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14 Abstract

15 Transposable elements (TEs) play a pivotal role in shaping diversity in eukaryotic genomes.
16 The covered smut pathogen on barley, Ustilago hordei, encountered a recent genome
17 expansion. Using long reads, we assembled genomes of 6 U. hordei strains and 3 sister
18 gpecies, to study this genome expansion. We found that larger genome sizes can mainly be
19  attributed to a higher genome fraction of long terminal repest retrotransposons (LTR-RTS). In
20 the studied smut genomes, LTR-RTSs fractions are the largest in U. hordel and are positively
21  correlated to the mating-type locus sizes, which is up to ~560 kb in U. horde. Furthermore,
22 LTR-RTs were found to be associated with higher nucleotide substitution levels, as these
23 higher levels occur more clustered in smut species with a recent LTR-RT proliferation.
24  Moreover, genes in genome regions with higher nucleotide substitution levels generally
25 reside closer to LTR-RTs than other genome regions. Genome regions with many nucleotide
26  substitutions encountered an especialy high fraction of CG substitutions, which is not
27 observed for LTR-RT sequences. The high nucleotide substitution levels particularly
28 accelerate the evolution of secretome genes, as their more flexible nature results that

29  substitutions often lead to amino acid alterations.
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30 Importance

31  Genomic alteration can be generated through various means, in which transposable elements
32 (TEs) can play a pivotal role. Their mobility causes mutagenesis in itself and can disrupt the
33  function of the sequences they insert into. Indirectly, they also impact genome evolution as
34  their repetitive nature facilitates non-homologous recombination. Furthermore, TEs have
35 been linked to specific epigenetic genome organizations. We report a recent TE proliferation
36 in the genome of the barley covered smut fungus, Ustilago hordei. This proliferation is
37  associated with a distinct nucleotide substitution regime that has a higher rate and a higher
38 fraction of CG substitutions. This different regime shapes the evolution of genes in subjected
39 genome regions. Our findings highlight that TEs may influence the error-rate of DNA
40  polymerase in a hitherto unknown fashion.

41
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44 INTRODUCTION

45 Transposable elements (TEs) play a pivota role in the genome evolution of eukaryotic
46  organisms, including fungi (1). Fungal genomes can vary considerably in size, which is often
47  determined by the extent and recency of TE proliferations (2, 3). On one side of the spectrum,
48  Microsporidia, adiverse group of obligate intracellular parasitic fungi, contain members with
49 extremely smal genomes down to 2.3Mb that lack TEs (4, 5). In contrast, rust plant
50 pathogens from the order Pucciniales contain members with genome sizes that are among the
51 largest in the fungal kingdom (6, 7). For instance, the wheat stripe rust pathogen Puccinia
52  driiformisf.gp. tritici has an estimated genome size of 135 Mb, which more than half consists
53  of TE sequences (8). Mutations caused by TE transposition predominantly have a neutral or
54  negative impact, but in particular cases they can also improve fungal fitness (3, 9). For plant
55  pathogenic fungi, TE transposition can be a source of mutagenesis to evade host immunity
56 and/or lead to an optimized host interaction (10). TES can also passively contribute to
57  mutagenesis, as their transpositions increase homol ogous genome sequences that are prone to
58  ectopic recombination (11, 12). Pathogens evolve by host jumps, radiation and subsequent
59 arms races with their hosts (13), in which the latter attempts to detect pathogen ingress
60 through the recognition of so-called invasion patterns (14). One invasion pattern that is
61 typically detected are effectors, i.e. secreted proteins that facilitate host colonization (15). To
62 quickly adapt to effector-triggered immunity and yet continue host symbiosis, effector genes
63 often reside in genome regions that facilitate mutagenesis (13, 16), such as those rich in TEs
64 (17). TE-rich genome regions may not only encounter higher mutation rates, but may aso
65 haveahigher chance to fix mutations due to their functionally more accessory nature (18).

66 TEs are a diverse group of mobile nucleotide sequences that are categorized into two
67 classes (1). Class | comprises retrotransposons that transpose through the reverse

68 transcription of their messenger RNA (mRNA). Class Il are DNA transposons that transpose
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69  without mRNA intermediate. TEs are then further classified based on their sequence structure
70  (19). Retrotransposons with direct repeats at each end of their sequence are long terminal
71  repeat retrotransposons (LTR-RTs) (20). LTR-RTs can encode the structural and enzymatic
72  machinery for autonomous transposition. However, they may lose this ability through
73  mutagenesis, but still be able to transpose using proteins of other TEs (21). LTR-RTs can
74 then be further classified into superfamilies including Copia and Gypsy, which differ in the
75  order of their reverse transcriptase and their integrase domain (19).

76 Smut fungi are a diverse group of plant pathogenic, hemibiotrophic basidiomycetes of
77  which many infect monocot plants, in particular grasses. They live saprophytically as yeasts
78 and mate in order to switch to the diploid, filamentous stage that enables them to infect their
79 host (22). Smut pathogens are very host-specific and generally have small genomes in
80 comparison to other plant pathogens (23, 24). The corn smut species Ustilago maydis and
81  Sporisorium reilianum are closely related and have genome sizes of 19.8 Mb and 18.4 Mb,
82  respectively (25, 26). This is partly due to their low level of repetitive sequences, including
83 TEs. In total, only 2.1 and 0.5% of the genome consists of TEs for the U. maydis and S.
84  reilianum, respectively (27). The covered smut pathogen of barley, Ustilago hordei, and the
85 Brachipodieae grass smut, U. brachipodii-distachyi, are two related smut fungi and have
86 genome assemblies of 21.15 Mb and 20.5 Mb, respectively (27, 28). These larger genome
87  assembly sizes correlate to their higher TE content, which is 11.8% and 14.3% for U. hordei
88 and U. brachipodii-distachyi, respectively (27). The assembled genome of U. brachipodii-
89 distachyi is originally published under the species name U. bromivora (27). U. brachipodii-
90 distachyi infects members from the tribe Brachipodieae, whereas U. bromivora affects
91 bromes from the supertribe Triticodae (29, 30). Considering the host specific nature of smut
92 pathogens, we prefer to refer to this assembly as U. brachipodii-distachyi instead of U.

93  bromivora, as the assembled strain infects Brachypodium species (27, 29).
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94 Mating in grass-parasitic smut fungi is tetrgpolar in U. maydis and S reilianum,
95  whereas U. hordei and U. brachipodii-distachyi have a bipolar mating system. In the bipolar
96 system, there is one mating-type locus where recombination is suppressed (27, 31, 32). This
97 locus is flanked by the a locus, which contains pheromone/receptor genes, and the b locus,
98 which encodes the two homeodomain proteins bEast and bWest (33, 34). In the bipolar
99 mating-type system, there are two mating-type alleles, MAT-1 and MAT-2, which are in U.
100  hordei ~500kb and ~430kb in size, respectively (32). A large fraction of the mating-type loci
101 consists of repetitive sequences, i.e. ~45% repeats for U. hordel (28, 35). In contrast, the
102 tetrapolar smuts, U. maydis and S reilianum, have their a and b loci on different
103  chromosomes causing them to segregate independently during meiosis (26, 31).
104 Recently, the complete genome of the reference U. hordel strain Uh364 was re-
105 sequenced using the long-read PacBio technology and, instead of the previous 21.15 Mb
106 assembly (28), a 27.1 Mb assembly was obtained (36). Thus, the U. hordei genome
107  underwent a genome expansion as it is significantly larger than other sequenced smut species
108 (27). Thisfinding triggered us to study the U. hordei genome more in depth and use recently

109 developed long-read sequencing technologies to unravel how its genome recently expanded.
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110 Results

111 LTR-RTsisanimportant determinant for U. hordei genome size

112  To study the expansion in genome size of U. hordei, we sequenced and assembled 6 U.
113  hordei strains of different geographic origins (Figure S1). Five contained a MAT-1 locus and
114  one (Uh1278) a MAT-2. The assemblies were composed of 23-46 contigs and ranged from
115 25.8-27.2 Mb in size (Table 1). Strain Uh805 was assembled into 23 contigs that are
116  homologous to the 23 chromosomes of U. brachipodii-distachyi indicating that inter-
117  chromosomal rearrangements did not occur during the divergence of these two species (27).
118 MAT-1 loci, regions between and including the a and b loci, ranged from 536 to 564 kb in
119 size, whereas the MAT-2 locus was 472 kb (Table S1). In the U. hordei genome assemblies,
120 class | TE sequences are over 6 times more abundant than class Il TE sequences (Table 1,
121  S2). More than 90% of the class | TEs consist of LTR-RTSs, which is atotal sequence amount
122  ranging between 4,326 and 5,272 kb (Table 1). The number of LTR-RT sequences is
123  positively correlated to the assembly sizes (r = 0.94, p-vaue = 0.0051). Moreover, using
124 strain Uh805 as areference, 56-79% of the differences in assembly size with other strains can
125  Dbe attributed to differences in LTR-RT content. Thus, the variation in genome size between
126  U. horde strains can largely be attributed to intraspecific differencesin LTR-RT proliferation
127 and/or retention. More than 75% of the mating-type loci consist of repetitive sequences and
128 over 29% are classified as LTR-RTs. The MAT-1 and MAT-2 loci and their flanking regions
129  only have 27% one-to-one best homology to each other (Figure 1A), which is mainly due to
130 mating-type specific repeats as only 6% of the repeats are shared between the two mating
131  types. In contrast, 41 of the 47 expressed mating-type locus genes are shared between the two
132 dleles (Figure 1B). Homologous recombination is suppressed in the mating-type region,
133  which makes that TE transpositions within these regions are by definition mating-type

134  gspecific (Figure 1B) (32).
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136
137

Table 1. Genome statistics of various smut genome assemblies.

Species U. hordei U. nuda U. brachipodii- U. tritici U. loliicola U. maydis(25) S reilianum(37,
distachyi(27) 39)
Strain Uh359 Uh805 Uh811 Uh818 Uh1273 Uh1278 DE_29490 uB2112 ut_3 Us 530 521 SRS1_H2-8
Assembly size (Mb) 27.0 258 26.2 26.2 272 26.6 214 20.4 20.4 20.8 19.7 185
Contigs 46 23 26 25 37 27 31 23 32 41 27 23
BUSCOs (%) 98.9 98.9 98.9 98.9 98.6 99.0 98.9 99.1 98.9 98.8 98.8 98.5
Telomers’ 14 22 19 20 23 23 45 37 47 43 1 0
Total repeats (%) 38.2 353 36.4 36.5 389 36.0 226 17.0 16.4 8.9 4.6 3.6
Class| TEs (kb)® 5,625 4,611 4,985 4,897 5,663 4,940 1,786 672 739 102 199 5
LTR (kb) 5,272 4,326 4,615 4,549 5,208 4,607 1,537 463 462 9 185 5
Gypsy (kb) 2,066 1,688 1,679 1,653 2,225 1,873 484 144 127 3 4 3
Copia(kb) 2,732 2,331 2,561 2,554 2,587 2,531 1,1019 292 289 6 182 1
Class Il TEs (kb)® 781 746 708 791 731 692 395 473 285 482 5 103

% Only repetitive sequences that were larger than 500 bp were classified.

*

“TAACCC’ or “GGGTTA” repesats at the end of a contig
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139  Figure 1: The mating-type specificity of MAT-1 and MAT-2 loci sequences. (A) As references, the MAT-1
140  strain Uh805 and the MAT-2 strain Uh1278 were used. Repeat content and presence/absence polymorphisms
141  were calculated for 20 kb windows. Presence-absence polymorphisms were determined between the MAT-1 and
142  MAT-2 reference strains, in addition to the MAT-1 strains Uh805 and Uh811. The orange squares encompass the
143  mating-type loci and indicate genome regions where the repeat contents are high and sequences are generally
144 mating-type specific. (B) Model that explains the mating-type specificity of sequences within and flanking the
145  mating-type loci. The absence of recombination within the mating-type loci and their flanking regions makes
146  that transpositions within these regions become mating-type specific.

147

148 The U. hordei secretome is activated upon plant colonization, whereas LTR-RTs are
149 generally inactive

150 To study gene and LTR-RT expression, RNA-seq was done from from U. hordei grown in
151  liquid medium, and in barley leaves a 3 days post infection. In total, 6229 of the 7704 (81%)
152  predicted gene loci in Uh803 were expressed in either of the two U. hordei growth

153 conditions, whereas only 27 of the 904 (3%) LTR-RTs displayed expression (Figure 2B).
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154  Moreover, only 7 of the expressed LTR-RTs displayed expression in more than half of their
155 sequence. Of these 7, there was one Copia and one Gypsy LTR-RT that can be autonomous,
156 as functional domains for aspartyl protease, reverse transcriptase and integrase could be
157 identified. In conclusion, amost all LTR-RT sequences were inactive in the two tested
158 environmental conditions. For the genes, 558 (9%) were upregulated in planta, whereas 419
159  (7%) were downregulated (Figure 2). Up- and downregulated genes were screened for Gene
160 Ontology (GO) term enrichments, to see which biological processes are affected by plant
161 colonization. In total, 14 and 3 GO terms were enriched in in planta up- and down-regulated
162  genes, respectively (Figure 2). Generally, processes associated with the fungal membrane,
163 including transmembrane transport were upregulated in planta. In correspondence with these
164 results, 165 of the 558 genes upregulated in planta encode secreted proteins. Thus, 45%
165 (165/369) of the expressed genes that encode secreted proteins were upregulated in planta,
166  which is a significant enrichment (Fisher exact test, p-value = 1.87e-83) (Figure 2). In
167 contrast, only 6% of the genes encoding a secreted protein were downregulated. Of these
168 downregulated genes, 35% (7/20) was predicted to have a carbohydrate-active (CAZyme)
169 function, whereas this was 18% (29/165) for in planta upregulated secretome genes. Thus,
170 the U. hordei transmembrane transport system and secretome genes are strongly activated
171  upon plant colonization, whereas hardly any LTR-RTs display expression. In total, 24%
172  (median) of the 20kb flanking regions secretome genes consist of repeats, which is the same
173  for non-secretome genes (t-test, p-value = 0.51) (Figure S2). Secretome genes upregulated in
174  planta have a median of 21%, which is not significantly lower than non-secretome genes (t-
175 test, p-value > 0.01). Thus, in contrast to some other filamentous plant pathogens (17),

176  secretome genes are not especially associated with repeat-rich genome regionsin U. hordei.

10
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178  Figure 2. Differential expression of U. hordei loci upon plant colonization. (A) Comparison of U. hordei
179  locus expression between growth in liquid culture medium and in planta. The numbers between brackets
180 indicate how many genes and LTR-RTs have been annotated in the genome. The significance of differential
181  expression was calculated using a threshold of log2-fold-change. (B) Gene Ontology (GO) term enrichmentsin
182  differently regulated Ustilago hordei genes. In green and red are GO terms that are enriched in in plant up- and
183  down-regulated genes, respectively. p-values were calculated with the Fisher's exact test. For the whole figure
184  significance was determined with a p-value < 0.01 and corrected for multiple-testing with the Benjamini-
185  Hochberg method.

186

187 Higher LTR-RT contentsin genomes of smuts with a bipolar mating-type system

188 As LTR-RTs played a predominant role in the genome expansion of U. hordel, we also
189  studied the impact of TE dynamics on the genome evolution of U. hordel sister species. We
190 sequenced genomes of Ustilago nuda, Ustilago tritici and Ustilago loliicola, which are smut
191 gpeciesthat are close relatives of U. hordei and U. brachipodii-distachyi (29, 39). Assemblies
192 of 21.4, 20.8 and 20.4 Mb were obtained in 31, 41 and 32 contigs for U. nuda, U. loliicola
193 and U. tritici, respectively (Table 1). A phylogenetic tree was constructed, which included the
194  newly sequenced species as well as U. brachipodii-distachyi, U. maydis and S. reilianum
195 (Figure 3) (25, 27, 37, 38). U. hordei, U. nuda, U. brachipodii-distachyi and U. tritici cluster

196 together with U. loliicola being the closest outgroup species. Within the cluster, U. hordel
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197 diverged the most recently from U. nuda, which also infects Hordeum species (Figure 3).
198 Synteny between the different contigs was aso investigated and the ancestral gene order
199  reconstructed. S reilianum and U. loliicola do not have inter-chromosomal rearrangement in
200 comparison to their reconstructed last common ancestor (Figure 3). The U. maydis genome
201 has one inter-chromosomal rearrangement with respect to its last common ancestor with S.
202  reilianum. U. hordel, U. nuda, U. brachipodii-distachyi and U. tritici share one inter-
203  chromosomal rearrangement that occurred after their divergence from U. loliicola (Figure 3).
204  As previously reported, this rearrangement resulted in the mating-type polarity switch from
205 tetrapolar to bipolar due to the linkage of the a and b mating-type loci (31). This inter-
206  chromosomal rearrangement is the only one observed in the assemblies of U. brachipodii-
207  distachyi, U. nuda and U. hordei, whereas the U. tritici assembly has one additional inter-
208 chromosomal rearrangement. The smut species with a bipolar mating-type generally have a
209  higher repeat content (16.4-38.9%), than the tetrapolar ones (3.6-8.9%) (Table 1). This
210 increase in repeat content can largely be attributed to LTR-RT sequences, which comprise
211 4,326 kb in U. hordel (Uh805) in contrast to only 5 kb for S reilianum (Table 1). Thus,
212  repeats have increased after the polarity switch, mainly due to higher LTR-RT contents.
213  Furthermore, repeat and the LTR-RT contents of smut genomes with a bipolar mating type
214 positively correlate to mating-type loci sizes (r = 0.98, p-value = 0.02, using strain Uh805 for
215 U. horde), which ranges from 190 kb for U. brachipodii-distachyi to 560 kb for U. hordei
216  (Figure 3, Table S1). In conclusion, the proliferation and/or retention of TEs seems to be an

217  important determinant of the eventual size of mating-type loci.

12
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Figure 3: Genome evolution of smut species with bi-and tetrapolar mating systems. (A) Phylogenetic relationship between smut pathogens based on Benchmarking
Universal Single-Copy Orthologs (BUSCOs). Phylogenetic relationship between newly and previously sequences smut species was constructed with the Ustilago
maydis/Sporisorium reilianum branch as an outgroup. In total, 1,667 BUSCOs were used for tree construction. For U. hordei, strain Uh805 was used in the tree. The
robustness of the trees was assessed using 100 bootstrap replicates. The colours of the contigs indicate the synteny with the ancestor contigs. The blue section of the circles

indicate the repeat fraction that is present in the genome assembles and within the mating-type loci for species with a bipolar mating-type system.
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224  Thetimepoint of most recent LTR-RT proliferation differs between smut species

225  Although species with a bipolar mating system collectively encountered an increase in LTR-
226  RT content, there are large interspecific differences as U. hordei has more than 9 times the
227  amount of LTR-RT sequences than U. tritici (Table 1). To study the relative timepoint of the
228 most recent LTR-RT proliferation, the nucleotide sequence identity distributions of the best
229  reciprocal paralogous and orthologous LTR-RT sequences were calculated (Figure 4A). This
230 was on the one hand done for the species with the highest LTR-RT contents, U. hordel and U.
231 nuda, and on the other hand for U. brachipodii-distachyi and U. tritici. The distribution of the
232  paralogous LTR-RTsin U. brachipodii-distachyi and U. tritici displayed two maxima, i.e. at
233  82-83% and at 88-90% (Figure 4A). The maximum of the orthologous LTR-RTs between U.
234 brachipodii-distachyi and U. tritici was at 93%. Thus, orthologous LTR-RTs generally have a
235 higher identity than paralogous ones, which indicates that LTR-RTs mainly proliferated
236  before the last common ancestor of U. brachipodii-distachyi and U. tritici (Figure 4A).
237  Orthologous LTR-RTs between U. hordei and U. nuda displayed a maximum at 89%,
238  whereas for paraogous LTR-RTs a maximum at 93% was present for U. nuda and two
239 maxima at 94 and 97% for U. hordei (Figure 4A). Thus, in contrast to U. brachipodii-
240 distachyi and U. tritici, paralogous LTR-RTs generaly have a higher identity than
241  orthologous ones, which means that LTR-RTSs continued to proliferated after the last common

242  ancestor of U. nuda and U. hordei.
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250  sequence divergence between U. brachipodii-distachyi/U. tritici and U. hordei/U. nuda ortholog windows (75

251  genes) are depicted for secretome and non-secretome genes in red and blue, respectively. The U. hordei/U. nuda
252  distribution displays two peaks. The number of nonsynonymous substitutions per nonsynonymous site (dN) was
253  compared between secretome and non-secretome genes for genes in the first and second distribution peak.

254  Significance was determined with an unequal variance t-test. ***: p-value < 0.001.

255

256  High nucleotide substitution levels affect secretome proteins

257 As TE-active genome regions have been associated with distinct nucleotide substitution
258 regimes (11, 40, 41), we studied if different extents of LTR-RT fractions are associated with
259 different nucleotide substitution regimes. We calculated the median number of substitutions
260  between orthologs in windows of 75 genes. To ensure that genes are transcriptionally active,
261 weonly analysed U. hordei genes that displayed expression from here onwards. The variation
262 in the normalized number of nucleotide substitutions (z-score) between U. brachipodii-
263 distachyi and U. tritici ortholog windows is around 5.3 and 8.8 times less than U.
264  brachipodii-distachyi ortholog windows with U. hordei and U. nuda, respectively (Figure
265 4B). In contrast, nucleotide substitutions of U. hordel ortholog windows with the other
266  bipolar mating-type species display a more constant variation as the most varying ortholog
267  windows (with U. brachipodii-distachyi) have only a 0.5 times higher variation than the |east
268 varying (with U. nuda) (Figure 4B). Thus, since their last common ancestor, gene nucleotide
269  seguence divergence occurred more evenly across the genomes of U. brachipodii-distachyi
270 and U. tritici than in U. hordei and U. nuda, where the divergence is more clustered.
271  Correspondingly, substitutions between U. brachipodii-distachyi and U. tritici ortholog
272  windows have a unimodal distribution, whereas the distribution between U. hordei and U.
273 nuda have two distinct peaks (Figure 4C). For both comparisons, the distributions of
274  secretome genes generaly corresponds to that of non-secretome genes (Figure 4C). For U.

275 hordei/U. nuda ortholog windows, the second peak in the distribution contains 30% of the
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276  non-secretome and 34% of the secretome genes, which is not significantly different (Fisher
277 exact test, p-value = 0.10). Thus, high nucleotide substitution levels are not especialy
278  associated with secretome genes. Also for the second distribution peak, no GO terms
279  enrichments could be found (p-value < 0.01). Furthermore, nucleotide substitution levels are
280 negligibly positively correlated (Pearson’sr = 0.14 and p-value = 0.0026) with the fraction of
281  species-specific genes (U. hordei genes without U. maydis ortholog) (Figure S3). In
282  conclusion, genes in genome regions with high nucleotide substitution levels could not be
283 associated with a particular function or more clear accessory nature. However, higher
284  nucleotide substitution levels have a different impact on genes depending on their function.
285  Substitutions that lead to amino acid alterations are more frequently fixed in secretome genes
286 than in non-secretome genes (Figure 4C). The median number of nonsynonymous
287  substitutions per nonsynonymous site (dN) for secretome genes is 18% higher than for non-
288  secretome genes in the first peak of the U. hordei and U. nuda secretome distribution,
289  whereasthisis 55% for the second peak. Thus, the more flexible nature of secretome proteins
290 makesthat ahigher nucleotide substitution rate speeds up their evolution.

291

292  High substitution levels ar e association with high fractions of CG substitutions

293  We then analysed which type of substitutions (AC, AG, AT, CG, CT, GT) occur across the
294  different substitution levels. The number of all substitution types are positively correlated
295  with the number of total substitutions. Transitions (AG and CT substitutions) are responsible
296 for 56% of the different substitution levels between U. brachipodii-distachyi/U. tritici
297 ortholog windows (Figure 5A). In total, 27% of the variance can be attributed to CG
298  substitutions, whereas the other transversions ranged from 4 to 7%. Similarly, for U.
299  hordei/U. nuda ortholog windows, the number of all substitutions types display a positive

300 correlation with the number of total substitutions. Here, CG substitutions are responsible for
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301 47% of the variation in nucleotide substitution levels, whereas the contributions of other
302  substitution types range from 5% (GT) to 16% (CT) (Figure 5A). The fraction of CG
303  substitutions varies from 4% to 27% across the ortholog windows, whereas thisis 3% to 16%
304  for U. brachipodii-distachyi/U. tritici ortholog windows (Figure S4A). Correspondingly, the
305 number of all substitution types in intergenetic regions are positively correlated with the total
306 number of gene substitutions (Figure 5B). Similar to the coding regions, transitions
307 contributed 52% to the intergenic substitution variation, whereas this was 23% for CG
308 substitutions and 8-9% for the other transversion in U. brachipodii-distachyi/U. tritici
309 ortholog windows. In contrast, U. hordei/U. nuda ortholog windows, transitions only
310 contributed 40% to the variation of intergenic substitution levels (Figure 5B, $4B). All
311 substitution types considered, CG displayed the highest variation and was responsible for
312  24% of the total nucleotide substitution variation. Although CG has, with 24%, the highest
313  variation, this contrast with the 47% of coding regions. This discrepancy may be due to the
314  difference in selection regime between coding and non-coding genome regions. The dN for
315 everyindividual substitution type is positively correlated with the total substitution level. The
316 correlation slope is the highest for CG substitutions, which is 3.5 times higher than for the
317 second highest slope (AT). Similarly, the number of synonymous substitutions per
318 synonymous site (dS) also has the steepest correlation slope for CG. However, this slope is
319 only 1.5 times greater than the second highest slope (CT). In conclusion, U. hordei and U.
320 nuda encountered more variaion in their local nucleotide regimes than U. brachipodii-
321 distachyi and U. tritici. For U. hordei and U. nuda, genome regions with higher nucleotide
322  substitution levels encountered a relatively higher fraction of CG substitutions, which, after
323  selection, is especialy apparent in coding regions. Conceivably, different contributions of
324  substitutions types impact codon frequencies and consequently amino acid compositions of

325 proteins. Encoded proteins of genes that reside in genome regions with higher substitution
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levels are Cys, GIn, His, Leu richer and Asp, Gly, Phe, Va poorer than regions with lower

substitution levels (Figure S5). Moreover, these specific amino acid tendencies have become

more aggravated since the U. hordei divergence from U. brachipodii-distachyi (Figure S5).
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Figure 5: Comparison of nuclectide substitution regimes for U. brachipodii-distachyi/U. tritici and U.

hordei/U. nuda ortholog windows. The nucleotide substitutions were calculated for windows of 75 genes with

adliding step of 10. The x-axis consistently displays the total substitutions per 1 kb for these windows. (A) The

y-axis depicts the median number of every substation type (CT, AG, CG, AC, GT, AT) of ortholog windows.

(B) The y-axis depicts the median number of every substation type for the intergenetic regions of ortholog

windows. (C) The y-axis depicts the median fraction of nonsynonymous substitutions per nonsynonymous site

(dN) for every substitution type in ortholog windows. (D) The y-axis depicts the median fraction of synonymous

substitutions  per synonymous site  (dS) for

every substitution

type in ortholog windows.
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339 High local nucleotide substitution levels are associated with LTR-RT proliferation

340  As higher nucleotide substitution levels with distinct substitution patterns occur in U. hordel
341 and U. nuda, which are species with more recent LTR-RT proliferations than U. brachipodii-
342 distachyi and U. tritici, we looked for a direct association with LTR-RTs. The median
343 distance of U. hordei genesto their closest LTR-RT is significantly, negatively correlated to
344  the median substitution level (with U. nuda orthologs) of ortholog windows (Pearson’sr = -
345 0.27, p-value = 4.74e-9) (Figure 6A). A correlation coefficient of -0.27 points towards aweak
346  correlation. In conclusion, genes in genome regions with higher nucleotide substitution levels
347  generally reside closer to LTR-RTSs.

348 To study the LTR-RT nucleotide substitution regime, we constructed ancestor LTR-
349 RT sequences of LTR-RT families, using the convention that TE family members share at
350 least 80% sequence identity in at least 80% of their sequence with one other family member
351 (19). To facilitate the sequence alignment and ancestor sequence construction, we only took a
352 subset of the LTR-RTs and excluded the terminal repetitive sequences (more details in
353 Materia and Methods). In total, ancestors of 13 LTR-RT families were reconstructed using
354 252 LTR-RT sequences (Figure 6B). We then determined clades in the phylogenetic tree that
355 solely consists of very similar U. hordei LTR-RTs and, thus, recently proliferated in U.
356 hordei. In relation to their ancestor sequences, LTR-RTs substitutions consisted 91%
357 (median) of transitions (Figure S6). In contrast, nucleotide substitutions of their 20kb
358 flanking regions (excluding repetitive sequences) consisted 62% of transitions (compared to
359 U. nuda). Here, CG comprised the highest fraction of transversions with a median of 14% of
360 the total substitutions (Figure 6). In contrast, only 1% of the substitutions between LTR-RTs
361 and their ancestors were CG. In conclusion, LTR-RTs are not subjected to the nucleotide

362  substitution regime with a high fraction of CG substitutions.
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372 Discussion

373 Nucleotide substitution rates are unevenly distributed across genomes and can be influenced
374 by numerous factors, including neighbouring nucleotides, recombination frequencies and TE
375  activity (41-43). Nucleotide divergence in U. hordel and U. nuda occurred more clustered in
376  their genomes compared to U. brachipodii-distachyi and U. tritici (Figure 4B-C). These
377  differencesin regional substitution rates can be directly or indirectly caused by distinct LTR-
378 RT dynamics, as U. hordei and U. nuda encountered a more recent LTR-RT proliferation
379 than U. brachipodii-distachyi and U. tritici (Figure 4A, Table 1). Moreover, another
380 association between LTR-RTs and nucleotide substitution rates was found, as gene nucleotide
381 substitution levels are weakly, negatively correlated to the distance of the closest LTR-RT in
382 U. hordel (Figure 6A). Conceivably, the purge of LTR-RTs from the genome impacts this
383 correlation considerably, as purged LTR-RTs cannot be detected, but may have had an
384 impact on the local nucleotide substitution regime. High nucleotide substitution levels are
385 accompanied with a high fraction of CG substitutions (Figure 534). A relatively high
386 fraction of CG substitutions is found in the flanking regions of recently proliferated LTR-
387 RTs, but not for LTR-RTs themselves (Figure 6B). A mechanism to how LTR-RTs may
388 impact local nuclectide substitution regimes remains elusive. The relation might be
389 indirectly, and caused by different epigenetic regimes in the genome (44). Distinct
390 methylation and/or histon modification patterns may occur in LTR-RT-rich genome regions,
391 which leads to a more erroneous DNA polymerase with high CG substitutions. However,
392 LTR-RTsthemselves are not subjected to a high fraction of CG substitutions. Possibly, DNA
393 methylation may specifically target LTR-RT sequences, which cause a distinct nucleotide
394  substitution regime that is different from the LTR-RT flanking regions. Alternatively, the
395 digtinct nucleotide substitution regime may not have an epigenetic origin and originates from

396 a more erroneous DNA polymerisation of the single stranded LTR-RT flanking regions
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397 during LTR-RT insertion. This mechanism has been previously suggested in rice, where
398  higher nucleotide substitutions levels occur close to TE insertion sites (41). TE insertion
399  causes cuts in the host DNA, which are then ligated by the host (45, 46). However, the cut
400 host DNA might become a target for 3'->5" exonuclease resulting in a segment of single-
401 stranded DNA (41). The complementary strand of this stretch of DNA would then be
402 synthesized by a replication complex with lower DNA polymerase fidelity and mismatch
403  repair. This hypothesis could explain why the nucleotide substitution regime with high CG
404  fractions affect LTR-RT neighbouring regions, but not LTR-RTs themselves.

405 Higher levels of nucleotide substitutions impact the evolution of the genes that reside
406 in the affected genome regions. Particularly the occurrence of nonsynonymous CG
407  substitutions strongly increases with higher substitution levels (Figure 5C). These shifts in
408 nucleotide substitution regime change the amino acid composition of proteins (Figure S5).
409 High nucleotide substitution levels especialy lead to amino acid alteration in secretome
410 genes, as they are more flexible to amino acid changes than other genes (Figure 4C).
411  Although the effect of nucleotide substitutions affected secretome genes more, enrichments
412  of particular gene functions could not be found for genome regions with high nucleotide
413  substitution levels. Thus, the high substitution levels are not in line with the two-speed
414  genome model (18, 24), as they do not specifically affect genome regions that are rich in
415 secretome genes, which include effector gene candidates. More generaly, repeat content
416  were not more frequently found in the proximity of secretome genes compared to other genes
417 (Figure S2). The specificity and the universality of the two-speed genome model for
418 filamentous plant pathogens has recently been contested (47, 48). More plant pathogens have
419 been reported where effector candidates do not especially reside in gene-poor/repeat-rich

420 regions, such as the leaf spot pathogen Ramularia collo-cygni on barley, the earlier
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421  mentioned P. striiformis f. sp. tritici and the barley powdery mildew pathogen Blumeria
422  graminisf. sp. hordei (49-51).

423 LTR-RTs are mainly responsible for the U. hordei genome expansion (Table 1). The
424  expansion occurred especially in the mating-type locus that increased almost three times in
425 dize in comparison to U. brachipodii-distachyi (Table S1). The lack of the purifying
426  recombination ability in this genome region can be the reason why LTR-RTs especialy
427  accumulated in the mating-type and flanking genome regions (28, 32). Conceivably, this
428  process is reinforced by the increasing presence of repetitive sequences as the transposition
429 into a repeat-rich genome region is less likely to have a severe fitness cost than a
430 transposition into repeat-poor regions. Furthermore, the co-occurrence of high LTR-RTs
431 genome contents and the switch in mating-type organization from tetra- to bipolar may
432  indicate that mating-type polarity impacts LTR-RT proliferation and/or retention (52). In case
433 of bialelic a and b loci, the switch from a tetra-to bipolarity results in a basidiospore
434  compatibility change from 25 to 50%. Consequently, it takes a tetrapolar smut on average
435 longer to find a mating type than a bipolar smut. This longer time might increase the
436  opportunity to mate with spores from a different offspring and, thus, increase outcrossing.
437  The higher outcrossing rate for tetra- compared to bipolar smuts is even more pronounced
438  when multialelism exists for the a and b loci (53). Multiallelism increases the compatibility
439  on population level, whereas compatibility within the same offspring remains 25 and 50% for
440 tetra- and bipolar smuts, respectively. Lower levels of outcrossing reduce the purifying
441 recombination ability of smuts, which may be the reason why LTRs could be retained for
442  longer and proliferate to a further extent in bipolar smuts (28, 52).

443 TEs are import drivers of genome evolution as they directly cause mutagenesis
444  through their transpositions and indirectly increase the change of non-homologous

445  recombination due to their repetitive nature (12). LTR-RT proliferation in U. hordei indicates
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446 that TE activity may aso influence local nucleotide substitution regimes and increase the
447  substitution levels in the genome regions where they insert. Consequently, genes in the
448  proximity of these insertion sites encounter more nonsynonymous substitutions and thus
449 evolve faster (Figure 5C). Fast gene evolution may be advantageous under stressful

450 condition, when TEs are typically more active or change their activity (54, 55).
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451 Material and Methods

452  Genome sequencing and assembly

453 Genomic DNA from all smut species was isolated using a MasterPure™ Complete
454 DNA&RNA Purification Kit (Epicentre®, Illumina®, Madison, Wisconsin, USA) according
455  to the manufacturer’s instructions. Long U. hordel reads were obtained with the Oxford
456  Nanopore MinlON device. The genomes of six U. hordel strains were sequenced: Uh359,
457 Uh805, Uh811, Uh818, Uh121 and Uh122 (10). The library was prepared according the
458  Oxford Nanopore Technology (ONT) protocol for native barcoding genomic DNA (EXP-
459 NBD104 and SQK-LSK109). Three U. hordei strains were multiplexed for every run. The
460 prepared library was loaded on an R9.4.1 Flow Cell. ONT reads were base-called, filtered
461  (default value) and barcodes were trimmed with the Guppy Basecalling Software v3.5.1 of
462  ONT. Paired-end U. horde 150 bp reads were obtained with the 11lumina HiSeq 4000 device.
463  Library preparation (500bp insert size) and sequencing were performed by the BGI Group
464  (Beijing, Chind). Paired-end U. horde reads were filtered using Trimmomatic v0.39 with the
465  settings “LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:100", only reads
466 that remained paired after filtering were used in the assembly (56). In total, 3.2-4.5 Gb of
467  filtered paired-end reads and 1.5-6.5 Gb of filtered Nanopore reads were used for assembly.
468 An initia assembly was obtained by using the “ONT assembly and Illumina polishing
469 pipding’ (https://github.com/nanoporetech/ont-assembly-polish). The assembly was further
470  upgraded using the FinisherSC script (57) Mitochondrial contigs were removed from the
471  assembly and were not used for any analysis. Additionally, small contigs were removed that
472  contained a paired-end read coverage lower than 50% of the genome-wide average.

473 Long U. nuda, U. loliicola and U. tritici reads were obtained through Single
474  Molecular Rea-Time (SMRT) Sequencing using the PacBio Sequel system. A total of 6.3-

475 9.7 Gb of raw long reads were obtained for the different species. The initial assembly was
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476  obtained using the Canu assembler and was further upgraded with the FinisherSC script (57,
477  58). Mitochondrial contigs were remove from the assembly and were not used for further
478  analysis.

479 The quality of genome assemblies was assessed by screening the presences of
480 BUSCOs using the BUSCO software version 5.0.0 with the database “basidiomycota_odb10”
481  (59).

482

483  Transposable element annotation and classification

484  The smut genome assemblies were scavenged for repetitive sequences in order to construct a
485  repeat library for repeat annotation. Helitron TEs were identified using the EAHelitron script
486 (60). LTR-RTs were identified using LTRharvest (61). Miniature inverted-repeat TES were
487  identified with MITE Tracker (62). Short interspersed nuclear elements were identified with
488 the SINE-scan tool (63). Finally, RepeatModeler (v1.0.11) was also used for de novo repeat
489 identification. These repeats were than combined with the repeat library from RepBase
490 (release20170127) (64). The CD-HIT-EST tool under default settings was used to remove
491 redundancy in the constructed library (65). RepeatM asker (v4.0.9) was then used to annotate
492  the repeats to specific genome locations. The annotated repeat sequences were filtered on size
493  and only sequences larger than 500bp were retained. Furthermore, repeats that were nested or
494  had more than 50% overlap with other repeats were removed from the library. In case two
495  repeats had reciprocally 50% overlap was the longest repesat retained. Repeats were classified
496 into different TE orders using the PASTEC tool using PIRATE-Galaxy (66, 67).

497

498 U. hordel RNA sequencing and expression analysis

499 Total RNA from U. hordei strain 4857-4 strain grown axenically and in planta was extracted

500 for three biological replicates. For the axenic samples, U. hordei was grown in YEPS light
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501 (0.4% yeast extract, 0.4% peptone, and 2% saccharose) liquid medium at 22°C with 200 rpm
502 shakingtill OD:1.0. For the in planta samples, Golden Promise barley cultivar was grown in
503 agreenhouse at 70% relative humidity, at 22°C during the day and the night; with alight/dark
504  regime of 15/9 hrs and 100 Watt/m? supplemental light when the sunlight influx intensity was
505 lessthan 150 Watt/m?. Barley plants were infected with U. hordei through needle injection as
506 previously described (68) and samples were harvested 3dpi. Here, the third leaves of the U.
507 hordei infected barley plants were collected by cutting 1 cm below the injection needle sites.
508 Leaf samples were then frozen in liquid nitrogen and grinded using a mortar and pestle under
509  constant liquid nitrogen. The total RNA was isolated by using the TRIzol® extraction method
510 (Invitrogen; Karlsruhe, Germany) according to the manufacturer’ s instructions. Subsequently,
511 total RNA samples were treated with Turbo DNA-Free™ Kit (Ambion/Applied Biosystems;
512 Darmstadt, Germany) to remove any DNA contamination according to the manufacturer’s
513 ingtructions. Total RNA was then sent to for library preparation and sequencing to Novogene
514  (Beijing, China). Libraries (250-300 bp insert size) were loaded on Illumina NovaSeq6000

515  System for 150bp paired-end sequencing using a $4 flowcell.

516 In total, 5.1-8.4 and 36.0-45.2 Gb of raw reads were obtained for the samples grown
517 in liquid medium and in planta, respectively. The reads were filtered using the Trinity
518 software (v2.9.1) option trimmomatic under the standard settings (69). The reads were then
519 mapped to the reference genome using Bowtie 2 (v2.3.5.1) with the first 15 nucleotides on
520 the 5-end of the reads being trimmed due to inferior quality (70). The reads were mapped
521 onto a combined file of the U. horde strain Uhl114 genome assembly and the Hordeum
522  wulgare (IBSC_v2) (71) genome assembly. Reads were counted to the U. horde loci using
523 the R package Rsubread (v1.34.7) (72). Here the default minimum mapping quality score of O
524  was used, to include reads that would have multiple best mapping locations. For the gene

525 loci, reads were counted that were mapped to the predicted coding regions. For the LTR-RT
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526 loci, reads were only counted that mapped within LTR-RT loci, excluding the reads that
527  mapped onto the 10% of either edge of the locus. Loci were considered expressed if they had
528 more than one count per million in at least two of the six samples (three replicates of two
529 treatments). Significant differential expression of alocus was calculated using the R package
530 edgeR (v3.26.8), using the function “decideTestsDGE” (73). Here, a threshold of log2 fold
531 change of 1 was used and differential expression was determent using a p-value < 0.01 with

532  Benjamini-Hochberg correction

533

534  Geneannotation

535 U. hordei genomes were annotated using the BRAKER v2.1.4 pipeline with RNA-Seq and
536  protein supported training with the options “--softmasking” and “--fungus’ enabled (74).
537 RNA-seq reads from U. hordei grown in axenic culture and in planta (all replicates) were
538 mapped to the assemblies using TopHat v2.1.1 (75). Protein predictions from numerous
539 Ustilaginales species were used to guide the annotation, i.e. Anthracocystis flocculosa,
540 Melanopsichium pennsylvanicum, Moesziomyces antarcticus, S. reilianum, U. brachipodii-
541  distachyi, U. hordei, U. maydis (2528, 76—78). U. nuda and U. tritici genomes were also
542  annotated with the BRAKER v2.1.4 pipeline, but no RNA-seq data was used to guide the
543  annotation. The option “--fungus’ was enabled and the previously published protein files of
544  the following species were used for protein supported training: M. pennsylvanicum, S
545  reilianum, U. brachipodii-distachyi and U. maydis (25-27, 76). Our annotation of U. hordel
546  Uh805 was also included to train the annotation software. The U. brachipodii-distachyi and
547  U. maydis genomes were previously annotated and this annotation was used for analysis (25,
548  27). Predicted genes that included an internal stop codon or did not start with a methionine

549  wereremoved.
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550 Secreted proteins are proteins with a predicted signa peptide using SignaP version
551 5.0 (79) and the absence of a transmembrane domain predicted with TMHMM2.0c in the
552  protein sequence excluding the signal peptide (80). Gene Ontology (GO) terms were
553  annotated to the U. hordei strain Uh114 protein prediction using InterProScan (v5.42-78.0)
554  (81). Significance of GO term enrichments in a subset of genes were calculated with a Fisher
555  exact test with the alternative hypothesis being one-sided (greater). The significance values of
556 the multiple enrichments were corrected according Benjamini and Hochberg (82).
557  Carbohydrate-Active enzymes (CAZymes) were annotated using the dbCAN2 meta server
558 (83, 84). A protein was consdered a CAZyme if at least two of the three tools
559 (HMMER,DIAMOND and Hotpep) predicted a CAZyme function.

560

561 Comparative genomic analyses.

562 Phylogenetic trees were constructed based on BUSCOs from the database
563 “basidiomycota_odbl0” that are present without paralog in al members of the tree (59). For
564 every gene, the encoded protein sequences were aligned using MAFFT (v7.464) option “--
565 auto” (85). These aligned protein sequences were then concatenated for every species and
566 used for tree construction using RAXML (v8.2.11) with substitution model
567 “PROTGAMMAWAG” and 100 bootstraps (86). Here, protein sequences that were present
568 inat least 60% of the tree members were excluded for tree construction.

569 Synteny block between the smut genome assemblies of were identified with SynChro
570 with DeltaRBH = 3 (87, 88). The genome assembly of the epiphytic yeast Moesziomyces
571 bullatus ex Albugo was included in this analysis to use as an outgroup (89). The ancestral
572  chromosome gene order was constructed with AnChro with Delta’ = 3 and Delta”™ = 3 (88,
573 90). Inter-chromosomal rearrangements, i.e. translocations of two blocks, were identified

574  with ReChro Delta = 10 (88, 90). No inter-chromosomal rearrangements in U. nuda could be
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575 automatically detected by ReChro. Here, the inter-chromosomal rearrangement that lead to a
576  mating-type polarity switch was manually determined.

577 To determine the specificity of MAT locus sequences, absent/present polymorphisms
578  between U. hordei strains were determined with NUCmer (version 3.1) from the MUMmer
579 package with the option “--maxmatch” (91). From the same package, ddtafilter with the
580 option “-1" was used to find the one-to-one alignments.

581

582 LTR-RT evolution

583 To know the sequence identity distribution, the best orthologous and paralogous LTR-RTs
584  were identified using blastn (v2.2.31+) (92). LTR-RTs that did not belong to an LTR-RT
585  family of multiple members, were excluded from the analysis. Members of the same LTR-RT
586 family share at least 80% sequence identity in at least 80% of their sequence with at least one
587  other member (19). Orthologous or paralogous LTR-RTs that have reciprocally the highest
588  hit-score were used for analysis. The nucleotide identity distribution of these orthologous and
589 paralogous LTR-RTs was constructed using Gaussian Kernel Density Estimation with a
590  kernel bandwidth of 1.5.

591 To reconstruct the ancestor LTR-RTS, a subset LTR-RTs were used. LTR-RTs were
592 included that were larger than 3 kb and smaller than 15 kb. Furthermore, repetitive sequences
593  within the LTR-RT (>50 bp) were indicated using blastn (v2.2.31+) and removed from the
594  sequence (92). The region between the repeats were then used for ancestor construction if this
595 region was larger than 500 bp. Here, bedtools (v.2.29.2) function “getfasta’ was used (93).
5906 Open reading frames (ORFs) and there encoding amino acid sequence of were determined
597  with esl-trandlate (-| 50) as part of the Easel (v0.46) package. Functional domain within these
508 amino acid sequences were determined with pfam_scan.pl (-e _seq 0.01) using the Pfam

599  database version 32.0 (94). Only sequences were included in the ancestor construction if they
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600 had at least 3 different Pfam domains from the following domains. PFO0078, PFO0665,
601 PFO3732, PFO7727, PF08284, PF13975, PF13976, PF14223, PF17917, PF17919 and
602 PF17921. All of these predicted Pfam domain had to located on the same nucleotide strand in
603  order to be used for ancestor construction. These sequences were then grouped in families,
604  according to the definition that family members share at least 80% sequence identity in at
605 least 80% of their sequence with at least one other member (19). Families were classified in
606 Copia or Gypsy using the tool LTRclassifier (95). Ancestors were constructed using prank
607  (v.170427) with the options “-showall” and “-F’. Nucleotide substitutions between LTR-RTs
608 and their constructed ancestor were then determined after they were aligned using MAFFT
609  (v7.464) options “--auto” (85).

610

611 Genedivergence

612 One-to-one orthologs and homologs between U. horde strains were found using the SiLiX
613 (v.1.2.10-pl) software with the setting of at least 35% identity and 40% overlap (96).
614 Homolog groups consisting of two members, each one of a different strain/species, were
615 considered one-to-one homologs. Nucleotide substitutions for orthologs were identified after
616 orthologs were aligned using MAFFT (v7.464) options “--auto” (85). Synonymous and
617 nonsynonymous substitutions between orthologs were identified using SNAP (97). The
618 nucleotide substitution level distributions were constructed using Gaussian Kernel Density
619  Estimation with akernel bandwidth of 0.5.

620

621 Dataaccesson

622 Raw RNAseq reads and genome assemblies are deposited at NCBI under the BioProject
623 PRINA698760.

624
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635 SUPPLEMENTAL MATERIAL

636 Table S1. Characteristics of the mating-type loci of smut species with a bipolar mating-
637 typesystem.

638

639 Table S2. Transposable elements annotation in various smut genome assemblies.

640

641 Figure Sl1. Phylogenetic relationship between Ustilago hordel lineages based on
642 Benchmarking Universal Single-Copy Orthologs (BUSCOs). In total, 1,692 BUSCOs
643  were used for tree construction. Homologous BUSCO protein sequences were aligned using
644 MAFFT and then concatenated for tree construction using RAXML with substitution model
645 “PROTGAMMAWAG". U. nuda was used as on outgroup species to root the tree. The
646  robustness of the trees was assessed using 100 bootstrap replicates.

647

648 Figure S2. Comparison of repeat content of gene flanking regions between expressed
649 secretome genes and other expressed genes. Upregulated means a significantly higher
650 expression in planta compared to growth in axenic culture. In total, 20 kb sequences on each
651 side of the genes (40 kb in total) were considered as flanking regions. Significant differences
652  were calculated with atwo-sided T-test. No significant differences with p-value < 0.01 were
653 found.

654

655 Figure S3. Correlation between median nucleotide substitution level and fraction U.
656 hordei (UH) specific genes for ortholog windows. Ortholog windows of 75 UH genes with
657 adliding step of 10 were used to determine the number of substitutions with U. nuda. UH
658  gpecific genes do not have an ortholog in U. maydis.

659
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660 Figure $4. Comparison of nucleotide substitution type fractions for U. brachipodii-
661 distachyi/U. tritici and U. hordei/U. nuda ortholog windows. The nucleotide substitutions
662 were calculated for windows of 75 genes with a sliding step of 10. The x-axis consistently
663 displaysthetotal substitutions per 1 kb for these windows. (A) The y-axis depicts the fraction
664 of every substation type (CT, AG, CG, AC, GT, AT) of ortholog windows. (B) The y-axis
665  depictsthe fraction of every substation type for the intergenetic regions of ortholog windows.
666

667 Figure Sb. Correlations between the nuclectide substitution levels and the encoded
668 amino acid composition of genes. Correlations were calculated for windows of 75 U. hordel
669 geneswith adliding step of 10. Significant correlations, with p-value < 0.01, are indicated by
670 a black edge around the sguare. (A) Correlations between amino acid compositions of
671 encoded U. hordei proteins and the number of nucleotide substitutions with U. nuda. (B)
672  Correlations between amino acid alternations for encoded U. hordei proteins and the number
673 of nucleotide substitutions using U. nuda and U. brachipodii-distachyi orthologs as
674  comparison.

675

676 Figure S6. Fractions of transitions and transversion of recently proliferated U. hordei
677 long terminal repeat retrotransposons (LTR-RTs) and their flanking regions. The
678 fraction of transitions and transversions between recently proliferated U. hordei LTR-RTs
679 and their ancestors were determined. Fractions of the 20 kb flanking regions (40 kb in total)
680 of the LTR-RT with U. nuda (UN) were also determined. Significant differences between
681 LTR and flanking regions were determined for transitions and transversions separately with

682  anunequal variancet-test. ***: p-value < 0.001.
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