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Abstract  26 

Entire chromosomes are typically only transmitted vertically from one generation to the next. The 27 

horizontal transfer of such chromosomes has long been considered improbable, yet gained recent 28 

support in several pathogenic fungi where it may affect the fitness or host specificity. To date, it is 29 

unknown how these transfers occur, how common they are and whether they can occur between 30 

different species. In this study, we show multiple independent instances of horizontal transfers of the 31 

same accessory chromosome between two distinct strains of the asexual entomopathogenic fungus 32 

Metarhizium robertsii during experimental co-infection of its insect host, the Argentine ant. Notably, 33 

only the one chromosome – but no other – was transferred from the donor to the recipient strain. The 34 

recipient strain, now harboring the accessory chromosome, exhibited a competitive advantage under 35 

certain host conditions. By phylogenetic analysis we further demonstrate that the same accessory 36 

chromosome was horizontally transferred in a natural environment between M. robertsii and another 37 

congeneric insect pathogen, M. guizhouense. Hence horizontal chromosome transfer is not limited to 38 

the observed frequent events within species during experimental infections but also occurs naturally 39 

across species. The transferred accessory chromosome contains genes that might be involved in its 40 

preferential horizontal transfer, encoding putative histones and histone-modifying enzymes, but also 41 

putative virulence factors that may support its establishment. Our study reveals that both intra- and 42 

interspecies horizontal transfer of entire chromosomes is more frequent than previously assumed, 43 

likely representing a not uncommon mechanism for gene exchange. 44 

 45 

Significance Statement 46 

The enormous success of bacterial pathogens has been attributed to their ability to exchange 47 

genetic material between one another. Similarly, in eukaryotes, horizontal transfer of genetic 48 

material allowed the spread of virulence factors across species. The horizontal transfer of whole 49 

chromosomes could be an important pathway for such exchange of genetic material, but little is 50 

known about the origin of transferable chromosomes and how frequently they are exchanged. Here, 51 

we show that the transfer of accessory chromosomes - chromosomes that are non-essential but may 52 

provide fitness benefits - is common during fungal co-infections and is even possible between 53 

distant pathogenic species, highlighting the importance of horizontal gene transfer via chromosome 54 

transfer also for the evolution and function of eukaryotic pathogens.  55 
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Introduction 56 

Eukaryotic genomes consist of essential core genomes and, in some species, may also contain 57 

accessory chromosomes that are not essential. Accessory chromosomes are defined by their 58 

presence/absence polymorphism within a species and are widely observed in fungi, plants, and 59 

animals. These unique chromosomes (also known as supernumerary, lineage-specific, conditionally 60 

dispensable or B chromosomes) can provide additional functions such as virulence factors and are 61 

particularly common in fungal plant pathogens (1–4). The fitness effects of fungal accessory 62 

chromosomes can vary from negative to positive and appear to depend on the plant host species (5–63 

9). Many fungal pathogens that harbor accessory chromosomes can infect a range of host species, so 64 

the presence/absence polymorphism of the accessory chromosomes is currently thought to be 65 

mainly due to their varying fitness effects in different plant host species. Despite their importance, 66 

the origin of accessory chromosomes is unknown; they may have originated from within the own 67 

genome (2) or may have been horizontally acquired from another species. The latter is supported by 68 

genomic comparisons for a few species (8, 10). Experimentally, however, horizontal transfer of 69 

accessory chromosomes has only been observed in very few fungal species. In all these cases, the 70 

transfer was observed during growth in vitro and at very low frequencies, requiring the use of 71 

inserted selectable fungicide-resistance markers in these studies (10–13). Hence, to date horizontal 72 

transfer of an entire chromosome has not been observed during the natural stages of the life cycle 73 

of a fungus, e.g., during infections of a host for a pathogenic fungus. As a result, neither the 74 

frequency nor the underlying mechanisms of horizontal chromosome transfer between fungal 75 

pathogens are well-understood. 76 

Horizontal transfer of genetic material between different species was first recognized among 77 

bacteria, but has since then been found to occur also in the genomes of many eukaryotes (14–17). 78 

Transferred genetic material can have an adaptive advantage (18–21), such as the ToxA gene, which 79 

encodes an effector that interferes with the host plant's immune system, and was horizontally 80 

transferred between three fungal pathogens of wheat (22, 23). The mechanisms by which such 81 

horizontal transfer of genetic material can occur in eukaryotes are less well established. In general, 82 

the horizontal transfer of genetic material between different species of eukaryotes is believed to be 83 

mostly the result of hybridization by sexual processes. The highly orchestrated nature of sexual 84 

processes may however limit which species can produce hybrids with each other and therefore the 85 

frequency and direction of horizontal transfers. Parasexuality in fungi, on the other hand, represents 86 

an additional process for horizontal transfer that would presumably allow for greater compatibility. 87 

Here, vegetative cells fuse, eventually resulting in cells with multiple nuclei that either exchange 88 

genetic material (24) or fuse (karyogamy) (25, 26). Prominent examples of such parasexual cycles are 89 
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the human pathogen Candida albicans and Aspergillus fumigatus (18, 27–29). Here, the fusion of the 90 

nuclei might be followed by mitotic recombination and random chromosome losses that will 91 

eventually re-establish a stable ploidy level (18, 19, 30). Therefore, the horizontal transfer of genetic 92 

material in eukaryotes is important, but observing such transfer events is very difficult because they 93 

seem to occur very rarely. 94 

 95 

Here, we ask whether, how frequent and to what extent genetic material can be horizontally 96 

transferred between asexual lineages of a fungal pathogen during co-infections of their insect host. 97 

To this end, we studied common insect pathogens of the genus Metarhizium (Ascomycota), which 98 

frequently infect and kill insects and are often used as biocontrol agents against insect pests (31). In 99 

addition to their parasitic lifestyle in insects, some are also associated with plants as rhizosphere 100 

colonizers and root endophytes (31). Here we used a set of fungal strains derived from a selection 101 

experiment, in which Argentine ants (Linepithema humile) were co-infected with a mixture of six 102 

strains of M. robertsii and M. brunneum and then kept under conditions either allowing only the 103 

ant9s individual immune defenses to act, or both their individual and cooperative social defenses 104 

(32). By analyzing the ancestral and the evolved fungal strains resulting from that experiment we 105 

show that i) horizontal transfer of an accessory chromosome occurred frequently between two 106 

distinct strains of M. robertsii, and ii) only the accessory chromosome was transferred and spread 107 

through the population over ten host infection cycles depending on the presence or absence of the 108 

ant9s social immune defenses. iii) Lastly, a phylogenetic analysis of 36 strains across the genus 109 

Metarhizium revealed that the same accessory chromosome, which easily transmits within species 110 

of M. robertsii, was horizontally transferred to a distant, congeneric M. guizhouense. Taken together, 111 

our results indicate that an accessory chromosome in Metarhizium is highly mobile and encodes 112 

factors that may influence its mobility as well as putative virulence factors.  113 
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Results 114 

 115 

In a previous experiment we performed twenty serial co-infections (passages) of Argentine ants with 116 

six different strains of M. robertsii and M. brunneum in two treatment groups, consisting of either 117 

one individual ant (treatment: individual) or one ant in the presence of two nestmates performing 118 

social grooming (treatment: social), with ten replicates for each treatment (see Fig 1A for a depiction 119 

of the experimental procedure) (Stock et al. (31)). As a result, we found that a co-infecting mix of 120 

M. robertsii and M. brunneum shows different phenotypic adaptations to the individual versus the 121 

social immune defenses of their Argentine ant hosts (31). We here performed a detailed molecular 122 

analysis of all six ancestral and the 24 resulting evolved fungal strains to determine the genetic 123 

changes associated with this selection experiment. 124 

Frequent horizontal transfer of solely accessory chromosome A in M. robertsii during insect 125 

infection 126 

Preliminary analysis on fragmented Illumina-based assemblies for M. robertsii and M. brunneum 127 

indicated that horizontal transfer may have occurred between two strains of M. robertsii (R1 and 128 

R3), but not between the other co-infecting strains. In order to further analyze this potential 129 

transfer, we generated nanopore-based assemblies for two ancestral strains (R1-A and R3-A) and 130 

one evolved strain (R3 from individual treatment replicate 4, i.e. R3-I4). These near-chromosome-131 

level assemblies (Fig. S1 A-C, Table S1) showed a high degree of synteny with the only published 132 

chromosome-level assembly for a Metarhizium species, the related M. brunneum (Fig. S1 D-F) (33), 133 

confirming our assembly procedure. We obtained the best assembly, with the lowest number of 134 

contigs, for the evolved R3-I4 strain, and consequently, renamed our R3-I4 main contigs based on 135 

their synteny with M. brunneum's chromosome-level assemblies. Interestingly one complete 136 

chromosome with telomeres at both ends (1.81 Mb) was absent in the ancestral R3-A strain but 137 

showed synteny with eleven contigs of the ancestral R1-A (Fig. 1B). Hence this chromosome showed 138 

presence/absence polymorphism in M. robertsii and is therefore accessory, and we termed this 139 

accessory chromosome A (chrA). Based on the synteny there were no single nucleotide 140 

polymorphism (SNPs) on chrA between R1-A and R3-I4 (Fig. S2 A-C). Remarkably, the absence of 141 

SNPs for accessory chrA contrasted with the high SNP density observed in all other syntenic 142 

chromosomes between R1-A and R3-I4. Additionally, we found another accessory chromosome (1.64 143 

Mb) in the evolved R3-I4, present in the R3-A ancestral strain but absent in the R1-A ancestral strain 144 

(Fig 1. B). We termed this chromosome accessory chromosome B (chrB). 145 
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To confirm that chrA is indeed non-existent in the ancestral R3-A, and likewise chrB in R1-A – that is, 146 

their absence in the assembled sequences not reflecting an assembly error – we mapped Illumina 147 

sequencing reads to the R3-I4 assembly, which contains both accessory chrA and chrB (Figure 1 C). 148 

Both chrA and chrB showed minimal sequencing coverage when mapped with the reads from the 149 

ancestral R3-A and R1-A, respectively, with the majority of chrA and chrB showing no sequencing 150 

read (84% and 83% of bases without a single sequencing read, respectively) and low median 151 

normalized coverage in 50-kb windows (0.9% and 2.6%, respectively) (Fig. 1 C). Therefore, we 152 

concluded that the accessory chromosomes chrA and chrB were indeed absent in the ancestral R3-A 153 

and R1-A ancestral strains, respectively. Thus, the two ancestral strains possess different accessory 154 

chromosomes, with chrA having been horizontally transferred from the R1-A ancestral strain to the 155 

R3 strain, resulting in the evolved R3-I4. 156 

 157 
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 158 

Fig. 1: Multiple independent transfers of accessory chrA from the ancestral M. robertsii R1-A to 159 

evolved M. robertsii R3 during an experimental co-infection of an ant host. A) Experimental 160 

procedure of the selection experiment performed by Stock et al. (32). Argentine ants (green) were 161 

exposed to a mix of six strains – three M. robertsii and three M. brunneum – and kept either alone 162 

(individual treatment, n=10 replicate lines) or with two nestmates (grey; social treatment, n=10 163 

replicate lines). The produced infectious spores were used to expose ants in ten serial infection 164 

cycles as described in (32). We here performed whole genome sequencing of the six ancestral and 165 

the individually- and socially-evolved strains at the end of the experiment. B) Synteny blot of the 166 

nanopore-based assemblies of the evolved R3-I4 compared to the two ancestral R1-A and R3-A. 167 

Accessory chrA is missing in R3-A but shows synteny to contigs in R1-A. C) Normalized Illumina 168 

sequencing coverage mapped on the evolved R3-I4 nanopore-based assembly in 50 kb windows for 169 
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chrA, chrB, and the rest of the genome. The fraction of genomic compartments lacking a single 170 

sequencing read (non-cov. bp) and the number of SNPs/InDels absent in the ancestral R3-A strain 171 

are given. D) Normalized sequencing coverage comparison of Illumina reads mapped on the 172 

ancestral R1-A nanopore-based assembly in 50 kb windows. Only 50 kb windows that are syntenic to 173 

chrA of R3-IA exhibited changes in sequencing coverage in the three individually-evolved R3 strains, 174 

indicating that no other genetic material was transferred to them from the ancestral R1-A. Note: The 175 

plots excluded the rDNA cluster due to its high coverage for clarity. E) Pulsed-field gel 176 

electrophoresis (PFGE) image of chromosomes from the ancestral R1-A and R3-A, as well as all three 177 

individually-evolved and two socially-evolved R3 strains. All three independent individually-evolved 178 

R3 strains contained both chrA and chrB. 179 

 180 

Sequencing coverage analysis revealed that all three R3 strains that had independently evolved 181 

under the individual treatment (R3-I4, R3-I5, R3-I6) acquired the accessory chrA from the ancestral 182 

R1-A strain, while chrA was not present at the end of the experiment in any of the three R3 strains 183 

that independently evolved under the social treatment (R3-S6, R3-S7, R3-S9; Fig 1 C), a pattern that 184 

was further confirmed by Pulsed-field Gel Electrophoresis (PFGE; Fig. 1 E). While this clearly shows 185 

the transfer of chrA, it does not yet exclude the possibility that other genetic material could have 186 

been transferred at the same time. To test for this, we, first, compared the normalized sequencing 187 

coverage of 50 kb windows between the six evolved R3 strains with their R3-A ancestor strain, when 188 

mapped to the ancestral R1-A assembly (Fig. 1 D). We observed an increase in sequencing coverage 189 

by approx. one normalized sequencing coverage for those sequences syntenic to accessory chrA in 190 

all three chrA-recipient R3 strains. This suggests that only chrA was transferred and that the 191 

recipient strains now contained a single copy of chrA. Genomic regions of R1-A that were not 192 

syntenic to chrA showed no change in coverage between the ancestral and the evolved R3, 193 

indicating the absence of additional transferred genetic material. Second, we analyzed the presence 194 

of R1-A-specific SNPs in the individually-evolved R3 strains. Despite the high number of 194,334 195 

SNPs differentiating the ancestral strains R1-A and R3-A (Table S2), we did not identify any R1-A-196 

specific SNPs in the evolved R3 strains, ruling out chromosome replacement or mitotic 197 

recombination events (Fig. S3). Hence solely chrA was horizontally transferred independently three 198 

times while no other genetic material was transferred from R1-A to the individually-evolved R3 199 

strains.  200 

  201 
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The methylation pattern of the chrA is partially retained in the recipient strain 202 

The intraspecific horizontal transfer of chrA from R1-A to R3 during our experiment represents the 203 

transfer of an entire chromosome from one genomic background to another. Here we have the 204 

unique opportunity to study how epigenetic marks were affected by such a horizontal transfer, 205 

because we have access to both ancestral strains as well as the recipient strain that now harbors 206 

chrA. We focused on DNA-methylation, which is known to vary between different Metarhizium 207 

strains (34–36). We hypothesized that chrA may possess a distinct DNA methylation pattern 208 

compared to the rest of the genome in the donor strain and that its pattern might be affected by the 209 

horizontal transfer to R3. Using Nanopore sequencing data, we identified cytosine methylation in the 210 

CpG context. Overall, the ancestral R1-A strain exhibited significantly higher methylation levels than 211 

the ancestral R3-A strain (Fisher exact test, p<4.6 x 10-15) (Fig S4 A, Table S3). Furthermore, in both 212 

the ancestral R1-A strain and the evolved R3-I4 strain chrA showed significantly higher methylation 213 

levels compared to the rest of the genome (Fisher exact test, p<4.6 x 10-15 for both comparisons). 214 

Upon closer examination, we found that the subtelomeric regions of chrA in R3-I4 retained similar 215 

levels of methylation compared to R1-A, while the central portions displayed methylation levels 216 

similar to the genome-wide average (Fig S4 B). Although the methylation level on chrA was 217 

substantially lower in the evolved R3-I4 strain compared to the ancestral R1-A, the majority (549 out 218 

of 741) of methylated sites in R3-I4 were also methylated in R1-A (Fig. S4 C). These results led us to 219 

conclude that the transferred chrA in the recipient R3-I4 strain retained some of the methylation 220 

pattern of its donor, the ancestral R1-A strain, although the absolute level of methylation decreased 221 

upon transfer to the recipient strains. This is therefore an example of how the genomic context can 222 

influence epigenetic marks, potentially also affecting gene expression.  223 

 224 

chrA provides a competitive advantage in individual ant hosts  225 

Next, we wanted to understand the temporal dynamics of the horizontal transfers and whether 226 

recipient strains had a competitive advantage or disadvantage compared to the same strain without 227 

chrA. To this end, we performed a detailed analysis of the clone diversity at passages 1, 3, 5 and 10 228 

testing the proportion of R3 spores with present versus absent chrA for the six above-mentioned R3-229 

strains that had persisted until passage 10, plus another two that had persisted at least until passage 230 

5, but had become outcompeted by passage 10 (R3-S1, R3-S8), see Stock et al. (32). We found that 231 

chrA was transferred from R1 to R3 in five out of the eight selection lines (in all three individually-232 

evolved, as well as in two of five of the socially-evolved) (Fig 2 A-B). Hence, horizontal transfer 233 
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occurred frequently. The main difference between the individual and social immunity treatments 234 

arose, however, in the persistence of the R3 strains that had acquired the chrA. When adapting to 235 

individual ants, chrA spread very quickly through the fungal population. After ten passages, chrA was 236 

present in all R3 spores across all three replicates. This contrasts with the lack of the spread of chrA 237 

in R3 strains adapting to social ants. Despite being transferred from R1 to R3 in two of the five 238 

replicates (R3-S1, R3-S6), R3 became completely extinct in the socially-evolved replicate S1, whilst in 239 

replicate S6, R3 had outcompeted all other strains at the end of the experiment, but the winning R3 240 

spores were the ones not containing chrA. This means that acquiring chrA improved the competitive 241 

ability of the evolved R3 against the R3 without chrA in individual ant hosts, yet when the exposed 242 

ants were with caretaking nestmates, the opposite was the case. This indicates that social immunity 243 

did not interfere with chrA transfer rates, but with its establishment and long-term persistence in 244 

the pathogen population, providing a further example of the modulatory power of social immunity 245 

on the competitive ability of its coinfecting pathogens (37).  246 

 247 
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 248 

Fig. 2: Comparative dynamics of R3 spores with either chrA present or absent over the course of the 249 

selection experiment. Proportion of R3 spores with integrated (red) or absent (turquoise) chrA in 250 

comparison to the remaining strains (grey) analyzed in passages 1, 3, 5, and 10 in (A) individual ant 251 

hosts (I4, I5, I6) or (B) ants with nestmates providing sanitary care (upper row: replicate lines, in 252 

which R3 persisted until passage 10 (S6, S7, S9); lower row: replicate lines, in which R3 still persisted 253 

in passage 5, but was outcompeted until passage 10 (S1, S8)). The value of n represents the total 254 

number of genotyped single-spore derived colonies (n=total of 2626 spores). Please note that the 255 

occurrence of chrA in R3 in two of the socially-evolved replicate lines, where it later failed to 256 

establish, is highlighted by a red triangle. 257 

  258 
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ChrA shows presence/absence polymorphism in the genus Metarhizium  259 

Our experimental data therefore revealed that chrA is easily horizontally transferred between 260 

different M. robertsii strains during co-infection in an insect host. We hypothesized that the 261 

accessory chromosome in M. robertsii might also be transferable between different species, since 262 

many species of Metarhizium have a broad host range (31), making congeneric co-infections a likely 263 

common scenario in the field. We therefore tested if we find evidence for chrA being present across 264 

the genus Metarhizium, by use of phylogenetic analysis of the six ancestral strains of our experiment 265 

and all 30 published sequences of multiple Metarhizium strains and species (M. robertsii, M. 266 

anisopliae, M. brunneum, M. guizhouense, M. majus, M. acridum, and M. album), all isolated from 267 

natural populations from the field (Table S4).  268 

Available assemblies and short sequencing reads were mapped onto the assembly of our 269 

individually-evolved M. robertsii strain R3-I4 that contains both, chrA and chrB. For each strain, we 270 

determined the coverage as a fraction of bases covered (excluding transposable elements) for both, 271 

chrA (Fig. 3A) and chrB (Fig. S5A). Within M. robertsii, chrA shows a presence/absence 272 

polymorphism, with 100% coverage and an absence of SNPs in our ancestral R1-A donor strain and 273 

with very low coverage in the ancestral R3-A, indicating its absence. Among other M. robertsii 274 

strains, the relative coverage of chrA varied from 39.9%. to 70.3%. Similarly, in M. anisopliae, the 275 

relative coverage ranged from 12.7% to 51.5%, while in M. brunneum, it ranged from 2.8% to 61%. In 276 

M. majus, chrA had coverage of 47.3% of all bases, whereas it was poorly covered in M. acridum and 277 

M. album (1.4-1.9%). Interpreting the intermediary coverage is difficult due to availability of only 278 

very fragmented assemblies for these strains. Hence it is unclear whether the sequences are located 279 

on one chromosome (which would then be accessory) or distributed within the genome.  280 

Interestingly, M. guizhouense exhibited complete coverage (99.9%) of all bases on chrA, as well as a 281 

very low number of SNPs. This clearly demonstrates that chrA is shared between M. robertsii and 282 

M. guizhouense, despite their separation 15.1 Mio years ago. Performing the same analysis on chrB 283 

(Fig. S5A) could not identify the presence of this second accessory chromosome of M. robertsii in any 284 

other of the 35 strains than in our ancestral R3-A strain. We could also not detect any relation with 285 

the presence/absence of the two accessory chromosomes. In conclusion, there is a high variation in 286 

the presence of sequences of the accessory chrA and chrB that does not relate to the phylogeny and 287 

therefore might be indicative of either frequent losses of these chromosomes or horizontal transfer. 288 
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 289 

Fig. 3: Distribution of chrA sequences across Metarhizium species. A) Phylogeny of published 290 

Metarhizium strains (from Hu et al. (38)), for which assemblies or sequencing reads were available. 291 

These assemblies or sequencing reads were mapped onto the near-chromosome level assembly of 292 

M. robertsii R3-I4, which contains both accessory chrA and chrB. The fraction of covered bases of 293 

chrA (orange) and the density of SNPs (pink) were determined in 50 kb windows. Dotted lines 294 

represent respective genome-wide averages of the covered sequences and the SNP density. 295 
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Transposable elements (TEs) were excluded from the analysis. MYA: Million years ago. B) Relative 296 

sequence coverage of Illumina reads from M. guizhouense ARSEF-977 mapped to the evolved M. 297 

robertsii R3-I4 strain assembly. The fraction of bases covered per 50 kb window is shown in orange 298 

while SNP density per 1000 bp in 50 kb windows is shown in pink. ChrA exhibits higher average 299 

sequence coverage and lower SNP density in M. guizhouense compared to the rest of the genome 300 

(see also Fig S5 A for chrB). 301 

 302 

Horizontal transfer of chrA across Metarhizium species borders  303 

Accessory chrA showed a markedly reduced SNP density between M. robertsii and M. guizhouense 304 

compared to the rest of the genomes (2.44 compared to 19.2 SNPs per 1000 bp, respectively) (Fig. 3 305 

B, Table S4), which could be indicative of a horizontal transfer. We therefore analyzed chrA in 306 

M. guizhouense in more detail. Mapping the short sequencing reads of M. guizhouense revealed that 307 

chrA displayed approximately double the normalized sequencing coverage compared to the rest of 308 

the genome (Fig. 4 A). These observations strongly suggest that the sequences present on chrA are 309 

duplicated in M. guizhouense, indicating the presence of a disomic state for chrA in this strain. PFGE 310 

confirmed the presence of at least two small chromosomes similar in size to the accessory 311 

chromosomes chrA and chrB in M. guizhouense (Fig S5 B). Therefore, we conclude that chrA exists in 312 

two copies in M. guizhouense, and the relatively low SNP density separating chrA in M. robertsii from 313 

M. guizhouense, compared to the significantly higher SNP density in the rest of the genome, likely 314 

reflects a shorter separation time from their respective syntenic sequences for chrA than for the rest 315 

of the genome. 316 

Next, we wondered if the two copies of chrA in M. guizhouense differ in respect to their separation 317 

time from chrA in M. robertsii (R1-A) by determining their SNP density separately for each copy. We 318 

therefore phased the heterozygous SNPs of M. guizhouense, i.e. we tried to determine on which of 319 

the two copies of chrA a SNP is located. Phasing SNPs is most efficient using long sequencing reads 320 

and we therefore used long PacBio reads. The result of phasing are separate phasesets, for which 321 

the location, i.e. on which of the two chromosome copies, of the SNPs relative to the other SNPs of 322 

the same phaseset is known. Among the total of 3090 heterozygous SNPs on chrA, 2790 were 323 

phased as 0|1 and 294 as 1|0. Interestingly, the vast majority of phasesets contained SNPs of only 324 

one phase, not both (25 out of 28 phasesets in total). Merely three phasesets contained SNPs of 325 

both phases, i.e. SNPs that for which the location is on the two different copies. The largest phaseset 326 

with SNPs of both phases (chrA: 587009-1035720) consisted of 1076 phased SNPs, with 1064 (98.9%) 327 

phased as 0|1 and only 12 (1.1%) phased as 1|0 (Fig. 4 B). Such an imbalanced distribution of SNPs 328 
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between the two copies of chrA in one phaseset would be highly unlikely if both copies of chrA had 329 

the same density and distribution of SNPs (p < 2.2x10-16, binomial test). Consequently, we concluded 330 

that the two copies of chrA differ from each other in the density and distribution of SNPs. Because 331 

we had several phasesets along chrA, we could not directly assign the phases 0|1 or 1|0 each to one 332 

copy of chrA. We therefore utilized the number of mixed phasesets (containing SNPs from both 333 

phases) and unmixed phasesets (containing SNPs from only one phase) to estimate the number of 334 

SNPs on each of the two copies of chrA. Out of 28 phasesets, 25 (89.3%) exclusively contained SNPs 335 

from the same phase, while three (10.7%) contained SNPs from both phases. Therefore, one copy 336 

(copy a) harbours an estimated 2769 SNPs (calculated as 3084 phased SNPs x 25/28 + 6 non-phased 337 

SNPs + 9 homozygous SNPs), whereas the other copy (copy b) contains approximately 345 SNPs 338 

(calculated as 3084 phased SNPs x 3/28 + 6 non-phased SNPs + 9 homozygous SNPs). Therefore, the 339 

two copies of chrA in M. guizhouense differ in their SNP density from each other as well as from the 340 

rest of the genome compared to M. robertsii, indicating different separation times for the two 341 

copies of chrA. 342 

When did the two copies of chrA in M. guizhouense separate from the chrA found in M. robertsii? 343 

The estimated divergence between M. guizhouense and M. robertsii is 15.1 million years ago (38), 344 

which allows us to calibrate the molecular clock based on the rest of the genome for a comparison 345 

between M. robertsii and M. guizhouense. Using this calibration, we estimated that the separation of 346 

the two copies of chrA in M. guizhouense from chrA in the M. robertsii took place approximately 347 

1.72 million years ago (copy a) and 0.214 million years ago (copy b). Thus, the divergence of the two 348 

copies in M. guizhouense from chrA in M. robertsii occurred much more recently than the speciation 349 

event between the two fungal species 15.1 million years ago. This suggests that the observed 350 

divergence is likely the result of a more recent horizontal transfer of chrA. The direction of this 351 

horizontal transfer remains unknown. Given our current data we propose two scenarios: i) chrA was 352 

transferred twice from M. robertsii to M. guizhouense (1.72 MYA and 0.214 MYA), or ii) chrA was 353 

initially present in M. guizhouense and duplicated 1.72 MYA, with one copy subsequently transferred 354 

to M. robertsii 0.214 MYA. Of course, more complex scenarios that involve more steps or additional 355 

species (note that our phylogenetic analysis was restricted to 36 available sequences) might be 356 

possible but would require more assumptions. In conclusion, the presence of two copies of chrA in 357 

M. guizhouense, with different separation times from chrA in M. robertsii, implies either two 358 

horizontal chromosome transfers or a mixture of two biological mechanisms – thus, in either 359 

scenario, quite complex dynamics underlie this pattern.  360 

 361 
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 362 

Fig. 4: Sequencing coverage and SNP density indicate two copies of chrA in M. guizhouense that 363 

differ from each other in their SNP density. A) Normalized Illumina sequencing coverage of M. 364 

guizhouense ARSEF-977 on the M. robertsii R3-I4 assembly, presented separately for each contig and 365 

summarized for chrA and the rest of the genome in 50 kb windows. The coverage of the rDNA 366 

cluster is not displayed in full, for visual clarity. B) Phasing information of M. guizhouense SNPs 367 

located outside of transposable elements (TEs) on the M. robertsii R3-I4, shown in individual 368 

phasesets. Most phasesets exclusively contain SNPs from one phase. The figure also depicts the 369 

normalized sequencing coverage in 50 kb (5 kb sliding) windows, along with the location of 370 

transposable elements (hom = homozygous, het = heterozygous). 371 

 372 

chrA and chrB differ in their composition from the rest of the genome.  373 

Accessory chromosomes in fungi often differ in their sequence characteristics compared to the core 374 

chromosomes, with lower gene density and higher density of transposable elements (1). These 375 

differences may indicate other evolutionary constraints for accessory chromosomes than for the 376 

core genome, such as a smaller effective population size (1). We observed a comparable pattern for 377 

the accessory chromosomes chrA and chrB in M. robertsii. chrA and chrB were enriched in their 378 

proportion of transposable elements (TEs), which constituted approximately 31-32% of all sequences 379 
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in the accessory chromosomes, with 9.1% in the rest of the genome (Fig. 5 A). The proportion of 380 

genes on the accessory chromosomes was lower, with 22% compared to 29% in the rest of the 381 

genome. Taken together, TE and gene density resulted in a clear compositional separation of the 382 

two accessory chrA and chrB from the core chromosomes (Fig. 5 B). In addition, the TE composition 383 

(Fig. S6 A, B), and the codon usage of the genes (Fig. S6 C) located on the accessory chrA and chrB 384 

differed from that of rest of the genome. The gene-wise relative synonymous codon usage (gRSCU), 385 

which measures the bias in the use of synonymous codons, was significantly lower for genes located 386 

on chrA and chrB compared to the rest of the genome of M. robertsii R3-I4 as well as compared to 387 

those genes located on the rest of the genome of the R1-A ancestral strain (all pairwise Wilcoxon 388 

rank-sum test with BH correction, all p < 2 x 10-16). Taken together, these differences in TE 389 

composition and codon usage suggest that the accessory chromosomes were horizontally acquired 390 

by M. robertsii. Furthermore, the codon usage of chrA also differed from that of all genes in the 391 

M. guizhouense genome, which suggests that chrA was also horizontally acquired by 392 

M. guizhouense. Therefore, chrA may have been horizontally acquired by both M. guizhouense and 393 

M. robertsii from a third, currently unknown species. 394 

chrA encodes putative virulence factors and may influence its horizontal transfer  395 

We were further interested if the proteins encoded by the genes on the accessory chromosomes 396 

could be potentially involved in the interaction with the insect host or the horizontal transfer of the 397 

chromosome and therefore functionally annotated the predicted transcripts. On accessory chrA, we 398 

could identify a total of 364 genes through ab initio annotation (Table S6, Table S7 A-B). Among 399 

them, 13 genes were predicted to encode putative effectors (i.e. small, secreted proteins that could 400 

potentially interfere with the host immune system) and ten genes were identified as Carbohydrate-401 

Active Enzymes (CAZymes). Notably, three of these CAZymes were putative chitinases, suggesting a 402 

possible role in host insect cuticle degradation, which is a crucial step during the infection process, 403 

since the fungal spores need to penetrate the host9s chitin cuticle to be able to infect and eventually 404 

kill the host (31). Hence, the accessory chromosomes might be involved in the interaction with the 405 

insect host and by receiving the accessory chrA the recipient strain may have gained a fitness benefit 406 

by increased virulence.  407 

On both accessory chrA and chrB, we further found genes that might be involved in the horizontal 408 

transfer of the accessory chromosomes. ChrA contained two genes encoding putative histone H2B 409 

proteins (g9016.t1, g9080.t1) and three genes encoding putative enzymes involved in histone post-410 

translational modifications (g8961.t1, g9112.t1, g9121.t1) (Fig. 5 C). The two putative histone H2B 411 

proteins displayed significant identity in the histone-fold region with the histone H2B protein from 412 
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the mold fungus Neurospora crassa. Among the three putative histone-modifying enzymes, two 413 

contained a SET domain specific to enzymes that methylate histone lysine residues, while the 414 

remaining gene showed high similarity to the histone acetyltransferase protein GCN5 (Fig. 5 D). 415 

Similarly, chrB harboured a gene encoding a putative histone H3 protein, which displayed high 416 

identity to the histone fold domain of N. crassa histone H3 protein (g10192.t1, aa44-136, 93% 417 

identity, accession XP_956003.1). ChrB also contained two genes encoding putative histone-418 

modifying enzymes: a GCN5 acetyltransferase homolog (g10208.t1) and a SET domain-containing 419 

putative histone methyltransferase (g10199.t1). In all our observed intraspecies horizontal transfers 420 

of accessory chrA solely this chromosome and no other material was either transferred or retained. 421 

Hence there must be a distinguishing characteristic that separates chrA from the rest of the donor 422 

genome and also from the genome of the recipient strain. Histone modifications are known to be 423 

involved in many programmed DNA elimination in plants and animals (39). The presence of these 424 

putative histone proteins and histone-modifying enzymes on both chrA and chrB suggests their 425 

potential involvement in affecting the chromatin conformation and thereby potentially 426 

mechanistically influencing the horizontal transfer of the accessory chromosomes. 427 

 428 
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 429 

Fig. 5: Overview of gene and transposable element annotation of the evolved M. robertsii R3-I4 430 

strain. A) Karyoplot illustrating the distribution of genes (light brown) and transposable elements 431 

(TEs) (black) along the nanopore-based assembly of the evolved R3-I4 strain. B) Distribution of gene 432 

density vs TE density, highlighting the higher TE density and lower gene density observed in chrA 433 

(red) and chrB (blue) compared to other chromosomes (black) and unassigned small contigs (grey). 434 

C) Gene transcript distribution along chrA, with putative candidates that might influence either the 435 

interaction with the host or the chromatin conformation being indicated. D) Example alignments of 436 

proteins for one putative histone, and one putative histone methyl-transferase and one putative 437 

histone acetyltransferase with proteins of known function. Identical amino-acids are depicted in 438 

green.   439 

  440 
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Discussion 441 

In this study, we describe the horizontal transfer of an entire accessory chromosome (chrA) between 442 

asexual strains and species of common insect-pathogenic fungi. We show that: i) two accessory 443 

chromosomes are present in M. robertsii and that one of them is frequently transferred horizontally 444 

during experimental co-infection between different M. robertsii strains. This transfer event involved 445 

only the accessory chromosome, while no other genetic material was transferred. ii) Although 446 

horizontal transfers occurred frequently, the transferred accessory chromosome was only able to 447 

outcompete the same strain lacking it, and to spread in the pathogen population under one 448 

experimental condition – infection of single ant hosts, but not when infecting ants accompanied by 449 

nestmates that provided social immunity. Therefore, the accessory chromosome alters the 450 

competitive ability of the recipient strain, and whether or not this results in fitness benefits is 451 

condition-dependent. In social ants, the fitness benefits provided by chrA when infecting single hosts 452 

were negated when colony members provided additional social immunity. iii) Importantly, we show 453 

that this horizontal transfer is not restricted to exchange within the same species in experimental co-454 

infections, but also occurs naturally across species under field conditions, as the same accessory 455 

chromosome has been transferred between different species of Metarhizium much more recently 456 

than their speciation time of 15.1 MYA. Such horizontal transfer between different species could 457 

therefore be a possible mechanism for the spread of accessory chromosomes to new species. 458 

Our characterization of multiple field-isolated strains of M. robertsii showed that this 459 

entomopathogen contains two accessory chromosomes with presence/absence polymorphism. To 460 

our knowledge, this is the first description of accessory chromosomes in pathogenic fungi of animals, 461 

where their presence and role is so far underexplored (40), in contrast to their common occurrence 462 

in plant-pathogenic fungi, where they have demonstrated effects on fitness and/or host range (1, 3). 463 

Notably, M. robertsii, like many other Metarhizium species, is – in addition to its parasitic lifestyle in 464 

insects – also closely associated with plants, in particular their roots. Therefore, the accessory 465 

chromosomes in M. robertsii may also be involved in the interaction with plants. Similar to accessory 466 

chromosomes in other fungal pathogens the accessory chromosomes in M. robertsii (chrA and chrB) 467 

differed in TE and gene content as well as codon usage from the rest of the genome, which could 468 

indicate different evolutionary histories or constraints in accessory vs core chromosomes. 469 

 In our experiment the chrA was transferred at least five times independently from M. robertsii R1 to 470 

the M. robertsii R3 strain, while no other genetic material was exchanged. While horizontal transfer 471 

of accessory chromosomes has been reported in vitro for the plant pathogens Colletotrichum 472 

gloeosporioides (10, 12), members of the Fusarium oxysporum species complex (7, 8, 13, 41) and 473 
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possibly in Alternaria alternata pathotypes (42), the low frequency of these transfers necessitated 474 

the use of selectable fungicide resistance markers in these studies to identify and isolate those 475 

fungal cells, in which a horizontal transfer had occurred. Consequently, to date no horizontal 476 

transfer of chromosomes has been observed for these fungal pathogens during infection of their 477 

respective host (10, 12, 13, 41). In contrast, our study observed frequent horizontal transfer 478 

between M. robertsii strains during co-infection of ants, which represent a natural host of multiple 479 

Metarhizium species (31). This disparity suggests that the higher frequency of horizontal transfer 480 

observed in our study may in principle be attributable to parasexual-like processes described for 481 

species of the genus Metarhizium (43, 44), which is thought to lead to exchange of genetic material 482 

between co-infecting strains when both grow within the same host individual. However, the 483 

parasexual-like cycle in Metarhizium is thought to involve cell fusion resulting in cells with two 484 

different nuclei (heterokaryons), followed by karyogamy to produce unstable diploids that randomly 485 

lose chromosomes to regain haploidy (44). In our study, in contrast, we observed specific transfer of 486 

exactly one chromosome (chrA) without random genetic exchanges or loss of additional 487 

chromosomes. Thus, we propose that the observed horizontal transfer of chrA cannot be explained 488 

by the established parasexual-like processes alone. Instead, alternative mechanisms for accessory 489 

chromosome transfer must be in place. These could include either the transfer of accessory 490 

chromosomes between nuclei during the heterokaryon stage (12) or the selective degradation of all 491 

chromosomes except the one chromosome that was successfully transferred (12, 13). A process 492 

similar to the former has been described in Saccharomyces cerevisiae, where a mutant defective in 493 

nuclear fusion (kar1-1) generates transient heterokaryons, allowing chromosome transfer between 494 

nuclei before one of the nuclei is lost. This process, known as chromoduction, enables the transfer of 495 

whole chromosomes into a new genomic background (24, 45–47). A process similar to the latter (i.e. 496 

degradation of all but the transferred chromosomes) has been described as programmed DNA 497 

elimination in several plants and animals (reviewed in (39)), with the retained DNA sequences 498 

differing from the eliminated ones through DNA methylation, histones, or post-translational histone 499 

modifications, particularly in centromeric regions (39). We speculate that such a mechanism may 500 

also act during the horizontal transfer of chrA and possibly also chrB in M. robertsii. Since both 501 

accessory chromosomes contain genes encoding putative histones and histone-modifying enzymes, 502 

these may be involved in ensuring the transfer of only the accessory chromosomes. We hypothesize 503 

that the distinct chromatin conformations of the accessory chromosomes compared to the rest of 504 

the donor genome, allows either their preferential transfer to the recipient nucleus (similar to 505 

chromoduction), or evasion of degradation (similar to the PSR chromosome in the parasitoid wasp, 506 
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Nasonia vitripennis, where the presence of the PSR chromosome affects the post-translational 507 

methylation of at least three histones in the genome that later becomes eliminated (48, 49)).  508 

In addition to the horizontal transfer of chrA between strains of M. robertsii we show phylogenetic 509 

support of a past horizontal chromosome transfer between two different species of the genus 510 

Metarhizium in the field. While interspecific chromosome transfer has been proposed as a potential 511 

mechanism for how species can gain new accessory chromosomes, no such transfer had been 512 

previously documented to our knowledge. Existing experimental evidence on horizontal transfers 513 

has focused on different pathovars (e.g., A. alternate), biotypes (e.g., C. gloeosporioides), or formae 514 

speciales within species complexes (e.g., F. oxysporum) (6–8, 10, 13, 41, 42). Although these studies 515 

provide insights into the distribution of accessory chromosomes within species, they fail to account 516 

for their spread between species. The scarcity of fungal accessory chromosomes that exhibit synteny 517 

with each other in different species was considered as evidence against the hypothesis that these 518 

chromosomes had been acquired through horizontal transfer (2) and evidence for their origin by 519 

endogenous processes (i.e. from within the genome, e.g. via degenerative breakage, duplication, 520 

missegregation or Robertsonian chromosome fusion (2, 50, 51)). Here, we report exactly such a 521 

syntenic accessory chromosome being present in two species (M. robertsii and M. guizhouense). 522 

Moreover, the codon usage pattern of the accessory chrA differed from the rest of the genome of 523 

both M. robertsii and M. guizhouense. This suggests that it might even have originated from a third 524 

species and was then horizontally acquired. Taken together, we here show intra- and interspecific 525 

horizontal transfer of an accessory chromosome, supporting that horizontal chromosome transfers 526 

present a more common mechanism for a species to acquire novel accessory chromosomes than 527 

previously thought.  528 

Our experimental study further gives unprecedented details into the dynamics and constraints of the 529 

spread of an accessory chromosome after its horizontal transfer into a new pathogenic strain. In our 530 

experiment chrA was horizontally transferred in five of the total 20 independent replicates. 531 

Strikingly, all three cases, where the strain that horizontally-acquired chrA outcompeted the strain 532 

lacking chrA were observed during infection of single ants. The two instances where the strain that 533 

horizontally-acquired chrA was outcompeted by the strain that had not acquired it, leading to its 534 

extinction, was observed during infection of ants in the presence of nestmates that provide social 535 

immunity. Hence, even when transfer occurs frequently, whether or not the strain harboring the 536 

acquired accessory chromosome will be able to establish itself in the pathogen population is a 537 

condition-dependent evolutionary process. However, a positive fitness effect may also not be 538 

required in all cases, as the accessory chromosome may still spread even in the absence of a benefit, 539 

purely due to a preferential transfer mechanism similar to a meiotic chromosome drive (52). It is 540 
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tempting to speculate that since chrA and chrB contain genes that could influence their preferential 541 

transfer - like the putative histone and histone-modifying enzymes - that these accessory 542 

chromosomes could also be selfish genetic elements, manipulating and propagating their horizontal 543 

transmission. 544 

In conclusion, we here describe accessory chromosomes with the potential to spread both within 545 

and across species of fungal pathogen species of the genus Metarhizium, which comprises many 546 

important insect-pathogenic species. By describing the characteristics of this novel accessory 547 

chromosome and its transfer and spread dynamics, we find horizontal transfer to be a very 548 

important mechanism in shaping the evolution of accessory chromosomes and whole genomes. 549 

Based on its preferential horizontal transfer chrA might be able to spread through the recipient 550 

pathogen populations in a process highly reminiscent of the spread of selfish genetic elements.  551 

  552 
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METHODS 553 

Fungal strains  554 

We used the six ancestral strains and the evolved lines of the fungal pathogens Metarhizium 555 

robertsii and M. brunneum obtained during the selection experiment performed by Stock et al. (32). 556 

In this experiment, the six ancestral strains were mixed in equal amounts and used to experimentally 557 

co-infect Argentine ants, which subsequently were either kept alone (individual treatment 558 

(abbreviation: I)) or in the presence of two nestmates (social treatment (abbreviation: S)) over ten 559 

consecutive host infection cycles (passages). An outline of the experiment is shown in Fig 1A, and 560 

details described in Stock et al. (32) and Supplementary Text S1. The six ancestral strains included 561 

three M. robertsii strains (R1-A: KVL 12-36 (C17), R2-A: KVL 12-35 (E81) and R3-A: KVL 12-38 (F19)) 562 

and three M. brunneum strains (B1-A: KVL 13-13 (G39), B2-A: KVL 12-37 (J65), and B3-A: KVL 13-14 563 

(L105); all obtained from the University of Copenhagen, Denmark), which had all been isolated from 564 

the same field population and characterized by Steinwender et al. (53). For the evolved lines (32), we 565 

focused particularly on M. robertsii R3, for which we determined overall strain proportion and 566 

integration of chrA over the course of the experiment (at passages P1, P3, P5 and P10). 567 

M. guizhouense ARSEF977 was obtained from the ARS Collection of Entomopathogenic Fungal 568 

Cultures, Ithaca NY, USA. An overview of previously published reads and assemblies that were 569 

included in this study is given in Table S4. 570 

Molecular analysis of fungal strains 571 

We performed both long read sequencing (Nanopore and PacBio) as well as short read sequencing 572 

(Illumina) for ancestral and evolved strains, as well as microsatellite analysis for spore strain 573 

identification and chrA presence/absence determination, as detailed in Supplementary Text S1.  574 

Nanopore sequencing was performed by the Next Generation Sequencing Facility at Vienna 575 

BioCenter Core Facilities (VBCF), member of the Vienna BioCenter (VBC). PacBio sequencing of 576 

M. guizhouense was performed at the Max Planck Genome Centre Cologne, Germany using Sequel 577 

IIe (Pacific Biosciences). Illumina Sequencing was performed at Eurofins Genomics GmbH 578 

(Ebersberg). An overview of the sequencing reads generated in this study is given in Table S8. 579 

 580 

Bioinformatic analysis 581 

The Bioinformatic steps are explained in the Supplementary Text S1.  582 

Statistical data analysis 583 
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All statistical analyses were conducted in R (version R3.6.0) using the suite R Studio (1.2.1335), as 584 

described in more detail in Supplementary Text S1. A summary of all statistical test results is given in 585 

Supplementary Data S1.  586 

Data availability 587 

Sequencing reads have been deposited in the Sequence Read Archive and are available under the 588 

BioProject PRJNA1017668. The Nanopore-based assemblies and Gene and TE Annotations were 589 

deposited at NCBI under the BioProjects PRJNA1015426, PRJNA1015429, PRJNA1015431. 590 

All source data for the figures are given in the source data file (Supplementary Data S1). Note that of 591 

the total of 2626 spore-clones shown in Fig. 2, 872 had been produced, analyzed for strain identity 592 

and previously published in Stock et al. (32). The production and strain-identification of the 593 

remaining 1754 spore-derived clones, as well as the presence/absence characterization of chrA 594 

within all 883 R3 spore-clones were performed in this study.  595 
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Supplementary figures  609 

 610 

 611 

Fig S1. Nanopore-based assemblies of Metarhizium robertsii ancestral R1-A, ancestral R3-A and the 612 

adapted R3-I4 strains at near chromosome level. Tapestry reports of the nanopore-based assemblies 613 

of A) ancestral R3-A, B) adapted R3-I4 and C) ancestral R1-A strain. Red marks represent the 614 

presence of telomere repeats, where the intensity of the red colour is proportional to the number of 615 

repeats detected. Green intensity is proportional to coverage. For a detailed description, see also 616 

Table S1. D) Synteny between the nanopore-based assemblies of M. robertsii strains R3-I4, R1-A and 617 
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R3-A generated in this study and the M. brunneum ARSEF4556 reference assembly 618 

(GCA_013426205.1) (33). Note that for R3-I4 chromosomes were labelled based on their synteny to 619 

the M. brunneum reference assembly. 620 

  621 
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 622 

Fig. S2. Synteny plot between the nanopore-based assemblies of the A) ancestral R1-A or B) 623 

ancestral R3-A with the evolved R3-I4 strain, with synteny for chrA and chrB of the R3-I4 highlighted 624 

in grey shade. In C) the alignment of R1-A contigs syntenic with chrA of the evolved R3-I4 is shown. 625 
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The SNP density based on these alignments for each of the contigs is given at the bottom of each 626 

graph.  627 
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 628 

Fig S3: Coverage analysis and SNP/InDel distribution failed to detect horizontal transfer of genetic 629 

material in addition to chrA. Illumina sequence coverage analysis of the A) adapted R3 strains 630 
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compared to the coverage of the ancestral R3-A strain or the B) adapted R1 strains compared to the 631 

coverage of the ancestral R1-A strain. With the exception of chrA for the individual-adapted R3 632 

strains, no change in sequence coverage was detected. C) Distribution of SNPs/InDels that are 633 

specific to the R1-A (present in the R1-A but absent in the R3-A). No 50 kb windows in the adapted 634 

R3 strains showed increased SNP density. Hence no large-scale transfer of genetic material, in 635 

addition to chrA, occurred from the ancestral R1-A strain to the adapted R3 strains. In the adapted 636 

R1 strains, there was no change in the distribution of SNPs/InDels compared to the ancestral R1-A 637 

strain, indicating that no large-scale transfer of genetic material to the adapted R1 strains occurred. 638 

Note that the rDNA cluster was excluded from the analysis for visual clarity due to its high coverage. 639 

 640 

 641 

Fig. S4: The methylation pattern differed between ancestral R1-A and R3-A strains. ChrA retained 642 

part of the ancestral methylation pattern after horizontal transfer from R1-A to R3-A. A) Fraction of 643 
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methylated cytosines in CpG contexts for chrA, chrB and the rest of the genome in the ancestral R1-644 

A and R3-A strains and the adapted R3-I4 strain. ChrA showed higher methylation in both the 645 

ancestral R1-A strain and the adapted R3-I4 strain than chrB and the rest of the genome (identical 646 

letters above groups indicate non-significance at α<0.05 determined by Fisher exact test with BH-647 

adjustment for multiple testing). B) Fraction of methylated cytosines in CpG contexts in 50kb 648 

windows (sliding: 5 kb) along chrA for the ancestral R1-A (turquoise) and evolved R3-I4 (dark-grey) 649 

strains. C) Venn diagram showing the overlap of highly methylated CpG sites (>25% methylation) of 650 

chrA (total number CpG sites 203720) between the ancestral R1-A and the evolved R3-I4 strain.  651 
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 652 

Fig. S5. Presence/absence polymorphism of chrB in published genomes of species of the genus 653 

Metarhizium and pulsed-field gel electrophoresis showing the presence of small chromosomes 654 

similar in size to chrA and chrB in M. guizhouense. A) Phylogeny and distribution of relative sequence 655 

coverage (fraction of bases covered in 50 kb windows) in orange and SNP density per 1000 bp in 50 656 
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kb windows in pink, with respective genome-wide averages shown as dotted lines. Note: TEs were 657 

excluded from the analysis. Phylogeny adapted from published Hu and colleagues, 2014 (38). MYA: 658 

Million years ago. B) PFGE of M. guizhouense in comparison to the ancestral M. robertsii R1-A and 659 

R3-A, as well as two evolved R3 strains R3-S9 (lacking chrA) and R3-I4 (including chrA). 660 

  661 
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 662 

Fig. S6: TE composition and codon usage of the accessory chromosomes chrA and chrB differed from 663 

the rest of the genome. A) Number and B) cumulative sequence length of the indicated TE classes 664 

and orders of the M. robertsii R3-I4 strain. ChrA and chrB have a higher proportion of Class I 665 

retrotransposons of LTR and SINE order and virtually lack the unknown order of the Class I 666 

retrotransposons that dominates (dark-red) in the other chromosomes. C) Gene-wise relative 667 

synonymous codon usage for genes located on chrA and chrB compared to genes located on the rest 668 

of the R3-I4 genome and R1-A and the M. guizhouense ARSEF-977 genomes. Identical letters above 669 

the individual plots indicate that the respective groups were not significantly different (pairwise 670 

Wilcoxon rank-sum tests with BH correction, α=0.05).  671 
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Supplementary Tables 672 

 673 

Table S1: Comparison statistics of Nanopore-based assemblies 674 

Table S2:  Number of SNPs and small InDels compared to R3-I4 that were not already present 675 

in the ancestral R3-A strain 676 

Table S3: Number of methylated Cytosines in CpG context 677 

Table S4: Overview of previously published Assemblies and Reads included in this study 678 

Table S5: Number and phases of SNPs and InDels in M. guizhouense on the R3-I4 assembly. 679 

Table S6: Comparison of genome annotations 680 

Table S7 A: R3-I4: Annotation of chrA 681 

Table S7 B: R3-I4: Genome-wide annotation  682 

Table S8: Overview of sequencing information generated within this study 683 

 684 

Supplementary Data 685 

Data S1:  All source data of figures and exact p values for statistical tests 686 

 687 

Supplementary Text 688 

Text S1:  Detailed Methods and Materials  689 
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