

121 Honkala, 1990). It is an economically important species, harvested for wood, pulp, paper, fuel 

122 and possibly for new forms of bioenergy (Polle, Janz, Teichmann, & Lipka, 2013). Studies of the 

123 genetic diversity revealed different genotypes in different geographic demes reflecting adaptation 

124 to climatic conditions along the latitudinal gradient of its range (Keller et al. 2010, Keller et al. 

125 2011). S. populicola is the causal agent of leaf spot disease in balsam poplar and black 

126 cottonwood (Populus trichocarpa) (Zalasky, 1978). Its distribution is assumed to be sympatric 

127 with the two host species (Zalasky 1978, Newcombe et al. 2001). Infections lead to losses 

128 through defoliation and eventually death (Newcombe et al. 2001, Busby et al. 2014). Poplars are 

129 known to harbour asymptomatic infections of Sphaerulina sp (Ostry & McNabb, 1983). 

130 Sphaerulina populicola is able to survive in poplar leaves as an asymptomatic endophyte. Such 

131 latent pathogens may cause disease once certain conditions are met (Johnson & Oelmüller, 

132 2009), e.g., when environmental conditions lead to a stressed and less defensive host plant 

133 (Desprez-Loustau et al., 2016) and/or if the pathogen encounters a genetically disease susceptible 
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134 host plant. An earlier study indicated that S. populicola could occur in geographic localities more 

135 than 2,000 km apart (Bálint et al., 2015). 

136 3.2 Sampling

137 We sampled trees of balsam poplar at 12 locations along a latitudinal gradient of about 

138 3,200 km from Southern Canada to Northern Alaska (see Table S1 in Supporting Information). 

139 Three subarctic sampling sites are located in Alaska (see Table S1 in Supporting Information). 

140 Trees were haphazardly sampled within an area of about 0.5-2.0 km2. At all sampling locations 

141 30 trees were sampled except Arctic Village (10 trees) and Portage (25 trees). For each tree, one 

142 symptomless leaf was collected and put into a paper envelope in a zip lock bag containing silica 

143 gel for drying.

144 3.3 DNA extraction, PCR and sequencing

145 From the collected leaves, discs of 8mm in diameter were cut out using a pritchel. The 

146 leaf surface was sterilized for 1 min in 4% sodium hydrochloride solution (NaClO) and it was 

147 subsequently washed twice for 1min in sterile water containing 0.1% of Tween 20 to break 

148 surface tension. Subsequently, the leaf material was dried in the hood for 3 hours. The leaf 

149 material was grinded in a TissueLyser (Qiagen, Hilden, Germany). The DNA extraction was 

150 performed according to the CTAB method (Cubero, Crespo, Fatehi, & Bridge, 2002). Three 

151 technical replicates as well as three biological replicates were ran for two samples. Additionally, 

152 23 negative DNA extraction controls were run in parallel. 

153 In a first PCR reaction, the Internal Transcribed Spacer (ITS1) marker gene region was 

154 amplified with primers ITS1FI2 (Schmidt et al., 2013) and ITS2 (White, Bruns, Lee, & Taylor, 

155 1990). These primers contained the Illumina sequencing primers 

156 (TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG and 
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157 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG). The 25 µL reactions contained 0.65 

158 U TaKaRa ExTaq polymerase (Clontech Laboratories, Inc. USA), 2.5 µL buffer (10 x), 15 µL 

159 water, 2.0 µL dNTP mixture (2.5 mM each), ~ 10 ng genomic DNA (0.5 µL), 0.5 µL (0.22 µM) 

160 forward and reverse primer and 2 µL (0.86 µM) blocking primer Poplar-b1-F. The blocking 

161 primer represses the amplification of poplar ITS1 products (Bálint et al., 2015). The cycling 

162 conditions were an initial denaturation for 4min at 95°C, then 35 cycles of 95°C for 20s, 51°C 

163 and 56°C respectively for 20s, 72°C for 20 s followed by a final elongation of 3min at 72°C. We 

164 used two different annealing temperatures in two separate PCR reactions for each sample to 

165 capture a higher proportion of the biodiversity (Schmidt et al., 2013). After this step, the two 

166 products were pooled. We performed SPRI-purification of the PCR product with the Agencourt 

167 AMPure XP beads (Beckman Coulter GmbH, Krefeld, Germany). 

168 In a second PCR, primers containing part of the Illumina sequencing primer, an 8 bp 

169 nucleotide index as well as the Illumina plate adapter were amplified to both ends of the 

170 amplicons. This was done similarly as described in Bálint et al. (2017) and following the 

171 Illumina 16S metabarcoding protocol (Illumina, 2016). This way the amplicons contain a unique 

172 8 bp index on each end, which eliminates index jumping events during the library preparation 

173 (Schnell, Bohmann, & Gilbert, 2015). The 25 µL PCR reactions contained 0.65 U TaKaRa 

174 ExTaq polymerase, 2.5 µL buffer (10 x), 9 µL water, 2.0 µL dNTP mixture (2.5 mM each), 8 µL 

175 purified amplicon and 0.75 µL of each forward and reverse primer. PCR conditions were as 

176 follows: initial denaturation for 4min at 95°C, then 8 cycles with 30s at 95°C, 30s at 55°C, 30s at 

177 72°C and a final extension for 3 min at 72°C. The PCR products were purified using SPRI-

178 beads. The DNA concentration was measured with the Qubit™ 3.0 Fluorometer (Life 

179 Technologies, Germany), then the DNA concentration was normalized, and samples were 
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180 pooled. We performed paired-end sequencing (2 x 300 bp) on an Illumina MiSeq sequencer at 

181 StarSEQ® GmbH, Mainz, Germany. 

182 3.4 Sequence processing

183 From the sequencing run, we received the reads from 344 trees at 12 sampling locations, 

184 demultiplexed into one forward and reverse read file for each sample. The reads were processed 

185 based on the pipeline developed by Bálint et al. (2014) (see Table S2 in Supporting Information). 

186 We trimmed all sequences to 200 base pairs (bp) using the FASTX-TOOLKIT 0.0.14 

187 (http://hannonlab.cshl.edu/fastx_toolkit/index.html; for summary of processing steps, see Table 

188 S2 in Supporting Information). Further, all reads with a minimum average quality below 26 

189 phred score were discarded. Paired-end reads were assembled with PANDASEQ 2.9 (Masella, 

190 Bartram, Truszkowski, Brown, & Neufeld, 2012) using a minimum overlap of 25bp. The reads 

191 were stripped of forward and reverse primers with FQGREP 0.4.4 

192 (https://github.com/indraniel/fqgrep) allowing no mismatches in the primer sequences. We 

193 removed reads containing primer artefacts, i.e., further primer sequences contained in the reads 

194 after removal of the primers. The fungal ITS1 region was extracted with ITSX 1.0.11 (Bengtsson-

195 Palme et al., 2013), and subsequently sequences shorter than 100 bp were removed. We retained 

196 a set of high quality fungal ITS1 amplicon reads, from which we extracted the subset of reads 

197 relevant to the study purpose. 

198 Target reads for this study are sequences assigned to S. populicola at 97% sequence 

199 similarity through the UNITE database (Kõljalg et al., 2013). A total of 291 S. populicola 

200 sequences are currently stored in the UNITE database (release date 22 August 2016) and were 

201 used to search against the query sequences with usearch_global from VSEARCH 2.0.2 (Rognes, 

202 Flouri, Nichols, Quince, & Mahé, 2016), an algorithm that employs global pairwise alignment.  
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203 3.5 Oligotyping

204 Most metabarcoding studies use global sequence similarity thresholds and clustering 

205 algorithms to group sequences into taxonomic units (Huse et al., 2010). These OTUs often 

206 consist of homogeneous taxa. Higher resolution of taxonomic units can be achieved by 

207 investigating variable positions in the sequenced locus. Haplotypes are often delimited based on 

208 SNPs occurring within multiple loci. Another approach that can be used in high-throughput 

209 metabarcoding approaches of microbial communities promising higher resolution is oligotyping. 

210 For the analysis of intraspecific diversity of S. populicola we used MINIMUM ENTROPY 

211 DECOMPOSITION (MED, Eren et al. 2015), which is an automated algorithm based on oligotyping 

212 (Eren et al., 2013). The algorithm iteratively searches for highly variable nucleotide positions 

213 within an alignment of marker gene amplicon reads and decomposes the dataset into nodes that 

214 contain reads with the same nucleotides at these highly variable positions. The algorithm works 

215 independently of global sequence similarity thresholds and concentrates on phylogenetically 

216 informative positions. Sequencing or PCR errors should be randomly distributed throughout the 

217 gene region and are therefore not considered for the taxonomic grouping of sequences. We 

218 obtained oligotypes by running MINIMUM ENTROPY DECOMPOSITION 2.2 with default settings.

219

220 3.6 Statistical analysis

221 All statistical analysis were performed with R 3.3.3 (R Core Team, 2017). We used the 

222 ‘plyr’ package (Wickham 2011; for all statistical analysis, see GitHub repository) to subtract the 

223 maximum read count of an oligotype of any negative control from the read count of each sample 

224 for the oligotype. We also removed rare observations in two steps: first, we set oligotype 

225 observations to zero in a sample if the read count of the oligotype fell below 0.1% of the highest 
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226 count of that oligotype (Valentini et al., 2016). Second, we set all oligotype observations in a 

227 sample to zero if they fell below a threshold of 0.05% of the overall highest read count of the 

228 dataset (Pansu et al., 2015). Additionally, we discarded all oligotypes if they occurred in less 

229 than five trees. Oligotype observations per tree fit well the expected increase in richness with 

230 increasing sequencing depth (Bálint et al. 2016) except for a few outlier samples, which we 

231 subsequently removed.

232 Climatic data for the sampling locations was retrieved from the WorldClim database 

233 (http://www.worldclim.org/). We used the current climate dataset with monthly means from 

234 1950-2000 at 30 arc sec resolution. Extraction of climatic data and formatting was done using the 

235 R scripts provided by Kathryn G Turner (https://gist.github.com/kgturner/6643334, 

236 https://gist.github.com/kgturner/6644150). We used the mean temperature and precipitation for 

237 the months of January and July and calculated the mean annual temperature and precipitation 

238 (see Table S1 in Supporting Information). Possible correlations between explanatory variables 

239 were checked with the ‘corrplot’ package (Wei & Simko, 2016). This revealed that especially 

240 latitude strongly correlated with many other climatic variables, such as temperature and 

241 precipitation (see Fig. S1 in Supporting Information). Thus, we retained only latitude as 

242 explanatory variable in the exploratory models (for all statistical analysis, see GitHub 

243 repository). 

244 We used the Hill’s series of diversity, as implemented in the ‘vegan’ package (Oksanen 

245 et al., 2016), as response variables to evaluate oligotype diversity patterns. The Hill’s series of 

246 diversity consists of three indices, differently scaling rare and abundant taxa (Hill, 1973). Hill’s 

247 N0 is species richness, meaning the total number of present taxa. Hill’s N1 is the antialgortihm 

248 of the Shannon diversity index and Hill’s N2 is the inverse Simpson diversity, giving more 
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249 weight to more abundant species and therefore measuring community evenness. Single variables 

250 influencing diversity patterns were first investigated with generalized linear models assuming 

251 negative binomial distributions (glm.nb) as implemented in the ‘MASS’ package (Venables & 

252 Ripley 2002). We built a final mixed effects generalized linear model assuming a negative 

253 binomial distribution (glmer.nb) of the response variable using the ‘lme4’ package (Bates, 

254 Mächler, Bolker, & Walker, 2015). We included sequencing depth, sampling location, number of 

255 replicates per sampling location, geographic deme and latitude as explanatory variables and 

256 tested their significance in the models. The diversity models can be written as follows: Hill.1 ~ 

257 (scale(reads)) + replicates/region/latitude + (1|site). Sequencing depth and sampling location 

258 accounted for a large part of the variation in preliminary generalized linear models, and were 

259 therefore added as fixed and random effect to the mixed effects models respectively (hill.1 ~ 

260 reads + site, reads: Df= 1, deviance= 18.242, res. Df= 59, res Dev.= 66.545, p <0.001, site: Df= 

261 11, deviance= 35.824, res. Df= 48, res. Dev.= 30.721, p <0.001). We performed model selection 

262 using ANOVA and AIC criteria. 

263 We investigated the abundance patterns of oligotypes using the ‘mvabund’ package 

264 (Wang, Naumann, Wright, Eddelbuettel, & Warton, 2016). The same variables as mentioned for 

265 the diversity patterns were tested for significance in influencing the abundance patterns. The 

266 abundance models can be written as follows: abundance ~ reads/site/replicates/region/latitude. 

267 We used manyglm generalized linear models with negative binomial distribution to evaluate 

268 compositional differences in oligotype assemblages. This fits a model on each oligotype and 

269 summarizes model results with consideration to potential correlations among oligotypes (Wang 

270 et al., 2016). We tested the models using ANOVA with likelihood-ratio test and 1000 bootstrap 
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271 iterations. We used non-metric multidimensional scaling to visualise the oligotype compositional 

272 differences among the trees as implemented in the ‘vegan’ package (Oksanen et al., 2016).

273 For visualization of the genetic distances of the oligotypes, we constructed a median-

274 joining network using the most abundant sequence of each oligotype. We first calculated 

275 pairwise differences as distances based on the Kimura model with the ‘ape’ package (Paradis, 

276 Claude, & Strimmer, 2004). The median-joining network was generated based on the calculated 

277 differences using the ‘pegas’ package (Paradis, 2010).

278

279 4. Results

280 Of 9,074,044 raw reads, we retained 5,524,137 reads after sequence processing (see 

281 Table S2 in Supporting Information). Of these reads, 116,603 were assigned to S. populicola at 

282 97% global sequence similarity (see Table S2 in Supporting Information). After filtering of rare 

283 sequence types, the oligotype abundance table consisted of 16 oligotypes in 61 tree samples, 

284 covering all 12 different sampling locations (see GitHub repository, also see Fig. S2 in 

285 Supporting Information). This corresponds to 36,144 total reads contained in the abundance table 

286 used for statistical analysis. Two oligotypes were highly abundant, accounting for more than 

287 90% of the total sequences (see Fig. S2 in Supporting Information). Four oligotypes had 

288 abundances of 300 to 800 reads throughout the studied locations, while the others were very rare 

289 (see Fig. S2 in Supporting Information). 

290 The variation in the diversity measures of the Hill’s series was explained by sequencing 

291 depth and sampling location. Any variables that were further included in the model did not 

292 increase the variation explained and the influence of the variables were not statistically 

293 significant (Table 1). None of the explanatory variables explained community composition and 
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294 the abundances of any of the oligotypes statistically significantly (Table 2). Sequencing depth 

295 did not explain variation in abundance, but sampling location showed a marginally significant 

296 influence on abundance in the community model (Table 2).

297 The oligotype diversity (Fig. 2, Table 1) and assemblage composition (Table 2, also see 

298 Fig. S3 in Supporting Information) is not significantly different between the Alaskan population 

299 and the Western Canadian population. Most oligotypes are present in many sampling locations, 

300 and especially in geographically distant localities along the latitudinal gradient (Fig. 1a).

301 When including latitude to the mixed effects GLM including sampling location as a 

302 random effect and sequencing depth as a fixed effect, the variation explained did not increase 

303 and the influence of latitude was not statistically significant (Table 1). When investigating 

304 abundance patterns of oligotypes, adding latitude did not increase the explanatory power of the 

305 model (Table 2). 

306 We observed high variation of oligotype composition within sampling locations as well 

307 as among sampling locations (Fig. 1a, also see Fig. S4 in Supporting Information). Distances 

308 between samples of the same sampling locations were often greater than distances of samples 

309 originating from different locations (see Fig. S4 in Supporting Information). 

310

311 5. Discussion

312 Perhaps the most striking result of the study is the almost complete lack of 

313 phylogeographic patterns in S. populicola oligotypes. This is in spite of the species’ huge range, 

314 the presence of biogeographic barriers and stark environmental differences, and well-known 

315 phylogeographic structures (S. R. Keller et al., 2010) and local adaptation (S. R. Keller et al., 
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316 2011) of the balsam poplar hosts. We found evidence for the presence of the pathogen at each of 

317 the investigated locations and observed no clear phylogeographic structures in the intraspecific 

318 genetic diversity of the pathogen (Fig. 1). Although there were differences in oligotype 

319 abundance among some locations (Table 2), these are likely not the results of dispersal limitation 

320 (due to distance or biogeographic barriers), since every haplotype is present in both south-central 

321 Canada and about 3,000 km north-west in Alaska. 

322 One explanation for the striking lack of biogeographic patterns is an advanced capability 

323 for dispersal. This is not rare for microorganisms - these were once considered to possess 

324 unlimited dispersal capabilities (Beijerinck, 1913). Indeed, some tree pathogens show high 

325 within-population genetic variation coupled with low genetic differentiation among 

326 geographically distant populations (Gérard et al. 2006, Cabral et al. 2016). This is generally 

327 discussed as a result of efficient gene flow resulting from excellent dispersal capacities over 

328 large geographic distances (Gérard et al. 2006, Cabral et al. 2016). However, the dispersal of 

329 many other microorganisms (including pathogens) may be limited by diverse factors: low host 

330 tree abundance in the agricultural Great Plains area represents an important gene flow barrier for 

331 the white pine blister rust, Cronartium ribicola (Hamelin et al. 2000, Brar et al. 2015). A similar 

332 barrier exists also for the Sapstain fungus, Ceratocystis resinifera, again due to the lack host 

333 trees in an agricultural area (Morin, Breuil, & Bernier, 2004). We expected that areas southeast 

334 of the Mackenzie Mountains (at latitude N60 and longitude -E125 on Fig. 1) will act as 

335 biogeographic barriers for S. populicola just as they do for the balsam poplar hosts (S. R. Keller 

336 et al., 2010). However, neither of the median-joining network (Fig. 1), nor the statistical test 

337 (Table 2) show support for this barrier. As another explanation, we cannot exclude the possibility 

338 that the observed lack of differentiation in the used marker is due to human activities. The 
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339 exchange of tree material may possibly initiate/sustain gene flow between geographically distant 

340 pathogen populations, even if the pathogen is incapable of dispersing over long distances 

341 (Sakalidis, Feau, Dhillon, & Hamelin, 2016). For Septoria musiva, a pathogen causing stem 

342 cankers as well as leaf spot disease (and a close relative of S. populicola), a range expansion was 

343 facilitated by human activities (Sakalidis et al., 2016). However, our results do not support this 

344 scenario: we neither find evidence of populations that may have acted as sources of colonization, 

345 nor do we find pronounced genetic distances between geographically close sites, both of which 

346 could be interpreted as signatures of human-assisted colonization (Sakalidis et al., 2016). Finally, 

347 there might not be enough variation in the ITS marker itself to record phylogeographic patterns. 

348 Studies mentioned above that found evidence for gene flow barriers in fungal pathogens (Brar et 

349 al., 2015; Hamelin et al., 2000; Morin et al., 2004) relied on multiple loci. A solution may be 

350 genotyping with faster evolving markers, such as microsatellites in a metabarcoding framework 

351 (De Barba et al., 2017), but to our knowledge this approach remains to be tested in fungal 

352 ecology. 

353 Even if organisms can disperse over long distances, they may still not be able to establish 

354 in local communities if they cannot pass the second set of ecological filters: the constraints of the 

355 abiotic environment. Environmental filters may also act on the genetic variants of the same 

356 species, as we see in the climatic adaptation of the balsam poplar hosts of S. populicola 

357 (Soolanayakanahally et al. 2009, Keller et al. 2011, Olson et al. 2013). However, our results 

358 show no support for environmental limitations regarding the diversity and abundance of recorded 

359 oligotypes of S. populicola (Table 1, 2): we see no broad-scale patterns of oligotype diversity nor 

360 oligotype composition along major climatic gradients (which are correlates of latitude). This may 

361 mean that beside being able to disperse over vast geographic distances, S. populicola oligotypes 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26985v1 | CC BY 4.0 Open Access | rec: 12 Jun 2018, publ: 12 Jun 2018



362 may also overcome the filter of environmental conditions for local community assembly 

363 (although we cannot exclude the existence of further, not investigated abiotic filters, or co-

364 adaptation to a locally adapted host, which may be responsible for the significant differences in 

365 oligotype abundances among some localities, Fig. 1, Table 2). This may indicate that pathogen 

366 species may share common distribution patterns with their hosts (supported also by a study on 

367 Armillaria species on conifers in Japan (Hasegawa, Ota, Hattori, Sahashi, & Kikuchi, 2011)). 

368 Continental-scale population genetic structure of tree pathogens sometimes shows little 

369 differentiation (Hamelin et al. 2000, Morin et al. 2004, Brar et al. 2015), but in other cases fungal 

370 tree pathogens are clearly influenced by the environment (e.g. those of Populus angustifolia, 

371 (Busby et al., 2014)). An alternative explanation is provided by metacommunity theory (Leibold 

372 et al., 2004): strong immigration of an excellent disperser into unfavourable, but not completely 

373 unsuitable environments would also lead to the observed lack of environmental pattern – and this 

374 explanation would also be in line with the excellent dispersal abilities of S. populicola. Finally, 

375 neutral markers such as ITS are suboptimal to record the signs of environmental filtering since 

376 they accumulate variation over a longer period of time, but may fail to record the signature of 

377 recent selective events. Such genes may be targeted in metabarcoding studies, but need to be 

378 identified first. This means that there might be variation in S. populicola lineages in loci related 

379 to climatic adaptation (as recorded by single nucleotide polymorphisms – SNPs – in its balsam 

380 poplar host (Stephen R. Keller, Levsen, Olson, & Tiffin, 2012), but this is not reflected in 

381 variation found in the ITS region. 

382 Finally, we found that the infection of S. populicola oligotypes was highly variable 

383 among symptom-free balsam poplar leaves at each location: we did not record any oligotypes 

384 from many leaves at any given location, but several leaves contained more than one oligotype at 
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385 the same location (see Fig. S4 in Supporting Information). One explanation is that leaf-specific 

386 microhabitat conditions define the local infection patterns of oligotypes. Endophyte infections 

387 are known to depend on microhabitat conditions influenced by location of leaves (Scholtysik, 

388 Unterseher, Otto, & Wirth, 2013), but we consider this explanation unlikely since all leaves were 

389 picked from lower branches, about 1.5 – 2 m from the ground. A more likely explanation in our 

390 opinion is the effects of biotic interactions as the last filters of community assembly, and 

391 particularly the possible genetically defined capability of hosts to inhibit or favour colonization 

392 by certain oligotypes. Indeed, earlier works found that tree hosts may influence the composition 

393 of foliar endophyte communities (Saunders & Kohn 2009, Bálint et al. 2013, Busby et al. 2014). 

394 Such genetically defined resistance then may result in patchy infection patterns among hosts, 

395 which would be in agreement with our results and fit the disease triangle framework (Agrios, 

396 2005; McNew, 1960). Priority effects provide another explanation: early colonizers may inhibit 

397 the establishment of latecomers (Kennedy & Bruns 2005, Fukami 2015). This would also be in 

398 full agreement with the observed patchy patterns, even if the local colonization of S. populicola 

399 is completely random. The test of these hypotheses will require genotype information from all 

400 tree hosts, in addition to the collection of multiple leaves from each tree, none of which was 

401 available for the current study. Further, such test will also need to investigate leaves 

402 symptomatically infected with S. populicola, while here we investigated only asymptomatic 

403 leaves.

404

405

406

407

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26985v1 | CC BY 4.0 Open Access | rec: 12 Jun 2018, publ: 12 Jun 2018



408

409 6. Conclusions

410 In summary, we do not find evidence either for dispersal limitations for S. populicola and 

411 its oligotypes among south-central Canada and north-central Alaska, or for environmental 

412 filtering of S. populicola oligotypes across this vast and climatically diverse range. We interpret 

413 these results mainly as indications for high dispersal capabilities of this forestry pathogen, 

414 although the limitations of the neutral ITS marker call for further investigations with markers of 

415 higher resolution and/or indicative of selection. In contrast with the continental-scale 

416 homogeneity of genetic diversity patterns, we found highly patchy local infections among 

417 balsam poplar hosts, at least in healthy leaves. This may indicate the importance of host 

418 resistance in shaping S. populicola prevalence on a local scale. This is in line with the actual 

419 concepts about host-pathogen interactions, but further advances will need genotype-level 

420 information about the disease resistance of hosts, in addition to information about pathogen 

421 microhabitats, and/or the temporal sequence of infection. 
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Figure 1(on next page)

Figure 1. Distribution of S. populicola oligotypes and genetic distances of the 16

oligotypes found in the study area.

(a) The distribution of the host tree balsam poplar in Northern North America is indicated in

green and the elevation in grey shades. Each pie chart indicates the frequency of the

different S. populicola oligotypes found at each sampling location. Oligotype abundances are

square root-transformed and pie chart sizes reflect log-transformed summed abundance of

all oligotypes at the given location. (b) Median-joining network computed with the

representative sequences of each of the 16 oligotypes. Pairwise differences are calculated

based on the Kimura model. The radius of the circles represent the log-transformed

abundance of each oligotype across the study area. Each black dot on a connecting line

between two oligotypes indicates a substitution, i.e., a change in nucleotides at one position

in the alignment.
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Figure 2(on next page)

Figure 2. Richness and diversity of two geographic regions.

(a) Boxplots of S. populicola oligotype richness of the two main geographic regions of the

balsam poplar distribution, Canada and Alaska. (b) Boxplots displaying the Shannon diversity

of S. populicola oligotypes in the two regions, Canada and Alaska.
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Table 1(on next page)

Table 1. Summarized model results for diversity patterns .

Summary of general linear mixed effects models for factors influencing diversity measures of

oligotypes of S. populicola distributed throughout the range of its host, balsam poplar (P.

balsamifera) in Canada and Alaska. Here exemplary results are given for the Hill’s N0, which

is species richness. Each variable was added to the null model consisting of sampling location

as a random effect and sequencing depth as a fixed effect (see Rscript, Supplementary

Material). The latitude is a substitute variable for highly autocorrelated climatic conditions

(temperature and precipitation, Fig. S1 in Supporting Information).
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1 Table 1. Summarized model results for diversity patterns. Summary of general linear mixed 

2 effects models for factors influencing diversity measures of oligotypes of S. populicola 

3 distributed throughout the range of its host, balsam poplar (P. balsamifera) in Canada and 

4 Alaska. Here exemplary results are given for the Hill’s N0, which is species richness. Each 

5 variable was added to the null model consisting of sampling location as a random effect and 

6 sequencing depth as a fixed effect (see Rscript, Supplementary Material). The latitude is a 

7 substitute variable for highly autocorrelated climatic conditions (temperature and precipitation, 

8 Fig. S1 in Supporting Information).

Fixed effects Degrees of freedom Deviance Chi-square p-value

Sequencing depth 4 197,57

Replication number 5 197,54 0,0329 0,856

Geographic deme 5 197,10 0,4744 0,491

Latitude 5 196,46 1,1201 0,2899

9
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Table 2(on next page)

Table 2. Summarized model results for abundance patterns.

Summary of manyglm models investigating oligotype abundances of S. populicola in its host

tree balsam poplar throughout 12 sampling locations across its range throughout Canada

and Alaska. Multivariate generalized linear models were fitted for each oligotype individually

accounting for correlations among oligotypes. Each variable was added individually to the

model and its significance in the model was tested with ANOVA (likelihood-ratio test, 1000

bootstraps). The latitude is a substitute variable for highly autocorrelated climatic conditions

(temperature and precipitation, Fig. S1 in Supporting Information).
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1 Table 2. Summarized model results for abundance patterns. Summary of manyglm models 

2 investigating oligotype abundances of S. populicola in its host tree balsam poplar throughout 12 

3 sampling locations across its range throughout Canada and Alaska. Multivariate generalized 

4 linear models were fitted for each oligotype individually accounting for correlations among 

5 oligotypes. Each variable was added individually to the model and its significance in the model 

6 was tested with ANOVA (likelihood-ratio test, 1000 bootstraps). The latitude is a substitute 

7 variable for highly autocorrelated climatic conditions (temperature and precipitation, Fig. S1 in 

8 Supporting Information).

Factor

Residual degrees 

of freedom

Degrees of 

freedom

Test statistics P-value

Sequencing depth 59 1 22,81 0,125

Sampling location 49 11 201,3 0,044

Replication number 59 1 24,5 0,108

Geographic deme 59 1 7,268 0,866

Latitude 59 1 12,56 0,453

9
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