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Abstract

Subpopulations of the wheat pathogen Zymoseptoria tritici (26 sample groups composed of 794
strains) were collected in two nearby wheat fields in the Paris basin, during both epidemic and
inter-epidemic periods of three successive years (2009-2013). In addition to the type of
inoculum (ascospores vs. pycnidiospores), the alternative presence of wheat debris allowed
taking into account its putative origin (local vs. distant). We used a molecular epidemiology
approach, based on population genetic indices derived from SSR marker analysis, to describe
putative changes in the structure and genotypic diversity of these subpopulations over three
years, at a spatiotemporal scale consistent with epidemiological observations. Genetic structure
was stable over time (within and between years) and between fields. All subpopulations
displayed very high levels of gene and genotypic diversity. The low levels of linkage
disequilibrium and the very low clonal fraction at all stages were consistent with the regular
occurrence of sexual reproduction in the two fields. A significant increase of the MAT1-
1/MAT1-2 ratio was observed over the course of the epidemics, suggesting a competitive
advantage of MAT1-1 strains consistently with their greater pathogenicity reported in the
literature. Finally, we found that the period, the type of inoculum and its putative origin had
little effect on the short term evolution of the local population of Z. tritici. Fungal population
size and diversity are apparently large enough to prevent genetic drift at this fine spatiotemporal
scale, and more likely short distance migration contributes strongly to the stabilization of

genetic diversity among and within plots.
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Introduction

Septoria tritici blotch can cause yield losses of 10-40% (HGCA, 2012) on wheat (Triticum
aestivum) crops in several wheat-growing areas worldwide. This disease is caused by the
hemibiotrophic, heterothallic, ascomycete fungus Zymoseptoria tritici. The means of disease
management include fungicide sprays, the use of tolerant cultivars, and cultural practices such
as crop rotation and stubble management that decrease the amount of primary inoculum (Eyal,
1999). Ascospores ejected from contaminated debris from the previous wheat crop (Sanderson,
1972) and dispersed over long distances by the wind, are the principal source of primary
inoculum for Z. tritici infections. By contrast, pycnidiospores, which are splash-dispersed over
shorter distances by the rain, are the main source of secondary inoculum during the growing
period of the wheat crop (Shaw & Royle, 1989; Suffert et al., 2011). Furthermore, ascospores
and pycnidiospores may both be involved in epidemic development, albeit at different stages
(Suffert & Sache, 2011). In a wheat monoculture system in which contaminated debris is not
completely buried, pycnidiospores can, theoretically, contribute to initiation of the epidemic
(Suffert et al., 2011). In the spring, secondary infections may also be induced by ascospores
released from old, still infectious debris in distant plots or from infected wheat plants located
in the same plot (Duvivier, 2015). The level of sexual recombination in Z. tritici populations
and the relative contributions of different types of inoculum (pycnidiospores vs. ascospores;
Zhan et al., 1998) to the epidemic development are all the more difficult to determine
experimentally since they depend on the year climatic conditions (Duvivier, 2015). Simulations
with a mathematical model including the effect of spore type on epidemic development
suggested that sexual reproduction can occur and affect the genetic composition of the
population during the growing season (Eriksen et al., 2001). Suffert & Sache (2011) and Morais
et al. (2016a) showed that an epidemic developed more rapidly in a plot containing ascospore-

releasing debris than in a plot without debris. Morais et al. (2016b) also showed how the
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differential adaptation of a resident population (i.e. originating from wheat debris of a
monoculture plot) to local vs. distant host cultivar, can be used to infer the origin of primary
inoculum. Altogether, these various observations highlight multiple and complex contributions
of inoculum sources on the onset of Septoria tritici blotch epidemics and the subsequent
development of Z. tritici populations. Approaches complementary to classical epidemiology
would be needed to disentangle the contributions of the various phenomena at work.

The spatial patterns and genotypic diversity of pathogen populations could be useful for
inferring the type of inoculum playing the most important role during an epidemic period
(Milgroom & Peever, 2003). Observations and modeling of the spatiotemporal dynamics of the
propagules thought to act as primary inoculum can lead to the identification of sources of
primary inoculum (Rieux et al., 2014). Population genetics also provides information about the
evolutionary processes involved in the establishment and maintenance of genetic variation
within and between populations, by focusing on changes in multilocus genotypes or allele
frequencies (McDonald & Linde, 2002; Abang et al., 2006). Population genetics studies could,
therefore, be used to determine when the primary inoculum is produced and its contribution to
the onset of the epidemic (Zwankhuizen et al., 1998; Shah et al., 2001; Milgroom & Peever,
2003). In this approach, the primary inoculum may be identified as new genotypes produced
through sexual reproduction and/or airborne propagules of remote origin, which theoretically
may modify genotypic diversity and clonal fractions of the population.

Empirical investigations of the diversity and structure of populations of Z. tritici on a
single date during annual epidemics have mostly been carried out at a large geographic scale
(country to continent; Zhan et al., 2002; 2003; Razavi & Hughes, 2004; Abrinbana et al., 2010;
El Chartouni et al., 2011; Boukef et al., 2012), with only a few rare studies focusing on local
(field; Zhan et al., 2001; EI Chartouni et al., 2012; Siah et al., 2018) or very local (plant or leaf;

Linde et al., 2002) scales and involving assessments at multiple time points in the epidemic
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97 stage (Chen et al., 1994). Despite potential differences in the type and amount of inoculum at

98 different time points within an epidemic, the period of Z. tritici population sampling has rarely

99  been considered as a factor potentially affecting genetic structure. Recent epidemiological
100  studies suggest that short-term evolution processes — including selection and counter-selection
101 - can be driven by host cultivar adaptation and result in a trade-off between intra- and
102  interannual scales which can be phenotypically detectable (Suffert et al., 2015; 2018). Z. tritici
103  populations have been reported to display very high levels of genetic diversity and no structure
104  at the continental and regional scales (Schnieder et al., 2001; Linde et al., 2002), except in the
105  studies of EI Chartouni et al. (2011; 2012), Abrinbana et al. (2010) and Siah et al. (2018).
106  Relatively little is ultimately known about the evolution of Z. tritici populations over a fine
107  spatiotemporal scale, within and among epidemic seasons. Such knowledge could be of
108  particular interest to investigate the short-term dynamics of Z. tritici, particularly the adaptation
109  of the pathogen population (virulence and aggressiveness) to the host resistance. We could
110  hypothesize that changes in diversity occurs locally at the year scale and is driven by changes
111  in the relative importance of different contamination processes during epidemics. At the early
112  stages of an epidemic the initial (founder) population consisted of ascospore-derived strains
113 having a more or less distant origin (depending on the local presence of wheat debris) and so
114  having mainly a non-local evolutionary history. Dispersal of ascospores leads to allele pool
115  homogenization and dispersion of new genotypes at small spatial scales including field (Linde
116 et al., 2002). Conversely, at the late stages of epidemic, the part of the population responsible
117  for secondary infection consisted of strains having a local origin; this population is mainly
118  derived from asexual reproduction and was potentially the result of a seasonal short-term
119  selection driven by abiotic (fungicides sprays; temperature and host stage; Suffert et al., 2015)

120  and biotic factors (host resistance; Morais et al. 2016Db).
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121 In this study we developed a molecular epidemiology approach to compare the structure
122 of populations in fields with and without inoculum production in situ from crop debris among
123 three successive epidemics and to identify possible structuring factors. We deliberately focused
124  on a fine spatiotemporal scale since the monoculture field scale offers the possibility to avoid
125  confounding effects (e.g. from the cultivars, fungicide treatments or cultural practices). We
126 assessed and analyzed changes in neutral structure and diversity of several subpopulations
127  collected in two nearby wheat fields during both epidemic and interepidemic periods of three
128  successive years (2009-2013). The presence of wheat debris in one of the fields, yearly, enabled
129  to contrast them for the origin of the inoculum (resident, constituted of local ascospores and
130  pycnidiospores vs. distant, constituted of wind-dispersed ascospores from other fields). As it
131 was already shown in the same study area that the local presence of inoculum had a strong
132 quantitative effect, although transient, on the early epidemic dynamics (Suffert & Sache, 2011,
133 Morais et al., 2016a), we cannot exclude consequences on the genotypic composition of the
134  pathogen population.

135
136 Materials and methods

137 Experimental design and sampling

138 A four-year field experiment was carried out from 2009 to 2013 at the INRA Grignon
139  experimental station (France, 48°51'N, 1°58'E), on the basis of the field design described by
140  Morais et al. (2016b). Winter wheat (cv. Soissons) was grown as a monoculture on a 20 x 100
141 m plot (D+) during the 2009-2010, 2010-2011, 2011-2012 and 2012-2013 cropping seasons,
142 with no fungicide applications since 2007. The debris from the previous wheat crop was left on
143 the soil surface and so could act as a local source of primary inoculum. Another 40 x 100 m
144  plot (Do; different location each year but 0-300 m distant from the D+ plot) on which wheat had

145  not been grown in the preceding year, was planted with wheat in each of the four seasons. The
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146  primary inoculum infecting this plot was, therefore, assumed to have a distant origin. The D+
147  and Do plots were contiguous in the 2009-2010 and 2011-2012 seasons, but were located 300
148  m apart during the 2010-2011 and 2012-2013 season.

149 Sample groups originating from pycnidia (hereafter called “pycnidiospore-derived
150  subpopulations™) were simultaneously collected from wheat leaves infected with Z. tritici in
151  the D+ and Dg plots, at one- to two-month intervals, from October 2009 to December 2012.
152 Fungal isolates were obtained by placing the infected leaves in a plastic box with wet paper and
153  incubating them overnight at 18°C, to promote cirrhus exudation. We removed one cirrhus per
154  pycnidium and per leaf lesion for culture in a single Petri dish filled with PDA medium (potato
155  dextrose agar, 39 g.L 1) for five days. We obtained 681 pure isolates (Fig. 1). Samples collected
156  on dates that were close together were grouped together by epidemic stage, to constitute 26
157  representative subpopulations of 16 to 84 individuals (P1 to P29). Consequently, four groups
158  were studied for the 2010-2011 and 2011-2012 cropping seasons (Fig. 1): "beginning of the
159  epidemic period"” (from October to January, corresponding to the fall and the first few weeks of
160  winter, when the wheat was starting to tiller; subpopulations P02, P05, P09, P13, P17, P23, and
161  P29), "intermediate epidemic period 1" (from February to late March, corresponding to the end
162  of winter and the beginning of spring; subpopulations P10, P14, P18, and P24), "intermediate
163  epidemic period 2" (from April to May, corresponding to the spring; subpopulations P03, P06,
164 P11, P15, P19, and P25) and “end of the epidemic period” (from late-May to mid-July,
165  corresponding to the end of spring and the first few weeks of summer, when the wheat reached
166  the mature adult stage; subpopulations P04, P07, P12, P16, P21, and P27). For the 2009-2010
167  season, only three groups were studied due to the low disease severity in the "intermediate
168  period”, for which sampling was carried out on only one date in March 2010, the "beginning

169  period™" and the "end period"” being similar, as previously described.
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170 Sample groups originating from pseudothecia (hereafter called “ascospore-derived
171  subpopulations™) were collected after the interepidemic period, from wheat debris bearing
172 pseudothecia in the D+ plot. Wheat debris was kept in damp plastic boxes at 18°C overnight.
173 The next day, the debris was cut into small pieces, each lot weighing 10 g, and spread out in
174  fresh damp boxes (24 x 36 cm). Eight Petri dishes filled with PDA medium were placed upside
175  down 1 cm above the debris in each box. The damp boxes were then incubated in the dark for
176  at least 6 h at 18°C before being covered and incubated in the same conditions until the
177  formation of colonies, which were then isolated. We obtained 115 isolates corresponding to
178  three subpopulations (P01, P08, and P28).

179 The 794 pure strains used in this study were stored at -80°C in a 1:1 glycerol/water
180  solution.

181

182 Molecular procedures

183  For each isolate, DNA was extracted from 50 mg of fresh fungal material scraped from a five-
184  day culture grown on PDA medium in the dark at 18°C. DNA was extracted in an automated
185  system (Biorobot 3000, Qiagen), with the appropriate DNeasy kit (Qiagen). All 794 isolates
186  were genotyped for 11 single sequence repeat (SSR) markers (St2, St3A, St3C, St4, St5, St6,
187  St7, St9, St10, St1l and St13; Gautier et al., 2014) in two multiplex PCRs, ensuring that
188  amplicons with similar magnitudes of sizes bore distinct fluorochromes. Automatic allele
189  recognition and annotation, based on binning analysis, were performed, to ensure the
190 homogeneous naming of the alleles at each locus (Beckmann Coulter CEQ 8000 software;
191  Gautier et al., 2014). In total, 585 isolates were successfully genotyped with the 11 SSRs. The
192  remaining isolates (27% of the total dataset) provided no amplicons for only one or two

193  markers, even spread between the SSRs; they were treated as missing values in subsequent
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194  analysis. Because the proportion of identical genotypes (clones) in the subpopulations was very
195  low, genetic analyses were performed without clone correction.

196  Mating type was determined by PCR for 739 isolates (Waalwijk et al., 2002). Eight per cent of
197 the isolates were not genotyped for mating type due to technical failures or the contamination
198  of PCR assays.

199

200 Analyses of population subdivision without a priori assumptions

201  Population subdivision without a priori assumptions was investigated by the Bayesian
202  clustering method implemented in the STRUCTURE program (Pritchard et al., 2000). This model-
203  based algorithm assumes linkage equilibrium within the inferred genetic clusters, and is,
204  therefore, appropriate, in principle, for species in which recombination is a regular occurrence.
205  We run STRUCTURE with the admixture model and correlated allele frequencies. The burn-in
206 length was set at 500,000 Markov Chain Monte-Carlo iterations. The burn-in period was
207  followed by a run phase of 1,000,000 iterations (EI Chartouni et al., 2011), with the number of
208  clusters K ranging from 1 to 10, and 10 independent replicates for each value of K. The amount
209  of additional information explained by increasing K was determined by calculating the AK
210  statistic (Evanno et al., 2005) with STRUCTURE HARVESTER (Earl & von Holdt, 2012; Belkhir et
211 al., 1996-2004).

212 Three STRUCTURE analyses were carried out independently, to investigate three factors
213 thought likely to affect the structure of the dataset: 1) collection time, during one of three or
214  four epidemic periods during the three cropping seasons, 2) isolate origin (plot with or without
215  debris), and 3) spore type giving rise to the isolate (ascospore or pycnidiospore). A first set of
216  analyses was carried out to assess, for each cropping season separately (2009-2010, 2010-2011,
217 2011-2012), the effect of epidemic period on the structure of the pycnidiospore-derived

218  subpopulations collected from the plot with debris (P02-P03-P04, P09-P10-P11-P12, and P17-
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219  P18-P19-P21, respectively). An analysis grouping together the three cropping season datasets
220  plus the data for P29 (2012-2013), was also carried out to assess the effect of year. A second
221 setof analyses was carried out to assess, for each cropping season separately (and then overall),
222 the effect of isolate origin (plot with or without debris) on the structure of pycnidiospore-
223 derived subpopulations (P02-P03-P04-P05-P06-P07, P09-P10-P11-P12-P13-P14-P15-P16,
224 and P17-P18-P19-P21-P23-P24-P25-P27, respectively). Finally, we also analyzed the
225  structuring effect of spore type giving rise to the isolate on the complete dataset (combining
226  P01-P08-P28).

227

228  Analyses of population subdivision with a priori assumptions

229  Pairwise Weir & Cockerham's Fsr index values (Weir & Cockerham, 1984) were calculated
230  between pairs of populations defined in Fig. 1, with GENEPOP V4.1 (Raymond & Rousset,
231 1995). The unbiased fixation index Fsr is widely used to assess the degree of genetic
232 differentiation between populations. It can be viewed as the proportion of genetic diversity due
233 toallele frequency differences between populations or as the correlation between alleles within
234  populations relative to the entire population. The significance of Fsr values was calculated after
235 1000 randomizations. Bonferroni correction was applied to determine the significance of P
236 values.

237  Hierarchical analyses of molecular variance (AMOVA) were performed with ARLEQUIN V3.5
238  (Excoffier & Lischer, 2010) to investigate the relative contributions of time (year and epidemic
239  period), isolate origin and spore type giving rise to the isolate, to the partitioning of genetic
240  variance. Each factor was tested individually with a priori subpopulations defined in Fig. 1 and
241 one- or two-factor AMOVA:s.

242

243 Genetic variability and occurrence of sexual reproduction

10
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244  GENETIX (Belkhir et al., 1996-2004) was used to estimate within-population genetic variability
245  over time from gene diversity, calculated as multilocus observed heterozygosity (He), and allele
246  richness (Ar, mean number of alleles per locus), in all populations. Paired-sample t-tests were
247  used to assess the significance of differences between the D+ and Do plots over time (with an
248  alpharisk of 5%).

249 We determine the number of unique multilocus genotypes (G) and the derived clonal
250  fraction (1-G/N) with MuLTILocus V1.3B (Agapow & Burt, 2001). This indexes use genotypic
251  diversity to detect indirect evidence of sexual reproduction in Z. tritici populations over three
252 cropping seasons. This software was also used to estimate multilocus linkage disequilibrium
253  over time, by calculating the 7, index, which is corrected for the number of loci considered, and
254  takes values from 0 (all individuals genetically different, and multilocus linkage is broken) to
255 1 (all individuals are clones). The significance of the 7, values obtained was established by
256  comparing the observed values with the distributions obtained for 1000 randomizations
257  (Agapow & Burt, 2001). Finally, we assessed the likelihood of recombination by sexual
258  reproduction by calculating the ratio of mating-type alleles (MAT1-1/MAT1-2). 5 tests were
259  performed to determine whether the frequencies of the two mating types within different
260  populations departed from the null hypothesis of a 1:1 ratio. We performed paired-sample t-
261  tests to identify significant differences over time between the D+ and Do plots (alpha risk of
262 5%) for other indices.

263

264  Results

265  Population partitioning

266  Bar plots of the three independent STRUCTURE analyses carried out to evaluate population

267  subdivision with the admixture model and without prior assumptions about time (year and

268  epidemic period), isolate origin (plot with or without debris), and spore type giving rise to the

11
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269 isolate (ascospore or pycnidiospore), are provided in Fig. 2. The three cropping seasons (2009-
270 2010, 2010-2011, 2011-2012) and the adjacent epidemic periods (end of the 2008-2009
271 cropping season, PO1; start of the 2012-2013 cropping season, P29) are presented together. In
272 the first set of analyses, pycnidiospore-derived subpopulations from the D+ plot were analyzed
273 for each cropping system separately (Table S1) and then for all cropping seasons together
274  (Table S1; Fig. 2A). The rate of change in the log probability of data between successive K
275  values (AK) had a mode at K = 3 for the 2009-2010 season, at K = 2 for the 2010-2011 and
276 2011-2012 cropping seasons, and at K=7 for the overall dataset. Regardless of the epidemic
277  period considered in each cropping season (year), it was difficult to assign individuals to any
278  one of these K clusters (none of the individuals were assigned to one cluster with a posterior
279  probability > 0.5). Instead, the posterior probability was split equally between the seven clusters
280  (0.1426 < overall mean P < 0.1431), suggesting that neither the epidemic period nor the
281  cropping season had any major effect on the structure of pycnidiospore-derived subpopulations.
282  Inthe second set of analyses, pycnidiospore-derived subpopulations from the D+ and Dg plots
283  were analyzed for each cropping season separately and then for all cropping seasons together (
284  Table S1; Fig. 2B). Modes were observed at K = 3 for the 2009-2010 season and at K = 2 for
285 the 2010-2011, and 2011-2012 cropping seasons and for the overall dataset. The posterior
286  probability of individuals was equally distributed between the two clusters (0.498 < overall
287 mean P <0.502). Only 0.15 % of the individuals were assigned to one cluster with a posterior
288  probability greater than 0.6, whatever the epidemic period, again suggesting that isolate origin
289  (D+ or Do plots) had little effect on the structure of the dataset. Finally, after the addition of
290  ascospore-derived subpopulations to the previous dataset in the third STRUCTURE analysis
291  (Table S1; Fig. 2C), a mode at K = 3 and evenly distributed posterior probabilities (0.332 <
292  overall mean P < 0.334) were again observed. We can therefore conclude that spore type, giving

293  rise to the isolate, had no measurable effect on population structure.

12
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294 As no population structure was detected without prior assumptions, we explored the
295  dataset with the a priori subpopulations defined in Fig. 1. We investigated the differentiation
296  withinand between subpopulations derived from pycnidiospores and ascospores, by calculating
297  the pairwise Fsr. The overall mean Fsr was 0.016, with 22.5% of individual Fsr values significant
298  before Bonferroni correction, and 1.2% significant after this correction. Significant Fst values
299  were obtained for populations P16, P17, P24 and P25 (Table S2).

300 We then examined the partitioning of genetic variation between the various factors
301  potentially shaping the structure of Z. tritici populations (year and epidemic period, isolate
302  origin, spore type), through hierarchical analyses of molecular variance (AMOVA) (Tables 1
303 and 2; Table S3).

304 A first two-factor AMOVA, assessing the effect of year (cropping season) and epidemic
305  period nested within cropping season in each plot separately indicated that variation within
306 epidemic periods accounted for most of the molecular variance (98-99%; P < 0.05; 0.012 < Fsr
307 <0.020). Variation between epidemic periods within cropping seasons accounted for only 1.7-
308  2.1% of the molecular variance, but was nevertheless significant (P < 0.05). Thus, the genetic
309 variation between subpopulations was little affected by the epidemic period. We then performed
310 aset of one-factor AMOVAS, to investigate the effect of isolate origin nested within epidemic
311  period (Table 2). We found that, for all epidemic periods, within-plot variation accounted for
312 most of the molecular variance (97.6-99.6%). Nevertheless, there was significant variation
313  between plots for intermediate epidemic periods 1 and 2, even though this variation explained
314  only a very small proportion of the molecular variance (1.9-2.4%; P < 0.034; 0.019 < Fsr
315 <0.024). The genetic variation of the populations was therefore slightly, but significantly,
316  affected by isolate origin (plot D+ or Do), exclusively between January and April, when the
317  number of airborne ascospores is generally lower than at the beginning and end of epidemics.

318 A third set of AMOVA analyses (Table S3) was performed to assess the effect of spore type
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319  giving rise to the isolate on the genetic structure of subpopulations at relevant epidemic periods
320 (end/beginning) and to test the hypothesis of temporal continuity. We compared genetic
321  variation between the pycnidiospore-derived subpopulations collected at the end of each
322 epidemic (P04, P21) and the ascospore-derived subpopulations present on the debris of the
323 corresponding crop collected at the start of the next epidemic (P08, P28, respectively) in a D+
324  plot, and then ina Do plot (P07, P27, respectively; Table S3A). Within-plot variation accounted
325  for most of the molecular variance (96.7-100%). Between-plot variation was not significant,
326  except for the P27-P28 comparison (3.4%; P < 0.05; Fsr = 0.033); the difference in genetic
327  structure between P27 and P28 was therefore small, but significant. We tested the hypothesis
328 that early infections in D+ plots were caused principally by local inoculum resulting from a
329  build-up of ascospores ejected from the debris of the previous wheat crop. Each ascospore-
330 derived subpopulation collected from wheat debris at the beginning of an epidemic (P01, P08,
331 P28) was compared with the pycnidiospore-derived subpopulations collected during the same
332 period from D+ plots (P02, P09, P29, respectively), and from Dg plots (P05, P13; Table S3B).
333 In all cases, within-population variation accounted for most of the molecular variance (89.2-
334 100%). The differences between pycnidiospore- and ascospore-derived subpopulations were
335  small and non-significant for both D+ plots (-0.4-3.4%; 0.116 < P < 0.659; -0.004 < Fsr < 0.033)
336 and for Do plots (0.57% and 10.1%; 0.118 < P < 0.279; 0.006 < Fsr < 0.101). This lack of
337  difference in the genetic structure of the populations makes it impossible to determine, for D+
338  plots, whether the primary inoculum was of local or distant origin (i.e. originating from resident
339  or immigrant populations).

340

341  Changes in population diversity over the three successive cropping seasons

342  The genetic variability within each of the 26 Z. tritici populations (Fig. 1) was the first estimated

343 by calculating genic non-biased heterozygosity diversity, He (Fig. 3A). He values were of the
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344  same order of magnitude for all populations and varied between 0.38 and 0.58, with a mean at
345  0.46, 0.44 and 0.42 for the pycnidiospore-derived populations from D+ and Do plots and for
346  ascospore-derived subpopulations, respectively. Finally, we found no significant difference in
347  the evolution of populations from the D+ and Do plots, in a t-test for paired populations (P =
348 0.471).

349 The mean number of alleles per locus (allele richness Ar) ranged between 2 and 6.27
350 (mean 4.45, 3.67 and 4.06 for the D+, Do, and ascospore-derived subpopulations, respectively)
351 for the three cropping seasons considered (Fig. 3B). The highest A values were found for the
352  2011-2012 cropping season, which was also the season in which the number of strains collected
353  was largest. Allele richness in the D+ plots was at least as high as that in Do plots, except for
354  the second intermediate period of the 2011-2012 cropping season, a finding not consistent with
355 adifference in population size. No significant difference was observed between the D+ and Do
356  populations over time (P = 0.084).

357

358  Occurrence of sexual reproduction in the field population of Z. tritici

359  The two mating types, MAT1-1 and MAT1-2, were found in all subpopulations (Fig. 4A)
360  except P13 (a Do pycnidiospore-derived subpopulation consisting of only five individuals of
361 the MAT1-2 type). The MAT1-1/MAT1-2 ratio calculated for all subpopulations, including
362  only isolates with a complete mating type (703 of the 794 isolates), was 0.95. In y? tests, the
363  frequency of the two mating types was not significantly different from the expected 1:1 ratio
364 (P =0.126).

365 We then assessed the difference in mating-type ratio between plots. The mean MAT1-
366 1/MAT1-2 ratio ratio was 1.22 for the D+ pycnidiospore-derived subpopulations and 0.71 for
367 the Do pycnidiospore-derived subpopulations (Fig. 4A). In 2 tests, the ratio of mating type

368  within each plot did not differ significantly from 1:1 (P=0.407 for D+; P = 0.746 for Do).
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369  However, a significant difference in this ratio was revealed in the two plots over time (P =
370  0.008).

371 Finally, we assessed differences in mating-type ratio between epidemic periods. The
372 MAT1-1/MAT1-2 ratio was lower than 1:1 in ascospore-derived subpopulations (mean ratio =
373 0.61;n=92) and higher than 1:1 in pycnidiospore-derived subpopulations collected at the “end”
374  of epidemic periods (mean ratio = 1.26; n = 605). y? tests revealed significant differences in
375  mating-types distribution only between pycnidiospore- and ascospore-derived subpopulations
376  collected at the “end” of epidemic periods (P = 0.006), highlighting that this ratio tends to
377  increase over the course of the annual epidemics. This ratio was similar and close to 1:1 in
378  “beginning” and “intermediate” pycnidiospore-derived subpopulations.

379 Linkage disequilibrium was always low (close to full panmixia), with 7 ranging from
380 negative values to a maximum of 0.09 (P16), with a mean value of 0.006, 0.015, and 0.001 for
381  the D+, Do, and ascospore-derived subpopulations, respectively (Fig. 4B). Again, no significant
382  differences were found between the D+ and Do plots (P = 0.354), despite 7 being greater at the
383  beginning and end of the epidemic periods of the 2010-2011 cropping season in Do plots.

384 The clonal fraction was very low over the three cropping seasons (Fig. 4C): with mean
385  values of 0.06 for pycnidiospore-derived subpopulations from both D+ and Do plots, and 0.03
386  for ascospore-derived subpopulations, with values ranging from a minimum of 0 (no clone
387 found in the subpopulation) to a maximum of 0.2 (only two clones in the five-isolate
388  subpopulation, P13). No significant difference in clonal fraction was found between the two
389  plots (P = 0.784), meaning that genotypic diversity was similar. No specific pattern in clonal

390 fraction evolution was noticed over the course of the epidemics.

391

392  Discussion
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393  In this study, we aimed to identify neutral structure of Z. tritici over the course of three
394  successive annual epidemics at the field scale. Indeed, various inoculum sources, local or
395  distant, may contribute to the onset and/or the development of the epidemics, with different and
396  year-dependent timings. We hypothesized that either 1) the yearly variation in population size
397  over epidemic courses and the regular introduction of distant “original” or “new” genotypes
398  may induce variations in population diversity at the scale of the epidemiological cycle, or,
399 alternatively, 2) that the demographic fluctuations endured by local populations had little effect
400  on their diversity, with respect to the high diversity described at larger spatial scales.

401 We initially used an assumption-free approach for individual assignment and the testing
402  of three putative structuring factors: time period, plot of origin and spore type giving rise to the
403  isolate. We found no relevant neutral population structure due to any of these factors. In
404  particular, there were no differences in the genetic structure of subpopulations collected early
405  and late in the same season, or between the monthly samples collected from the same plot over
406  a three-year period. These findings are consistent with the low level of between-population
407  differentiation. These observations are also consistent with previous results showing that the
408  genetic structure of Z. tritici populations was stable over time, for annual, three-year (Chen et
409  al., 1994) and six-year collections (Zhan et al., 2001), and in space, over spatial scales ranging
410  from meters to thousands of kilometers (Linde et al., 2002; Schnieder et al., 2001; Siah et al.,
411 2018), even if variations in nested temporal smaller scales had not been checked. Accordingly,
412  the 794 isolates collected locally constituted a single, highly diverse entity that remained stable
413  over all epidemic stages, regardless of the demographic features of the population. This
414  panmictic population, large and unstructured, did not appear to be affected by the putative origin
415  of the inoculum colonizing the plots. The lack of genetic structure, resulting in similar
416  frequencies of neutral alleles in the different subpopulations, did not allow to confirm the

417  partially distinct origin of inoculum in the two plots which was inferred from differential
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418  adaptation to wheat cultivars established by phenotyping (Morais et al., 2016b). Results
419  obtained in the current study are however not inconsistent with the previous because SSRs are
420  supposed not "filtered” by the wheat cultivar and are so no relevant to highlight clean-cut
421  patterns of host or local adaptation, as demonstrated by Welch et al (2018).

422 Nevertheless, the analysis of molecular variance (AmMovA) of populations defined a
423  priori on the basis of our sampling scheme revealed that sampling time, particularly during the
424  epidemic period, could have a slight (< 2% of molecular variance) but significant effect on the
425  differentiation of pycnidiospore-derived subpopulations in the two plots studied. Similarly, plot
426  of origin explained a small (< 2.5%) even if significant proportion of the molecular variance
427  during the growing season (intermediate periods 1 and 2, i.e. between February and May, when
428  Z. tritici subpopulations are thought to expand through asexual reproduction). We found that
429  molecular variance was similar between the pycnidiospore- and ascospore-derived
430  subpopulations collected at the end of the cropping season, with one exception (Table S3): there
431  was weak, but significant differentiation between the pycnidiospore-derived subpopulation
432 from the plot without debris at the end of epidemic period (P27; season 2011-2012) and the
433  ascospore-derived subpopulation from the plot with debris collected at the beginning of the next
434  season (P28; 2012-2013). This effect was not detected in previous studies of single strains
435  collected yearly (Chen et al., 1994; Zhan et al., 2001). The differences could be an artefact, due
436  for instance to the sensitivity level of the AMOVA test used or to the sample size.

437 Genetic diversity was high to very high in all subpopulations, and stable over the three
438  cropping seasons (variation over time non-significant). The orders of magnitude of expected
439  heterozygosity (He), allele richness (Ar) and the proportion of multilocus haplotypes were
440  consistent, although somewhat smaller, with the values obtained with SSRs and RFLPs over
441  larger geographic scales for Israel, Swiss, USA, Tunisian, French and Canadian populations

442  (Linde et al., 2002; El Chartouni et al., 2011; Boukef et al., 2012; Razavi & Hughes, 2004).
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443  Pycnidiospore- and ascospore-derived subpopulations did not differ in diversity, whereas lower
444 levels of clonal fraction might have been expected after sexual recombination, which is thought
445  to occur in winter. No significant difference in the evolution of genetic and genotypic diversity
446  was found between the two plots, so the larger amount of local primary inoculum produced in
447  the plots containing debris had little or no effect on population diversity. This contrasts with
448  the selection thought to be exerted on some loci during the epidemic period by cultivar (Morais
449  etal., 2016b), temperature (Suffert et al., 2015), or fungicides (Hayes et al., 2016) or with the
450  putative counter-selection during the interepidemic period (Suffert et al., 2018). Our findings
451  are not inconsistent with such selective dynamics as we focused actually on neutral diversity.
452  Population differentiation at quantitative, adaptive traits is not directly linked with neutral
453  genetic diversity or differentiation; even if neutral genetic markers have great potential for
454  investigating processes such as gene flow, migration or dispersal, this type of genetic variation
455  tells little about the adaptive or evolutionary potential of a population (Holderegger et al.,
456  2006), except in situations where clear founder effects are demonstrated (Jurgens et al, 2005).
457  Other markers could be developed from recently described genes determining Z. tritici
458  adaptation, for instance adaptation to the Stb6 resistance gene present in many French cultivars
459  (Zhong et al., 2017; Brunner & MacDonald, 2018) or to DMI fungicides largely used in
460  Western Europe (Cools et al., 2013), and would help to clarify this issue. Such selected markers
461  would be particularly relevant when the frequency of these genes is still moderate (e.g. range
462  from 5 % to 25 %) and not homogeneously distributed at a small spatial scale; this may be the
463  case for a virulence corresponding to a resistance very recently overcome or the case of a
464  fungicide resistance recently appeared.

465 The presence of both idiomorphs, MAT1-1 and MAT1-2, in all populations, albeit in
466  variable proportions, confirmed that sexual reproduction could occur all year round (Duvivier,

467  2015). Linkage disequilibrium remained very low over time, at values close to full panmixia,
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468  regardless of primary inoculum origin. Similarly, the clonal fraction was always very low,
469  regardless of sampling time and inoculum origin. For example, the 2009-2010 cropping season
470  was characterized by more intense ascospore production in the plot with debris than during the
471  other two cropping seasons studied (Morais et al., 2016a), but this had little effect on the
472  patterns of diversity indices over the cropping season. Overall, these results are consistent with
473 recombination occurring regularly, due to sexual reproduction over a long period of the year,
474  but impossible to pin down with these data, which are, again, of a similar order of magnitude
475  to data already reported for this fungal species at a larger geographic scale.

476 The overall ratio of the two mating types in the whole population did not differ
477  significantly from the expected 1:1 ratio, consistent with previous results (Zhan et al., 2002;
478  Siah et al., 2010). However, an interesting finding is that ratios of mating-types change over
479  time. Frequency of MAT1-1 strains increased over the course of the epidemics, suggesting that
480 MAT1-2 exhibited a competitive disadvantage and was counter-selected during the cultural
481  season through the asexual cycles. This hypothesis is consistent with the average difference in
482  pathogenicity between the two mating-types (MAT1-1 isolates having 14-22% greater
483  pathogenicity than MAT1-2 isolates) previously reported by Zhan et al (2007), and with
484  selective dynamics over the course of a growing season highlighted by Suffert et al. (2016;
485  2018). This is the first evidence of this property expressed and having epidemiological
486  consequences under field conditions. This finding of a significant change in mating type
487  frequencies at short term is an exciting observation that deserves further exploration via in
488  planta studies.

489 Finally, local Z. tritici populations displayed high levels of genetic uniformity between
490  years, epidemic periods and plots, which is consistent with the results obtained by Chen et al.
491  (1994), Zhan et al. (2002) and EI Chartouni et al. (2012) but was never established at a fine

492  temporal scale. Our demogenetic analysis of a local population thought to result from different
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493  evolution trajectories through three successive sequences of epidemic and interepidemic
494  periods highlights only sporadic and small effects of the type of inoculum, depending on
495  epidemic period and year. Analogous hypotheses about the respective contributions of
496  sexual/asexual primary/secondary inoculum were tested by Cortesi & Milgroom (2001) and
497  Shah et al. (2001). Such studies, which remain uncommon at fine spatiotemporal scale, show
498  how population genetics can be used to address epidemiological questions essential for sound
499  disease management (Milgroom & Peever, 2003) but also what are its limits and opportunities
500 for further improvement.

501

502  Acknowledgments

503  The authors thank Angélique Gautier (INRA BIOGER) and Christophe Montagnier (INRA
504  Experimental Unit, Thiverval-Grignon) for technical assistance. This study was supported by a
505  grant from the European Union Seventh Framework Program (Grant Agreement no. 261752,
506 PLANTFOODSEC project) and a grant from the European Union Horizon Framework 2020
507  Program (Grant Agreement no. 634179, EMPHASIS project).

508

509 References

510 Abang, M.M., Baum, M., Ceccarelli, S., Grando, S., Linde, C.C., Yahyaoui, A., Zhan, J.,

511 McDonald, B.A., (2006) Differential selection on Rhynchosporium secalis during
512 parasitic and saprophytic phases in the barley scald disease cycle. Phytopathology, 96,
513 1214-1222.

514  Abrinbana, M., Mozafari, J., Shams-Bakhsh, M., Mehrabi, R., (2010) Genetic structure of

515 Mycosphaerella graminicola populations in Iran. Plant Pathology, 59, 829-838.

516  Agapow, P.M., Burt, A., (2001) Indices of multilocus linkage disequilibrium. Molecular

517 Ecology Notes, 1, 101-102.

21


https://doi.org/10.1101/222380
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/222380; this version posted June 4, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

518  Ali, S,, Gladieux, P., Rahman, H., Saqib, M.S., Fiaz, M., Ahmad, H., Leconte, M., Gautier, A.,

519 Justesen, A.F., Hovmgller, M.S., Enjalbert, J., de Vallavieille-Pope, C., (2014) Inferring
520 the contribution of sexual reproduction, migration and off-season survival to the temporal
521 maintenance of microbial populations: a case study on the wheat fungal pathogen
522 Puccinia striiformis f.sp. tritici. Molecular Ecology, 23, 603-617.

523  Belkhir, K., Borsa, P., Chikhi, L., Raufaste, N., Bonhomme, F., (1996-2004) GENETIX 4.05,

524 logiciel sous Windows TM pour la génétique des populations. Laboratoire Génome,
525 Populations, Interactions, CNRS UMR 5171, Université de Montpellier 11, Montpellier,
526 France. http://www.genetix.univ-montp2.fr/genetix/intro.htm.

527 Boukef S., McDonald B.A., Yahyaoui A., Rezgui S., Brunner P.C., (2012) Frequency of

528 mutations associated with fungicide resistance and population structure of
529 Mycosphaerella graminicola in Tunisia. European Journal of Plant Pathology, 132, 111-
530 122.

531  Brunner, P.C., McDonald, B.A., (2018) Evolutionary analyses of the avirulence effector
532 AvrStb6 in global populations of Zymoseptoria tritici identify candidate amino acids

533 involved in recognition. Molecular Plant Pathology, in press.

534  Chen, R.S., Boeger, J.M., McDonald, B.A., (1994) Genetic stability in a population of a plant

535 pathogenic fungus over time. Molecular Ecology, 3, 209-218.

536  Cools, H.J., Hawkins, N.J., Fraaije, B.A., (2013) Constraints on the evolution of azole

537 resistance in plant pathogenic fungi. Plant Pathology, 62, 36-42.

538  Cortesi, P., Milgroom, M.G., (2001) Outcrossing and diversity of vegetative compatibility types

539 in populations of Eutypa lata from grapevines. Journal of Plant Pathology 83, 79-86.

540  Duvivier, M., (2015) Distribution of the airborne inoculum of wheat leaf rust and septoria tritici

541 blotch. PhD thesis, Université Catholique de Louvain, Belgique.

22


https://doi.org/10.1101/222380
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/222380; this version posted June 4, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

542  Earl, D.A., Vonholdt, B.M., (2012) STRUCTURE HARVESTER: a website and program for
543 visualizing STRUCTURE output and implementing the Evanno method. Conservation

544 Genetics Resources, 4, 359-361.

545  El Chartouni L., Tisserant, B., Siah, A., Duyme, F., Leducq, J.B., Deweer, C., Fichter-Roisin,

546 C., Sanssené, J., Durand, R., Halama, P., Reignault, P., (2011) Genetic diversity and
547 population structure in French populations of Mycosphaerella graminicola. Mycologia,
548 103, 764-774.

549  El Chartouni, L., Tisserant, B., Siah, A., Duyme, F., Durand, R., Halama, P., Reignault, P.,
550 (2012) Evolution of Mycosphaerella graminicola at the wheat leaf and field levels.

551 Phytopathologia Mediterranea, 51, 332-339.

552  Eriksen, L., Shaw, M.W., @stergard, H, (2001) A model of the effect of pseudothecia on genetic
553 recombination and epidemic development in populations of Mycosphaerella graminicola.

554 Phytopathology, 91, 240-248.

555  Evanno, G., Regnaut, S., Goudet, J., (2005) Detecting the number of clusters of individuals

556 using the software STRUCTURE: a simulation study. Molecular Ecology, 14, 2611-2620.

557  Excoffier, L., Lischer, H.E.L., (2010) ARLEQUIN suite v3.5: A new series of programs to
558 perform population genetics analyses under Linux and Windows. Molecular Ecology

559 Resources, 10, 564-567.

560 Eyal, Z., (1999) The Septoria tritici and Stagonospora nodorum blotch diseases of wheat.

561 European Journal of Plant Pathology, 105, 629-641.

562  Gautier, A., Marcel, T., Confais, J., Crane, C., Kema, G., Suffert, F., Walker, A.S., (2014)
563 Development of a rapid multiplex SSR genotyping method to study populations of the

564 fungal plant pathogen Zymoseptoria tritici. BMC Research Notes, 7, 373.

23


https://doi.org/10.1101/222380
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/222380; this version posted June 4, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

565 Hayes, L.E., Sackett, K.E., Anderson, N.P., Flowers, M.D., Mundt, C.C., (2016) Evidence of
566 selection for fungicide resistance in Zymoseptoria tritici populations on wheat in western

567 Oregon. Plant Disease, 100, 483-489.

568 HGCA, (2012) Septoria tritici in winter wheat. Topic sheet 113, spring 2012.

569 [http://www.hgca.com/media/178045/ts113_septoria_tritici_in_winter_wheat.pdf].

570  Holderegger, R., Kamm, U., Gurgerli, F., (2006) Adaptive vs. neutral genetic diversity:

571 implications for landscape genetics. Landscape Ecology, 21, 797-707.

572 Jurgens, T., Celeste, C., Linde, C.C., McDonald, B.A., (2006) Genetic structure of
573 Mycosphaerella graminicola populations from Iran, Argentina and Australia. European
574 Journal of Plant Pathology, 115, 223-233.

575 Linde, C.C., Zhan, J., McDonald, B.A., (2002) Population structure of Mycosphaerella

576 graminicola: From lesions to continents. Phytopathology, 92, 946-955.

577  McDonald, B.A., Linde, C., (2002) Pathogen population genetics, evolutionary potential, and

578 durable resistance. Annual Review of Phytopathology, 40, 349-379.

579  Milgroom, M.G., Peever, T.L., (2003) Population biology of plant pathogens - The synthesis

580 of plant disease epidemiology and population genetics. Plant Disease, 87, 608-617.

581  Morais, D., Sache, 1., Suffert, F., Laval, V., (2016a) Is onset of Septoria tritici blotch epidemics

582 related to local availability of ascospores? Plant Pathology, 65, 250-260.

583  Morais, D., Laval, V., Sache, I., Suffert, F., (2016b) Inferring the origin of primary inoculum
584 of Zymoseptoria tritici from differential adaptation of resident and immigrant populations

585 to wheat cultivars. European Journal of Plant Pathology, 145, 393-404.

586  Pritchard, J.K., Stephens, M., Donnelly, P., (2000) Inference of population structure using

587 multilocus genotype data. Genetics, 155, 945-9509.

24


https://doi.org/10.1101/222380
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/222380; this version posted June 4, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

588 Raymond, M., Rousset, F., (1995) GENEPOP (VERSION-1.2) - Population-genetics software

589 for exact tests and ecumenicism. Journal of Heredity, 86, 248-249.

590 Razavi, M., Hughes, G.R., (2004) Microsatellite markers provide evidence for sexual

591 reproduction of Mycosphaerella graminicola in Saskatchewan. Genome, 47, 789-794.

592  Rieux, A., Soubeyrand, S., Bonnot, F., Klein, E.K., Ngando, J.E., Mehl, A., Ravigné, V.,

593 Carlier, J., Lapeyre de Bellaire, L., (2014) Long-distance wind-dispersal of spores in a
594 fungal plant pathogen: Estimation of anisotropic dispersal kernels from an extensive field
595 experiment. PLoS ONE, 9, e103225.

596  Sanderson, F.R., (1972) A Mycosphaerella species as the ascogenous state of Septoria tritici

597 Rob. and Desm. New Zealand Journal of Botany, 10, 707-7009.

598  Schnieder, F., Koch, G., Jung, C., Verreet, J.A., (2001) Genotypic diversity of the wheat leaf
599 blotch pathogen Mycosphaerella graminicola (anamorph) Septoria tritici in Germany.

600 European Journal of Plant Pathology, 107, 285-290.

601  Shah, D.A., Bergstrom, G.C., Ueng, P.P., (2001) Foci of Stagonospora nodorum blotch in

602 winter wheat before canopy development. Phytopathology, 91, 642-647.

603  Shaw, M.W., Royle, D.J., (1989) Airborne inoculum as a major source of Septoria tritici
604 (Mycosphaerella graminicola) infections in winter wheat crops in the UK. Plant
605 Pathology, 38, 35-43.

606  Siah, A, Tisserant, B., El Chartouni, L., Duyme, F., Deweer, C., Roisin-Fichter, C., Sanssené,

607 J., Durand, R., Reignault, P., Halama, P., (2010) Mating type idiomorphs from a French
608 population of the wheat pathogen Mycosphaerella graminicola: widespread equal
609 distribution and low but distinct levels of molecular polymorphism. Fungal Biology, 114,
610 980-990.

25


https://doi.org/10.1101/222380
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/222380; this version posted June 4, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

611  Siah, A., Bomble, M., Tisserant, B., Cadalen, T., Holvoet, M., Hilbert, J.-L., Halama, P.,
612 Reignault, P.L., (2018) Genetic structure of Zymoseptoria tritici in northern France at
613 region, field, plant and leaf layer scales. Phytopathology, in press.

614  Suffert, F., Sache, I., (2011) Relative importance of different types of inoculum to the
615 establishment of Mycosphaerella graminicola in wheat crops in north-west Europe. Plant

616 Pathology, 60, 878-889.

617  Suffert, F., Sache, I., Lannou, C., (2011) Early stages of Septoria tritici blotch epidemics of
618 winter wheat: build-up, overseasoning, and release of primary inoculum. Plant Pathology,

619 60, 166-177.

620  Suffert, F., Ravigné, V., Sache, 1., (2015) Seasonal changes drive short-term selection for fitness
621 traits in the wheat pathogen Zymoseptoria tritici. Applied and Environmental

622 Microbiology, 81, 6367-6379.

623  Suffert, F., Goyeau, H., Sache, I., Carpentier, F., Gélisse, S., Morais, D., Delestre, G., (2018)
624 Epidemiological trade-off between intra- and inter-annual scales in the evolution of

625 aggressiveness in a local plant pathogen population. Evolutionary Applications, in press.

626  Waalwijk, C., Mendes, O., Verstappen, E.C.P., De Waard, M.A., Kema, G.H.J., (2002)
627 Isolation and characterization of the mating-type idiomorphs from the wheat Septoria leaf

628 blotch fungus Mycosphaerella graminicola. Fungal Genetics and Biology, 35, 277-286.

629  Welch, T., Feechan, A., Kildea, S., (2018) Effect of host resistance on genetic structure of core
630 and accessory chromosomes in Irish Zymoseptoria tritici populations. European Journal

631 of Plant Pathology, 150, 139-148.

632  Weir, B.S., Cockerham, C.C., (1984) Estimating F-statistics for the analysis of population

633 structure. Evolution, 38, 1358-1370.

26


https://doi.org/10.1101/222380
http://creativecommons.org/licenses/by-nd/4.0/

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

bioRxiv preprint doi: https://doi.org/10.1101/222380; this version posted June 4, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Zhan, J., Mundt, C.C., McDonald, B.A., (1998) Measuring immigration and sexual
reproduction in field populations of Mycosphaerella graminicola. Phytopathology, 88,

1330-1337.

Zhan, J., Mundt, C.C., McDonald, B.A., (2001) Using restriction fragment length
polymorphismsto assess temporal variation and estimate the number of ascospores that
initiate epidemics in field populations of Mycosphaerella graminicola. Phytopathology,

91, 1011-1017.

Zhan, J., Kema, G.H.J, Waalwijk, C., McDonald, B.A., (2002) Distribution of mating type
alleles in the wheat pathogen Mycosphaerella graminicola over spatial scales from

lesions to continents. Fungal Genetics and Biology, 36, 128-136.

Zhan, J., Pettway, R.E., McDonald, B.A., (2003) The global genetic structure of the wheat
pathogen Mycosphaerella graminicola is characterized by high nuclear diversity, low
mitochondrial diversity, regular recombination, and gene flow. Fungal Genetics and

Biology, 38, 286-297.

Zhan, J., Torriani, S.F.F., McDonald, B.A., (2007) Significant difference in pathogenicity
between MAT1-1 and MAT1-2 isolates in the wheat pathogen Mycosphaerella

graminicola. Fungal Genetics and Biology, 44, 339-346.

Zhong, Z., Marcel, T.C., Hartmann, F.E., Ma, X., Plissonneau, C., Zala, M., Ducasse, A.,
Confais, J., Compain, J., Lapalu, N., Amselem, J., McDonald, B.A., Croll, D., Palma-
Guerrero, J. (2017) A small secreted protein in Zymoseptoria tritici is responsible for
avirulence on wheat cultivars carrying the Stb6 resistance gene. New Phytologist, 214,

619-631.

27


https://doi.org/10.1101/222380
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/222380; this version posted June 4, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

656  Zwankhuizen, M.J., Govers, F., Zadoks, J.C. (1998) Development of potato late blight

657 epidemics: disease foci, disease gradients, and infection sources. Phytopathology, 88,
658 754-763.
659

28


https://doi.org/10.1101/222380
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/222380; this version posted June 4, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

660 Figures

661

662  Figure 1: Subpopulations of Z. tritici (794 isolates) collected from two wheat plots (D+, with
663  debris; Do, without debris) over the course of three successive annual epidemics (2009-2010,
664  2010-2011 and 2011-2012) in Thiverval-Grignon, France.

665 The 794 isolates were grouped according to the epidemic period (beginning, i.e. from late-
666  November to late-January; intermediate 1, i.e. February and March; intermediate 2, i.e. from
667  April and May; end, i.e. from early-June to mid-July). White columns: pycnidiospore-derived
668  subpopulations from the plot with debris (D+); gray columns: pycnidiospore-derived
669  subpopulations from the plot without debris (Do); black columns: ascospore-derived
670  subpopulations from the plot with debris (D+).

671

672  Figure 2: Genetic subdivision of the 794 Z. tritici isolates collected over the course of three
673  successive annual epidemics (2009-2010, 2010-2011 and 2011-2012) in Thiverval-Grignon,
674  France.

675  Colors indicate the membership of K clusters for the individuals, these clusters being as defined
676  after STRUCTURE analysis, to test three structure hypothesis. A - Effect of epidemic period (K =
677 7; 460 isolates; letters indicate the different epidemic periods (B: beginning; 11 and 12:
678 intermediate; E: end). B - Effect of isolate origin (K = 2; 685 isolates; D+: plot with debris, Do:
679  plot without debris). C - Spore type giving rise to the isolate (K = 3; 794 isolates; A: ascospores;
680  P: pycnidiospores). For each barplot, the vertical black lines delimit the different cropping
681  seasons and the vertical white lines delimit the second factor studied (epidemic period in A;
682  isolate origin in B; spore type in C).

683
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684  Figure 3: Temporal changes in the diversity of 26 Z. tritici populations (794 isolates; see Fig.
685 1) collected from wheat plots with (D+) and without (Do) debris, over the course of three
686  successive annual epidemics (2009-2010, 2010-2011 and 2011-2012).

687 A - Observed heterozygosity (He). B - Allele richness (Ar, mean number of alleles per locus).
688  Symbols indicate the origin of the populations: white circles: pycnidiospore-derived
689  subpopulations from D+ plots; black diamonds: pycnidiospore-derived subpopulations from Do
690  plots; crosses: ascospore-derived subpopulations.

691

692  Figure 4: Evidence of sexual reproduction in 26 Z. tritici subpopulations (794 isolates; see Fig.
693 1) collected from wheat plots with (D+) and without (Do) debris, over the course of three
694  successive annual epidemics (2009-2010, 2010-2011 and 2011-2012).

695 A - Changes in mating-type ratio (MAT1-1/MAT1-2) over time in pycnidiospore- and
696  ascospore-derived subpopulations. B - Changes over time in linkage disequilibrium, estimated
697 by calculating the rp— index. C - Changes over time in the clonal fraction (1-G/N) on the same
698  plots. Symbols indicate the origin of the populations: white circles: pycnidiospore-derived
699  subpopulations from D+ plots; black diamonds: pycnidiospore-derived subpopulations from Dg

700  plots; crosses: ascospore-derived subpopulation.
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Table 1: Hierarchical analysis of molecular variance (AMovA) with cropping season and epidemic period nested within cropping season as

grouping factors, for the D+ (upper panel) and Do (lower panel) plots.

Sum of Variance
df % variation P-value Fixation index
squares components
Plots with debris (D+)
Between cropping seasons 2 3.6 -0.01 -0.56 0.935 -0.005
Between epidemic periods
8 23.6 0.032 1.71 0.001 0.017
Within cropping seasons
Within epidemic periods 386 714.6 1.851 98.85 <0.001 0.012
Total 396 741.7 1.873
Plots without debris (Do)
Between cropping seasons 2 4.7 -0.0003 -0.02 0.349 <0.001
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Between epidemic periods

8 18.2 0.034
Within cropping seasons
Within epidemic periods 210 341.6 1.626
Total 220 364.5 1.660

2.05

97.97

0.005

0.002

0.020

0.020
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Table 2: Hierarchical analysis of molecular variance (AMoVvA), with the collection plot (D+ or Do) and isolate origin as grouping factors, for each

epidemic period.

Sum of Variance
df % variation P-value Fixation index
squares components
Beginning of epidemics
Between plots 1 24 0.007 0.37 0.183 0.003
Within plots 193 370.4 1.919 99.63
Total 194 372.8 1.926
Intermediate period 1
Between plots 1 2.8 0.029 1.92 0.034 0.019
Within plots 89 133.3 1.498 98.08
Total 90 136.1 1.777

Intermediate period 2
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Between plots 1 4.3 0.038 2.37 0.002 0.024
Within plots 145 225.7 1.556 97.63

Total 146 230.0 1.594

End of the epidemics

Between plots 1 2.8 0.014 0.80 0.074 0.008
Within plots 183 312.6 1.708 99.20

Total 184 315.3 1.722
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