
REVIEWER COMMENTS 

Reviewer #1 (Remarks to the Author): 

In this study, the authors use single cell RNA sequencing of the Drosophila larval testis to 

investigate the changes in gene expression on specific chromosomes during spermatogenesis. The 

scRNA-Seq dataset that they generated will be broadly useful for the community as it provides 

transcriptional profiles of many distinct cell types and identifies new genes of interest for future 

study. The methodology and the details of the scRNA-Seq data are clearly described and 

appropriate. The authors analyze these data to better understand the distribution of gene 

expression across different chromosomes during spermatogenesis and find that the levels of gene 

expression on the X chromosome and Chromosome 4 falls and the level of gene expression on the 

Y increases during maturation of the primary spermatocytes. In addition, they show that these 

changes in gene expression are correlated with a decrease in RNA polymerase II phosphorylation 

levels on the X-chromosome. These observations provide new information about the dynamics of 

gene expression in germ cells, but I think that several points should be addressed before 

publication. 

1. A major potential caveat of this study is that the decreases in average gene expression on the X 

chromosome and chromosome 4 may be because the genes involved in these stages of 

spermatocyte differentiation are underrepresented on these chromosomes. Indeed, previous 

reports from some of the authors show that there is a decreased density of testis-biased genes on 

the X, as they mention in the text. The authors attempt to correct for this by looking at both all 

genes expressed by any cell type in their dataset and “widely expressed” genes, defined as genes 

that are expressed by >33% of cells but the validity of this approach is difficult to assess without 

additional information. For example, how often are the germ cells of interest among the 33% that 

express a particular gene in the “widely expressed” gene set? Germ cells enact a very specialized 

program of differentiation so it is quite possible that they would not express many of the genes in 

this set. A better approach may be to systematically analyze genes that are expressed in both the 

germ cells of interest and one or more somatic cell types to avoid this caveat. There may be other 

ways to do this too, but the current approach does not seem sufficient. 

2. The authors should provide more information about how the scRNA-Seq data aligns with the 

bulk RNAseq data in this study and in previous studies. For example, does the decrease in X-

chromosome expression in primary spermatocytes fully account for the dramatic reduction in X-

chromosome expression they observe by bulk RNAseq? If not, what other cell types exhibit this 

phenomenon and how does that fit into their model? Also, the authors mention in the introduction 

that there is evidence for both partial dosage compensation and partial X-chromosome inactivation 

in male germ cells (Page 3). Looking specifically at the regions that were found to be upregulated 

and downregulated in these studies, do the scRNA-Seq data confirm these conclusions (i.e. are the 

same genes affected)? Since X-chromosome gene expression goes down overall during 

spermatocyte differentiation, it would seem that the effects of X-chromosome inactivation 

outweigh the effects of dosage compensation, at least when gene expression across the entire 

chromosome is averaged together. Is this the case? If so, how would the graphs in Fig. 3 look if 

one focused solely on the regions of the X-chromosome thought to be subject to dosage 

compensation or to X-chromosome inactivation? 

3. How do the authors reconcile the contrasting evidence that the euchromatic regions of the X 

have a larger volume, which they state is inconsistent with compaction of the X but are also more 

spherical than Chr. 2L, which they state is consistent with a role for compaction in the regulation 

of gene expression on the X? 

4. I found the second to last paragraph, where the authors discuss their model and the 

implications of their data hard to follow. By the phrase “at least partial X chromosome dosage 

compensation,” are the authors referring to the observation that dosage compensation appears to 

be occurring in spermatogonia but not at later stages, or are they referring to the possibility that 

some regions of the X chromosome may be upregulated while other regions are not (or both)? 

Also, the authors seem to be suggesting that Chromosome 4 shows a similar behavior as the X 



chromosome because it is derived from an ancient X chromosome, but there are no data in this 

study to support a causal relationship here. It is an interesting speculation but the authors should 

discuss more clearly why and how they think that the X and X-derived chromosomes would be 

subject to this effect specifically in germ cells. 

Todd Nystul 

Reviewer #2 (Remarks to the Author): 

Mahadevaraju et al reported important discoveries regarding the expression patterns of Drosophila 

genomes, especially in the X-linked and 4th-linked gene expression throughout the 

spermatogenesis process, using highly resolved single cell RNA-Seq. The finding of decreased X-

genes in primary spermatocytes is important, in accordance with the MSCI hypothesis. The 4th-

linked gene expression provided further evidence, also suggesting some cis mechanism(s) involved 

in the reduced expression in the autosome that used to be a sex chromosome. The data also 

provide clear-cut evidence for the previously arguable dosage compensation hypothesis. 

Furthermore, their analyses of chromosome structure and transcription activity provided 

mechanistic evidence for understanding of how the X-inactivation happens, including interesting 

observations. However, a substantial revision has to be done before acceptance. 

I am mainly concerned with their analysis and interpretation of Y-linked genes. The expression of Y 

chromosome has been taken as a violation to the general prediction of MSCI, which is a major 

claim as a new discovery. There are two issues with this claim: 

1. Firstly, as the Y is a gene-poor chromosome, which is not comparable to the X in gene number. 

With the data of a small number of Y-linked genes, how can it be called “Y chromosome 

expression”? 

2. Secondly, lines 5-7 in Page 8 stated that “This is likely to occur from expression of a few highly 

transcriptionally active Y-linked genes”. How can “a few” highly expressed genes be able to define 

as a general feature of the Y chromosome expression? A counter argument to this would be that 

an inactivated sex chromosome can have a few genes with leaky expression, as an inactivation 

profile of the human X chromosome showed (Carrel and Willard, 2005. Nature 434: 400-404). 

It is clear that the two issues above do not allow a general conclusion of Y chromosomal 

expression given the reported data. It may help to include noncoding expression in the 

comparison. The number of Y-linked genes and the names of “a few highly” transcribed genes 

should be given. 

An additional issue: 

3. Page 8, paragraph 1 “this decreased expression of 4th chromosome genes cannot be due to loss 

of dosage compensation. Instead, a gain of inactivation is the simplest explanation. ” I agree that 

the decreased expression cannot be due to loss of dosage compensation. But there is a 

straightforward reason to doubt the hypothesis of the gain as the simplest explanation because it 

can be just simply inherited from when the 4th was an ancestral X with an ancestral inactivation. 

Minor issues and suggestions: 

4. A minor issue that would be easy to fix is that the introduction paragraph in Page 2 stated 

“Non-mutually exclusive reasons for this reduction include: …. evolutionary re-localization of genes 

required in males off the X chromosome (8, 12, 13)”. The re-localization of genes is not the reason 

but a consequence of the X inactivation. 



5. Ref 12 is an analysis of the RNA-based duplication, although it was the first paper reported the 

re-localization pattern. It was generalized to the DNA-based duplication a few years later 

(Vibranovski et al, 2007. Genome Research 19, 897-903). This paper should be cited together with 

8, 12, 13 to make the point. 

6. Page 7, Paragraph 2, “The “Housekeeping genes”, a name given to a set of genes based on 

expression in a wide range of Drosophila tissue (tau and TSPS) (61, 62) is inappropriate for our 

analysis as it showed poor expression in germ cells.” This is a very interesting observation and 

should be included in Abstract. 

7. Page 7, paragraph 3: “. There was a significant and progressive decrease (P ≤ 0.001) in steady-

state…”. The legend typed as P <= 0.01. They should be same. 

8. Page 19, the last paragraph needs to recompose: the Y chromosome issue above; the last 

sentence “ ‘sex chromosome nature’ could be a conserved aspect …” does not mean much. 

Reviewer #3 (Remarks to the Author): 

In this paper, Mahadevaraju et al performed single-cell RNA-seq of drosophila testes, focusing 

their analysis on the sex chromosomes X and Y, as well as chromosome 4, an autosome derived 

from an ancient X chromosome. The study of sex chromosomes is important for understanding 

evolutionary processes specific to them and how these differ from the autosomes. Sex 

chromosomes also demonstrate interesting regulatory mechanisms that can serve as a paradigm 

for understanding gene regulation in general. As well as providing these insights, the field is 

essential to understanding infertility and sex-biased diseases. 

The authors defined testicular cell populations by comparing gene expressions with published 

spatial expression data. They showed that chromosomes X and 4 have reduced gene expression 

compared to chromosomes 2 and 3 in primary spermatocytes. Immunofluorescence analysis 

suggested reduced activation of RNA Polymerase II being the cause of this repression. The paper 

reports a new resource of single-cell transcriptome in drosophila larval testes. A number of 

analyses needs to be refined to support authors' conclusions. Comments and suggestions for 

experiments are listed below. 

Major comments: 

1) general comment: The novelty and significance of the work need to be clarified more to justify 

strong impact in the field. I appreciate that this work provides a useful resource for drosophila 

testis biology, but scRNA-seq of drosophila testes was already done (Witt et al, eLIFE, 2019) and 

the concept of X chromosome inactivation in male germ cells is not novel (reviewed in Vibranovski, 

J Genomics, 2014). 

2) page 4, fig 1: What is the significance of comparing gene expressions between testis and ovary? 

To show the testis-specific inactivation of chromosomes X and 4, other tissues should be included 

in this analysis. 

3) page 7: Discussion of comparison of X chromosome and autosomes: 

- It is said that “Expression of the single X chromosome relative to the major autosomes 

(chromosomes 2 and 3, each present in two copies) is not significantly different in spermatogonia 

or any of the somatic cell types using either all expressed genes or widely expressed genes (Fig 

3A, B)”. In this sentence it is not clear what the statistical comparison is relative to. In the figure 

caption this seems to be described as relative to the average of the somatic cells. Are they saying 

that gonia are not significantly different to the average of somatic cell types, and that also each 



somatic cell type is not significantly different to the average of somatic cell types? This should be 

explained better. Additionally, I’m not sure that the latter assertion is informative. 

- It is said that “There was a significant and progressive decrease (P ≤ 0.001) in steady-state 

expression of the X chromosome in early, middle and late primary spermatocytes (E1°, M1°, and 

L1°).” Does the statistical test actually show there is a progressive decrease, or is the test just 

showing that each of the spermatocytes is independently significantly less than the average of the 

somatic cells? If the former, the testing need to be explained better, if the latter, the assertion 

needs to be clarified. 

- It is said that “Expression of 4th chromosome genes paralleled what was seen for the X. There 

was a significant and progressive decrease (P < 0.001) in steady-state expression levels in M1° 

and L1° (Fig. 3C, D) compared to expression in spermatogonia.” It seems that the tests for the X 

were performed relative to the somatic cells, not spermatogonia – so if the testing is relative to a 

different cell type for chr4, there is not a ‘parallel’ present. However, there is confusion as to what 

the testing is relative to: the figure caption suggests also that for the 4th chromosome the tests 

were done relative to the somatic cells – so the mention of significant decrease relative to the 

spermatogonia here is a confusing one which should be clarified. 

4) page 8: It is said that “We observed poor expression of the Y in somatic cells, and increased 

expression in E1°, M1°, and L1° primary spermatocytes. This is likely to occur from expression of 

a few highly transcriptionally active Y-linked genes originally identified by the cytologically visible 

Y-chromosome loops present at these stages (64, 65).” If the authors have the data available, can 

they not test this likely scenario and confirm or deny it? 

5) page 8: It is said that “The decrease in sex chromosome expression in M1º and L1º did not 

reflect an overall decrease in total gene expression compared to somatic lineages”. However, it 

has just been shown that Y chromosome expression does not decrease. Previous assertions for 

chrX and chr4 do not show a decrease in sex chromosome expression, they show a decrease in 

expression relative to the autosomes, which is a different measure. 

6) page 8, fig 4C-F: Overlap with DAPI-dense region doesn't necessarily correlate to inactivation 

as 2L-euc-positive region is also DAPI-dense (fig 4E). Does any heterochromatin marker protein 

specifically localise on the chr X/4 territory? 

7) page 9, fig 4G-H: Volume should be normalised by chromosome length covered by each probe. 

Chromosomes 3 and 4 should be included in these data. 

Minor comments: 

8) general comment: Please insert line numbers to help reviewers to refer points. 

9) general comment: Please use colour-blind friendly colouring in figures. 

10) general comment: Throughout the paper the ‘Seq’ in ‘scRNA-seq' is capitalised. This is not how 

it is found in the literature and should be changed to ‘seq’ to match. 

11) general comment: Throughout the paper there is a mixture of ‘Fig N’ and ‘Fig. N’. These should 

be changed to be consistent throughout. 

12) page 3: It is not clear why they are using L3 larvae instead of adults and what 

benefit/questions this brings. Previous work has done scRNA-seq on adult testis (eg. Witt et al, 

eLIFE, 2019). Maybe something specific about Drosophila biology makes this important? This 

should be made clear for readers. Should also perhaps be mentioned in the abstract at least? 

13) page 4: “expression of male-specific Y chromosome was highly testis-biased" is an unusual 

thing to conclude since Y chromosome is only present in testis, there can be no ‘bias’ relative to 



ovaries in the standard sense of the word. 

14) page 4: "We identified 18,965 single cells across three biological replicates (Spearman ρ ≥ 

0.93, P < 0.001; Table S1)”. In this context I do not think it is clear what the Spearman’s rank 

refers to. It sounds like it is somehow related to the number of cells when placed after the current 

sentence, while examining Table S1 shows it is related to gene expression ranks. 

15) page 5: replacing “RNA-seq” with “bulk RNA-seq" would make this explanation clearer, 

especially when it is mentioned right after scRNA-seq. 

16) page 7: “widely expressed genes” are defined as genes expressed in > 33% of all cells in the 

single cell data. Is expression of these genes biased to specific cell types? 

17) page 7: “Drosophila tissue” --> “Drosophila tissues” 

18) page 7: “dosage compensation” is used to refer to X upregulation in a number of places 

throughout the manuscript. The term “dosage compensation” generally is used to refer to both X 

upregulation and X chromosome inactivation mechanisms, and so care should be taken not to use 

the generic term in describing just one of the mechanisms it encompasses, particularly when 

talking about both of them in the same paragraph. 

19) page 7: Please define "steady state expression" of chrX. Is “steady state expression” a term 

used commonly to refer to “expression relative to autosomes”? If so, this is fine. If not, then it 

could be easily misunderstood that their data is showing the transcription from the X absolutely 

decreases, when in fact it is the ratio of transcriptional activity between X and autosomes that is 

shown to be decreasing. 

20) page 8, second paragraph: How often does chr 4 localise in the region including chr X? Please 

add the conclusion of this section. 

21) page 8: the sentence “Spermatocyte chromosomes are represented (Fig.4).” does not make 

sense in isolation, I think this sentence has been accidentally inserted. 

22) page 8: I think “X chromatin heterochromatic satellite sequences” should read “X chromosome 

heterochromatic satellite sequences”. 

23) page 10: “This suggests that sex chromosome, not copy number, determines activity in 

primary spermatocytes.”.This sentence does not make sense in this form. I think the sentiment is 

“This suggests that some property intrinsic to sex chromosomes modulates their expression in a 

way independent of copy number”? 

24) page 10: the sentence “Where X-like chromosomes are inactivated and the Y-like 

chromosomes are highly expressed.” does not make sense in isolation, I think this sentence has 

been accidentally inserted. 

25) page 10: It is unclear what "sex chromosome nature" means. 

26) figure 1: 

- X and Y chromosomes should be next to each other on the axis. 

- Y axis label should explain better what the measure is (I think ‘average gene expression’, not 

just ‘expression’). 

- X axis title of ‘chromosome arm’ is unsuitable since X and Y are not arms. Change to something 

like ‘scaffold’ or ‘location’. 

27) figure 2: 



- D-I: bottom right panel is difficult to read: Having it as a line graph does not make sense as the 

data is not a series. Bar graphs should be used instead. X axis labelling being only on the last 

panel makes it hard to read for other panels, if barchart was used with bars colour-coded to match 

the cell types as in panel A/B, this may be clearer. 

- E: line graph suggests highest expression in Gonia and E1º, but IF image seems to show higher 

expression in M1º/L1º (based on the cartoon in panel A)? 

28) figure S1: there are no scale bars on panels A and B. 
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1  Response to review of: 

2  Dynamic Sex Chromosome Expression in Drosophila Male Germ Cells, Mahadevaraju et al. 

3   

4   

5  Nature Communications 

6   

7   

8  We have provided a point-by-point response to the reviewers’ comments below. The original 

9  review is in black followed by our response in blue. We have added line numbers (one of the 

10  suggestions) and all changes in the manuscript text file have been noted by blue text and the 

11  corresponding line numbers are referenced in the response. You will notice the large contribution 

12  of new blue text to the manuscript.    

13   

14  REVIEWER COMMENTS 

15   

16  Reviewer #1 (Remarks to the Author): 

17   

18  In this study, the authors use single cell RNA sequencing of the Drosophila larval testis to 

19  investigate the changes in gene expression on specific chromosomes during spermatogenesis. 

20  The scRNA-Seq dataset that they generated will be broadly useful for the community as it 

21  provides transcriptional profiles of many distinct cell types and identifies new genes of interest 

22  for future study. The methodology and the details of the scRNA-Seq data are clearly described 

23  and appropriate. The authors analyze these data to better understand the distribution of gene 

24  expression across different chromosomes during spermatogenesis and find that the levels of gene 

25  expression on the X chromosome and Chromosome 4 falls and the level of gene expression on 

26  the Y increases during maturation of the primary spermatocytes. In addition, they show that these 

27  changes in gene expression are correlated with a decrease in RNA polymerase II phosphorylation 

28  levels on the X-chromosome. These observations provide new information about the dynamics 

29  of gene expression in germ cells, but I think that several points should be addressed before 

30  publication. 

31   

32  We are delighted that the major points we were trying to make seem clear, and endeavored to 

33  make the suggested changes and better explain our choices to Nature Communications readers. 

34   

35  Thank you for the questions relating to some important points that we glossed over in the 

36  original submission.  You’ve helped make this a much better paper.  

37   

38  1. A major potential caveat of this study is that the decreases in average gene expression on the 

39  X chromosome and chromosome 4 may be because the genes involved in these stages of 

40  spermatocyte differentiation are underrepresented on these chromosomes. Indeed, previous 

41  reports from some of the authors show that there is a decreased density of testis-biased genes on 

42  the X, as they mention in the text.  

43   

44  This is correct.  In fact, it is integral to the nature of our arguments for how gene content arose on 

45  the sex chromosomes in the course of evolution (Rice, Charlesworth, Long, Chung-I Wu, Oliver, 
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etc labs).  The problem with gene content and expression on the sex chromosomes is a classic 46 
causality dilemma.  In a nutshell, the model is that antagonistic sexual selection leads to 47 
feminization or demasculinization of X chromosomes by gene extinction or movement, which is 48 
permissive for X inactivation. Chromosome-wide inactivation is without question a strong 49 
selective force that would lead to further movement of genes required in spermatocytes to other 50 
parts of the genome or expressing them precociously prior to inactivation.  We did not do a good 51 
enough job setting up this problem in the beginning of the paper.  We have added text at the 52 
beginning of the paper that clearly states this problem. We have also added a new model (figure 53 
7) to the end of the paper.     54 

 55 

Main Text Line 86: Given the dramatic differences in the gonads and gametes between the sexes, the optimal male and 56 
the optimal female genome will differ. For autosomes, which reside in each sex in equal dose, selection is balanced.  In 57 
stark contrast, sex chromosome residency is not balanced.  In a population with equal numbers of males and females, 58 
2/3rds of X chromosomes reside in females.  The X chromosome residency profile is expected to result in more 59 
opportunities for selection of alleles favoring females. The Y, of course, resides only in males and is under selection 60 
only in males. The presence of a homolog is also important.  The single X and single Y chromosomes in males are 61 
under immediate selection, while only alleles with some degree of dominance are immediately selected in females. 62 
Assuming that there is at least subtle dominance 29, then the X chromosome should be both feminized and 63 
demasculinized (alleles with female advantage selected for, and alleles with male advantage selected against), and the 64 
Y should be both masculinized and defeminized  8,13. These patterns have been observed in Drosophila species, where 65 
expression from the X chromosome is reduced, and where genes required in males have evolutionarily relocated to 66 
other chromosomes 12.  Evolutionary arguments for sex chromosome gene content and expression present an 67 
interesting causality dilemma.  In the model, antagonistic selection for female functions on the X drives removal of 68 
genes that males need for development from the X. Removal of those genes is permissive for events such as X 69 
inactivation in the male germline18.    It then follows that X inactivation in the male germline would provide even more 70 
selective pressure against X genes with male-biased functions.  In this work, we ask if sex chromosome expression is 71 
dynamic at tissue and single cell resolutions.    72 

 73 

Main Text Line 430: Mechanistically, the reduced expression of the X and 4th chromosomes in spermatocytes correlates 74 
with the failure to activate RNA Pol-II. The Y chromosome is concomitantly active. This beg the question, why?  This 75 
expression pattern could be due to the simple absence of genes expressed in spermatocytes on the X and 4th 76 
chromosomes and the presence of genes that must be expressed from the Y chromosome (Fig 7A). If there are few 77 
genes expressed, there will be little active Pol-II ipso facto. However, expression of “housekeeping” genes suggests a 78 
chromosome-wide decrease in X and 4th expression. A prediction of a pure gene content model is that genes newly 79 
arriving on the X with would be expressed, as evolutionary modification of regulation takes time. In fact, the autosomal 80 
ocnus  gene is precisely expressed in spermatocytes, but shows extremely reduced reporter activity when inserted onto 81 
the X 28. This is consistent with a model where the X is a generally unfavorable environment for spermatocytes gene 82 
expression, due to either chromosome- or territory-level repression (Fig. 7B,C).  This is reminiscent of meiotic sex 83 
chromosome in mammals, where X chromosome expression is high in spermatogonia, followed by X inactivation 84 
associated with a distinct organelle like XY body15. The inactivation of both the X and Y chromosomes in mammals may 85 
be a special case of a more general inactivation of unpaired chromosome regions in a genomic defense model 16. Lack 86 
of homology could signal intruding transposable elements seeking to hijack the germline for vertical transmission to 87 
the next generation. Active recognition and silencing would be useful to the host organism. We observed two violations 88 
of the prediction that unpaired chromosomes are silenced in primary spermatocytes. Specifically, the 4th chromosome 89 
would be active, and the Y would be inactive in the simplest versions of this model. However, the 4th has retained its X 90 
chromosome-like silencing despite having two copies and the Y is maximally expressed in spermatocytes despite having 91 
a single copy. One way to achieve this would be the creation of a repressed territory occupied by both the X and 4th 92 
chromosomes  (Fig. 7C). The evolutionarily retained inactivation of the 4th could be due to this localization, perhaps 93 
originally triggered by monosomy in ancestral species. It is also possible that the non-recombining 4th chromosome 4 is 94 
not recognized as having a homolog. The single Y is highly diffuse and very little of it is in this repressed territory. 95 
However, allele-specific expression of the Y-linked rRNA genes drive the activity of the nucleolus 75, so at least part of 96 
the Y is expressed while in a repressed territory. It is possible that Y-linked genes, including the rDNA cluster, required 97 
for spermatogenesis escape inactivation as occurs for a subset of X linked genes on inactive X chromosomes in 98 
mammals 82. Interestingly, X to 2nd or 3rd chromosome translocations result in breakpoint-independent dominant male 99 
sterility, whereas X to 4th do not  74. Spreading repression or activation along a chromosome element, or relocation of 100 

https://paperpile.com/c/gYJAtn/iuOoR
https://paperpile.com/c/gYJAtn/iS4mA
https://paperpile.com/c/gYJAtn/Nt834
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https://paperpile.com/c/gYJAtn/H8PV3
https://paperpile.com/c/gYJAtn/SK9Xq
https://paperpile.com/c/gYJAtn/Rrtf4
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parts of elements to novel territories might result in such a phenotype. Experiments to test these models will help us 101 
understand the evolution of sex chromosome expression in flies, and probably many other species.    102 

          103 

The authors attempt to correct for this by looking at both all genes expressed by any cell type in 104 
their dataset and “widely expressed” genes, defined as genes that are expressed by >33% of cells 105 
but the validity of this approach is difficult to assess without additional information. For 106 
example, how often are the germ cells of interest among the 33% that express a particular gene in 107 
the “widely expressed” gene set?  108 

Germ cells enact a very specialized program of differentiation so it is quite possible that they 109 
would not express many of the genes in this set. A better approach may be to systematically 110 
analyze genes that are expressed in both the germ cells of interest and one or more somatic cell 111 
types to avoid this caveat. There may be other ways to do this too, but the current approach does 112 
not seem sufficient.  113 

 114 

We absolutely wanted to measure gene expression in the germline, so we did check carefully to 115 
ensure that the cell types of special interest expressed the widely expressed genes represented.  116 
Specifically, using widely expressed genes gives particularly good coverage in the germline. For 117 
example, 82% of spermatogonia express a CTSP gene, which is roughly the same as in somatic 118 
cells (52-76% of cells).  Briefly, we had done everything suggested above prior to the first 119 
submission. The problem is that we failed to bring the reader along with appropriate text and 120 
figures.  It is also important to consider all the genes as well as subsets, which we fear got a bit 121 
lost. We have rearranged this section completely, by first looking at all gene expression in figure 122 
3, which is similar to the previous version, but with the widely expressed genes (now scored as a 123 
Cell Type Specific index CTSP) left out. This allows us to introduce the main result cleanly. 124 
Using all genes is the closest to raw results, showing that no special selection of gene sets is 125 
needed for our conclusions. We then raise the caveat noted by the reviewer, and finally provide 126 
the resolution in a formal analysis.  This has resulted in a completely new Figure 4 and 127 
completely new paragraphs in the main text (see below),  that highlights the results of using 128 
different metrics for “housekeeping” genes. We go through what functions are encoded by those 129 
genes, where they are expressed in the testis, and how the different gene sets affect the results.  130 
This takes some space, but we think it is well used.  131 
 132 

Main text Line 301: Since genes with high expression in the testis are not uniformly distributed in the genome 8,13, it 133 
was possible that the reduced expression of the X and 4th chromosomes was due to the absence of genes highly 134 
expressed in spermatocytes rather than a chromosome-wide reduction in expression due to a more global inactivation. 135 
A way to avoid this potential confounding effect, is to explore the expression of widely expressed “housekeeping” 136 
genes. We explored three data-driven methods to determine X and 4th chromosome expression of genes with 137 
housekeeping functions. In the first two methods, we used low tissue-specificity genes based on Ταυ and Tissue 138 
Specificity Score (TSPS) using our data 68,69.  The third method was a more granular low cell-type specificity metric 139 
within in the scRNA-seq experiments (CTSP). Specifically, a set of widely expressed genes expressed in > 33% of all cells. 140 
These methods reduced the expressed gene set numbers to varying degrees, with CTSP being the most stringent (Table 141 
1). The Y chromosome was expressed in an exquisitely tissue-specific matter and has no widely expressed genes using 142 
any metric.  To determine if the functions of these three reduced gene sets are consistent with generic gene function, 143 
we systematically analyzed Gene Ontology (GO) enrichment for all three subsets of genes (Fig. 4A; Table S5). There 144 
are differences in function in the three gene sets.  For example, in the Molecular ontology, enzymes were enriched in 145 
Ταυ and CTSP gene sets, while regulators (which are less likely to be generic) were more enriched in the Ταυ gene set. 146 
In the Biological ontology, all three sets were enriched for protein metabolism, consistent with “housekeeping”, but 147 
the tissue-level Ταυ and TSPS gene sets were enriched for genes with development and female gamete functions, 148 
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which is not commonly thought to be generic. Housekeeping genes are often highly expressed.  All the reduced gene 149 
sets had higher median expression than all expressed genes, but elevated expression was most pronounced in the 150 
CTSP gene set (Fig. 4B-E).  Additionally, the CTSP gene set showed greater uniformity in expression levels across cell 151 
types. Based on these results, we concluded that the CTSP gene set was the best subset for exploring expression of 152 
“housekeeping” genes.  153 

We then used the reduced gene sets to examine expression of the X and 4th chromosomes in all testis cell types. 154 
Importantly, when we examined relative expression, all three reduced gene sets showed significantly reduced X/A 155 
expression in germline cells (Fig. 4F-H). However, Ταυ and TSPS gene sets showed reduced X expression in all cell types 156 
resulting in X/A ratios approaching 0.5 in both somatic and germline cells (Fig 4F,G). At face value, failed dosage 157 
compensation might be expected to approach 0.5.  These observations suggest a reason for the previous conclusion 158 
that there is no dosage compensation in male germline 11 following the analysis of widely expressed genes using 159 
tissue-specificity scores. This conclusion is likely spurious, as testis somatic cells express the dosage compensation 160 
genes (File S1) and the protein complex decorates the X in those somatic cells as occurs in X-chromosome dosage 161 
compensation in other somatic cells 23. In contrast, the CTSP gene set showed reduced X chromosome expression, 162 
approaching 0.5, only in the late primary spermatocytes (Fig. 4H).  Spermatogonia and somatic cells showed X/A 163 
rations approaching 1.0. Like the analysis of all expressed genes (Fig. 3), the parsimonious explanation is that 164 
spermatogonia show dosage compensation and spermatocytes show inactivation or reduced X chromosome 165 
compensation.  166 

We similarly examined expression of the reduced gene sets for the 4th chromosome. Genes with low Ταυ were over-167 
represented on the 4th chromosome, especially in M1o germ cells and C1 somatic cells, resulting in an exaggerated 168 
over-expression relative to the major autosomes across all cell types (Fig. 4H), while low TSPS and CTSP resulted in 169 
significantly lower relative expression of the 4th chromosomes only in spermatocytes (Fig. 4I,J). The magnitude of 170 
spermatocyte decrease was magnified when we used the CTSP gene set, but overall the 4/A ratios were near 1.0 (Fig. 171 
4J). The large sample size of cells resulted in tightly centered distributions, but note that the number of genes 172 
contributing the 4th chromosome measurements was small (Table 1). To briefly summarize, we observed a decrease in 173 
X and 4th chromosome expression with all genes (Fig. 3) and with reduced gene sets (Fig. 4), suggesting a 174 
chromosome-wide change in gene expression in spermatocytes, and not simply a reduced number of X-linked and 4-175 
linked genes with male-biased expression.   176 

 177 
2. The authors should provide more information about how the scRNA-Seq data aligns with the 178 
bulk RNAseq data in this study and in previous studies. For example, does the decrease in X-179 
chromosome expression in primary spermatocytes fully account for the dramatic reduction in X-180 
chromosome expression they observe by bulk RNAseq?  181 
 182 
We agree that this should have been clearer. While we did mention the high correlation between 183 
the bulk RNASeq and the sum of the scRNASeq, we did not include any detailed analysis.  This 184 
has now been added. In terms of gonads, gene expression in spermatocytes explains the bulk 185 
gonad analysis. We have added two new panels to figure 2 (Fig. 2C,D) and new text.   186 
 187 

Main text line 190: If we captured the majority of the cells and cell types, then we should observe a strong correlation 188 
between RNA-seq from the whole organ and the total of all single cells.  Indeed, the correlation between replicated 189 
bulk RNA-Seq from whole L3 testes and sum of single cells from L3 testes was significant (Fig. 2C; Table S3), indicating 190 
that major cell types are well represented in our scRNA-seq dataset. Gene Set Enrichment Analysis GSEA on the ten 191 
clusters indicated that genes with male-biased expression in whole gonads are also enriched in germ cells relative to 192 
somatic cells in the L3 gonad (compare red and blue plots, Fig. 2D). Thus, the germline is the major contributor to the 193 
pattern of sex-biased expression of the X, Y, and 4th chromosomes.    194 

 195 
If not, what other cell types exhibit this phenomenon and how does that fit into their model?  196 
 197 
In the past, we and others have observed altered sex chromosome expression in other tissues.  198 
For example, we previously observed modestly reduced expression of the male X in the 199 

https://paperpile.com/c/gYJAtn/hc9UD
https://paperpile.com/c/gYJAtn/s63kB
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remaining carcass of gonadectomized male samples. To address this more directly we have 200 
added an analysis at the tissue-level. This provides the most granular data to date on this problem 201 
(although the Fly Cell Atlas will soon exceed this). These new data (128 RNA-seq samples) on 202 
chromosome element distributions of genes with sex-biased expression are in the completely 203 
new Figure 1. These data nicely show the truly special sex chromosome expression (X, Y and 204 
4th) in the gonads, which we map to the spermatocytes two figures later. There are sex 205 
chromosome effects in other tissues, which is beyond the scope of this manuscript, but the salient 206 
point is that only testis provides us with reduced expression of the X and 4th and incre3ased 207 
expression from the Y. 208 
 209 

Main text line 106: Drosophila have X and Y sex chromosomes, two major autosome pairs and a pair of “dot” 4th 210 
chromosomes (Fig. 1A).  The Y and 4th chromosomes are gene poor, while the remaining chromosome arms are gene 211 
rich (Fig. 1B). To examine sex-biased gene expression patterns, we focused on the distribution of male-biased gene 212 
expression across chromosomes or chromosome arms (chromosome elements) for each tissue. We measured adult gene 213 
expression (quadruplicates) in the whole body (Fig. 1C) as well as seven tissues (Fig. 1D-J): head, thorax (viscera 214 
removed), abdomen (viscera and all reproductive organs removed), viscera (including digestive and excretory organs), 215 
reproductive tract (gonads and genitalia removed), terminalia (including genitalia and analia), and gonads in females 216 
and males from two strains. We found a significant deviation from random (we use p < 0.01 throughout this study) in 6 217 
sample types, including the whole body, head, thorax, viscera, reproductive tract, and gonad (𝛘2 test of independence). 218 
To examine which chromosome elements contribute to this non-randomness, we performed a post hoc analysis (𝛘2 test) 219 
for each chromosome element (Table S1). Sex chromosomes and former sex chromosomes are the major contributors 220 
to the non-randomness.  221 

For X-chromosomes, we observed underrepresentation of male-biased gene expression in the whole body from either of 222 
two wildtype strains (Fig. 1C), as previously reported 8. In heads, we observed a slight enrichment in male-biased gene 223 
expression in one strain (Fig. 1D). In contrast, we observed a reduction in male-biased gene expression in the 224 
reproductive tract (Fig. 1H). The reproductive tract pattern of X chromosome expression is difficult to explain by 225 
absence of germline X chromosome dosage compensation or meiotic sex chromosome inactivation, since there are no 226 
germ cells in this tissue.  By elimination, this suggests that sexual selection drives gene expression patterns of X-227 
chromosome expression in the reproductive tract. In the gonads, we observed an underrepresentation of male-biased 228 
gene expression (Fig. 1J), as previously reported 8.   229 

Males with no Y chromosome are viable, but sterile and the Y chromosome is known to be expressed in spermatocytes 230 
30. However, the tissue-specific Y chromosome gene expression pattern is poorly described. We report that Y-231 
chromosome gene expression was detectable only in whole males and gonads (Fig 1C, J).  232 

The 4th chromosome showed a decrease in male-biased gene expression in the whole body in one strain (Fig. 1C), an 233 
increase in male-biased gene expression in the thorax in one strain (Fig. 1E), and most strikingly, a decrease in male-234 
biased expression in the gonads of both strains (Fig 1J). As a former X chromosome, 4th chromosome expression in the 235 
gonads was especially interesting as it mirrored the X-chromosome underrepresentation of male-biased gene 236 
expression. Additionally, and unlike the X chromosome, 4th chromosomes are present in two copies in males. Because 237 
there are two copies of the 4th chromosome genes, under-representation of male-biased expression cannot be explained 238 
by the absence dosage compensation. In summary, only gonads show sex-biased expression of the Drosophila X, Y, and 239 
4th chromosomes.    240 

 241 

Also, the authors mention in the introduction that there is evidence for both partial dosage 242 
compensation and partial X-chromosome inactivation in male germ cells (Page 3). Looking 243 
specifically at the regions that were found to be upregulated and downregulated in these studies, 244 
do the scRNA-Seq data confirm these conclusions (i.e. are the same genes affected)? Since X-245 
chromosome gene expression goes down overall during spermatocyte differentiation, it would 246 
seem that the effects of X-chromosome inactivation outweigh the effects of dosage 247 
compensation, at least when gene expression across the entire chromosome is averaged together. 248 
Is this the case? If so, how would the graphs in Fig. 3 look if one focused solely on the regions of 249 

https://paperpile.com/c/gYJAtn/iS4mA
https://paperpile.com/c/gYJAtn/iS4mA
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the X-chromosome thought to be subject to dosage compensation or to X-chromosome 250 
inactivation? 251 
 252 
We did not explain this well.  Dosage compensation and inactivation are separated by time, not 253 
location on the X chromosome.  We have purged the word “partial”, and state more definitively 254 
and plainly, that spermatogonia show dosage compensation and spermatocytes show 255 
inactivation. We previously looked very carefully at whether there were X chromosome regions 256 
with dosage compensation (Gupta et al 2003), and assure the reviewers and editor that we did 257 
carefully look for regional differences along the X, both in terms of upregulation in 258 
spermatogonia and inactivation in spermatocytes in this study, but failed to find any overt 259 
patterns for immediate follow-up.  Below is an example of a read pile-up showing reads from the 260 
scRNA-seq distributed along the entire genome. There are no obvious patterns of regional 261 
dosage compensation. 262 

 263 
 264 
3. How do the authors reconcile the contrasting evidence that the euchromatic regions of the X 265 
have a larger volume, which they state is inconsistent with compaction of the X but are also more 266 
spherical than Chr. 2L, which they state is consistent with a role for compaction in the regulation 267 
of gene expression on the X? 268 
 269 
There are only a few papers on Drosophila X chromosome compaction in spermatocytes, and 270 
these were often described rather than shown, or illustrated using camera lucida methods 70+ 271 
years ago.  The idea that there is precocious condensation of the X exists in literature, but has not 272 
been examined carefully using modern methods. We felt like this should be in the paper, even 273 
though the conclusions are ambiguous. We are prepared to remove these data if the editor and 274 
reviewers disagree.  275 
 276 
The normalization statement was garbled, which may contribute to misunderstanding. There is 277 
some compaction of the X, but this disappears after correcting for the copy number of 2L (divide 278 
by 2).  We now show pre- and post-copy number correction in a new panel in the new Figure 5. 279 
We have rewritten the corresponding text and added blunt statements about failed reconciliation, 280 
as well as our uncertainty about the validity of the copy number correction. We have also 281 
expanded the sphericity text. This measurement is volume corrected by nature:  = 282 
((π^(1/3))(6Volume)^(2/3))/(Area) 283 
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 284 
There is clearly a lot of future work needed, including by genome-wide accessibility and ChiP 285 
type experiments. Unfortunately, our access to the imaging core has been limited by the covid 286 
pandemic.  The additional sequencing is beyond the scope of this manuscript. We are confident 287 
in the data we present and believe that these are useful for the community.  288 
 289 

Main text line 375: The locations of the satellite sequences identify the territories, but we were most interested in 290 
chromosome structure in gene rich euchromatic regions. Hence, we used oligopainting to examine the euchromatic 291 
portions of the X chromosome for evidence of compaction that might accompany inactivation. Oligopaint probes show 292 
that inactive X chromosomes have greater compaction (decreased volume) and increased sphericity compared to active 293 
X chromosomes in mammalian cells 72,76, so we measured both these parameters. We probed similar sized euchromatic 294 
regions of the X chromosome (22.3 Mb) and the left arm of the 2nd chromosome (2L, 22.7 Mb) with oligopaints (Fig. 295 
5E). We converted raw in situ data in Imaris to create masks (n=23) of pixel intensities (Movie1) and obtained 296 
volumetric measurements of the X and 2 territories (Fig. 5G). We found a that probe length corrected X chromosome 297 
volume was reduced relative to chromosome 2L suggesting (Fig. 5H).  This was not significant at the p < 0.01 level we 298 
have used in this work (p = 0.03).  However, when we corrected the data to account for 2L copy number (divided by 299 
two), the X had significantly greater volume than 2L (Fig. 5I) which was inconsistent with inactivity resulting from 300 
compaction. The assumption that volume scales with copy number is of dubious validity. Interestingly, the X 301 
chromosome was significantly more spherical than 2L (Fig. 5J), which was consistent with the hypothesis that 302 
compaction accompanies inactivation for regulation of X expression in Drosophila primary spermatocytes. In 303 
mammals, the inactive X has a sphericity (ψ) of 0.67, while the active X has ψ = 0.57 72,76.  We found that the 304 
Drosophila spermatocyte X had ψ = 0.58, while 2L had ψ = 0.53.   Collectively, these results do not provide strong 305 
evidence that Drosophila spermatocyte X chromosome activity is regulated by overall condensation levels.  306 

 307 
4. I found the second to last paragraph, where the authors discuss their model and the 308 
implications of their data hard to follow. By the phrase “at least partial X chromosome dosage 309 
compensation,” are the authors referring to the observation that dosage compensation appears to 310 
be occurring in spermatogonia but not at later stages, or are they referring to the possibility that 311 
some regions of the X chromosome may be upregulated while other regions are not (or both)?  312 
 313 
Yes, we were referring to the temporal switch in the lineage between dosage compensation in 314 
spermatogonia, by upregulation of the X followed, by X inactivation in spermatocytes.  As 315 
outlined above, we have dropped the misleading term “partial”, which already helps. We have 316 
rewritten this paragraph to emphasize the dynamic change over time/stage.   317 
 318 

Main text line 416:  Our data clearly support a dynamic model, where X chromosomes are expressed at a higher rate 319 
in spermatogonia than one would expect based on DNA copy number alone, supporting the idea of X chromosome 320 
dosage compensation in the pre-meiotic male germline.  This initial up-regulation of X chromosome expression is 321 
followed by a dramatic decrease. We suggest that lower expression of the X in early meiosis is not due to the absence 322 
of X-chromosome dosage compensation in the germline 11, but to an even more extreme reduction in gene expression 323 
due to silencing 10,79. While the canonical dosage compensation pathway, acting to up-regulate X expression, is absent 324 
in male germ cells 23,24, there is also evidence for non-canonical dosage compensation in testis 21,27. The mechanism of 325 
germline dosage compensation in Drosophila is unknown. Our data provides an important new argument against failed 326 
dosage compensation in the male germline as a cause of reduced X chromosome expression in spermatocytes, based on 327 
the fact that the 4th chromosome undergoes a similar dramatic decrease in transcript levels, despite being present in 328 
two copies. Silencing of genes in spermatocytes is independent of copy number. 329 

 330 

Also, the authors seem to be suggesting that Chromosome 4 shows a similar behavior as the X 331 
chromosome because it is derived from an ancient X chromosome, but there are no data in this 332 
study to support a causal relationship here. It is an interesting speculation but the authors should 333 
discuss more clearly why and how they think that the X and X-derived chromosomes would be 334 

https://paperpile.com/c/gYJAtn/qCh82+5s2Ty
https://paperpile.com/c/gYJAtn/qCh82+5s2Ty
https://paperpile.com/c/gYJAtn/hc9UD
https://paperpile.com/c/gYJAtn/kVkWJ+nV2vW
https://paperpile.com/c/gYJAtn/s63kB+LsPo1
https://paperpile.com/c/gYJAtn/oOEPf+SIKFU
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subject to this effect specifically in germ cells. 335 
 336 
That the 4th was once an X chromosome is based on the literature (especially from the Bachtrog 337 
lab), and is reasonably established. That the 4th chromosome shows X-like expression is new and 338 
was poorly explained. Causality is often speculative and our conclusions can be labelled as such, 339 
but the logic is reasoned. We have explained that logic more extensively. This has resulted in 340 
new text in several places. There is new introductory text, and the completely new Figure 1A,B. 341 
There is also new text on the 4th related to the new bulk RNA-seq. 342 
 343 

Main text line 106:  Drosophila have X and Y sex chromosomes, two major autosome pairs and a pair of “dot” 4th 344 
chromosomes (Fig. 1A).  The Y and 4th chromosomes are gene poor, while the remaining chromosome arms are gene 345 
rich (Fig. 1B). 346 

Main text line 134:  The 4th chromosome showed a decrease in male-biased gene expression in the whole body in one 347 
strain (Fig. 1C), an increase in male-biased gene expression in the thorax in one strain (Fig. 1E), and most strikingly, 348 
a decrease in male-biased expression in the gonads of both strains (Fig 1J). As a former X chromosome, 4th 349 
chromosome expression in the gonads was especially interesting as it mirrored the X-chromosome underrepresentation 350 
of male-biased gene expression. 351 

We have data in Figures 3 and 4 showing that the X and 4th have a similar pattern of expression 352 
during male germline development. We have tried to be clearer in discussing these patterns. 353 
 354 

Main text, line 277:  Expression of 4th chromosome genes parallels what was seen for the X (Fig. 3B). The expression 355 
ratio of the two 4th chromosomes relative to the two sets of major autosomes hovered near 1. There was a significant 356 
decrease in relative 4th chromosome expression in middle and late primary spermatocytes (M1°, and L1°) compared to 357 
expression in either spermatogonia or somatic cells. Since we can rule out failed dosage compensation as a cause of 4th 358 
chromosome decreased expression, there must be a gain of inactivation during the developmental transition from 359 
mitotic spermatogonia to meiotic spermatocytes. This X chromosome like behavior may reflect the evolutionary history 360 
of the 4th chromosome; specifically, that the 4th retained X-inactivation after reacquiring autosomal status. 361 

Main text line 349: To briefly summarize, we observed a decrease in X and 4th chromosome expression with all genes 362 
(Fig. 3) and with reduced gene sets (Fig. 4), suggesting a chromosome-wide change in gene expression in 363 
spermatocytes, and not simply a reduced number of X-linked and 4-linked genes with male-biased expression.   364 

 365 

Part of the evidence that the 4th is linked to X is co-localization in the X chromosome territory of 366 
primary spermatocytes, which is now explicitly stated and includes a new figure panel (Figure 367 
5F) that was in the supplement originally.  We also raise the point that the paucity of active Pol-368 
II in the X territory includes the imbedded 4th.    369 
 370 

Main text line 369:  The 4th is often, but not always, near the nucleolus 72. We observed that the X was universally near 371 
the nucleolus (median distance 0.2 µm) and the 4th was nearly as close (median distance 0.7 µm), well within the same 372 
prominent territory (Fig. 5D,F). Since the 4th occupies the same territory as the X, these chromosomes could be 373 
regulated independently, or coordinately, due to territory-level regulation. 374 

Main text line 413:  These data indicate that the decline in X chromosome transcripts seen by scRNA-seq is due to a 375 
block in the transcriptional cycle regulated by CTD tail phosphorylation. Given that the 4th is also in this territory, it 376 
may be subject to the same fate.  377 

 378 

Finally, we include more discussion of the 4th and X in the new model figure 7 and associated 379 
text.      380 

 381 
Main text line 430:  Mechanistically, the reduced expression of the X and 4th chromosomes in spermatocytes correlates 382 
with the failure to activate RNA Pol-II. The Y chromosome is concomitantly active. This beg the question, why?  This 383 
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expression pattern could be due to the simple absence of genes expressed in spermatocytes on the X and 4th 384 
chromosomes and the presence of genes that must be expressed from the Y chromosome (Fig 7A). If there are few 385 
genes expressed, there will be little active Pol-II ipso facto. However, expression of “housekeeping” genes suggests a 386 
chromosome-wide decrease in X and 4th expression. A prediction of a pure gene content model is that genes newly 387 
arriving on the X with would be expressed, as evolutionary modification of regulation takes time. In fact, the autosomal 388 
ocnus  gene is precisely expressed in spermatocytes, but shows extremely reduced reporter activity when inserted onto 389 
the X 28. This is consistent with a model where the X is a generally unfavorable environment for spermatocytes gene 390 
expression, due to either chromosome- or territory-level repression (Fig. 7B,C).  This is reminiscent of meiotic sex 391 
chromosome in mammals, where X chromosome expression is high in spermatogonia, followed by X inactivation 392 
associated with a distinct organelle like XY body15. The inactivation of both the X and Y chromosomes in mammals may 393 
be a special case of a more general inactivation of unpaired chromosome regions in a genomic defense model 16. Lack 394 
of homology could signal intruding transposable elements seeking to hijack the germline for vertical transmission to 395 
the next generation. Active recognition and silencing would be useful to the host organism. We observed two violations 396 
of the prediction that unpaired chromosomes are silenced in primary spermatocytes. Specifically, the 4th chromosome 397 
would be active, and the Y would be inactive in the simplest versions of this model. However, the 4th has retained its X 398 
chromosome-like silencing despite having two copies and the Y is maximally expressed in spermatocytes despite having 399 
a single copy. One way to achieve this would be the creation of a repressed territory occupied by both the X and 4th 400 
chromosomes  (Fig. 7C). The evolutionarily retained inactivation of the 4th could be due to this localization, perhaps 401 
originally triggered by monosomy in ancestral species. It is also possible that the non-recombining 4th chromosome 4 is 402 
not recognized as having a homolog. The single Y is highly diffuse and very little of it is in this repressed territory. 403 
However, allele-specific expression of the Y-linked rRNA genes drive the activity of the nucleolus 75, so at least part of 404 
the Y is expressed while in a repressed territory. It is possible that Y-linked genes, including the rDNA cluster, required 405 
for spermatogenesis escape inactivation as occurs for a subset of X linked genes on inactive X chromosomes in 406 
mammals 82. Interestingly, X to 2nd or 3rd chromosome translocations result in breakpoint-independent dominant male 407 
sterility, whereas X to 4th do not  74. Spreading repression or activation along a chromosome element, or relocation of 408 
parts of elements to novel territories might result in such a phenotype. Experiments to test these models will help us 409 
understand the evolution of sex chromosome expression in flies, and probably many other species.    410 
 411 

 412 
Reviewer #2 (Remarks to the Author): 413 
 414 
Mahadevaraju et al reported important discoveries regarding the expression patterns of 415 
Drosophila genomes, especially in the X-linked and 4th-linked gene expression throughout the 416 
spermatogenesis process, using highly resolved single cell RNA-Seq. The finding of decreased 417 
X-genes in primary spermatocytes is important, in accordance with the MSCI hypothesis. The 418 
4th-linked gene expression provided further evidence, also suggesting some cis mechanism(s) 419 
involved in the reduced expression in the autosome that used to be a sex chromosome. The data 420 
also provide clear-cut evidence for the previously arguable dosage compensation hypothesis. 421 
Furthermore, their analyses of chromosome structure and transcription activity provided 422 
mechanistic evidence for understanding of how the X-inactivation happens, including interesting 423 
observations. However, a substantial revision has to be done before acceptance.  424 
 425 
Thank you.  This is an outstanding summary of what we hoped to convey in this manuscript.  We 426 
appreciate critical feedback and are happy to have the opportunity to make improvements. 427 
 428 
I am mainly concerned with their analysis and interpretation of Y-linked genes. The expression 429 
of Y chromosome has been taken as a violation to the general prediction of MSCI, which is a 430 
major claim as a new discovery. There are two issues with this claim:  431 
 432 
1. Firstly, as the Y is a gene-poor chromosome, which is not comparable to the X in gene 433 
number. With the data of a small number of Y-linked genes, how can it be called “Y 434 
chromosome expression”? 435 
 436 

https://paperpile.com/c/gYJAtn/H8PV3
https://paperpile.com/c/gYJAtn/SK9Xq
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https://paperpile.com/c/gYJAtn/BVsPU
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The Y is gene poor relative to the X.  We found expression of 2,207 genes from the X and 42 437 
from the Y.  It was a mistake to not specify how many genes are on these chromosomes and how 438 
many were expressed in the main text – the reader should not have to dig through the supplement 439 
for this. We also failed to emphasize that the Y is not small. In mitotic chromosomes, the Y is 440 
actually larger than the X. We take care of this introduction in the first panels of the new Figure 441 
1 (Fig. 1A,B). We provide numbers again with a new table (Table 1) to support the New Figures 442 
3 and 4. 443 
 444 

Main text line 106:  Drosophila have X and Y sex chromosomes, two major autosome pairs and a pair of “dot” 4th 445 
chromosomes (Fig. 1A).  The Y and 4th chromosomes are gene poor, while the remaining chromosome arms are gene 446 
rich (Fig. 1B). 447 
 448 
Main text line 676: Table 1 449 
 450 

   451 
 452 
We also have new text on Y expression in the new figure 1.  453 
 454 

Main text line 130: Males with no Y chromosome are viable, but sterile and the Y chromosome is known to be 455 
expressed in spermatocytes 30. However, the tissue-specific Y chromosome gene expression pattern is poorly described. 456 
We report that Y-chromosome gene expression was detectable only in whole males and gonads (Fig 1C, J).  457 

 458 
We also failed to emphasize that the diffuse nature of the Y in the region between the major 459 
DNA dense territories in spermatocytes. The reason for diffuse Y chromatin (much more diffuse 460 
than any other chromosome) and the high overall expression is the shockingly large genes with 461 
megabase sized introns. This is now added to the text.  462 
 463 

Main text line 359: The nuclear interior, more diffusely stained by DAPI, was occupied by the large transcriptionally 464 
active Y chromosome 66,67,72 (Fig. 5A). The Y chromosome expressed only 42 genes in our experiments, but because of 465 
their megabase introns 73, this represents extensive transcription along the length of the chromosome. 466 
 467 

More to the point, we now fully discuss gene-centric, chromosome-centric, and territory-centric 468 
models for inactivation at the end of the paper.   469 
 470 

Main text line 430:  Mechanistically, the reduced expression of the X and 4th chromosomes in spermatocytes correlates 471 
with the failure to activate RNA Pol-II. The Y chromosome is concomitantly active. This beg the question, why?  This 472 
expression pattern could be due to the simple absence of genes expressed in spermatocytes on the X and 4th 473 
chromosomes and the presence of genes that must be expressed from the Y chromosome (Fig 7A). If there are few 474 
genes expressed, there will be little active Pol-II ipso facto. However, expression of “housekeeping” genes suggests a 475 
chromosome-wide decrease in X and 4th expression. A prediction of a pure gene content model is that genes newly 476 
arriving on the X with would be expressed, as evolutionary modification of regulation takes time. In fact, the autosomal 477 
ocnus  gene is precisely expressed in spermatocytes, but shows extremely reduced reporter activity when inserted onto 478 
the X 28. This is consistent with a model where the X is a generally unfavorable environment for spermatocytes gene 479 
expression, due to either chromosome- or territory-level repression (Fig. 7B,C).  This is reminiscent of meiotic sex 480 
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chromosome in mammals, where X chromosome expression is high in spermatogonia, followed by X inactivation 481 
associated with a distinct organelle like XY body15. The inactivation of both the X and Y chromosomes in mammals may 482 
be a special case of a more general inactivation of unpaired chromosome regions in a genomic defense model 16. Lack 483 
of homology could signal intruding transposable elements seeking to hijack the germline for vertical transmission to 484 
the next generation. Active recognition and silencing would be useful to the host organism. We observed two violations 485 
of the prediction that unpaired chromosomes are silenced in primary spermatocytes. Specifically, the 4th chromosome 486 
would be active, and the Y would be inactive in the simplest versions of this model. However, the 4th has retained its X 487 
chromosome-like silencing despite having two copies and the Y is maximally expressed in spermatocytes despite having 488 
a single copy. One way to achieve this would be the creation of a repressed territory occupied by both the X and 4th 489 
chromosomes  (Fig. 7C). The evolutionarily retained inactivation of the 4th could be due to this localization, perhaps 490 
originally triggered by monosomy in ancestral species. It is also possible that the non-recombining 4th chromosome 4 is 491 
not recognized as having a homolog. The single Y is highly diffuse and very little of it is in this repressed territory. 492 
However, allele-specific expression of the Y-linked rRNA genes drive the activity of the nucleolus 75, so at least part of 493 
the Y is expressed while in a repressed territory. It is possible that Y-linked genes, including the rDNA cluster, required 494 
for spermatogenesis escape inactivation as occurs for a subset of X linked genes on inactive X chromosomes in 495 
mammals 82. Interestingly, X to 2nd or 3rd chromosome translocations result in breakpoint-independent dominant male 496 
sterility, whereas X to 4th do not  74. Spreading repression or activation along a chromosome element, or relocation of 497 
parts of elements to novel territories might result in such a phenotype. Experiments to test these models will help us 498 
understand the evolution of sex chromosome expression in flies, and probably many other species.    499 

 500 
2. Secondly, lines 5-7 in Page 8 stated that “This is likely to occur from expression of a few 501 
highly transcriptionally active Y-linked genes”. How can “a few” highly expressed genes be able 502 
to define as a general feature of the Y chromosome expression? A counter argument to this 503 
would be that an inactivated sex chromosome can have a few genes with leaky expression, as an 504 
inactivation profile of the human X chromosome showed (Carrel and Willard, 2005. Nature 434: 505 
400-404). 506 
 507 
We agree with the reviewer, who raises an excellent point.  We have changed the text 508 
accordingly. The combination of Muller’s ratchet and selection for a few critical genes that 509 
escaped inactivation could easily result in exactly what we observe.  This is an attractive 510 
possibility that can help explain results from multiple species with a single model.  We have 511 
added this and the suggested reference to the manuscript in text discussing the possible 512 
contribution of pairing to the Y pattern.  This is near the end of the paper, where we discuss 513 
models.  514 
 515 

Main text line 458: It is possible that Y-linked genes, including the rDNA cluster, required for spermatogenesis escape 516 
inactivation as occurs for a subset of X linked genes on inactive X chromosomes in mammals 82. 517 

 518 
It is clear that the two issues above do not allow a general conclusion of Y chromosomal 519 
expression given the reported data.  520 
 521 
As outlined above, we have now addressed the facts of Y chromosome expression and included 522 
possible models for Y chromosome expression that include gene content, lack or silencing, and 523 
escape from inactivation models.   524 
 525 
It may help to include noncoding expression in the comparison.  526 
 527 
We agree and we did not exclude non-coding genes in the original submission. All genes 528 
included non-coding ones throughout the manuscript.  We now mention this explicitly at the 529 
beginning in legend of Figure 1. 530 

 531 

https://paperpile.com/c/gYJAtn/SK9Xq
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Table 1 footnote, line 678: a Genes annotated in FlyBase r6.26, including non-coding genes. 532 
 533 
Legends text line 687: (B) Haploid annotated gene content of chromosome elements (including non-coding genes).   534 
 535 

The number of Y-linked genes and the names of “a few highly” transcribed genes should be 536 
given. 537 
 538 
We agree. Again, the vague mention of “a few highly” expressed genes was an unfortunate word 539 
choice that belies the fact that the Y and 4th chromosomes have similar gene content (but vast 540 
physical size differences). We have mentioned the inclusion of Fig 1A,B and Table 1, which 541 
provides the reader with important background and new data on Y chromosome gene content and 542 
expression. We now include the number of expressed Y chromosome genes in the main text as 543 
well. 544 
 545 

 546 
 547 
Main text line 287: We observed poor expression of the Y in somatic cells and spermatogonia, and increased 548 
expression in primary spermatocytes (E1°, M1°, and L1°), concomitant with decreased expression of the X and 4th 549 
chromosomes. This occurs from expression of a 42 transcriptionally active Y-linked genes, consistent with the diffuse 550 
chromatin and Y-loops originally identified by cytology of primary spermatocytes 66,67. 551 
 552 
Main text line 360: The Y chromosome expressed only 42 genes in our experiments, but because of their megabase 553 
introns 73, this represents extensive transcription along the length of the chromosome. 554 

 555 
The expressed Y genes were: kl-2, ORY, Ppr-Y, Pp1-Y2, ARY, CR40441, CR41423, 556 
Su(Ste):CR41533, CR41506, CR41507, CR41509, CR42201, Su(Ste):CR42407, 557 
Su(Ste):CR42410, Su(Ste):CR42412, Su(Ste):CR42414, Su(Ste):CR42416, Su(Ste):CR42420, 558 
Su(Ste):CR42422, Su(Ste):CR42425, Su(Ste):CR42426, Su(Ste):CR42427, Su(Ste):CR42429, 559 
Su(Ste):CR42430, Su(Ste):CR42432, Pp1-Y1, CR43176, FDY, CG45765, CR45771, CR45775, 560 
CR45780, kl-3, kl-5, Su(Ste):CR45796, WDY, PRY, Mst77Y-7, CCY, CR46150, CR46158, 561 
CR46160, CR46161, CR46165, CR46167, CR46170, CR46178, CR46182, CR46185, CR46187, 562 
CR46188, CR46190, CG46191, CG46192, CR46279.  563 
 564 
This is a long list of coding and non-coding genes (the “CR” prefix denotes non- or minimally 565 
encoding genes with short ORFs of unknown function). We are reluctant to include just the 566 
names of the Y genes in the main text, as this would create an asymmetry, by leaving out the X 567 
and 4th.  Including the X and 4th gene names in the main text would take a lot of space (>2 K 568 
names) and not contribute much to the argument. Information on expressed genes is found in the 569 
supplement, including a specific sheet for the Y chromosome (component of Table S2) and 570 
aficionados have access to all the data, both in the supplement and in the GEO entries. The 571 
reader can also download File S1 from the NIH Figshare 572 
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(https://doi.org/10.35092/yhjc.11950746), and see the projection of each Y chromosome gene on 573 
the Figure 2 UMAPs (all genes in the genome are included). 574 
   575 
An additional issue: 576 
 577 
3. Page 8, paragraph 1 “this decreased expression of 4th chromosome genes cannot be due to loss 578 
of dosage compensation. Instead, a gain of inactivation is the simplest explanation. ” I agree that 579 
the decreased expression cannot be due to loss of dosage compensation. But there is a 580 
straightforward reason to doubt the hypothesis of the gain as the simplest explanation because it 581 
can be just simply inherited from when the 4th was an ancestral X with an ancestral inactivation.  582 
 583 
We agree completely.  We were a little too focused on emphasizing that the X and 4th were 584 
inactivated, not simply de-compensated.  A result was poor phrasing.  There are two timeframes 585 
to consider. One is developmental time, where there is a clear gain of inactivation early in the 3 586 
day long primary spermatocyte stage. The other is evolutionary time, where the reason for 4th 587 
inactivation in development is likely to inherited inactivation from when the 4th was an X. So, 588 
both “gain-of-activation” and “retained X-inactivation” are valid, depending on the timeframe. 589 
 590 

Main text line 277: Expression of 4th chromosome genes parallels what was seen for the X (Fig. 3B). The expression 591 
ratio of the two 4th chromosomes relative to the two sets of major autosomes hovered near 1. There was a significant 592 
decrease in relative 4th chromosome expression in middle and late primary spermatocytes (M1°, and L1°) compared to 593 
expression in either spermatogonia or somatic cells. Since we can rule out failed dosage compensation as a cause of 4th 594 
chromosome decreased expression, there must be a gain of inactivation during the developmental transition from 595 
mitotic spermatogonia to meiotic spermatocytes. This X chromosome like behavior may reflect the evolutionary history 596 
of the 4th chromosome; specifically, that the 4th retained X-inactivation after reacquiring autosomal status. 597 

 598 
Minor issues and suggestions: 599 
 600 
4. A minor issue that would be easy to fix is that the introduction paragraph in Page 2 stated 601 
“Non-mutually exclusive reasons for this reduction include: …. evolutionary re-localization of 602 
genes required in males off the X chromosome (8, 12, 13)”. The re-localization of genes is not 603 
the reason but a consequence of the X inactivation.  604 
 605 
We agree with the reviewer, but actually think this is a major rather than a minor point.  It is a 606 
classic causality dilemma, and another case of over-simplification in our introduction.  607 
Detrimental male expression of X linked genes with female fitness advantages, would lead to 608 
repression or inactivation.  If enough of the genes expressed in spermatocytes have decamped the 609 
X, then we could confuse lack of transcription (a passive state) with inactivation (active 610 
repression). We have written a new paragraph in the introduction that outlines the causality 611 
dilemma. 612 
 613 

Main Text Line 86: Given the dramatic differences in the gonads and gametes between the sexes, the optimal male and 614 
the optimal female genome will differ. For autosomes, which reside in each sex in equal dose, selection is balanced.  In 615 
stark contrast, sex chromosome residency is not balanced.  In a population with equal numbers of males and females, 616 
2/3rds of X chromosomes reside in females.  The X chromosome residency profile is expected to result in more 617 
opportunities for selection of alleles favoring females. The Y, of course, resides only in males and is under selection 618 
only in males. The presence of a homolog is also important.  The single X and single Y chromosomes in males are 619 
under immediate selection, while only alleles with some degree of dominance are immediately selected in females. 620 
Assuming that there is at least subtle dominance 29, then the X chromosome should be both feminized and 621 
demasculinized (alleles with female advantage selected for, and alleles with male advantage selected against), and the 622 

https://doi.org/10.35092/yhjc.11950746
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Y should be both masculinized and defeminized  8,13. These patterns have been observed in Drosophila species, where 623 
expression from the X chromosome is reduced, and where genes required in males have evolutionarily relocated to 624 
other chromosomes 12.  Evolutionary arguments for sex chromosome gene content and expression present an 625 
interesting causality dilemma.  In the model, antagonistic selection for female functions on the X drives removal of 626 
genes that males need for development from the X. Removal of those genes is permissive for events such as X 627 
inactivation in the male germline18.  It then follows that X inactivation in the male germline would provide even more 628 
selective pressure against X genes with male-biased functions.  In this work, we ask if sex chromosome expression is 629 
dynamic at tissue and single cell resolutions.             630 

     631 
Interestingly, the Parsch lab’s transgenic experiments showing that a gene with spermatocyte-632 
specific expression is inactive when inserted anywhere on the X, indicates that there is a 633 
chromosome-wide repression.  This puts genes that are required in males under ongoing pressure 634 
to move as a consequence.  Cause and consequence are in a loop. and the discussion of passive 635 
inactivity at the gene-level versus active repression at the chromosome-level is included in the 636 
text accompanying the new model figure 7.  637 
 638 

Main text line 430:  Mechanistically, the reduced expression of the X and 4th chromosomes in spermatocytes correlates 639 
with the failure to activate RNA Pol-II. The Y chromosome is concomitantly active. This beg the question, why?  This 640 
expression pattern could be due to the simple absence of genes expressed in spermatocytes on the X and 4th 641 
chromosomes and the presence of genes that must be expressed from the Y chromosome (Fig 7A). If there are few 642 
genes expressed, there will be little active Pol-II ipso facto. However, expression of “housekeeping” genes suggests a 643 
chromosome-wide decrease in X and 4th expression. A prediction of a pure gene content model is that genes newly 644 
arriving on the X with would be expressed, as evolutionary modification of regulation takes time. In fact, the autosomal 645 
ocnus  gene is precisely expressed in spermatocytes, but shows extremely reduced reporter activity when inserted onto 646 
the X 28. This is consistent with a model where the X is a generally unfavorable environment for spermatocytes gene 647 
expression, due to either chromosome- or territory-level repression (Fig. 7B,C).  This is reminiscent of meiotic sex 648 
chromosome in mammals, where X chromosome expression is high in spermatogonia, followed by X inactivation 649 
associated with a distinct organelle like XY body15. The inactivation of both the X and Y chromosomes in mammals may 650 
be a special case of a more general inactivation of unpaired chromosome regions in a genomic defense model 16. Lack 651 
of homology could signal intruding transposable elements seeking to hijack the germline for vertical transmission to 652 
the next generation. Active recognition and silencing would be useful to the host organism. We observed two violations 653 
of the prediction that unpaired chromosomes are silenced in primary spermatocytes. Specifically, the 4th chromosome 654 
would be active, and the Y would be inactive in the simplest versions of this model. However, the 4th has retained its X 655 
chromosome-like silencing despite having two copies and the Y is maximally expressed in spermatocytes despite having 656 
a single copy. One way to achieve this would be the creation of a repressed territory occupied by both the X and 4th 657 
chromosomes  (Fig. 7C). The evolutionarily retained inactivation of the 4th could be due to this localization, perhaps 658 
originally triggered by monosomy in ancestral species. It is also possible that the non-recombining 4th chromosome 4 is 659 
not recognized as having a homolog. The single Y is highly diffuse and very little of it is in this repressed territory. 660 
However, allele-specific expression of the Y-linked rRNA genes drive the activity of the nucleolus 75, so at least part of 661 
the Y is expressed while in a repressed territory. It is possible that Y-linked genes, including the rDNA cluster, required 662 
for spermatogenesis escape inactivation as occurs for a subset of X linked genes on inactive X chromosomes in 663 
mammals 82. Interestingly, X to 2nd or 3rd chromosome translocations result in breakpoint-independent dominant male 664 
sterility, whereas X to 4th do not  74. Spreading repression or activation along a chromosome element, or relocation of 665 
parts of elements to novel territories might result in such a phenotype. Experiments to test these models will help us 666 
understand the evolution of sex chromosome expression in flies, and probably many other species.    667 

 668 
 669 
5. Ref 12 is an analysis of the RNA-based duplication, although it was the first paper reported 670 
the re-localization pattern. It was generalized to the DNA-based duplication a few years later 671 
(Vibranovski et al, 2007. Genome Research 19, 897-903). This paper should be cited together 672 
with 8, 12, 13 to make the point. 673 
 674 
Agreed and done.  Thank you for suggesting a self-citation!  675 
 676 
6. Page 7, Paragraph 2, “The “Housekeeping genes”, a name given to a set of genes based on 677 

https://paperpile.com/c/gYJAtn/iS4mA
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expression in a wide range of Drosophila tissue (tau and TSPS) (61, 62) is inappropriate for our 678 
analysis as it showed poor expression in germ cells.” This is a very interesting observation and 679 
should be included in Abstract. 680 
 681 
This is another minor point that we feel is important. Reveiwer #1 also brought this up.  There is 682 
a new figure 4 and substantial new text (see response to reviewer #1, major point #1).  We chose 683 
to explain why we did what we did, rather than explaining why we had to devise a new list of 684 
commonly expressed genes.   and TSPS are now in the new figure so that we can discuss 685 
why we felt that we needed another metric. This might ultimately help resolve the issue of the 686 
absence of dosage compensation in the testis reported by the Presgrave lab which is a well-687 
known and controversial paper in the field. We have also appended the positive data on widely 688 
expressed genes in the abstract.   689 
 690 

Abstract text Line 39: Using single cell RNA-Seq on larvae, we demonstrate that the single X and pair of 4th 691 
chromosomes are specifically inactivated in primary spermatocytes, based on measuring all genes or a new set of 692 
highly expressed genes in testis. 693 

Main text Line 301: Since genes with high expression in the testis are not uniformly distributed in the genome 8,13, it 694 
was possible that the reduced expression of the X and 4th chromosomes was due to the absence of genes highly 695 
expressed in spermatocytes rather than a chromosome-wide reduction in expression due to a more global inactivation. 696 
A way to avoid this potential confounding effect, is to explore the expression of widely expressed “housekeeping” 697 
genes. We explored three data-driven methods to determine X and 4th chromosome expression of genes with 698 
housekeeping functions. In the first two methods, we used low tissue-specificity genes based on Ταυ and Tissue 699 
Specificity Score (TSPS) using our data 68,69.  The third method was a more granular low cell-type specificity metric 700 
within in the scRNA-seq experiments (CTSP). Specifically, a set of widely expressed genes expressed in > 33% of all cells. 701 
These methods reduced the expressed gene set numbers to varying degrees, with CTSP being the most stringent (Table 702 
1). The Y chromosome was expressed in an exquisitely tissue-specific matter and has no widely expressed genes using 703 
any metric.  To determine if the functions of these three reduced gene sets are consistent with generic gene function, 704 
we systematically analyzed Gene Ontology (GO) enrichment for all three subsets of genes (Fig. 4A; Table S5). There 705 
are differences in function in the three gene sets.  For example, in the Molecular ontology, enzymes were enriched in 706 
Ταυ and CTSP gene sets, while regulators (which are less likely to be generic) were more enriched in the Ταυ gene set. 707 
In the Biological ontology, all three sets were enriched for protein metabolism, consistent with “housekeeping”, but 708 
the tissue-level Ταυ and TSPS gene sets were enriched for genes with development and female gamete functions, 709 
which is not commonly thought to be generic. Housekeeping genes are often highly expressed.  All the reduced gene 710 
sets had higher median expression than all expressed genes, but elevated expression was most pronounced in the 711 
CTSP gene set (Fig. 4B-E).  Additionally, the CTSP gene set showed greater uniformity in expression levels across cell 712 
types. Based on these results, we concluded that the CTSP gene set was the best subset for exploring expression of 713 
“housekeeping” genes.  714 

We then used the reduced gene sets to examine expression of the X and 4th chromosomes in all testis cell types. 715 
Importantly, when we examined relative expression, all three reduced gene sets showed significantly reduced X/A 716 
expression in germline cells (Fig. 4F-H). However, Ταυ and TSPS gene sets showed reduced X expression in all cell types 717 
resulting in X/A ratios approaching 0.5 in both somatic and germline cells (Fig 4F,G). At face value, failed dosage 718 
compensation might be expected to approach 0.5.  These observations suggest a reason for the previous conclusion 719 
that there is no dosage compensation in male germline 11 following the analysis of widely expressed genes using 720 
tissue-specificity scores. This conclusion is likely spurious, as testis somatic cells express the dosage compensation 721 
genes (File S1) and the protein complex decorates the X in those somatic cells as occurs in X-chromosome dosage 722 
compensation in other somatic cells 23. In contrast, the CTSP gene set showed reduced X chromosome expression, 723 
approaching 0.5, only in the late primary spermatocytes (Fig. 4H).  Spermatogonia and somatic cells showed X/A 724 
rations approaching 1.0. Like the analysis of all expressed genes (Fig. 3), the parsimonious explanation is that 725 
spermatogonia show dosage compensation and spermatocytes show inactivation or reduced X chromosome 726 
compensation.  727 

We similarly examined expression of the reduced gene sets for the 4th chromosome. Genes with low Ταυ were over-728 
represented on the 4th chromosome, especially in M1o germ cells and C1 somatic cells, resulting in an exaggerated 729 
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over-expression relative to the major autosomes across all cell types (Fig. 4H), while low TSPS and CTSP resulted in 730 
significantly lower relative expression of the 4th chromosomes only in spermatocytes (Fig. 4I,J). The magnitude of 731 
spermatocyte decrease was magnified when we used the CTSP gene set, but overall the 4/A ratios were near 1.0 (Fig. 732 
4J). The large sample size of cells resulted in tightly centered distributions, but note that the number of genes 733 
contributing the 4th chromosome measurements was small (Table 1). To briefly summarize, we observed a decrease in 734 
X and 4th chromosome expression with all genes (Fig. 3) and with reduced gene sets (Fig. 4), suggesting a 735 
chromosome-wide change in gene expression in spermatocytes, and not simply a reduced number of X-linked and 4-736 
linked genes with male-biased expression.   737 

 738 

While there is the above new text associated with figure 4, some less processed data is also 739 
informative.  Below is a plot of the chromosome element distribution of all expressed genes, low 740 
, low TSPS, and low CTSP genes in each of the testis cell types.  These are cell-level results 741 
(so all chromosome elements a significantly different due to sample size, thus no * shown), but 742 
you can clearly see the under-representation of X-linked genes in EVERY cell type using the 743 
tissue specificity metrics in the vertically stretched image below. The effect is shown in main 744 
paper in the ratiometric Figure 4 panels.   745 

 746 
 747 
 748 

 749 
There are some interesting patterns here for future exploration, as the  and TSPS gene sets 750 
might well inform sexual selection in non-germline cells. Indeed, we also saw non-germline 751 
effects in the reproductive tract (Figure 1).  We raise this, but not expansively. 752 
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 753 
Main text Line 124: The reproductive tract pattern of X chromosome expression is difficult to explain by absence of 754 
germline X chromosome dosage compensation or meiotic sex chromosome inactivation, since there are no germ cells 755 
in this tissue.  By elimination, this suggests that sexual selection drives gene expression patterns of X-chromosome 756 
expression in the reproductive tract. 757 
 758 
Main text Line 328: However, Ταυ and TSPS gene sets showed reduced X expression in all cell types resulting in X/A 759 
ratios approaching 0.5 in both somatic and germline cells (Fig 4F,G). 760 

 761 
7. Page 7, paragraph 3: “. There was a significant and progressive decrease (P ≤ 0.001) in steady-762 
state…”. The legend typed as P <= 0.01. They should be same. 763 
 764 
Good catch.  Possible confusion, due to multiple different significance cutoffs we used in the 765 
original paper, caused us to reevaluate p-values in the manuscript.  We have now settled on p < 766 
0.01 throughout the manuscript.  Every * is p < 0.01.  Every “significant” statement in the main 767 
text is at p < 0.01.    768 
 769 
8. Page 19, the last paragraph needs to recompose: the Y chromosome issue above; the last 770 
sentence “ ‘sex chromosome nature’ could be a conserved aspect …” does not mean much. 771 
 772 
The other reviewers also found this characterization of the 4th chromosome objectionable too.  773 
The end of the paper has been completely rewritten to more expansively highlight the retention 774 
of inactivation of the 4th and is more nuanced with respect to gene-by-gene versus chromosome-775 
wide violation of sex chromosome inactivation by the Y in the new model (figure 7) and 776 
associated text. 777 
 778 

Main text line 448: We observed two violations of the prediction that unpaired chromosomes are silenced in primary 779 
spermatocytes. Specifically, the 4th chromosome would be active, and the Y would be inactive in the simplest versions of 780 
this model. However, the 4th has retained its X chromosome-like silencing despite having two copies and the Y is 781 
maximally expressed in spermatocytes despite having a single copy. One way to achieve this would be the creation of a 782 
repressed territory occupied by both the X and 4th chromosomes  (Fig. 7C). The evolutionarily retained inactivation of 783 
the 4th could be due to this localization, perhaps originally triggered by monosomy in ancestral species. It is also 784 
possible that the non-recombining 4th chromosome 4 is not recognized as having a homolog. The single Y is highly 785 
diffuse and very little of it is in this repressed territory. However, allele-specific expression of the Y-linked rRNA genes 786 
drive the activity of the nucleolus 75, so at least part of the Y is expressed while in a repressed territory. It is possible 787 
that Y-linked genes, including the rDNA cluster, required for spermatogenesis escape inactivation as occurs for a 788 
subset of X linked genes on inactive X chromosomes in mammals 82. 789 

 790 
 791 
Reviewer #3 (Remarks to the Author): 792 
 793 
In this paper, Mahadevaraju et al performed single-cell RNA-seq of drosophila testes, focusing 794 
their analysis on the sex chromosomes X and Y, as well as chromosome 4, an autosome derived 795 
from an ancient X chromosome. The study of sex chromosomes is important for understanding 796 
evolutionary processes specific to them and how these differ from the autosomes. Sex 797 
chromosomes also demonstrate interesting regulatory mechanisms that can serve as a paradigm 798 
for understanding gene regulation in general. As well as providing these insights, the field is 799 
essential to understanding infertility and sex-biased diseases. 800 
 801 
The authors defined testicular cell populations by comparing gene expressions with published 802 
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spatial expression data. They showed that chromosomes X and 4 have reduced gene expression 803 
compared to chromosomes 2 and 3 in primary spermatocytes. Immunofluorescence analysis 804 
suggested reduced activation of RNA Polymerase II being the cause of this repression. The paper 805 
reports a new resource of single-cell transcriptome in drosophila larval testes. A number of 806 
analyses needs to be refined to support authors' conclusions. Comments and suggestions for 807 
experiments are listed below.  808 
 809 
This is an excellent summary of our effort.  Thank you for the thoughtful comments on 810 
clarification and encouraging us to show more of the work. 811 
 812 
Major comments:  813 
 814 
1) general comment: The novelty and significance of the work need to be clarified more to 815 
justify strong impact in the field. I appreciate that this work provides a useful resource for 816 
drosophila testis biology, but scRNA-seq of drosophila testes was already done (Witt et al, 817 
eLIFE, 2019) and the concept of X chromosome inactivation in male germ cells is not novel 818 
(reviewed in Vibranovski, J Genomics, 2014). 819 
 820 
We hope that the data speak for us and are confident that this manuscript will be widely cited. 821 
Our contribution is a focused, high-resolution analysis, and a mechanism for a very specific and 822 
important problem of sex chromosome expression. Briefly, for this paper, even though the 823 
methodology and the problem are not new, our intellectual contribution is important and novel.  824 
We have important new observations, a molecular model that explains them, and provide 825 
insights that will help drive the field forward.   826 
 827 
We did not cite Witt et al in the original submission, which was a major oversight on our part.  828 
We were certainly aware of this work, as members of both teams discussed our data sets at the 829 
Dallas Drosophila (March 2019) meeting for example. They have every right to be upset about 830 
this (now corrected) oversight.   831 
 832 

Main text line 255: Our data (See Fig. S2 for UMAP projections for each Drosophila gene), along with a similar 833 
dataset from adult testis 64 , should be an outstanding resource for those studying testis development and physiology. 834 
 835 

It is possible that the reviewer would like us to analyze the Witt et al data. While the raw data 836 
from Witt et al. are up at the SRA, analyzed data, such as cell type calls, are not publicly 837 
available (you would think eLife would insist on this), which means that someone interested in 838 
Witt et al. cell type calls would have to repeat the analysis (which we have done, but do not show 839 
here). We are not blaming Witt et al, as where scRNA-Seq analyzed data and metadata should go 840 
is unresolved.  Currently, data is in labs, at repositories (our data and metadata are up at GEO, 841 
SRA, etc, See Table S6), and/or on sharing sites (we used 842 
https://doi.org/10.35092/yhjc.11950746 for images that would be difficult at GEO). Not having 843 
Witt et al. analyzed data is problematic for us. Cell type calls are highly dependent on batches 844 
and precise parameter settings, so our re-analysis of Witt et al was done exactly as in our paper 845 
rather than theirs. We have some disagreements with then on some of the cell types, especially 846 
the hub cell calls, which we do not find convincing, but hasten to point out that this is a feature 847 
of scRNA-seq data, not any shortcoming in the Witt et al analysis, which focused on new genes. 848 

https://paperpile.com/c/gYJAtn/D3KKV
https://doi.org/10.35092/yhjc.11950746
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However, we did see sex chromosome element expression patterns fully consistent with our data 849 
using the Witt et al data, as redone by us. We are not interested in comparing datasets for this 850 
work, and expect that the generating lab should be the one to publish any chromosome element 851 
work. Indeed, our (admittedly rigorous) interpretation of the Toronto genomic data sharing 852 
agreement (Toronto International Data Release Workshop Authors. Prepublication data sharing. 853 
Nature. 2009 Sep 10;461(7261):168-70) precludes this analysis without making it collaborative. 854 
Additionally, we are involved in the Fly Cell Atlas project, which will soon be the key resource. 855 
We prefer to focus our attention moving forward rather than cross-validating.  856 
 857 
2) page 4, fig 1: What is the significance of comparing gene expressions between testis and 858 
ovary? To show the testis-specific inactivation of chromosomes X and 4, other tissues should be 859 
included in this analysis.  860 
 861 
Thank you for suggesting showing these additional experiments. As stated, we showed the 862 
comparison of larval testis and larval ovary to demonstrate that the inactivation of X and 4 was 863 
testis-specific, rather than leaving the possibility open that this occurs in gonads of both sexes. 864 
Given the importance of the sex-specificity in the manuscript, this is an essential argument that 865 
requires showing data. Adding other tissues, to show the complexity of X and 4th expression 866 
relative to non-gonadal tissues, does have added value. We have brough the RNA-seq data set 867 
size to 128 samples in the current manuscript summarized in the new figure 1. New text for this 868 
figure is shown in the response to reviewer #1 and below (and of course in the paper).  Briefly, 869 
we now show data from whole adults, female and male heads, thorax (minus viscera), abdomen 870 
(minus viscera, gonads, and reproductive tract), viscera, and reproductive tract from both the 871 
w1118 and OreR strains. There are sex chromosome biases in other tissues, but the gonads are 872 
unique in showing significant differences in expression of both sex chromosomes and the former 873 
sex chromosome 4.   874 
      875 

Main text line 106: Drosophila have X and Y sex chromosomes, two major autosome pairs and a pair of “dot” 4th 876 
chromosomes (Fig. 1A).  The Y and 4th chromosomes are gene poor, while the remaining chromosome arms are gene 877 
rich (Fig. 1B). To examine sex-biased gene expression patterns, we focused on the distribution of male-biased gene 878 
expression across chromosomes or chromosome arms (chromosome elements) for each tissue. We measured adult gene 879 
expression (quadruplicates) in the whole body (Fig. 1C) as well as seven tissues (Fig. 1D-J): head, thorax (viscera 880 
removed), abdomen (viscera and all reproductive organs removed), viscera (including digestive and excretory organs), 881 
reproductive tract (gonads and genitalia removed), terminalia (including genitalia and analia), and gonads in females 882 
and males from two strains. We found a significant deviation from random (we use p < 0.01 throughout this study) in 6 883 
sample types, including the whole body, head, thorax, viscera, reproductive tract, and gonad (𝛘2 test of independence). 884 
To examine which chromosome elements contribute to this non-randomness, we performed a post hoc analysis (𝛘2 test) 885 
for each chromosome element (Table S1). Sex chromosomes and former sex chromosomes are the major contributors 886 
to the non-randomness.  887 

For X-chromosomes, we observed underrepresentation of male-biased gene expression in the whole body from either of 888 
two wildtype strains (Fig. 1C), as previously reported 8. In heads, we observed a slight enrichment in male-biased gene 889 
expression in one strain (Fig. 1D). In contrast, we observed a reduction in male-biased gene expression in the 890 
reproductive tract (Fig. 1H). The reproductive tract pattern of X chromosome expression is difficult to explain by 891 
absence of germline X chromosome dosage compensation or meiotic sex chromosome inactivation, since there are no 892 
germ cells in this tissue.  By elimination, this suggests that sexual selection drives gene expression patterns of X-893 
chromosome expression in the reproductive tract. In the gonads, we observed an underrepresentation of male-biased 894 
gene expression (Fig. 1J), as previously reported 8.   895 

Males with no Y chromosome are viable, but sterile and the Y chromosome is known to be expressed in spermatocytes 896 
30. However, the tissue-specific Y chromosome gene expression pattern is poorly described. We report that Y-897 
chromosome gene expression was detectable only in whole males and gonads (Fig 1C, J).  898 

https://paperpile.com/c/gYJAtn/iS4mA
https://paperpile.com/c/gYJAtn/iS4mA
https://paperpile.com/c/gYJAtn/xypBK
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The 4th chromosome showed a decrease in male-biased gene expression in the whole body in one strain (Fig. 1C), an 899 
increase in male-biased gene expression in the thorax in one strain (Fig. 1E), and most strikingly, a decrease in male-900 
biased expression in the gonads of both strains (Fig 1J). As a former X chromosome, 4th chromosome expression in the 901 
gonads was especially interesting as it mirrored the X-chromosome underrepresentation of male-biased gene 902 
expression. Additionally, and unlike the X chromosome, 4th chromosomes are present in two copies in males. Because 903 
there are two copies of the 4th chromosome genes, under-representation of male-biased expression cannot be explained 904 
by the absence dosage compensation. In summary, only gonads show sex-biased expression of the Drosophila X, Y, and 905 
4th chromosomes.    906 

 907 

3) page 7: Discussion of comparison of X chromosome and autosomes:  908 
- It is said that “Expression of the single X chromosome relative to the major autosomes 909 
(chromosomes 2 and 3, each present in two copies) is not significantly different in 910 
spermatogonia or any of the somatic cell types using either all expressed genes or widely 911 
expressed genes (Fig 3A, B)”. In this sentence it is not clear what the statistical comparison is 912 
relative to. In the figure caption this seems to be described as relative to the average of the 913 
somatic cells.  914 
 915 
We stated in the original text that we made multiple comparisons, but we have reemphasized this 916 
now.  One is comparison is spatial and involves comparing among cell types in the dataset and 917 
the other is temporal within the germline lineage. Both are important. We have done every 918 
pairwise comparison and show the statistics in Table S5.   919 
 920 

Main text line 259: We looked at the dynamics of sex chromosome gene expression in germ cells in addition to all the 921 
other cell types from the single cell dataset (Fig. 3, Table S5) Expression of the single X chromosome relative to the 922 
major autosomes (chromosomes 2 and 3, each present in two copies) was not significantly different in spermatogonia, 923 
early primary spermatocytes or any of the somatic cell types (Fig. 3A).  924 

Main text line 266:  Nevertheless spermatogonia showed similar levels of X chromosome expression relative to 925 
autosomes, providing new evidence for non-canonical dosage compensation of the X chromosome in pre-meiotic germ 926 
cells.  There was a significant decrease in expression of the X chromosome in early, middle and late primary 927 
spermatocytes (M1° and L1°) relative to either spermatogonia or somatic cells. 928 

Main text line 270:  This decrease in X expression approached 2-fold which could be due to either a loss of dosage 929 
compensation in germ cells as they mature into primary spermatocytes, or to the gain of meiotic X-chromosome 930 
inactivation during the transition from mitotic spermatogonia to meiotic spermatocytes.  931 

Main text line 277: Expression of 4th chromosome genes parallels what was seen for the X (Fig. 3B). The expression 932 
ratio of the two 4th chromosomes relative to the two sets of major autosomes hovered near 1. There was a significant 933 
decrease in relative 4th chromosome expression in middle and late primary spermatocytes (M1°, and L1°) compared to 934 
expression in either spermatogonia or somatic cells.  935 

Supplemental text line 39: Table S5. Gene sets and chromosome elements. Consists of six parts: a readme, distribution 936 
of genes among Chromosome elements, pairwise comparisons of global expression between different cell types using 937 
different gene sets (all expressed, CTSP, Tau, and TSPS), GO analysis of gene sets, X/A, 4/A, and Y/A ratio significance 938 
testing, pairwise significance testing for all chromosome elements by gene set. Supporting data for Table 1, Fig 1B, Fig 939 
2E, and Fig 4.  940 

Are they saying that gonia are not significantly different to the average of somatic cell types, and 941 
that also each somatic cell type is not significantly different to the average of somatic cell types? 942 
This should be explained better. Additionally, I’m not sure that the latter assertion is 943 
informative.  944 
 945 
Yes.  We hope this is now clear in the text above.  We agree that saying that there is no 946 
difference in X chromosome expression among somatic cell types is expected, but we do want to 947 



 

 
Mahadevaraju et al. NCOMMS-20-14592-T-rev Response August 7, 2020 
 

21 

show this.  This becomes more important now, given that we are showing that using the sets of 948 
genes widely expressed among tissues ( and TSPS) show exactly this type of unexpected 949 
differences in X/A ratios in somatic cells, due to global reductions in expression of these gene 950 
sets in every cell type in the testis (Figure 4).  and TSPS have additional problems as outline 951 
in the text.    952 
 953 

Main text line 326: We then used the reduced gene sets to examine expression of the X and 4th chromosomes in all testis 954 
cell types. Importantly, when we examined relative expression, all three reduced gene sets showed significantly reduced 955 
X/A expression in germline cells (Fig. 4F-H). However, Ταυ and TSPS gene sets showed reduced X expression in all 956 
cell types resulting in X/A ratios approaching 0.5 in both somatic and germline cells (Fig 4F,G). At face value, failed 957 
dosage compensation might be expected to approach 0.5.  These observations suggest a reason for the previous 958 
conclusion that there is no dosage compensation in male germline 11 following the analysis of widely expressed genes 959 
using tissue-specificity scores. This conclusion is likely spurious, as testis somatic cells express the dosage 960 
compensation genes (File S1) and the protein complex decorates the X in those somatic cells as occurs in X-961 
chromosome dosage compensation in other somatic cells 23. In contrast, the CTSP gene set showed reduced X 962 
chromosome expression, approaching 0.5, only in the late primary spermatocytes (Fig. 4H).  Spermatogonia and 963 
somatic cells showed X/A rations approaching 1.0. Like the analysis of all expressed genes (Fig. 3), the parsimonious 964 
explanation is that spermatogonia show dosage compensation and spermatocytes show inactivation or reduced X 965 
chromosome compensation.  966 
 967 

 968 
- It is said that “There was a significant and progressive decrease (P ≤ 0.001) in steady-state 969 
expression of the X chromosome in early, middle and late primary spermatocytes (E1°, M1°, and 970 
L1°).” Does the statistical test actually show there is a progressive decrease, or is the test just 971 
showing that each of the spermatocytes is independently significantly less than the average of the 972 
somatic cells? If the former, the testing need to be explained better, if the latter, the assertion 973 
needs to be clarified.  974 
 975 
Yes, as stated in the revised text above, we were referring to the temporal decrease within the 976 
germline, in addition to expression relative to the somatic cells.  You may note that the E1o are 977 
no longer marked as being significantly reduced.  This is due to our decision, outlined earlier, to 978 
use only p ≤ 0.01 throughout the manuscript.  E1o was significant at p ≤ 0.05.    979 
 980 
- It is said that “Expression of 4th chromosome genes paralleled what was seen for the X. There 981 
was a significant and progressive decrease (P < 0.001) in steady-state expression levels in M1° 982 
and L1° (Fig. 3C, D) compared to expression in spermatogonia.” It seems that the tests for the X 983 
were performed relative to the somatic cells, not spermatogonia – so if the testing is relative to a 984 
different cell type for chr4, there is not a ‘parallel’ present. However, there is confusion as to 985 
what the testing is relative to: the figure caption suggests also that for the 4th chromosome the 986 
tests were done relative to the somatic cells – so the mention of significant decrease relative to 987 
the spermatogonia here is a confusing one which should be clarified.  988 
 989 
We have made this clarification as for the X in the preceding comment and response.  The 4th 990 
chromosome expression in germ cells was treated exactly the same. 991 
 992 

Main text line 277: Expression of 4th chromosome genes parallels what was seen for the X (Fig. 3B). The expression 993 
ratio of the two 4th chromosomes relative to the two sets of major autosomes hovered near 1. There was a significant 994 
decrease in relative 4th chromosome expression in middle and late primary spermatocytes (M1°, and L1°) compared to 995 
expression in either spermatogonia or somatic cells. Since we can rule out failed dosage compensation as a cause of 4th 996 
chromosome decreased expression, there must be a gain of inactivation during the developmental transition from 997 

https://paperpile.com/c/gYJAtn/hc9UD
https://paperpile.com/c/gYJAtn/s63kB
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mitotic spermatogonia to meiotic spermatocytes. This X chromosome like behavior may reflect the evolutionary history 998 
of the 4th chromosome; specifically, that the 4th retained X-inactivation after reacquiring autosomal status. 999 

 1000 
4) page 8: It is said that “We observed poor expression of the Y in somatic cells, and increased 1001 
expression in E1°, M1°, and L1° primary spermatocytes. This is likely to occur from expression 1002 
of a few highly transcriptionally active Y-linked genes originally identified by the cytologically 1003 
visible Y-chromosome loops present at these stages (64, 65).” If the authors have the data 1004 
available, can they not test this likely scenario and confirm or deny it?  1005 
 1006 
Y-linked gene expression has been directly probed cytologically by others and we do have the 1007 
gene-level expression data for the Y, so we can in fact confirm that this is what is happening. 1008 
 1009 

Main text line 287: We observed poor expression of the Y in somatic cells and spermatogonia, and increased 1010 
expression in primary spermatocytes (E1°, M1°, and L1°), concomitant with decreased expression of the X and 4th 1011 
chromosomes. This occurs from expression of a 42 transcriptionally active Y-linked genes, consistent with the diffuse 1012 
chromatin and Y-loops originally identified by cytology of primary spermatocytes 66,67. 1013 

 1014 
5) page 8: It is said that “The decrease in sex chromosome expression in M1º and L1º did not 1015 
reflect an overall decrease in total gene expression compared to somatic lineages”. However, it 1016 
has just been shown that Y chromosome expression does not decrease.  1017 
 1018 
Thank you for catching this. We did just show that Y chromosome expression increased.  We 1019 
have used “X and 4th” rather than “sex”.   1020 
 1021 

Main text line 287: We observed poor expression of the Y in somatic cells and spermatogonia, and increased 1022 
expression in primary spermatocytes (E1°, M1°, and L1°), concomitant with decreased expression of the X and 4th 1023 
chromosomes. 1024 
 1025 

Previous assertions for chrX and chr4 do not show a decrease in sex chromosome expression, 1026 
they show a decrease in expression relative to the autosomes, which is a different measure.  1027 
 1028 
We show X/A and 4/A expression in most of the figures and do not directly show the A 1029 
expression, but the ratio metric results are due to the X and 4th is accurate. We have made liberal 1030 
use of the term “relative” as shown in the example below.  The figures clearly indicate 1031 
ratiometric measures.   1032 

Supplemental text line 39: Table S5. Gene sets and chromosome elements. Consists of six parts: a readme, distribution 1033 
of genes among Chromosome elements, pairwise comparisons of global expression between different cell types using 1034 
different gene sets (all expressed, CTSP, Tau, and TSPS), GO analysis of gene sets, X/A, 4/A, and Y/A ratio significance 1035 
testing, pairwise significance testing for all chromosome elements by gene set. Supporting data for Table 1, Fig 1B, Fig 1036 
2E, and Fig 4.  1037 

Main text line 259: Expression of the single X chromosome relative to the major autosomes (chromosomes 2 and 3, 1038 
each present in two copies) was not significantly different in spermatogonia, early primary spermatocytes or any of the 1039 
somatic cell types (Fig. 3A). The somatic cell X chromosome expression relative to autosomes hovered near 1.0 despite 1040 
the 2-fold dose difference, a pattern consistent with the known canonical X chromosome dosage compensation 1041 
mechanism in somatic cells, expected to increase expression from the single X22. This dosage compensation mechanism 1042 
does not exist in germ cells.  Nevertheless spermatogonia showed similar levels of X chromosome expression relative to 1043 
autosomes, providing new evidence for non-canonical dosage compensation of the X chromosome in pre-meiotic germ 1044 
cells.   1045 

 1046 

https://paperpile.com/c/gYJAtn/iafPm+UjywS
https://paperpile.com/c/gYJAtn/ItEDO
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6) page 8, fig 4C-F: Overlap with DAPI-dense region doesn't necessarily correlate to inactivation 1047 
as 2L-euc-positive region is also DAPI-dense (fig 4E).  1048 
 1049 
While that particular image is probably overexposed to show the territory, we have not 1050 
systematically quantified DAPI levels in territories. We have therefore deleted all statements 1051 
about DAPI density. 1052 
 1053 
Does any heterochromatin marker protein specifically localise on the chr X/4 territory? 1054 
 1055 
There is literature showing that a whole host of proteins localize in or near the nucleolus, 1056 
including some interesting players such as spermatocyte-specific transcriptional machinery and 1057 
Pc. There will likely be an interesting story here. We cite some of those papers (especially the 1058 
Rob White lab) when they directly related to our work on Pol-II. We will want to repeat 1059 
qualitative results in order have quantification and correlation with expression, Phospho-CTD, 1060 
etc. While there are a lot of interesting reasons to do more extensive experiments on what is 1061 
present on these chromosomes, especially as it might relate to Pol-II promoter clearance and 1062 
elongation, those experiments are beyond the scope of this paper.   1063 
 1064 
7) page 9, fig 4G-H: Volume should be normalised by chromosome length covered by each 1065 
probe. Chromosomes 3 and 4 should be included in these data.  1066 
 1067 
Thank you for pointing out our failure to be clear.  The first step in this normalization was 1068 
actually in the probe selection, as we stated in the original submission.  Further normalization 1069 
therefore does not really change in a way that is detectable in the figure, but we also did length 1070 
normalization in the original submission. We have now stated this explicitly.    1071 
 1072 

Main text line 380: We probed similar sized euchromatic regions of the X chromosome (22.3 Mb) and the left arm of 1073 
the 2nd chromosome (2L, 22.7 Mb) with oligopaints (Fig. 5E). 1074 
 1075 
Main text line 384: We found a that probe length corrected X chromosome volume was reduced relative to chromosome 1076 
2L (Fig. 5H). 1077 

 1078 
We have also added a new figure panel that adds normalization for copy number in addition to 1079 
normalization by length.   1080 
 1081 

Main text line 386: However, when we corrected the data to account for 2L copy number (divided by two), the X had 1082 
significantly greater volume than 2L (Fig. 5I) which was inconsistent with inactivity resulting from compaction. 1083 

 1084 
Chromosomes 3 and 4 should be included in these data.  1085 
 1086 
We do not feel that adding chromosome 2R, 3L, 3R would add significantly to our knowledge, 1087 
only to our work. In contrast, we really would like to look at the 4th post-pandemic., although 1088 
volume and sphericity measurements would probably not be our highest priority when thinking 1089 
about the structure of the 4th.   1090 
 1091 
Minor comments:  1092 
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 1093 
8) general comment: Please insert line numbers to help reviewers to refer points.  1094 
 1095 
Done -- our apologies for not doing this from the beginning.  1096 
 1097 
9) general comment: Please use colour-blind friendly colouring in figures.  1098 
 1099 
We have improved the color coding by proofing using both protanopia and deuteranopia filters 1100 
(these are easy to use in illustrator, which we will now use routinely).  Many of the bars and 1101 
boxplots were clearly problematic.  These have been corrected. The original figure 1 was 1102 
particularly difficult, so we simply rendered the new and improved figure 1 in gray scale.  In 1103 
figure 2, we changed the color coding for T (from purple to light yellow) and P (brown to bright 1104 
yellow). These color-coding changes propagate through the box plots in later figures. Given the 1105 
large number of colors used in the clustering of cell types, this is still not perfect, but it is much 1106 
improved. Thank you.   1107 
  1108 
10) general comment: Throughout the paper the ‘Seq’ in ‘scRNA-seq' is capitalised. This is not 1109 
how it is found in the literature and should be changed to ‘seq’ to match.  1110 
 1111 
“RNA-Seq” often is capitalized and it seems strange to have “RNA-Seq” and “scRNA-seq” in 1112 
the same paper, so we now have lower case “seq” everywhere. We have no real preference here 1113 
and defer to the copy editor if the manuscript is accepted. 1114 
 1115 
11) general comment: Throughout the paper there is a mixture of ‘Fig N’ and ‘Fig. N’. These 1116 
should be changed to be consistent throughout.  1117 
 1118 
We have used “Fig. N” throughout. We are unsure about which format the journal prefers and 1119 
will defer to the copy editor if the manuscript is accepted    1120 
 1121 
12) page 3: It is not clear why they are using L3 larvae instead of adults and what 1122 
benefit/questions this brings. Previous work has done scRNA-seq on adult testis (eg. Witt et al, 1123 
eLIFE, 2019). Maybe something specific about Drosophila biology makes this important? This 1124 
should be made clear for readers. Should also perhaps be mentioned in the abstract at least?  1125 
 1126 
We used larvae to avoid microfluidic and filter fouling due to sperm, which are very long cells 1127 
(this turned out not to be a problem) and to enrich for spermatogonia and primary spermatocytes 1128 
relative to the vast numbers of secondary spermatocytes and sperm which were of little interest 1129 
for this work, as we stated in the original. We expanded this explanation slightly. 1130 
 1131 

Main text line 148: We decided to use single cell RNA sequencing (scRNA-seq) 31 for a higher resolution picture.  We 1132 
did not want to use read depth to sequence transcriptionally inactive secondary spermatocytes and sperm, so we 1133 
selected Drosophila third instar larval (L3) testis for our experiments.  They contain abundant germ cells, including the 1134 
critical transition from mitotic spermatogonia to meiotic primary spermatocytes 32,33.   1135 
 1136 

We added “larvae” to the abstract, but we are unclear if that is what was requested.  The adult 1137 
versus L3 choice is peripheral methodology, not the main result or intellectual contribution, so 1138 
we really don’t want to say more.   1139 

https://paperpile.com/c/gYJAtn/xGw6K
https://paperpile.com/c/gYJAtn/beOxO+nsuBm


 

 
Mahadevaraju et al. NCOMMS-20-14592-T-rev Response August 7, 2020 
 

25 

 1140 
Main text line 39: Using single cell RNA-Seq on larvae, we demonstrate that the single X and pair of 4th chromosomes 1141 
are specifically inactivated in primary spermatocytes, based on measuring all genes or a new set of highly expressed 1142 
genes in testis. 1143 

 1144 
13) page 4: “expression of male-specific Y chromosome was highly testis-biased" is an unusual 1145 
thing to conclude since Y chromosome is only present in testis, there can be no ‘bias’ relative to 1146 
ovaries in the standard sense of the word.  1147 
 1148 
Agreed.  We still use this terminology but in the context of the other male tissues (Figure 1). 1149 
 1150 

Main text line 130:  Males with no Y chromosome are viable, but sterile and the Y chromosome is known to be 1151 
expressed in spermatocytes 30. However, the tissue-specific Y chromosome gene expression pattern is poorly described. 1152 
We report that Y-chromosome gene expression was detectable only in whole males and gonads (Fig 1C, J).  1153 
 1154 

 1155 
14) page 4: "We identified 18,965 single cells across three biological replicates (Spearman ρ ≥ 1156 
0.93, P < 0.001; Table S1)”. In this context I do not think it is clear what the Spearman’s rank 1157 
refers to. It sounds like it is somehow related to the number of cells when placed after the current 1158 
sentence, while examining Table S1 shows it is related to gene expression ranks.  1159 
 1160 
Thank you.  Clarified as requested. 1161 
 1162 

Main text line 182:  We identified 18,965 single cells across three biological replicates based on the intersection of 1163 
calls from cell ranger count 40 and DropletUtils emptyDrops 41 (Table S2). Potential cell doublets were detected using 1164 
scrublet 42 and removed. Based on preliminary cluster analysis using the 2,000 most variably expressed genes, we set 1165 
the perplexity threshold in Seurat 43 to 0.3. This yielded ten clusters, each potentially representing a distinct cell type or 1166 
state with each of three biological replicates contributing to the clusters (Spearman expression rank correlation ≥ 0.93, 1167 
p < 0.01, Fig. 2B).    1168 

 1169 
15) page 5: replacing “RNA-seq” with “bulk RNA-seq" would make this explanation clearer, 1170 
especially when it is mentioned right after scRNA-seq.  1171 
 1172 
Yes.  This is a good idea.  We have gone through the entire manuscript and ensured that the 1173 
distinction between bulk and single cell profiles are clear. 1174 
 1175 
16) page 7: “widely expressed genes” are defined as genes expressed in > 33% of all cells in the 1176 
single cell data. Is expression of these genes biased to specific cell types?  1177 
 1178 
The short answer is no.  We have added a new figure 4 that shows the characteristics of the 1179 
widely expressed genes, which we now call low Cell Type SPecificity genes (CTSP) and 1180 
contrast to two other gene subsets designed to investigate generically expressed genes. 1181 
 1182 

Main text Line 301: Since genes with high expression in the testis are not uniformly distributed in the genome 8,13, it 1183 
was possible that the reduced expression of the X and 4th chromosomes was due to the absence of genes highly 1184 
expressed in spermatocytes rather than a chromosome-wide reduction in expression due to a more global inactivation. 1185 
A way to avoid this potential confounding effect, is to explore the expression of widely expressed “housekeeping” 1186 
genes. We explored three data-driven methods to determine X and 4th chromosome expression of genes with 1187 
housekeeping functions. In the first two methods, we used low tissue-specificity genes based on Ταυ and Tissue 1188 
Specificity Score (TSPS) using our data 68,69.  The third method was a more granular low cell-type specificity metric 1189 

https://paperpile.com/c/gYJAtn/xypBK
https://paperpile.com/c/gYJAtn/kqZLz
https://paperpile.com/c/gYJAtn/QkySt
https://paperpile.com/c/gYJAtn/IWkbt
https://paperpile.com/c/gYJAtn/tRclf
https://paperpile.com/c/gYJAtn/iS4mA+Nt834
https://paperpile.com/c/gYJAtn/wXDGk+CdcVB
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within in the scRNA-seq experiments (CTSP). Specifically, a set of widely expressed genes expressed in > 33% of all cells. 1190 
These methods reduced the expressed gene set numbers to varying degrees, with CTSP being the most stringent (Table 1191 
1). The Y chromosome was expressed in an exquisitely tissue-specific matter and has no widely expressed genes using 1192 
any metric.  To determine if the functions of these three reduced gene sets are consistent with generic gene function, 1193 
we systematically analyzed Gene Ontology (GO) enrichment for all three subsets of genes (Fig. 4A; Table S5). There 1194 
are differences in function in the three gene sets.  For example, in the Molecular ontology, enzymes were enriched in 1195 
Ταυ and CTSP gene sets, while regulators (which are less likely to be generic) were more enriched in the Ταυ gene set. 1196 
In the Biological ontology, all three sets were enriched for protein metabolism, consistent with “housekeeping”, but 1197 
the tissue-level Ταυ and TSPS gene sets were enriched for genes with development and female gamete functions, 1198 
which is not commonly thought to be generic. Housekeeping genes are often highly expressed.  All the reduced gene 1199 
sets had higher median expression than all expressed genes, but elevated expression was most pronounced in the 1200 
CTSP gene set (Fig. 4B-E).  Additionally, the CTSP gene set showed greater uniformity in expression levels across cell 1201 
types. Based on these results, we concluded that the CTSP gene set was the best subset for exploring expression of 1202 
“housekeeping” genes.  1203 

We then used the reduced gene sets to examine expression of the X and 4th chromosomes in all testis cell types. 1204 
Importantly, when we examined relative expression, all three reduced gene sets showed significantly reduced X/A 1205 
expression in germline cells (Fig. 4F-H). However, Ταυ and TSPS gene sets showed reduced X expression in all cell types 1206 
resulting in X/A ratios approaching 0.5 in both somatic and germline cells (Fig 4F,G). At face value, failed dosage 1207 
compensation might be expected to approach 0.5.  These observations suggest a reason for the previous conclusion 1208 
that there is no dosage compensation in male germline 11 following the analysis of widely expressed genes using 1209 
tissue-specificity scores. This conclusion is likely spurious, as testis somatic cells express the dosage compensation 1210 
genes (File S1) and the protein complex decorates the X in those somatic cells as occurs in X-chromosome dosage 1211 
compensation in other somatic cells 23. In contrast, the CTSP gene set showed reduced X chromosome expression, 1212 
approaching 0.5, only in the late primary spermatocytes (Fig. 4H).  Spermatogonia and somatic cells showed X/A 1213 
rations approaching 1.0. Like the analysis of all expressed genes (Fig. 3), the parsimonious explanation is that 1214 
spermatogonia show dosage compensation and spermatocytes show inactivation or reduced X chromosome 1215 
compensation.  1216 

We similarly examined expression of the reduced gene sets for the 4th chromosome. Genes with low Ταυ were over-1217 
represented on the 4th chromosome, especially in M1o germ cells and C1 somatic cells, resulting in an exaggerated 1218 
over-expression relative to the major autosomes across all cell types (Fig. 4H), while low TSPS and CTSP resulted in 1219 
significantly lower relative expression of the 4th chromosomes only in spermatocytes (Fig. 4I,J). The magnitude of 1220 
spermatocyte decrease was magnified when we used the CTSP gene set, but overall the 4/A ratios were near 1.0 (Fig. 1221 
4J). The large sample size of cells resulted in tightly centered distributions, but note that the number of genes 1222 
contributing the 4th chromosome measurements was small (Table 1). To briefly summarize, we observed a decrease in 1223 
X and 4th chromosome expression with all genes (Fig. 3) and with reduced gene sets (Fig. 4), suggesting a 1224 
chromosome-wide change in gene expression in spermatocytes, and not simply a reduced number of X-linked and 4-1225 
linked genes with male-biased expression.     1226 

 1227 
17) page 7: “Drosophila tissue” --> “Drosophila tissues”  1228 
 1229 
Done.  We rechecked the entire document for grammatical number category.  1230 
 1231 
18) page 7: “dosage compensation” is used to refer to X upregulation in a number of places 1232 
throughout the manuscript. The term “dosage compensation” generally is used to refer to both X 1233 
upregulation and X chromosome inactivation mechanisms, and so care should be taken not to use 1234 
the generic term in describing just one of the mechanisms it encompasses, particularly when 1235 
talking about both of them in the same paragraph.  1236 
 1237 
Agreed.  In flies, dosage compensation generally refers to upregulation of the X, but this is not 1238 
always the case.  We have gone through the manuscript and checked every occurrence of dosage 1239 
compensation to make sure it is clear if we observe/expect/cite up-regulation or inactivation.   1240 
 1241 
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19) page 7: Please define "steady state expression" of chrX. Is “steady state expression” a term 1242 
used commonly to refer to “expression relative to autosomes”? If so, this is fine. If not, then it 1243 
could be easily misunderstood that their data is showing the transcription from the X absolutely 1244 
decreases, when in fact it is the ratio of transcriptional activity between X and autosomes that is 1245 
shown to be decreasing.   1246 
 1247 
We used steady-state to indicate that we were measuring transcripts, not transcription. Gene 1248 
expression analysis is a misused term that implies that transcription is being measured, it is not.  1249 
Our best data on actual transcription versus steady-state transcript levels is the activated pol-II 1250 
data.  Obviously, we were not clear.  We have just dropped the term “steady-state” throughout 1251 
and tried to write more plainly in each of those locations.   1252 
 1253 
20) page 8, second paragraph: How often does chr 4 localise in the region including chr X? 1254 
Please add the conclusion of this section.  1255 
 1256 
Thank you. These data were, and are, in the supplement, but not in the main text, where they are 1257 
quite useful. This is now shown in a new panel (Figure 5F) and new text.  1258 
 1259 

Main text line 370: We observed that the X was universally near the nucleolus (median distance 0.2 µm) and the 4th 1260 
was nearly as close (median distance 0.7 µm), well within the same prominent territory (Fig. 5D,F). Since the 4th 1261 
occupies the same territory as the X, these chromosomes could be regulated independently, or coordinately, due to 1262 
territory-level regulation. 1263 

 1264 
21) page 8: the sentence “Spermatocyte chromosomes are represented (Fig.4).” does not make 1265 
sense in isolation, I think this sentence has been accidentally inserted.  1266 
 1267 
Thank you.  Deleted. 1268 
 1269 
22) page 8: I think “X chromatin heterochromatic satellite sequences” should read “X 1270 
chromosome heterochromatic satellite sequences”.  1271 
 1272 
Thank you.  Written as suggested  1273 
 1274 

Main text line 362:  In situ hybridization reveals X chromosome heterochromatic satellite sequences near the 1275 
prominent spermatocyte nucleolus, where Ribosomal DNA repeats are located, and ribosome biogenesis occurs (Fig. 1276 
5B,C,F) 74. 1277 

 1278 
23) page 10: “This suggests that sex chromosome, not copy number, determines activity in 1279 
primary spermatocytes.”. This sentence does not make sense in this form. I think the sentiment is 1280 
“This suggests that some property intrinsic to sex chromosomes modulates their expression in a 1281 
way independent of copy number”?  1282 
 1283 
We have completely rewritten the close of the manuscript, which now features a model figure for 1284 
clarity. 1285 
 1286 

Main text line 430:  Mechanistically, the reduced expression of the X and 4th chromosomes in spermatocytes correlates 1287 
with the failure to activate RNA Pol-II. The Y chromosome is concomitantly active. This beg the question, why?  This 1288 
expression pattern could be due to the simple absence of genes expressed in spermatocytes on the X and 4th 1289 
chromosomes and the presence of genes that must be expressed from the Y chromosome (Fig 7A). If there are few 1290 
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genes expressed, there will be little active Pol-II ipso facto. However, expression of “housekeeping” genes suggests a 1291 
chromosome-wide decrease in X and 4th expression. A prediction of a pure gene content model is that genes newly 1292 
arriving on the X with would be expressed, as evolutionary modification of regulation takes time. In fact, the autosomal 1293 
ocnus  gene is precisely expressed in spermatocytes, but shows extremely reduced reporter activity when inserted onto 1294 
the X 28. This is consistent with a model where the X is a generally unfavorable environment for spermatocytes gene 1295 
expression, due to either chromosome- or territory-level repression (Fig. 7B,C).  This is reminiscent of meiotic sex 1296 
chromosome in mammals, where X chromosome expression is high in spermatogonia, followed by X inactivation 1297 
associated with a distinct organelle like XY body15. The inactivation of both the X and Y chromosomes in mammals may 1298 
be a special case of a more general inactivation of unpaired chromosome regions in a genomic defense model 16. Lack 1299 
of homology could signal intruding transposable elements seeking to hijack the germline for vertical transmission to 1300 
the next generation. Active recognition and silencing would be useful to the host organism. We observed two violations 1301 
of the prediction that unpaired chromosomes are silenced in primary spermatocytes. Specifically, the 4th chromosome 1302 
would be active, and the Y would be inactive in the simplest versions of this model. However, the 4th has retained its X 1303 
chromosome-like silencing despite having two copies and the Y is maximally expressed in spermatocytes despite having 1304 
a single copy. One way to achieve this would be the creation of a repressed territory occupied by both the X and 4th 1305 
chromosomes  (Fig. 7C). The evolutionarily retained inactivation of the 4th could be due to this localization, perhaps 1306 
originally triggered by monosomy in ancestral species. It is also possible that the non-recombining 4th chromosome 4 is 1307 
not recognized as having a homolog. The single Y is highly diffuse and very little of it is in this repressed territory. 1308 
However, allele-specific expression of the Y-linked rRNA genes drive the activity of the nucleolus 75, so at least part of 1309 
the Y is expressed while in a repressed territory. It is possible that Y-linked genes, including the rDNA cluster, required 1310 
for spermatogenesis escape inactivation as occurs for a subset of X linked genes on inactive X chromosomes in 1311 
mammals 82. Interestingly, X to 2nd or 3rd chromosome translocations result in breakpoint-independent dominant male 1312 
sterility, whereas X to 4th do not  74. Spreading repression or activation along a chromosome element, or relocation of 1313 
parts of elements to novel territories might result in such a phenotype. Experiments to test these models will help us 1314 
understand the evolution of sex chromosome expression in flies, and probably many other species.    1315 

 1316 
 1317 
24) page 10: the sentence “Where X-like chromosomes are inactivated and the Y-like 1318 
chromosomes are highly expressed.” does not make sense in isolation, I think this sentence has 1319 
been accidentally inserted.  1320 
 1321 
Thank you.  Deleted. 1322 
 1323 
25) page 10: It is unclear what "sex chromosome nature" means.  1324 
 1325 
We agree.  See reviewer #3, comment #23 above.   1326 
 1327 
26) figure 1:  1328 
- X and Y chromosomes should be next to each other on the axis.  1329 
 1330 
Done 1331 
 1332 
- Y axis label should explain better what the measure is (I think ‘average gene expression’, not 1333 
just ‘expression’).  1334 
 1335 
We agree that this was insufficient.  However, this was/is not a gene level measurement.  We 1336 
have looked at expression at the “location” level of arm or chromosome in cells.  We have made 1337 
this clearer in the legend and relabeled the Y axis.  We have in general followed a descriptive 1338 
text axis label and then (usually parenthetically) the units of measure.  So: Gene Expr. Per Cell 1339 
(gene density normalized). Clarity here is obviously critical.  Thank you very much for pointing 1340 
this out. 1341 

https://paperpile.com/c/gYJAtn/H8PV3
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 1342 
- X axis title of ‘chromosome arm’ is unsuitable since X and Y are not arms. Change to 1343 
something like ‘scaffold’ or ‘location’.  1344 
 1345 
We agree, the X, Y, and 4th are chromosomes, not arms.  The right arm of the X is negligible, 1346 
and we have not even attempted to distinguish the Y chromosome arms.  Drosophila convention 1347 
often refers to arms as chromosomes (e.g. Chromosome 2L), which is also inaccurate. Scaffolds 1348 
would be problematic due to gaps.  Location seems vague.  Drosophila convention uses elements 1349 
to refer to these combinations of Chromosomes and Arms, which is what we have adopted in the 1350 
revision. 1351 
 1352 

Main text line 108:  To examine sex-biased gene expression patterns, we focused on the distribution of male-biased 1353 
gene expression across chromosomes or chromosome arms (chromosome elements) for each tissue. 1354 
 1355 

 1356 
27) figure 2:  1357 
- D-I: bottom right panel is difficult to read: Having it as a line graph does not make sense as the 1358 
data is not a series. Bar graphs should be used instead. X axis labelling being only on the last 1359 
panel makes it hard to read for other panels, if barchart was used with bars colour-coded to 1360 
match the cell types as in panel A/B, this may be clearer.  1361 
 1362 
We agree.  Thank you for this suggestion.  It is easier to read as a color coded barchart, which we 1363 
have adopted. 1364 
 1365 
- E: line graph suggests highest expression in Gonia and E1º, but IF image seems to show higher 1366 
expression in M1º/L1º (based on the cartoon in panel A)?  1367 
 1368 
We agree.  However, this is not an error.  The IF images are protein-traps.  There is a great deal 1369 
of translational control in the male germline, which we have clarified. Protein expression 1370 
following the appearance of the mRNA was scored as overlap. 1371 
 1372 

Main text line 225: In addition, we show that ADD domain-containing protein 1 (Add1 ), which encodes a 1373 
heterochromatin associated protein that interacts with Heterochromatin Protein 1 (HP1) to maintain heterochromatin 1374 
52,53, has enriched expression in early primary spermatocytes in the scRNA-seq data. The Add1 protein accumulated 1375 
throughout spermatocyte stages, consistent with translational control and/or protein stability over several days of germ 1376 
cell development (Fig. 2G). 1377 
 1378 
Supplemental text line 257: We compared gene expression patterns between scRNA-Seq and manually curated images 1379 
(43 genes from the literature; 31 genes from this study; Table S4). We developed an overlap score (0-4) between 1380 
scRNA-Seq expression and mRNA or protein expression in curated images. A score of 4 indicates a gene showed cell 1381 
type biased expression (scRNA-Seq) in the exact same cell types as mRNA or protein expression (curated images). 1382 
Since protein expression may lag transcription, we also gave a 4 when protein expression was later in the specific cell 1383 
lineage.  A score of 3 indicates gene was highly expressed, but not cell type biased, in the exact same cell types as 1384 
mRNA or protein expression. A score of 2 indicates cell type biased gene expression in the same cell lineage as mRNA 1385 
or protein expression. Finally, a score of 1 indicates high gene expression in the same cell lineage as mRNA or protein 1386 
expression.  1387 
 1388 
 1389 
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28) figure S1: there are no scale bars on panels A and B.  1390 
 1391 
The scale bars have been added. 1392 



REVIEWERS' COMMENTS 

Reviewer #1 (Remarks to the Author): 

In this new draft, the authors have significantly revised the text and figures to make the message 

clearer and to provide more direct evidence for their conclusions. The revisions fully address my 

previous concern about the cause of the differences in X chromosome gene expression in germ 

cells. In addition, the revisions help to highlight their interesting observations in support of dosage 

compensation in pre-meiotic germ cells, despite the lack of dosage compensation machinery in 

these cells, and chromosome silencing at later stages of germ cell differentiation. The revisions 

also address my question about whether the scRNAseq data align with expectations from bulk 

RNAseq and clear up the sections I found confusing. Therefore, I now fully support publication of 

the manuscript. 

Reviewer #2 (Remarks to the Author): 

I am satisfactory with the revision, which corresponded convincingly to all my criticisms, main 

ones or minors or suggestions. Especially, I like their clarification of the Y at the various levels to 

address the questions I asked. I recommend to publish as it is. I am glad the fields of Drosophila 

genetics and evolution in general have one more solid and important observation now, which 

makes good sense of previous works and theories in the studies of the related scientific issues. 

Reviewer #3 (Remarks to the Author): 

The revised manuscript has additional data and analyses and many of the points raised by the 

reviewers have been dealt with. However, the lack of the depth in the analyses on the mechanism 

of chromosome X/4 silencing in testes limits the significance of the study (see my comment in 

point a-1). 

a) comments on authors' response (numbers refer to the comment number of reviewer 3): 

1) The authors agree that their scRNA-seq approach of drosophila testis and the concept of X 

silencing is not novel. They claim that they "have important new observations, a molecular model 

that explains them". Although the silencing of chromosome 4 is a new finding, insights into the 

molecular mechanism of the silencing derive only from Pol ll phosphorylation data in Fig 6. The 

authors declined to do additional analyses raised in the point 6. Since the main novelty of this 

paper is about the mechanism of testis-specific silencing of chromosomes X/4, it should have been 

analysed more deeply. 

2) The authors added new data analysing sex-bias in gene expression in tissues (Fig 1 C-K), but 

this data would not be relevant to support authors' conclusion. To show testis-specific low 

transcription from chromosomes X/4, they should have simply compared gene expression levels 

between chromosomes in each tissue in male and females, not sex bias. 

3) The authors have made the figure caption for Fig 3 clear now, but the main text is still not 

clear. Lines 259-262 needs to be changed to say that the significant difference is against the 

(average of?) somatic cell types. To say that there is a difference but not to explain what it is 

different to makes no sense. It is a simple fix: e.g. “Expression of the single X chromosome …… 

was not significantly different *to the average of somatic cells* in spermatogonia, early primary 

spermatocytes….”. In fact, this whole sentence is redundant since I think the following sentences 

(line 262-276) explain the same information in a more understandable way. I would probably 

recommend omitting the first sentence (beginning “Expression of the single X chromosome….”) 



and just retaining the following ones. 

4) It is not clear where the data corresponding to the 42 transcriptionally active genes that the 

authors describe is (line 289-291). I think it is in supplemental table S2 but looking at this it is not 

clear where the number 42 comes from. Please reference the data in the text and clarify (in 

supplemental is fine) where the number comes from. 

6) See comments to the point 1 

b) Additional minor comments on the rewrite: 

1) Fig 1: adding element labels to the bottom of each graph, while cluttering it up a bit, would 

make this figure much easier to understand 

2) Line 307: It is not clearly defined what ‘T’ (T, alpha, upsilon) means. Ref #69 introduces 

‘Tau’, a tissue-specificity metric which can also be abbreviated to the Greek letter tau (), but 

nowhere before have I seen this written as ‘T’ so I am unsure what it means. I might guess that 

this is a misunderstanding of the name of the metric, and if so it should be changed throughout 

the text, tables and figures. If it is a new measure then this should be communicated more clearly 

in the methods/text. 

3) I noted during my checking of the tau methods that the referencing is muddled in the 

supplementary material. For example Ref #68 is cited when discussing tau in the ‘scRNA-seq 

Downstream Analysis’ section of the methods in the supplement – in fact the paper which I think 

they should reference (and do correctly in main paper) is #69 in the main paper or #62 in the 

supplementary. I have not checked other citations but these should all be checked carefully. 

4) Fig 4: the figure caption does not match with the figure - I don’t know what any of the lower 

panels refer to. Also the subpanels should be labelled on the figure with the specificity measure 

throughout to make it clearer. 

5) Line 442-443: “This is reminiscent of meiotic sex chromosome in mammals…” – I think this 

should read “This is reminiscent of meiotic sex chromosome *inactivation* in mammals”.



 
 
Please accept our sincere thanks for the reviewer time and effort put into 
improving our manuscript. The full REVIEWERS' COMMENTS (black) and our responses 
(blue) are below. We have used track changes in the main text and supplement and 
underlined new text in this response.   
 
Be well. 
For the authors, 
 
 
 
Brian Oliver 
 

Reviewer #1 (Remarks to the Author): 
 

In this new draft, the authors have significantly revised the text and figures to 
make the message clearer and to provide more direct evidence for their 
conclusions. The revisions fully address my previous concern about the cause of 
the differences in X chromosome gene expression in germ cells. In addition, the 
revisions help to highlight their interesting observations in support of dosage 
compensation in pre-meiotic germ cells, despite the lack of dosage compensation 
machinery in these cells, and chromosome silencing at later stages of germ cell 
differentiation. The revisions also address my question about whether the 
scRNAseq data align with expectations from bulk RNAseq and clear up the 
sections I found confusing. Therefore, I now fully support publication of the 
manuscript. 
 
Thank you for your help. Your careful reading and thoughtful suggestions were 
critical to improving the manuscript.   
 

Reviewer #2 (Remarks to the Author): 
 

I am satisfactory with the revision, which corresponded convincingly to all my 
criticisms, main ones or minors or suggestions. Especially, I like their 
clarification of the Y at the various levels to address the questions I asked. I 
recommend to publish as it is. I am glad the fields of Drosophila genetics and 
evolution in general have one more solid and important observation now, which 
makes good sense of previous works and theories in the studies of the related 
scientific issues. 
 



Thank you for your time and effort.  We appreciate your enthusiasm for the 
significance in terms of resolving some theoretical aspects and extending the 
field of sex chromosome biology.  
 
 

Reviewer #3 (Remarks to the Author): 
 

The revised manuscript has additional data and analyses and many of the points 
raised by the reviewers have been dealt with. However, the lack of the depth in 
the analyses on the mechanism of chromosome X/4 silencing in testes limits the 
significance of the study (see my comment in point a-1). 
 
Thank you for your meticulous comments on our manuscript.  We have made 
many of the changes suggested, which have contributed to improved readability.   
 

a) comments on authors' response (numbers refer to the comment number of 
reviewer 3): 
 

1) The authors agree that their scRNA-seq approach of drosophila testis and the 
concept of X silencing is not novel. They claim that they "have important new 
observations, a molecular model that explains them". Although the silencing of 
chromosome 4 is a new finding, insights into the molecular mechanism of the 
silencing derive only from Pol ll phosphorylation data in Fig 6. The authors 
declined to do additional analyses raised in the point 6. Since the main novelty of 
this paper is about the mechanism of testis-specific silencing of chromosomes 
X/4, it should have been analysed more deeply.  
 
We respectfully disagree with the proposition that the Pol-II phosphorylation is a 
trivial advance. Our opinion, and that of reviewers 1 and 2, is that the work 
represents a significant advance.  
 
We agree that the suggested new experiments are interesting, but our rationale 
for pursuing them later are solid and we stand by this position.  First, the paper is 
already a full read and story. We envision the proposed experiments as the start 
of the next phase of this line of research. Furthermore, as noted by the journal, 
the limitations on wet-bench activity due to Covid-19 are real, and the various 
institutes of the authors have all been affected.    
 

2) The authors added new data analysing sex-bias in gene expression in tissues 
(Fig 1 C-K), but this data would not be relevant to support authors' conclusion. 
To show testis-specific low transcription from chromosomes X/4, they should 



have simply compared gene expression levels between chromosomes in each 
tissue in male and females, not sex bias. 
 
The reviewer’s suggestion is a useful way of plotting the data and we have 
swapped out sex-biased expression for expression levels for the chromosome 
arms in figure 1. As suggested, this is a bit easier on the reader. The new figure is 
below. The main text and figure legend have been modified to reflect this change 
(these excerpts are shown below). The general message is unchanged: only 
gonads show sex-biased expression of the Drosophila X, Y, and 4th chromosomes.   

   



  
Overall gene expression of the sex chromosomes varied by tissue. For X-chromosomes, we 
observed under-expression of genes in the whole body and gonads of males from either of two 
wildtype strains (Fig. 1C), as previously reported 8. We also observed reduced X-chromosome 
expression in heads, thorax, reproductive tract, and terminalia (Fig. 1D-E,H). The non-gonadal 
patterns of X chromosome expression are difficult to explain by absence of germline X 
chromosome dosage compensation or meiotic sex chromosome inactivation, since there are no 
germ cells in those tissue.  By elimination, this suggests that sexual selection drives gene 
expression patterns of X-chromosome expression in many somatic cell types. Under-
representation in gonads could be explained in full or part by absence of dosage compensation 
or meiotic sex chromosome inactivation.   

The 4th chromosome showed a decrease in gene expression in male whole bodies, reproductive 
tracts, and gonads  (Fig. 1C, H, J). As a former X chromosome, 4th chromosome expression in 
the gonads was especially interesting as it mirrored the X-chromosome underrepresentation of 
male-biased gene expression. Additionally, and unlike the X chromosome, 4th chromosomes are 
present in two copies in males. Because there are two copies of the 4th chromosome genes, 
under-representation of expression cannot be explained by the absence of dosage 
compensation. These data again suggest that there has been sexual selection of sex 
chromosomes, but only gonads show sex-biased expression of the Drosophila X, Y, and 4th 

chromosomes.    

Figure 1. Bulk RNA-Seq of seven adult tissues and L3 larval gonads 
(A) Illustration of a Wild-type male karyotype cartoon depicting the size of the chromosomes 
and arms (chromosome elements) and the distribution of heterochromatin (black) and 
euchromatin (gray). (B) Haploid annotated gene content of chromosome elements (including 
non-coding genes).  (C-K) For each tissue type we summed the transcripts per million reads 
(TPM) of each gene on a chromosome element and divided by the number of genes expressed 
on that arm. Male (black) and female (open) gene expression is shown. Adult tissues: (C) Whole 
body, (D) Head, (E) Thorax (viscera removed), (F) Abdomen (viscera, reproductive organs 
removed), (G) Viscera (digestive tract and malphigian tubules), (H) Reproductive tract (gonads 
and genitalia removed), (I) Terminalia (genitalia and analia), and (J) Gonad.  For each tissue, we 
used two “wild-type” strains, w1118 and Oregon-R (Ore-R), which are stacked in each panel.  Late 
third instar larval gonads (K) are from w1118. Significance at p ≤ 0.01 is shown (*). Where the 
chromosomal expression showed a sex difference in both strains, the chromosome element is 
bold and in a larger font. 
 

3) The authors have made the figure caption for Fig 3 clear now, but the main 
text is still not clear. Lines 259-262 needs to be changed to say that the 
significant difference is against the (average of?) somatic cell types. To say that 
there is a difference but not to explain what it is different to makes no sense. It is 
a simple fix: e.g. “Expression of the single X chromosome …… was not 
significantly different *to the average of somatic cells* in spermatogonia, early 
primary spermatocytes….”. In fact, this whole sentence is redundant since I think 

https://paperpile.com/c/gYJAtn/iS4mA


the following sentences (line 262-276) explain the same information in a more 
understandable way. I would probably recommend omitting the first sentence 
(beginning “Expression of the single X chromosome….”) and just retaining the 
following ones. 
 
We agree.  That sentence has been deleted and the paragraph is now: 
 
 “We looked at the dynamics of sex chromosome gene expression in germ cells in addition to all 
the other cell types from the single cell dataset (Fig. 3, Dataset S5). The somatic cell X 
chromosome expression relative to autosomes hovered near 1.0 despite the 2-fold dose 
difference, a pattern consistent with the known canonical X chromosome dosage compensation 
mechanism in somatic cells, expected to increase expression from the single X22..”   
 

4) It is not clear where the data corresponding to the 42 transcriptionally active 
genes that the authors describe is (line 289-291). I think it is in supplemental 
table S2 but looking at this it is not clear where the number 42 comes from. 
Please reference the data in the text and clarify (in supplemental is fine) where 
the number comes from. 
 
Thank you.  We now specifically refer to the data in supplement and table as 
suggested (see below). The data are visible by sorting the table by chromosome 
element.   
 
 “This occurs from expression of a 42 transcriptionally active Y-linked genes (Supplemental text, 
Dataset S2), consistent with the diffuse chromatin and Y-loops originally identified by cytology 
of primary spermatocytes 66,67.” 
 

6) See comments to the point 1 
 
Addressed above 
 

b) Additional minor comments on the rewrite: 
 

1) Fig 1: adding element labels to the bottom of each graph, while cluttering it up 
a bit, would make this figure much easier to understand 
 
We agree that the balance between clutter and clarity in labeling complex figures 
is critical. We have increased the labeling on this particular figure as suggested.   
 

2) Line 307: It is not clearly defined what ‘T’ (T, alpha, upsilon) means. Ref 
#69 introduces ‘Tau’, a tissue-specificity metric which can also be abbreviated to 
the Greek letter tau (), but nowhere before have I seen this written as ‘T’ so I 

https://paperpile.com/c/tpvM4V/iFt40
https://paperpile.com/c/gYJAtn/iafPm+UjywS


am unsure what it means. I might guess that this is a misunderstanding of the 
name of the metric, and if so it should be changed throughout the text, tables and 
figures. If it is a new measure then this should be communicated more clearly in 
the methods/text.  
 
Thank you for helping us clarify this. Tau is not a new metric and we fully 
reference in the text: 
 
Line 308 “In the first two methods, we used low tissue-specificity genes based on Ταυ and 
Tissue Specificity Score (TSPS) using our data 68,69.” 
 
If the problem is capitalization, the metric has been capitalized (or not) in the 
literature.  For example: 
 
“We also analysed robustness of Tau by comparing correlation calculated on all 27 tissues and on all 

the subsets of 5–26 tissues (Supplementary Figures S12 and S13).” 

https://doi.org/10.1093/bib/bbw008 

 

Tau is a Greek letter and we used Greek font for Greek letters.  We are happy to 
follow convention and journal formatting preferences as advised by the copy 
editor.  We have added this as a query on the author checklist form.    
 
 

3) I noted during my checking of the tau methods that the referencing is muddled 
in the supplementary material. For example Ref #68 is cited when discussing tau 
in the ‘scRNA-seq Downstream Analysis’ section of the methods in the 
supplement – in fact the paper which I think they should reference (and do 
correctly in main paper) is #69 in the main paper or #62 in the supplementary. I 
have not checked other citations but these should all be checked carefully. 
 
Thank you for your careful observations. It is our understanding that the citation 
numbers will be collated into the main text references.  We agree that having 
separate supplement and main text references is confusing and we probably 
should have combined them in the original draft.  We will follow the journal 
guidelines and carefully check all citations in the proofs.   
 

4) Fig 4: the figure caption does not match with the figure - I don’t know what 
any of the lower panels refer to. Also the subpanels should be labelled on the 
figure with the specificity measure throughout to make it clearer. 
 

https://paperpile.com/c/gYJAtn/wXDGk+CdcVB
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/bib/18/2/10.1093_bib_bbw008/2/bbw008_supp.zip?Expires=1608684283&Signature=WddKuxmGC4BGOOAqcgEttpGw4JQuBHjId4mTAiM-3ruFqG0uTqzKHIrbCQA5vWl9r9eGGXzCOHmyfjhT9AniQKumNLrlcsNbA-EHkEuOgLuVQzPIT8Kx0Z3rIUvJUzJ97EU34UAUe5TmHRbaR0~7et8WnLKB1LXizjdDYkLMw2g4tLAGIGRLiMfAGvvfDcIpytLHarKbYHwGeXKSqXTofTFfh5A530SfNF6Np79pPQOqdWu3LVQSIjIpr8Tt78FExQXYNr3p0gWUgHeCEwOTGVKpYx4~ISD0ooV-MQPd1F-zvIwHDErDWpkg4X4VRudweHFkAOAQu-fxhzyaiDU1Bw__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
https://doi.org/10.1093/bib/bbw008


Thank you for catching this!  We added a panel to this figure without changing 
the legend.  We also added labels to Fig 4F-K, as suggested.  The addition  follows: 
 
Line 1207 (a) Ribbons showing p-values for Gene Ontology enrichments (blue scale) in three 
gene sets representing widely expressed genes.  
 

5) Line 442-443: “This is reminiscent of meiotic sex chromosome in mammals…” 
– I think this should read “This is reminiscent of meiotic sex chromosome 
*inactivation* in mammals”.  
 
Thank you.  Corrected: 
 
Line 443. This is reminiscent of meiotic sex chromosome inactivation in mammals, where X 
chromosome… 
 
 
 
 
 


