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32 Abstract

33

34  Studies of sex chromosome dosage compensation have historically focussed on
35 therian mammals which have a conserved XY sex determination system. In contrast,
36 lizards have sex determination systems that can differ between even closely related
37 species that include XY and ZW systems and thermolabile systems where genetic
38 and temperature interact to various degrees to determine sex. The eastern three-
39 lined skink (Bassiana duperreyi) has a differentiated XY sex determination system, in
40  which low temperature incubation during development can cause female to male sex
41  reversal, producing XX males. This provides a unique opportunity to investigate how
42  genotype and phenotype affect dosage compensation. We generated transcriptomes
43  from brain and heart tissue of normal adult males and females, along with brain
44  tissue of sex-reversed XX males. We observed partial dosage compensation
45 between XX females and XY males in both brain and heart, with median gene
46  expression from the X in normal males being 0.7 times that of normal females.
47  Surprisingly, in brain of sex reversed XX males the median X chromosome output
48  did not match that of either normal males or females, but instead was 0.89 times that
49  of the normal XX female level. This suggests that not just genotype, but also sexual
50 phenotype, influences gene dosage of the X chromosome. This has profound
51 implications for our understanding of the evolution of dosage compensation.

52
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53 Introduction:

54

55 Sex chromosome dosage compensation was proposed to have evolved in response
56 to loss of gene function from the mammalian Y chromosome. Gene expression from
57 the single X in males should need to be upregulated to restore ancestral autosomal
58 levels. This X upregulation carried through to females resulting in disproportionately
59 high X expression in XX females (1), and this was countered by X chromosome
60 inactivation (XCI) to silence one X chromosome in the somatic cells of females (2).
61 This classic model of dosage compensation appears to hold true for marsupial
62 ~mammals, but transcriptional upregulation of the single X appears incomplete in
63 eutherian mammals (3, 4). In monotremes, median gene expression from the X
64 chromosome is increased compared to the autosomes in XY males, as it is for the
65 bird Z in ZW females. However, global X (or Z) transcriptional output is not evenly
66  balanced between the sexes (5).

67

68 Mammals and birds have ancient and relatively stable sex chromosomes and sex
69 determination systems. Most mammals have a conserved XY system and birds have
70 a conserved ZW system. In contrast, reptiles display a wide array of sex
71 determination and sex chromosome systems, even in closely related species (6, 7).
72  These organisms exhibit not only XY and ZW genetic sex determination (GSD)
73  systems, but also temperature-dependent sex determination (TSD), whereby the sex
74  of offspring is determined by the temperature at which the egg is incubated during a
75 thermosensitive window. GSD and TSD systems are often observed in closely
76  related lizard species, and some species have a GSD system that can be overridden
77 by temperature to cause sex reversal (8-11).

78

79 The few studies of reptile dosage compensation have revealed a variety of non-
80 canonical dosage compensation systems. In snakes, there are reports of partial
81 dosage compensation of the Z chromosome by upregulation of Z-borne genes in
82 females (12, 13). The green anole (Anolis carolinensis), a lizard with an XY sex
83 chromosome system, has complete dosage compensation of genes on the linkage
84  group representing the most differentiated region of the X, and incomplete dosage
85 compensation of genes on scaffolds representing newer, less differentiated regions

86  (14). In contrast, the Komodo dragon (Varanus komodoensis), which has one of the
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87 oldest ZW sex chromosome systems, shows no evidence of dosage compensation
88 of Z-specific genes (15). Little else is known about dosage compensation in other
89 lizards with different sex chromosome systems.
90
91 The scincid lizard Bassiana duperreyi (Australian eastern three-lined skink) has a
92 differentiated XY sex chromosome system (16) that is thought to predate skink
93 radiation (17). However, the genetic sex determining switch can be overridden by
94 temperature (8, 9, 11). Reduced incubation temperature of eggs during the
95 thermosensitive period results in sex reversed XX males in the adult population and
96 the natural nests of both captive and wild populations (18, 19). This gives rise to
97 three different genotypic and phenotypic sexes: XX females, XY males and sex
98 reversed XX males. Therefore, B. duperreyi provides a unique opportunity not only to
99 examine dosage compensation in a reptile with differentiated sex chromosomes, but
100 to also test if dosage compensation in sex reversed XX males follows genotype or
101  phenotype.
102
103 Here we present a chromosome level B. duperreyi genome assembly from a male
104 individual, in which we have identified both the X and Y chromosomes. We
105 generated mMRNA sequence data from brain and heart tissue of genotypically normal
106 XX females and XY males, and brain tissue of XX male individuals to examine the
107 effect of genotype and phenotype on dosage compensation. In brain and heart of
108 normal XY male and XX female individuals, there was partial dosage compensation,
109 such that the single X of XY males was overexpressed. However, in sex reversed XX
110 males, we observed that median gene expression of the X was higher than in XY
111 males, but lower than XX females, such that the X chromosomes of XX males were
112 underexpressed. This raises the intriguing possibility that sex chromosome dosage
113  compensation is not governed solely by genotype, and that phenotype (sex) plays an
114  unknown role.
115
116
117
118
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Results:

Genome summary

Genome length was 1.485 Gbp, assembled into 5,369 contigs/scaffolds. The six
largest scaffolds corresponded to autosome macrochromosomes (288.7 - 75.5 Mbp),
with the next eight largest scaffolds representing the microchromosomes (54.7 —
18.1 Mbp) (Figure 1A, Table 1). These chromosome-scale scaffolds comprised
98.5% of the total assembled sequence. BUSCO analysis showed 96.0% complete
conserved orthologs in the tetrapod database and 96.6% complete conserved

orthologs in the vertebrate database (Table 2).

Table 1. Chromosome size and identity

Scaffold Name Size (bp) Chromosome Identity
BASDU_flyeontvl Contig31 288676622 1
BASDU_flyeontvl_Contig51 258390987 2
BASDU_flyeontvl_Contig32 215829809 3
BASDU_flyeontvl_Contig88 205722031 4
BASDU_flyeontvl_Contig66 107145552 5
BASDU_flyeontvl_Contig53 75523483 6

BASDU_flyeontvl Contigl241 74033703 X
BASDU_flyeontvl_Contig298 54678650 7
BASDU_flyeontvl_Contig235 50055479 12,13,14
BASDU_flyeontvl_Contig328 39280427 8
BASDU_flyeontvl_Contig38 25948193 9
BASDU_flyeontvl_Contig604 22020833 10
BASDU_flyeontvl_Contig93 21659042 Y
BASDU_flyeontvl Contigl096 18146980 11
Table 2. BUSCO assessment of the B. duperreyi genome
Complete Complete
BUSCO and single- and Groups
Assessment Total copy duplicated Fragmented Missing searched
tetrapod_odb10 5156 5098 58 (1.1%) 44 (0.8%) 110 38
(96.0%) (2.1%)
vertebrate_odbl 3290 3240 50 (1.5%) 32 (1.0%) 32 (0.9%) 67
0 (96.6%)

Two scaffolds were identified as the X and Y chromosomes by BLASTn with known

Y specific B. duperreyi markers. Read depth analysis of short read lllumina whole


https://doi.org/10.1101/2023.08.24.554710

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.24.554710; this version posted August 26, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

137 genome sequencing from a male individual confirmed identity of these scaffolds as
138 the X and Y chromosomes (Figure 1B), and revealed the pseudoautosomal region
139  (PAR) boundary location at which read coverage increased compared to X and Y
140  specific regions. The X and Y chromosomes were 71.2 Mbp and 21.7 Mbp,
141  respectively, and shared a small PAR of approximately 2.8Mbp that was assembled
142  onto the X scaffold (Figure 1B). Both the X and Y had more interactions with the
143  autosomes, than macrochromosome to macrochromosome interactions (Figure 1A),
144  contrasting eutherian XY systems that have fewer interactions between sex
145 chromosome and autosomes (20). As expected, microchromosomes interacted with
146  each other more than with the macrochromosomes (21).

147

148  Annotation identified a total of 13,979 genes in the genome. Of these, 667 were X-
149  specific genes, sharing extensive homology with chicken chromosome 1 (Figure 1C).
150 A total of 65 genes were annotated on the male specific region of the Y: 42 of these
151  were X/Y shared, with the remaining 23 having no X-borne partner so were Y-
152  specific. A total of 39 genes were annotated in the PAR. The karyotypic difference
153  between the X and Y (16), and the disparity between their gene content, confirmed
154  their differentiation. This suggested that a sex chromosome dosage compensation
155 mechanism should be required to balance the output of X-specific genes in XX
156  females and XY males.

157

158 Dosage compensation of the X chromosome

159 In brain and heart, median gene expression from the autosome scaffolds and PAR
160 was equivalent between XY males and XX females (Figure 2A). However, median X
161 chromosome transcriptional output in XY males was reduced compared to XX
162 females (to 70% in brain and 65% in heart: Mood’s median test, p < 0.0001).

163

164  We next tested if phenotypic sex influenced total transcriptional output from the X
165 versus the autosomes in brain. The ratios of median X specific to autosome gene
166  expression levels within the three genotypic and phenotypic sexes were measured.
167 In XX females there was no significant difference between X and autosomal
168  expression levels. In XX males, expression from the X trended down, but this was
169 not statistically significant. In XY males, median transcriptional output from the X was
170  72% that of the autosomes (permutation test, p < 0.0001) (Figure 2B).
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171

172 We then compared transcriptional output of the X specific region between the three
173  phenotypic and genotypic sexes. Median gene expression from autosome scaffolds
174  and the PAR of XX females, XY males and sex reversed XX males were equivalent
175  (Figure 2C). As observed for heart and brain above, median gene expression from
176  the X chromosome was significantly lower in normal XY males compared to XX
177  females (down to 69%: Mood’s median test, p < 0.0001) (Figure 2C). Median gene
178  expression from the X chromosome was also lower in XY males than XX males
179  (down to 77%: Mood’s median test, p < 0.0001). These ratios are both greater than
180 the 50% expected from the dosage of X chromosomes, implying significant
181 upregulation of the single X in XY males relative to XX females and XX males
182  (Figure 2C).

183

184 The most interesting comparison of expression ratio from the X was between sex
185 reversed XX males and normal XX females. Although both have two X
186 chromosomes, transcription from the X was significantly lower in XX sex reversed
187 males (down to 89%: Mood’s median test, p < 0.0001). This must mean that one or
188 both X chromosomes are downregulated in sex reversed XX males. Thus, sex
189 reversed XX males have a median level of X chromosome gene expression that is
190 not equivalent to either their phenotypic (XY male) or genotypic (XX female)
191  counterparts. This result is not region specific on the X (Figure 2D), nor is it restricted
192 to a subset of genes (Figure 2G); rather, it is chromosome wide.

193

194
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195 Discussion:

196

197 Therian mammals have conserved sex chromosomes and dosage compensation
198 systems. Part of this dosage compensation system is the transcriptional silencing of
199 one X in the somatic cells of females via the epigenetic process of XCI (2). In XXX
200 human females, two Xs are inactivated (22), and in XXY males one X is silenced,
201 leaving one active X (23, 24). This is a reflection of the counting mechanism of XClI,
202  which results in all but one X being silenced in mammals (25) and is entirely
203 genotype dependent.

204

205 In contrast, we demonstrate here that in a lizard transcriptional output of genes on
206 the X chromosome is influenced by phenotypic sex, as well as sex chromosome
207  constitution.

208

209 In normal XY male B. duperreyi there was partial dosage compensation of the X
210 chromosome (Figure 2C), with median X chromosome gene expression 69% that of
211 XX females. Therefore, the single X chromosome is being over-expressed by a
212  factor of approximately 1.45. This is similar to observations in non-therian mammal
213 vertebrates such as platypus (5). However, it is different from dosage compensation
214  in other lizard species: absence of sex chromosome dosage compensation in the
215  ZW system of the Komodo dragon (15), and a mix of complete and partial dosage
216 compensation present in the green anole depending on the age of the region of the
217 X chromosome (14).

218

219 Thus, our observation that B. duperreyi has a chromosome-wide partial dosage
220 compensation system documents a third dosage compensation strategy in lizards.
221  This implies that different dosage compensation systems have evolved repeatedly
222 and independently in different lizard lineages, perhaps depending on the dosage
223  compensation requirements of the progenitor autosomes from which the sex
224  chromosome systems evolved. Study of more lizards will elucidate the breadth of
225  reptile sex dosage compensation and highlight different evolutionary strategies.

226

227  As well as comparing normal XY males and XX females, we examined X expression

228 in sex reversed XX males. Surprisingly, XX males had lower gene expression from
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229 the X when compared to normal XX females, meaning that the expression per X is
230 less in XX males than in XX females. Per X expression in XX males must also be
231 less than expression from the single X in XY males (Figure 3). Therefore, sex
232 chromosome dosage compensation in B. duperreyi is influenced not just by
233 genotype, but also by sexual phenotype. This unexpected result is the first example
234  of an effect of phenotype on sex chromosome dosage compensation, which has
235  been viewed as a response strictly to genotype.

236

237 Reduced expression from the X in sex reversed XX males contradicts theories that
238 dosage compensation evolves exclusively in response to genotype, that is to the
239  number of X chromosomes. This is the first evidence that phenotypic sex influences
240 sex chromosome transcriptional output, with profound implications for our
241 understanding of how dosage compensation evolves. The underlying mechanism
242  responsible for the effect of phenotypic sex on X gene expression remains unclear.
243 Our observation suggests that there is down regulation of one or both of the Xs in XX
244  males. This is quite the opposite to upregulation of the single X in XY males (Figure
245  3).

246

247  Evolutionary arguments do not offer a satisfactory explanation of our results. If loss
248 of genes from the degenerating Y was not accompanied by dosage compensation,
249  we would expect expression from the two X chromosomes to be equivalent in XX
250 females and XX sex reversed males. If loss of Y genes was accompanied by
251  upregulation of the single X in XY males (which we observed), and upregulation of
252  both Xs also occurred in XX males, we would expect XX males to have increased
253  expression per X chromosome compared to XX females. Alternatively, should the X
254  chromosomes in XX males have the same output as XX females, then XX males and
255 XX females should be equivalent (Figure 3). None of these scenarios explain why
256  expression from the X chromosome is lower in XX males than in XX females. Clearly
257 X chromosome transcriptional output is not entirely a response to the number of X
258 chromosomes. Therefore, we hypothesize that dosage compensation in B. duperreyi
259 s influenced by phenotypic sex.

260

261 A possible explanation is that transcriptional output of the X in B. duperreyi is tuned

262 to be globally lower in males than in females. This would not violate upregulation of
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263  the single X in XY males in response to loss of genes from the Y, which results in the
264 observed partial sex chromosome dosage compensation. However, if reduced
265 expression from the X is optimal for normal males, then X output might be “capped”
266 in phenotypic males irrespective of the number of X chromosomes. There is no
267 subset of X-borne genes that is under expressed, so our results signify a global
268 change in X expression (Figure 2 D-G). Understanding the epigenetic profile of the X
269 chromosomes in the three genotypic and phenotypic sexes will be critical to
270  deciphering the mechanics of dosage compensation in this model.

271

272 Temperature-induced sex reversal in lizards is not unique to B. duperreyi, having
273 been observed in several species (8, 10). It is possible that sex reversal in lizards is
274  more widespread than previously believed, as it has been systematically investigated
275 in only a few species (26), and there may be numerous other species whose sex
276 reversal status is yet to be confirmed (see 27, 28, 29). Examining dosage
277 compensation in other sex reversing models will reveal if the influence that
278 phenotypic sex exerts on X (or Z) gene expression is a widespread phenomenon in
279  lizards.

280
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281 Methods

282

283  Sample collection and sexing

284  In December 2020, samples (eggs) of alpine B. duperreyi were collected from the
285 field location within the Brindabella Range (Piccadilly Circus — 1240 m a.s.l,
286 35°21'42.0“S 148°48'12.5"E) after ensuring that approximately 90% of the
287 development period had passed in natural conditions (9). The eggs were then
288  collected, transported to the University of Canberra, and placed in incubators
289  (LabWit, ZXSDR1090) that maintained 23°C, which produces a balanced sex ratio
290 (9). Details egg collection methods (19) and a description of the alpine study site can
291  be found in (30).

292

293  To determine phenotypic sex of the hatchlings, tail bases of 3-to-7-day old hatchlings
294 were squeezed to evert the hemipenes (31) and sex was checked again by
295 hemipene transillumination after 5 weeks (19). Tail snips were collected to determine
296 the genotype of the lizards. Genotypic sex was determined for B. duperreyi using
297 polymerase chain reaction (PCR)-based molecular sex tests from extracted DNA
298 collected from tissue samples. DNA purity was determined using a NanoDrop 1000
299 spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE, USA) and
300 quantified using the Qubit 2.0 Fluorometric Quantitation (Invitrogen, Life
301 technologies, Sydney, N.S.W., Australia). The sex-reversal status was determined
302 for B. duperreyi using PCR as described by Dissanayake et al. (16), where the
303 genotypic sex was identified based on Y-specific markers allowing identification of
304 XY males (XYm) and XX males (XXm).

305

306

307 RNA extraction and sequencing

308 Total RNA was extracted from the brain tissue of five XY males (XYm), five XX
309 females (XXfm), and four XX males (XXm). Tissue extracts were homogenized using
310 T10 Basic ULTRA-TURRAX® Homogenizer (IKA, Staufen im Breisgau, Germany)
311 and extracted using TRIzol reagent following the manufacturer’s instructions,
312 purifying with an isopropanol precipitation. Seventy-five bp single-ended reads were
313 generated on the lllumina NextSeq 500 platform at the Ramaciotti Centre for
314  Genomics (UNSW, Sydney, Australlia).
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315

316

317 DNA extraction and sequencing for assembly

318 Genomic DNA was extracted from 13 mg of ethanol-preserved muscle tissue from a
319 male (XY) B. duperreyi, using the Circulomics Nanobind tissue kit as per the
320 manufacturer’'s protocols, including the specified pre-treatment for ethanol removal.
321 Library preparation was performed with 3 pg of DNA as input, using the SQK-
322 LSK109 kit from Oxford Nanopore Technologies and sequenced across two
323  promethlON (FLO-PROO002) flow cells, with washes (EXP-WSHO004) performed
324  every 24 hours.

325

326 Genome assembly

327 The genome assembly pipeline relied on using a combination of whole-genome
328 sequencing ONT long reads, lllumina short reads and Hi-C reads. Firstly, adapters
329 were removed from lllumina and Hi-C reads using TrimGalore v0.6.6 with default
330 parameters. A primary assembly was generated using Flye v2.8.3 (32) and the ONT
331 long reads, with the following parameters “--trestle --iterations 2”. lllumina short
332 reads were aligned to the primary assembly with bwa-mem v0.7.17-r1188 and ONT
333 long reads were aligned with minimap2 v2.24-r1122 (33), and both alignments were
334 used to polish the assembly with hypo v0.5.1. Homologous contigs were identified
335 and removed using Purge Haplotigs v1.1.1 (34). Chromosome-length scaffolding
336 was performed with Hi-C data using Juicer v1.6 (35) to generate a contact matrix of
337 the connections between contigs and 3d-dna v180922 to organise the contigs into
338 larger scaffolds. Gaps in the assembly were filled using PBjelly v15.8.24 (36) with
339 the ONT reads. The final assembly was assessed for completeness using BUSCO
340 and accuracy using Merqury v1.3 (37), by comparing the assembly k-mer spectrum
341  to those found in the Illumina reads.

342

343  Annotation

344  The annotation used in this study was generated using AUGUSTUS v3.4.0 (38) with
345 RNA sequencing data from brain, heart and gonad from male and female individuals.
346  Prior to running AUGUSTUS, a transcriptome assembly and a soft-masked genome
347 assembly were generated with Trinity v2.12.0 (39) and RepeatMasker v4.1.2-p1
348 (40), respectively. AUGUSTUS parameters were optimised with a training set of 500
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349 genes, including 5 rounds of optimisation with exon and UTR parameters, before
350 gene prediction and stitching. Peptides were inferred from the final annotation using
351 ffread v0.12.7 (41) and blasted against the uniprot database with blast v2.11.0 (42)
352 for gene identification. A github repository of this pipeline can be found at
353  https://github.com/kango2/Annotation.

354

355 Y specific sequences (16) in Bassiana were blasted against the generated Bassiana
356  duperreyi genome assembly with blast v2.11.0 (42).

357

358 Read depth analysis

359 DNA was extracted from muscle samples of the individual animals using the Gentra
360 Puregene Tissue Kit (QIAGEN, Australia), following the manufacturer's protocols
361 with the modifications described below. The volume and reagent amounts were
362 adjusted according to the size of the tissue sample, using three times more reagent
363 than specified in the manufacturer's protocols. Additionally, we made modifications
364 to the DNA precipitation steps outlined in the manufacturer's protocol. The DNA
365 thread was spooled out using a galls rod and submerged in 300ul of 70% ethanol,
366 then air dried for one minute. Subsequently, we used TE buffer for DNA hydration
367 and allowed it to dissolve overnight at room temperature.

368

369 Raw read quality of the DNA sequencing was assessed using FastQC v0.11.9 (43)
370 and trimmed accordingly with trimmomatic v0.38 (44). Trimmed reads were aligned
371 to the newly generated B. duperreyi genome assembly with subread-align command
372 in subread v2.0.1 (45). Read depth in 20000 bp windows was calculated using the
373 bamCoverage command, from deeptools v3.5.1 (46), for the X and Y scaffolds as
374 well as a representative autosomal scaffold (contig 328). The generated BED files
375 were then used to plot read depth across these scaffolds using the ggplot2 package
376  inRv4.2.1.

377

378 Bioinformatics analysis of RNA-seq

379 Raw read quality of RNA sequencing was assessed using FastQC v0.11.9 (43) and
380 trimmed accordingly with trimmomatic v0.38 (44). Trimmed reads were aligned to the
381 newly generated B. duperreyi genome assembly with subread-align function in
382 subread v2.0.1 (45). The subread-featurecount function from subread v2.0.1 (47)
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383 was used to count reads that overlapped genomic features using the settings “-0 -2 -t
384 CDS,five_prime_utr,three_prime_utr’, the remaining settings were left as default.
385 Library size and read counts were normalised by counts per million and RPKM
386 respectively using the edgeR package in R v4.2.1 (48). Gene expression ratios were
387 calculated and plotted with the ggplot2 package. Gene expression values were
388 calculated from the RNA-seq data (hatchling brain tissue) of XX females (n=3), XY
389 males (n=3) and sex reversed XX males (n=3). Normalised expression values were
390 used to create male to female median expression ratios between the three genotypic
391 and phenotypic sexes for each gene. Genes were binned according to their location
392 on an autosome, the PAR, X as total output and X where output is adjusted for X
393 complement. For per X median expression ratios, X expression was halved for the
394  sexes with two X chromosomes (XXf and XXm).

395

396 Data availability

397 All sequence data have been submitted to the NCBI sequence read archive under
398 the BioProject ID PRINA980841.
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539 Figure Legends

540

541 Figure 1. Genome summary of the Bassiana duperreyi assembly

542 A) Hi-C contact map generated with HIC explorer (49) showing scaffold
543 (chromosome) boundaries. Inset: magnified view of the HIiC contact map for
544  microchromosomes with size 18.1 — 55.4 Mb, and the sex chromosomes. Number of
545 contacts are between 100 kbp bins. Below: mean inter-chromosomal interactions for
546 100 kbp windows between each chromosome. B) Number of reads mapped in 20kb
547 windows of male lllumina genome sequencing on a representative autosome (contig
548 31), the putative Y (contig 93) and X contigs (contig 1241). Vertical red line is the
549 PAR boundary on the X contig. C) Synteny across chicken, bassiana and blue tailed
550 skink (Cryptoblepharus egeriae) genomes, generated with GENESPACE (50). The
551 bassiana Y scaffold (contig 93, not shown) does not share synteny with the other two
552  species.

553

554  Figure 2. Dosage of gene expression between sexes

555 A) Median expression male (XY) to female (XX) ratios were calculated for brain and
556 heart tissue (n=1 for both). A ratio above zero indicates higher expression in male
557 and a ratio below zero indicates higher expression in female. Median is plotted in the
558 box with exact value above each median. Boxes represent the middle 50% of the
559 data, and whiskers represent 1.5 times the interquartile range. Outliers not plotted.
560 B) Brain transcriptomes were used to calculate median RPKM for each sex condition
561  (XYm, XXm and XXf) and plotted for autosomal, X specific and PAR genes as a ratio
562 to autosomal median. Ratio to the autosomal median is plotted in the box with exact
563 value above each median. Permutation tests were used to calculate whether median
564 PAR and X specific RPKMs were statistically different from the median autosome
565 RPKM, as well as if the median PAR RPKM was different from the median X specific
566 RPKM (**** p<0.0001, *** p<0.001, * p<0.05). C) Median expression ratios were
567 calculated for pairwise comparisons of the three sexes (XYm, XXm and XXf).
568 Genomic regions were separated and plotted as follows; autosomes (green), PAR
569 (blue), total X output (red) and X output adjusted per X (yellow). Mood’s median tests
570 were used to calculate if the ratios for the autosomes and X, as well as Xs between
571 sexes, were statistically different (**** p<0.0001). D) Expression ratios were

572 calculated for each gene in the X specific region and PAR in a pairwise fashion for
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573 the three sexes. Ratios plotted on a log2 scale and median values are plotted as a
574 line in red for X the specific region and blue for the PAR. E-G) Scatterplot of counts
575 per million (CPM) for each gene for each pairwise comparison of E) XXf to XYm, F)
576  XXm to XYm and G) XXf to XXm. X genes are plotted in black with slope plotted as a
577 red line. Autosomal genes are plotted in blue with slope as a green line. Slope and
578 R-squared of each trendline is shown above each plot.

579

580 Figure 3. Expected and observed dosage of the X chromosome in sex reversed
581 XX males. Left: The X chromosome must be upregulated to in XY males to reach
582 ~70% of the total X chromosome transcriptional output in females. Centre: Should
583 dosage compensation depend on genotype, then transcriptional output of the X
584 chromosomes in XX males should be the same as XX females (top). Alternatively, if
585 transcriptional output of the X chromosome depends on phenotype, then both X
586 chromosomes should be up regulated (bottom) resulting in total X output greater
587 than that of XX females. Right: The total transcriptional output from X genes in XX
588 males lay between that of XX females and XY male. This could result from an
589 upregulated X (as in XY males) that is coupled with a mostly down-regulated X (top).
590 Alternatively, two partially down-regulated Xs (bottom) could achieve the same
591 transcriptional output.

592

593 Supplementary Figure 1. Expression ratios for each autosomal scaffold for the
594 three pairwise sex/ genotype comparisons. Number of genes (n) is show in the key
595 for each contig.

596

597 Supplementary Figure 2. Expression ratios were calculated for each gene on a
598 representative autosome in a pairwise fashion for each sex (XYm, XXm and XXf).
599 Values are plotted on a log2 scale and median values for each comparison are
600 plotted as a red line.

601
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