
Reviewers' comments:  

 

Reviewer #1 (Remarks to the Author):  

 

Branco et al. present an analysis of recombination on the mating-type chromosomes of anther-

smut fungi. Mating-type chromosomes are analogous to sex chromosomes, except that the fungi 

lack the clear hallmarks of sexual dimorphism that typically are associated with sex chromosomes. 

The authors use gene order, evolutionary divergence and phylogenetic approaches to show that 

regions of recombination suppression have emerged around the mating type loci independently in 

multiple lineages. They go on to show that these regions bear the clear hallmarks of non-

recombining regions (gene loss, transposon accumulation, etc) that have been shown on other 

nascent sex chromosome systems (including Ahmed et al. 2014 Current Biology 24: 1945-1957).  

 

This manuscript appears to be larlgey an expanded version of recent work published by this group 

in PNAS (Branco et al. Evolutionary strata on young mating-type chromosomes despite the lack of 

sexual antagonism 114: 7067-7072). The case for complex inversions and strata of the mating-

type chromosomes are displayed in Fig. 2 and Fig. 3 of the PNAS paper. I like the PNAS paper very 

much, and think that it presents a much-needed alternative to models of sex chromosome 

evolution. The work under consideration here includes additional species (there are five of the nine 

species in the paper under consideration here are also analysed in the PNAS paper), but uses the 

same methodological approaches and analyses, and comes to quite similar conclusions. I worry 

that the work under review here does not advance the story much beyond the PNAS paper, 

although this is ultimately up the editor to decide.  

 

I have no major quibbles with the paper beyond this concern about overlap with previous work.  

 

Minor comments:  

Line 82. Although I do agree with the authors that there have been few empirical tests, there is 

some emerging evidence for the theory of sexual conflict and recombination suppression, and even 

convergent evolution of sex chromosome strata across independent lineages (see Wright et al. 

Convergent recombination suppression suggests a role of sexual selection in guppy sex 

chromosome formation. Nature Communications 8: 14521).  

 

Line 288. I am struggling to reconcile the authors’ intended point. They argue that strata on the 

mating-type chromosome form in the absence of sexual conflict, and that therefore they are not 

sex-specific super-genes like Y or W chromosomes are thought to be. However, they also argue 

that the repeated evolution of these strata indicates strong selection for super-gene formation. 

What exactly might the function of these super-genes be? Also, there is an alternative, neutral 

model that there is simply a chromosomal breakpoint in the area. Breakpoints are known to be 

conserved across related species, leading to convergent inversions and fusions/fissions (e.g. 

Chutkar et al. Genetics 2008 179: 1657-1680). In the absence of clear phenotypes associated with 

the strata, it is difficult to make the case that they are indeed supergenes, and impossible to 

differentiation adaptive (supergene) from non-adaptive (conserved breakpoints) causes. I am not 

arguing that the data are inconsistent with the adaptive explanation offered, rather that the 

authors clarify that they cannot rule out the non-adaptive null hypothesis.  

 

 

 

Reviewer #2 (Remarks to the Author):  

 

Branco et al. have previously characterized the chromosome carrying the mating type loci of the 

anther-smut fungus Microbotryum lychnidis-dioicae, and found that it contains strata where 

recombination between the A1 and A2 alleles was suppressed at different time points. Here they 

extend this analysis to 4 new closely related fungi, and find that after independent chromosome 

rearrangements linked the PR and HR loci, a similar pattern can be found in two of them. The 



recurrent linkage of HR and PR is very interesting. This is a great system in which to study the 

repression of recombination of mating types, and the detailed characterization provided here will 

be extremely useful.  

 

*It is not entirely clear from parts of the text what is new (convergent linkage of PR and HR over a 

short period of time), confirmatory (appearance of strata after linkage of PR/HR), and previously 

reported (the possibility of strata in the absense of males and females).  

For instance:  

- in the abstract, the sentence "Anther-smut fungi lack male/female roles, showing that 

evolutionary strata can readily evolve without sexual antagonism, which stands in contrast with 

the current theory of sexual evolution." makes it sound like this is a novel finding of this paper, 

when it was reported by the same authors earlier this year.  

- in the introduction, "we identified here five independent mating-type loci linkage events amoung 

eight Microbotryum species". I think that 4 new independent linkage events in each of the newly 

sequenced species is really what was identified.  

I think this could be made more explicit.  

 

*The analysis seems sound, but could have been better explained in the text:  

- I don't think it is mentioned anywhere in the main text which of the genomes were obtained for 

this analysis.  

- the "chromosome-length" assemblies turn out in some cases to yield 4 scaffolds per chromosome 

(I think the scaffolding based on centromeric repeats and ancestral gene order makes sense, but 

could be made clearer).  

- in the supplementary methods they say that "In some cases, the center contigs could not be 

oriented as they did not include centromeric repeats", but don't give any more information about 

which species/contigs were affected.  

-the date estimation was based on 17 genes that are in the light blue region in Figure 2. It would 

be useful to see those on Figure 3 as well.  

In general I found it that not having a summary of the methods at all in the main text made it 

harder to follow the results.  

 

*the PR and HD ancestral strata do not seem to consistently show very high Ds values: why is 

this?  

 

*Several of the strata do not seem to significantly differ from the PAR in table S2. This should be 

mentioned (e.g. P10, first paragraph), as well as an explanation for how you determined the 

boundaries of this stratum.  

 

*Results, P6: "alleles associated with the a1 mating type clustered together for both species": it 

would be useful to show gene trees for each of the 17 genes, as this would give a better sense of 

how consistent the patterns are.  

 

*I think it is worth mentioning in P10 the evidence that the genes in the new non-recombining 

regions are "unrelated to mating-type".  

 

 

 

 

Reviewer #3 (Remarks to the Author):  

 

The manuscript by Branco, Giraud and co-workers addresses the evolution of mating type loci in 

smut fungi of the genus Microbotryum. The authors build their analyses on PacBio chromosome 

assemblies. Using genome comparisons, they reconstruct five independent rearrangements that all 

resulted in linkage of the mating type determining loci PR and HD. In this group of fungi, mating is 

predominantly selfing and linkage between the PR and HD loci is expected to be beneficial as it 



increases mating compatibility between gametes. The authors thus conclude that these recent 

rearrangements in Microbotryum are the product of natural selection favoring linkage between the 

PR and HD loci. Based on gene genealogies, the authors infer the dates of rearrangements and the 

subsequent suppression of recombination.  

The manuscript further explores the pattern of nucleotide divergence and reports the extension of 

recombination suppression from the mating type encoding genes into the surrounding 

chromosomal regions resulting in “evolutionary strata”, gene loss and TE accumulation.  

 

Microbotryum serves as an excellent model to study the evolution of mating type loci in selfing 

species and the evolution of sex chromosomes. This study presents insight into the formation of 

non-recombining sex determining chromosome regions in multiple species of smut fungi. The 

identification of independent rearrangements in different smut species may provide an excellent 

example of convergent evolution. Some proof is still missing to make this final conclusion 

convincing.  

 

A main concern with the present study is the absence of information about overall genome synteny 

between the five Microbotryum species. While, the study makes a strong case about evolution of 

the mating type loci by including multiple closely related species in their analyses, I miss to see a 

comparison of chromosome evolution at the mating type chromosome and the “autosomal” 

chromosomes. If structural rearrangements overall characterize genome evolution in 

Microbotryum, the linkage of the PR and HD loci may be the result of stochastic events that only 

subsequently have promoted selfing.  

Likewise, it is not clear if the patterns of recombination suppression uniquely characterize the 

mating type locus or if similar patterns can be observed throughout the genome in other regions 

associated with rearrangements.  

Trans-specific polymorphisms (and their absence) are used to make inference about the 

chromosomal fusion events. As mentioned above, the authors should provide information about 

the overall distribution of trans-specific polymorphisms to show that the pattern at the mating type 

locus differs from the remaining genome.  

So essentially, the authors should integrate the analyses in a broader context of overall genome 

evolution for these species.  

 

The same group of authors recently published a paper in PNAS (reference 5 in the submitted 

manuscript) about “Evolutionary strata on young mating-type chromosomes despite the lack of 

sexual antagonism”. This previous paper, also based on full-length chromosome assemblies, 

presents evidence of chromosomal fusion underlying the linkage of mating-type loci and it provides 

evidence, and dating, for evolutionary strata in the mating-type chromosome of Microbotryum 

lychnidis-dioicae.  

In the current manuscript, the authors present evidence for additional independent events and the 

occurrence of similar evolutionary strata in other closely related smut species, and the manuscript 

confirms the same pattern observed in M. lychnidis-dioicae.  

For the present manuscript, the authors have to strengthen the novelty of their findings. “More of 

the same” can be a strong argument to make conclusions about convergent evolution, but then it 

should be emphasized and additional analyses ideally included. This could be, as suggested above, 

a more detailed comparison of the mating type chromosomes and the “autosomal” chromosomes 

in the Microbotryum genus.  

 

 

 

 

Additional comments:  

 

L. 123: It is unclear how the “Genome comparison” is conducted, but if I understand correctly, it is 

based on blast analyses of the mating type loci? I recommend generating a genome alignment 

that will allow the authors to make a more detailed, and genome-wide, analyses of synteny and 



gene order.  

 

P. 5-9: More details about the number and predicted function (if available) of genes in the 

rearranged regions should be included in this characterization of the genomic regions involved in 

the re-arrangements.  

 

L. 156: I am not sure how to interpret “chaotic rearrangements”  

 

L. 203-205: This sentence is difficult to follow. Please re-phrase.  

 

In the discussion I miss references to other fungal model systems, e.g. Neurospora tetrasperma in 

which similar patterns of rearrangements and recombination suppression are described.  

 

L. 733-735: The analysis and dating of “recombination suppression” is not clearly explained. The 

authors use the divergence time of the alleles as the timing of the suppression of recombination. 

The authors should explain better the rationale behind this assumption.  
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Response to referee’s comments: 
 
Reviewer #1 (Remarks to the Author): 
Branco et al. present an analysis of recombination on the mating-type chromosomes of anther-
smut fungi. Mating-type chromosomes are analogous to sex chromosomes, except that the fungi 
lack the clear hallmarks of sexual dimorphism that typically are associated with sex chromosomes. 
The authors use gene order, evolutionary divergence and phylogenetic approaches to show that 
regions of recombination suppression have emerged around the mating type loci independently in 
multiple lineages. They go on to show that these regions bear the clear hallmarks of non-
recombining regions (gene loss, transposon accumulation, etc) that have been shown on other 
nascent sex chromosome systems (including Ahmed et al. 2014 Current Biology 24: 1945-1957).  
 
This manuscript appears to be larlgey an expanded version of recent work published by this group 
in PNAS (Branco et al. Evolutionary strata on young mating-type chromosomes despite the lack of 
sexual antagonism 114: 7067-7072). The case for complex inversions and strata of the mating-type 
chromosomes are displayed in Fig. 2 and Fig. 3 of the PNAS paper. I like the PNAS paper very much, 
and think that it presents a much-needed alternative to models of sex chromosome evolution. The 
work under consideration here includes additional species (there are five of the nine species in the 
paper under consideration here are also analysed in the PNAS paper), but uses the same 
methodological approaches and analyses, and comes to quite similar conclusions. I worry that the 
work under review here does not advance the story much beyond the PNAS paper, although this is 
ultimately up the editor to decide. 
 
>> We regret we were not clear enough in highlighting that it is the independent, repeated evolution 
of similar yet distinct chromosomal rearrangements for mating-type loci linkage that represents the 
important novelty here. Convergence is proposed as a fundamental pattern in evolutionary biology, 
showing that natural selection can independently produce similar phenotypes. This crucial question 
could not be addressed in the previous PNAS paper as we studied a single lineage. We understand 
the topic may have sounded similar to our previous paper, and we tried to better explain in the 
revised version that the novelty and importance resides in documenting independent and 
convergent evolution of similar beneficial supergenes. We have toned down the findings on 
evolutionary strata not involving mating-type genes and focused on the independent linkage of 
mating-type loci into beneficial supergenes, an aspect that was unfortunately unclear to Referee 1 
and that we clarified. 
 
I have no major quibbles with the paper beyond this concern about overlap with previous work. 
 
>>We are glad to note that our conclusions and analyses are convincing. 
 
Minor comments: 
Line 82. Although I do agree with the authors that there have been few empirical tests, there is 
some emerging evidence for the theory of sexual conflict and recombination suppression, and even 
convergent evolution of sex chromosome strata across independent lineages (see Wright et al. 
Convergent recombination suppression suggests a role of sexual selection in guppy sex 
chromosome formation. Nature Communications 8: 14521). 
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>>We have toned down the evolutionary strata aspect to better highlight convergence of supergene 
evolution instead, and we no longer discuss the formation of evolutionary strata not involving 
mating-type genes, to focus on more novel aspects of the study. 
 
Line 288. I am struggling to reconcile the authors’ intended point. They argue that strata on the 
mating-type chromosome form in the absence of sexual conflict, and that therefore they are not 
sex-specific super-genes like Y or W chromosomes are thought to be. However, they also argue 
that the repeated evolution of these strata indicates strong selection for super-gene formation. 
What exactly might the function of these super-genes be? Also, there is an alternative, neutral 
model that there is simply a chromosomal breakpoint in the area. Breakpoints are known to be 
conserved across related species, leading to convergent inversions and fusions/fissions (e.g. 
Chutkar et al. Genetics 2008 179: 1657-1680). In the absence of clear phenotypes associated with 
the strata, it is difficult to make the case that they are indeed supergenes, and impossible to 
differentiation adaptive (supergene) from non-adaptive (conserved breakpoints) causes. I am not 
arguing that the data are inconsistent with the adaptive explanation offered, rather that the 
authors clarify that they cannot rule out the non-adaptive null hypothesis. 
 
>>We are very sorry that our wording led Referee 1 to misunderstand this important point, and we 
tried to explain it better in the manuscript. There are several types of evolutionary strata in anther-
smut fungi: some evolved for linking mating-type genes, representing adaptive supergenes, while 
others were subsequently generated without involving mating-type genes, therefore likely through 
neutral mechanisms. In our previous PNAS paper, we focused on the existence of multiple 
evolutionary strata not involving mating-type genes and we argued that this showed evolutionary 
strata can be formed without sexual antagonism (e.g. by chromosomal breakpoints as proposed by 
the Referee 1).  
 
Here instead, we discovered the repeated formation of adaptive supergenes through chromosomal 
rearrangements linking the two fungal mating-type loci (HD and PR loci, controlling pre- and post-
mating compatibility respectively). Such linkage of mating-type loci represents beneficial allelic 
combinations as it increases odds of gamete compatibility under selfing, as explained in figure S1. It 
is true and unfortunate that we put too much emphasis on the non-adaptive explanation for 
additional strata not involving mating-type genes in the previous version, something that was indeed 
already explained in our previous paper. In the revised manuscript, we have deleted most of such 
explanations and focus instead on the novel findings of convergence of adaptive supergenes, i.e., 
independent events of mating-type gene linkage. We also now show that autosomes remained highly 
collinear and without rearrangement within or across the species. The large-scale chromosomal 
rearrangements only involved PR and HD chromosomes and repeatedly led to regions of suppressed 
recombination with HD and PR loci as boundaries, indicating that the initial mating-type chromosome 
rearrangements were selected for linking HD and PR genes, forming adaptive supergenes.  
 
Reviewer #2 (Remarks to the Author): 
Branco et al. have previously characterized the chromosome carrying the mating type loci of the 
anther-smut fungus Microbotryum lychnidis-dioicae, and found that it contains strata where 
recombination between the A1 and A2 alleles was suppressed at different time points. Here they 
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extend this analysis to 4 new closely related fungi, and find that after independent chromosome 
rearrangements linked the PR and HR loci, a similar pattern can be found in two of them. The 
recurrent linkage of HR and PR is very interesting. This is a great system in which to study the 
repression of recombination of mating types, and the detailed characterization provided here will 
be extremely useful.  
 
>>We thank Referee 2 for these positive comments, highlighting that the interest of this study was 
the independent linkage events of mating-type loci. 
 
*It is not entirely clear from parts of the text what is new (convergent linkage of PR and HR over a 
short period of time), confirmatory (appearance of strata after linkage of PR/HR), and previously 
reported (the possibility of strata in the absense of males and females).  
 
>>We agree and we have revised the text to make it clear and highlight the important new findings. 
 
For instance: 
- in the abstract, the sentence "Anther-smut fungi lack male/female roles, showing that 
evolutionary strata can readily evolve without sexual antagonism, which stands in contrast with 
the current theory of sexual evolution." makes it sound like this is a novel finding of this paper, 
when it was reported by the same authors earlier this year.  
- in the introduction, "we identified here five independent mating-type loci linkage events amoung 
eight Microbotryum species". I think that 4 new independent linkage events in each of the newly 
sequenced species is really what was identified. 
I think this could be made more explicit. 
 
>>We are glad the Referee 2 acknowledges the novelty of our findings (multiple convergent linkage 
events of PR and HD mating-type genes over a short period of time) and we have tried to better 
highlight the novel aspects and distinguish them from the more confirmatory findings (i.e. formation 
of subsequent evolutionary strata without sexual antagonism). 
 
*The analysis seems sound, but could have been better explained in the text: 
- I don't think it is mentioned anywhere in the main text which of the genomes were obtained for 
this analysis.  
 
>>We have clarified this point in the text and in Fig. 1 by asterisks. 
 
- the "chromosome-length" assemblies turn out in some cases to yield 4 scaffolds per chromosome 
(I think the scaffolding based on centromeric repeats and ancestral gene order makes sense, but 
could be made clearer).  
 
>>We have deleted the terms "chromosome-length". 
 
- in the supplementary methods they say that "In some cases, the center contigs could not be 
oriented as they did not include centromeric repeats", but don't give any more information about 
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which species/contigs were affected. 
 
>>We have clarified this point L515-516  (“The center contigs without centromeric repeats at any of 
their edges could not be oriented and were plotted in an arbitrary orientation”). 
 
-the date estimation was based on 17 genes that are in the light blue region in Figure 2. It would be 
useful to see those on Figure 3 as well. 
 
>>We have added the information on Figure 3. This made us realize the 17 genes were not all 
appropriate for inferring mating-type loci linkage in M. silenes-acaulis given its particular mating-type 
chromosome rearrangements. We therefore ran additional analyses on a restricted set of 13 genes 
and corrected the inferred mating-type loci linkage in M. silenes-acaulis. We thank the referee for 
this useful suggestion. 
 
In general I found it that not having a summary of the methods at all in the main text made it 
harder to follow the results. 
 
>>We have tried to better explain methods all along the result section. 
 
*the PR and HD ancestral strata do not seem to consistently show very high Ds values: why is this? 
 
>>We have added the suggestion that it is likely due to occasional gene conversion events L294-295 
(“Some of the genes in the ancient (blue and purple) strata had low dS levels in some species, 
probably due to occasional gene conversion events that reset the signal of divergence, as known to 
occur in fungal mating-type chromosomes”). 
 
*Several of the strata do not seem to significantly differ from the PAR in table S2. This should be 
mentioned (e.g. P10, first paragraph), as well as an explanation for how you determined the 
boundaries of this stratum. 
 
>>We have clarified this point L298-299 (“The limit of the light-blue stratum was set at the most 
distal gene with a non-zero dS value, as all autosomes had zero dS values in the sequenced M. v. 
caroliniana individual (Supplementary Fig. 2a). […] The mean dS value in this evolutionary stratum 
was not significantly different from that in the PARs (Supplementary Table 2), indicating that mating-
type locus linkage was recent”). We have also added sequences and analyses on multiple genomes of 
M. v. paradoxa and M. v. caroliniana in order to further support our interpretation of recombination 
suppression in the young evolutionary strata. 
 
*Results, P6: "alleles associated with the a1 mating type clustered together for both species": it 
would be useful to show gene trees for each of the 17 genes, as this would give a better sense of 
how consistent the patterns are.  
 
>>We have added a supplementary Figure showing the gene genealogies (Supplementary Fig. 3). 
 
*I think it is worth mentioning in P10 the evidence that the genes in the new non-recombining 
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regions are "unrelated to mating-type". 
 
>>We have deleted this sentence as we focused less on this aspect in this manuscript.  
 
 
Reviewer #3 (Remarks to the Author): 
The manuscript by Branco, Giraud and co-workers addresses the evolution of mating type loci in 
smut fungi of the genus Microbotryum. The authors build their analyses on PacBio chromosome 
assemblies. Using genome comparisons, they reconstruct five independent rearrangements that all 
resulted in linkage of the mating type determining loci PR and HD. In this group of fungi, mating is 
predominantly selfing and linkage between the PR and HD loci is expected to be beneficial as it 
increases mating compatibility between gametes. The authors thus conclude that these recent 
rearrangements in Microbotryum are the product of natural selection favoring linkage between 
the PR and HD loci. Based on gene genealogies, the authors infer the dates of rearrangements and 
the subsequent suppression of recombination.  
The manuscript further explores the pattern of nucleotide divergence and reports the extension of 
recombination suppression from the mating type encoding genes into the surrounding 
chromosomal regions resulting in “evolutionary strata”, gene loss and TE accumulation.  
Microbotryum serves as an excellent model to study the evolution of mating type loci in selfing 
species and the evolution of sex chromosomes. This study presents insight into the formation of 
non-recombining sex determining chromosome regions in multiple species of smut fungi. The 
identification of independent rearrangements in different smut species may provide an excellent 
example of convergent evolution.  
 
>>We thank Referee 3 for these positive comments, also highlighting that the interest of this study 
was the independent linkage events of mating-type loci, revealing striking convergence. 
 
Some proof is still missing to make this final conclusion convincing. 
A main concern with the present study is the absence of information about overall genome 
synteny between the five Microbotryum species. While, the study makes a strong case about 
evolution of the mating type loci by including multiple closely related species in their analyses, I 
miss to see a comparison of chromosome evolution at the mating type chromosome and the 
“autosomal” chromosomes. If structural rearrangements overall characterize genome evolution in 
Microbotryum, the linkage of the PR and HD loci may be the result of stochastic events that only 
subsequently have promoted selfing. Likewise, it is not clear if the patterns of recombination 
suppression uniquely characterize the mating type locus or if similar patterns can be observed 
throughout the genome in other regions associated with rearrangements.  
Trans-specific polymorphisms (and their absence) are used to make inference about the 
chromosomal fusion events. As mentioned above, the authors should provide information about 
the overall distribution of trans-specific polymorphisms to show that the pattern at the mating 
type locus differs from the remaining genome. So essentially, the authors should integrate the 
analyses in a broader context of overall genome evolution for these species.  
 
>> We have added details and Figures (Supplementary Figs 2 and 4) illustrating genomic comparisons 
of autosomes, which show high collinearity within and between species, no or little differentiation 
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between mating types, and no trans-specific polymorphism. This indeed further shows that mating-
type chromosomes have very particular evolution in terms of rearrangements and recombination 
suppression and increases the novelty compared to the previous paper; we thank Referee 3 for this 
interesting suggestion. 
 
The same group of authors recently published a paper in PNAS (reference 5 in the submitted 
manuscript) about “Evolutionary strata on young mating-type chromosomes despite the lack of 
sexual antagonism”. This previous paper, also based on full-length chromosome assemblies, 
presents evidence of chromosomal fusion underlying the linkage of mating-type loci and it 
provides evidence, and dating, for evolutionary strata in the mating-type chromosome of 
Microbotryum lychnidis-dioicae.  
In the current manuscript, the authors present evidence for additional independent events and the 
occurrence of similar evolutionary strata in other closely related smut species, and the manuscript 
confirms the same pattern observed in M. lychnidis-dioicae.  
For the present manuscript, the authors have to strengthen the novelty of their findings. “More of 
the same” can be a strong argument to make conclusions about convergent evolution, but then it 
should be emphasized and additional analyses ideally included. This could be, as suggested above, 
a more detailed comparison of the mating type chromosomes and the “autosomal” chromosomes 
in the Microbotryum genus.  
 
>>We have tried to better highlight the novelty of our work by reducing the text on evolutionary 
strata and focusing on convergence of mating-type loci linkage. We have also added autosomal 
comparisons (Supplementary Figs 2 and 4). 
 
Additional comments: 
L. 123: It is unclear how the “Genome comparison” is conducted, but if I understand correctly, it is 
based on blast analyses of the mating type loci? I recommend generating a genome alignment that 
will allow the authors to make a more detailed, and genome-wide, analyses of synteny and gene 
order.  
 
>> We have clarified that we did perform genome-wide comparisons (L151-152: “Whole-genome 
BLAST comparisons revealed five different chromosomal rearrangements and fusions underlying the 
linkage between the HD and PR loci”), and we have added details and Figures (Supplementary Figs 2 
and 4) illustrating genomic comparisons of autosomes, which show high collinearity within species 
and little rearrangements between species. 
 
P. 5-9: More details about the number and predicted function (if available) of genes in the 
rearranged regions should be included in this characterization of the genomic regions involved in 
the re-arrangements.  
 
>> We have reduced the part on evolutionary strata to focus on mating-type loci linkage and the list 
of functions in mating-type chromosomes has been published in the PNAS paper already. 
 
L. 156: I am not sure how to interpret “chaotic rearrangements” 
 



7 
 

>> This term has been deleted. 
 
L. 203-205: This sentence is difficult to follow. Please re-phrase.  
 
>> We have clarified the sentence (L 280-281:” Such young evolutionary strata were defined as 
genomic regions with divergence between the alleles found in a1 genomes and those found in a2 
genomes, but with lower levels of differentiation than for the genomic region ancestrally located 
between the PR and HD loci. We identified these young evolutionary strata by plotting dS levels 
between the alternate alleles along the inferred ancestral mating-type chromosome gene order”). 
 
In the discussion I miss references to other fungal model systems, e.g. Neurospora tetrasperma in 
which similar patterns of rearrangements and recombination suppression are described.  
 
>> We have added references; note however that the situation in N. tetrasperma is different, as 
recombination suppression did not evolve for linking mating-type genes but instead the single 
mating-type locus to the centromere. 
 
L. 733-735: The analysis and dating of “recombination suppression” is not clearly explained. The 
authors use the divergence time of the alleles as the timing of the suppression of recombination. 
The authors should explain better the rationale behind this assumption.  
 
>> We have clarified the method and its rationale, both in the main text and in the material and 
methods. 
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Reviewers' comments:  

 

Reviewer #2 (Remarks to the Author):  

 

The authors have addressed my earlier concerns. The updated manuscript does a much better job 

at contrasting current and previous results.  

 

 

Reviewer #3 (Remarks to the Author):  

 

The authors show with an extensive genome dataset how independent rearrangements have 

caused the linkage of mating type loci across different smut fungi. My main concern with the 

manuscript still relates to the novelty of the study, in particular with respect to the PNAS paper 

Branco et al, 2017. The authors base their analyses on the same type of data including the 

distribution of trans-specific polymorphisms, synteny, dS and recombiantion suppression. The 

model presented in the current manuscript is likewise an extension of the mating-type 

chromosome evolution model shown in the PNAS paper. A main conclusion of the PNAS paper is 

the occurrence of multiple evolutionary strata, a finding that is also presented here although for 

mating type loci of different Microbotryum species.  

 

The new data presented in the revised manuscript include further analyses of the autosomes to 

demonstrate the unique evolution of the mating type chromosomes.  

 

I still find the summary of the whole genome analyses vague. For example, I could not find a 

proper summary of the whole genome assemblies showing the basic statistics. The data is only 

summarized in figure S2 and S4. In figure S2 we miss to see the actual contig length and gene 

number represented on the x-axis. In Figure S4 “well assembled contigs” were used to illustrate 

synteny between genomes. The less well- assembled contigs are likely those that bear the 

signatures of rearrangements and likewise will be enriched in TE. I would like to see a whole-

genome-analyses/quantification of syntenty. This could be represented by a mummer-plot or a 

circo plot giving an overview of the whole genome synteny conservation. We need to see the 

pattern at a genome scale and not only on the best-assembled contig. To fig S4 information about 

the numbers around the circo diagram are missing. I assume they indicate the length in Mb?  

 

Centromeres are mentioned throughout the manuscript, and only at one place in the 

supplementary materials referred to as “putative centromeres”. I could not find a reference to a 

study that has specifically identified and characterized the centromeres in Microbotryum. It is know 

that fungal centromeres can take very different form and range from point centromeres in yeast to 

long regional centromeres as found in Neurospora. If no other data available “putative 

centromeres” would be the right term to use throughout the text.  

 

In the supplementary text I did not find much information about the clustering analyses used to 

generate the data presented in the boxplot in Fig S9. Please provide a more thorough explanation 

of the analysis.  



Reviewers' comments: 
 
Reviewer #2 (Remarks to the Author): 
 
The authors have addressed my earlier concerns. The updated manuscript does a much 
better job at contrasting current and previous results. 
 
>> We thank the referee for these positive comments and the help in improving the 
manuscript. 
 
 
Reviewer #3 (Remarks to the Author): 
 
The authors show with an extensive genome dataset how independent rearrangements 
have caused the linkage of mating type loci across different smut fungi. My main 
concern with the manuscript still relates to the novelty of the study, in particular with 
respect to the PNAS paper Branco et al, 2017. The authors base their analyses on the 
same type of data including the distribution of trans-specific polymorphisms, synteny, 
dS and recombiantion suppression. The model presented in the current manuscript is 
likewise an extension of the mating-type chromosome evolution model shown in the 
PNAS paper. A main conclusion of the PNAS paper is the occurrence of multiple 
evolutionary strata, a finding that is also presented here although for mating type loci of 
different Microbotryum species. The new data presented in the revised manuscript 
include further analyses of the autosomes to demonstrate the unique evolution of the 
mating type chromosomes. 
 
>>As explained in our previous rebuttal letter and highlighted in the manuscript, the main 
result in this study is precisely the convergence of patterns, of both mating-type loci linkage 
and further evolutionary strata, that represents the novelty and striking pattern. The questions 
are very different from our previous paper, while methods are similar, but scientific questions 
matter for originality. Note that we also present novel results on degeneration levels and on 
autosomes comparisons, as acknowledged by the referee. We included some further data in 
the present revised version. 
 
I still find the summary of the whole genome analyses vague. For example, I could not 
find a proper summary of the whole genome assemblies showing the basic statistics. The 
data is only summarized in figure S2 and S4.  
 
>> We have added the information in the Supplementary Table 1. 
 
In figure S2 we miss to see the actual contig length and gene number represented on the 
x-axis.  
 
>> We have added the number of genes and the contig lengths in the legend.  
 
In Figure S4 “well assembled contigs” were used to illustrate synteny between genomes. 
The less well- assembled contigs are likely those that bear the signatures of 
rearrangements and likewise will be enriched in TE. I would like to see a whole-genome-
analyses/quantification of syntenty. This could be represented by a mummer-plot or a 



circo plot giving an overview of the whole genome synteny conservation. We need to see 
the pattern at a genome scale and not only on the best-assembled contig.  
 
>> We have added a supplementary figure with whole genome circos comparisons 
(Supplementary Figure S4 i to n).  
 
To fig S4 information about the numbers around the circo diagram are missing. I 
assume they indicate the length in Mb? 
 
>> We have added this information in all figure legends (indeed length in megabases).  
 
 
Centromeres are mentioned throughout the manuscript, and only at one place in the 
supplementary materials referred to as “putative centromeres”. I could not find a 
reference to a study that has specifically identified and characterized the centromeres in 
Microbotryum. It is know that fungal centromeres can take very different form and 
range from point centromeres in yeast to long regional centromeres as found in 
Neurospora. If no other data available “putative centromeres” would be the right term 
to use throughout the text.  
 
>> We have added more details in the material and methods for explaining how we identified 
centromeres using a method specifically designed for this purpose and we have added 
information on the supplementary figure added (Supplementary Figure S4 i to n). 
 
In the supplementary text I did not find much information about the clustering analyses 
used to generate the data presented in the boxplot in Fig S9. Please provide a more 
thorough explanation of the analysis.  
 
>> The clustering index is described at the end of the material and method section, we have 
clarified this by adding a specific subheading and by referring to the material and method 
section in the legend of the supplementary figure 9. We have also added the script as a 
supplementary method. 
 
 
 
 



REVIEWERS' COMMENTS:  

 

Reviewer #3 (Remarks to the Author):  

 

The authors have addressed the points raised in my previous review. Overall, I think they have 

improved the presentation of their results providing more convincingly the advance and novelty of 

their new findings.  

 

I appreciate the additional analyses of synteny, and I only have one minor point: I am still not 

convinced about the definition of “centromeres” throughout the manuscript. As the specific repeats 

are not proven to be the centromeres, I still have a problem with the strong definition of 

centromeres used here. The correct term would be “putative centromeres”. See Smith et al, 2012 

Centromeres of filamentous fungi. Chromosom. Res. 20: 635–656.  



We have made the last change asked by a referee, to replace “centromeres” by putative centromeres”. 


