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Abstract

Genome sizes are known to vary between closely related species, but the patterns behind this 
variation have yet to be fully understood. Although this variation has been evaluated between 
species and within sexes, unknown is the extent to which this variation is driven by differentiation 
in sex chromosomes. To address this longstanding question, we examine the mode and tempo of 
genome size evolution for a total of 87 species of Drosophilidae, estimating and updating male 
genome size values for 44 of these species. We compare the evolution of genome size within 
each sex to the evolution of the differences between the sexes. Utilizing comparative phylogenetic 
methods, we find that male and female genome size evolution is largely a neutral process, 
reflective of phylogenetic relatedness between species, which supports the newly proposed 
accordion model for genome size change. When similarly analyzed, the difference between the 
sexes due to heteromorphic sex chromosomes is a dynamic process; the male-female genome 
size difference increases with time with or without known neo-Y events or complete loss of the 
Y. Observed instances of rapid change match theoretical expectations and known neo-Y and Y loss 
events in individual species.

Subject area:  Molecular systematics and phylogenetics
Keywords:  comparative phylogenetic analyses, Drosophila, genome architecture, genome size evolution, sex chromosomes, Sophophora

Genome size (also termed C-value) varies widely across organisms, 
with up to 7000-fold variation in animals alone, yet does not correlate 
with complexity among eukaryotes (Mirsky and Ris 1951; Palazzo and 
Gregory 2014). This has been commonly termed the C-value paradox 
(or enigma) (Gregory 2001). The C-value paradox has been histori-
cally been explained by variation in amounts of nongenic and repeat 
regions resulting from transposable elements, satellite DNA, tandem 
repeats, and even copy number variation rather than differences in the 
amount of DNA in coding genes and intergenic regions (Gregory and 
Hebert 1999; Kidwell 2002; Schaeffer et al. 2008; Kelley et al. 2014). 
Much of the known variation in genome size between closely related 

species of plants and animals is explained by differential accumula-
tion of transposable elements (Bennetzen and Kellogg 1997; Ågren 
and Wright 2011). When sister species Drosophila melanogaster 
and Drosophila simulans are compared, there was considerably less 
evidence of transposable elements in D. simulans, the species with a 
smaller genome (Vieira and Biémont 2004). A more recent example 
found a significant relationship between genome size and global trans-
posable element content among 26 species of Drosophila in a phylo-
genetic context (Sessegolo et al. 2016).

Although the C-value paradox has been explained through the 
accumulation of noncoding DNA, the mechanisms and patterns for 
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the resulting variation are still debated. Many hypotheses for the 
patterns of long-term change have been proposed, ranging from 
neutral change via imbalances in insertions and deletions to forces 
selecting for/against genome size correlates. Each of these hypoth-
eses has incomplete support in the literature, suggesting there is no 
one answer to the question of genome size variation. The mutational 
equilibrium hypothesis, which proposes that genome size changes 
slowly over time due to an imbalance between insertions and dele-
tions (Petrov et al. 2000; Petrov 2001, 2002a, 2002b), has been criti-
cized because it is only presented in small datasets. It is believed that 
the mechanisms proposed are largely theoretical and too slow in real 
systems to provide the variation that is currently present between 
species (Gregory 2003; Gregory 2004). The small effective popula-
tion size, which hypothesizes that larger, more deleterious genomes 
are more likely to be fixed and less likely to be selected out of popu-
lations when the effective population size is small (Lynch and Conery 
2003), loses its statistical support when phylogenetic analyses were 
introduced with the original data (Whitney and Garland 2010). 
Current datasets do not reflect this hypothesis when analyzed with 
phylogenetic methods, but this is not sufficient evidence to disregard 
it. The recently hypothesized accordion model offers the promising 
explanation that genome size variation (Kapusta et  al. 2017) bal-
ances large insertions due to transposable elements with deletions. 
This may provide a pattern similar to the mutational equilibrium 
model, but evolves at a fast enough rate to fit large datasets.

Although there have been attempts to study the variation in 
genome size across organisms (Gregory 2015; Hanrahan and 
Johnston 2011), much of this work is only related to genome size for 
the species (average of male and female) or one sex (primarily the 
female). Recent studies have found significant genome size variation 
within species may lead to divergent phenotypes (Ellis et al. 2014; 
Huang et  al. 2014; Arnqvist et  al. 2015). When D.  melanogaster 
DGRP lines with large and small genomes were raised in different 
thermal environments, genome size and genome size by temperature 
interactions were significantly related to various important develop-
mental phenotypes, including time to pupation and survival to pupa-
tion and adulthood (Ellis et al. 2014). Although there is considerable 
support for the neutral models of genome size evolution, such results 
suggest that variation in genome size within a species may have a 
significant impact on the evolutionary ecology of species, suggesting 
an adaptive model.

Males and females may have very different life-history selection 
parameters, which in turn can influence the size of the sex chromo-
somes. Genome size differences between sexes are positively associ-
ated with male competitive fertilization success and female lifetime 
fecundity in the seed beetle Callosobruchus maculatus (Arnqvist 
et al. 2015). Similarly, for some male grasshoppers, genome size is 
negatively correlated with the song attractiveness, suggesting that 
sexual selection may be indirectly acting on genome size evolution 
between sexes (Schielzeth et al. 2014). Given that there is a known 
relationship between variation in genome size within a species and 
divergent phenotypes (Ellis et al. 2014; Huang et al. 2014) and that 
genome size variation has impacts on reproductive fitness (Schielzeth 
et  al. 2014; Arnqvist et  al. 2015), the question becomes: Will the 
answers change if we look at the difference between males and 
females? What do these differences tell us about the formation and 
degradation of sex chromosomes?

Heteromorphic sex chromosomes are hypothesized to originate 
as a pair of homologous chromosomes containing alleles related to 
male and female determination and organismal success (Goodfellow 
et al. 1983; Charlesworth et al. 2005). Inversions and other methods 

of recombination suppression occur over time effectively prevent-
ing genetic exchange of sex determination factors between the het-
eromorphic sex chromosomes. This suppression is followed by the 
accumulation of transposable elements. This accumulation is tran-
sient because transposable elements may increase the instances of 
chromosome breaks (Charlesworth et al. 2005; Bachtrog 2013) or 
insert into coding and regulatory regions of the Y chromosome, inac-
tivating genes. Both lead to eventual loss of genes and gene func-
tion (Matsunaga 2009). These changes, along with the differential 
selection on the X and Y, will result in permanent chromosomal 
heterozygosity (Muller 1918; Charlesworth et  al. 2005; Bachtrog 
2013). This process of sex chromosome evolution may first result 
in an increase in size of the Y chromosome before it inevitably loses 
coding sequences and, in most cases, physical size (Charlesworth and 
Charlesworth 2000; Blackmon and Brandvain 2017). In X–Y sys-
tems, males with a larger genome size than females could indicate 
the presence of a neo-Y system through fusions or translocations. 
However, not all instances of neo-Y systems would provide this pat-
tern given the rapid decay of the Y. During this process of gain and 
loss, the genome size, particularly the relative size of the X and Y 
chromosome and the amounts of heterochromatin and euchromatin 
in each, may change significantly. Cytologically, it is still difficult to 
disentangle chromosome size from genome size differences due to 
the tight packing behavior of heterochromatin. Whether or not chro-
mosomal responses to sex determination generally extend to species 
genome size variation in the 2 sexes is generally unknown.

This cyclical process of bloat, decay, loss, and regeneration of 
the Y chromosome may be quicker in higher Diptera (Brachycera), 
and other organisms with achiasmatic meiosis, relative to the process 
in other organisms, including most mammals that have chiasmatic 
meiosis. For example, the entire neo-Y chromosome in Drosophila 
lacks recombination as soon as it is formed (Blackmon and Demuth 
2015a). In contrast, organisms with chiasmatic meiosis must fix a 
series of mutations (often inversions) that suppress recombination in 
the sex chromosomes before the Y can begin to differentiate from the 
X, a process that can take millions of years (Lahn and Page 1999). 
This rapid turnover in Y chromosomes in insects, specifically 
Drosophila, has made them the model system for studying sex chro-
mosome differentiation (Blackmon and Demuth 2015b).

Here, we report the genome sizes for both males and females of 87 
species of Drosophilidae, with a focus on the subgenus Sophophora, 
estimating and updating male genome size values for 44 of these 
species. Species outside of Sophophora are included as outgroups 
for appropriate phylogenetic comparison. Male and female genome 
size values are analyzed in a phylogenetic context utilizing modern 
phylogenetic comparative methods. Female Sophophora have been 
analyzed in a phylogenetic context (Hjelmen and Johnston 2017); it 
is unknown whether male whole genomes exhibit the same or differ-
ent evolutionary patterns. The difference in male and female genome 
size is also of interest because it can serve as a relative proxy for sex 
chromosome differentiation, assuming the change in the X chromo-
some from the neo-X is small relative to the neo-Y transition. This 
male–female size difference can be analyzed in a similar fashion to 
whole-genome size to answer questions related to the evolution of 
heteromorphic sex chromosomes.

We hypothesize that the X–Y difference will show a spontane-
ous and sporadic pattern of evolution (explained below), as selection 
may act rapidly on regions that determine successful production of 
males and females. The hypothesized pattern would differ from the 
patterns found for whole-genome size in species of the Sophophora 
subgenus and the whole Drosophila genus (Sessegolo et  al. 2016; 
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Hjelmen and Johnston 2017). Any dramatic changes in the X–Y sys-
tem would produce a markedly different individual, or clade, and 
a loss of phylogenetic signal or predictability. This would be true 
in particular when the Y chromosomes are not identical by descent 
(Carvalho and Clark 2005; Koerich et  al. 2008; Carvalho et  al. 
2009). Hypothesizing that change in a degraded Y is less predictable, 
we do not expect gradual pattern of change; saltatory changes would 
be indicated by departures from signals of gradualistic evolution. 
These nonphylogenetic differences in mode and tempo of change in 
size would potentially pinpoint major changes in the differentiation 
of heteromorphic sex chromosomes, the formation of neo-Y chro-
mosomes, and the rapid degradation of Y chromosomes.

Methods

Genome Size Database
Forty-three genome sizes were obtained for male and female 
Sophophora from published datasets (Gregory and Johnston 2008). 
Forty-four new species values for males and females were estimated 
concurrently under the same run conditions, with new and updated 
male values reported here scored along with females from the same 
strain to ensure that updated run conditions have not changed the 
estimated female genome values (Supplementary Table S1). Multiple 
biological replicates were run for each sex to determine the level 
of variation by sex for each species/strain estimate. Genome sizes 
were estimated using flow cytometry (Johnston, et al. 2019) for spe-
cies and strains from the UC San Diego Species Stock Center (http://
stockcenter.ucsd.edu). Species from Gregory and Johnston (2008) 
were obtained from the Tucson Species Stock Center and were not 
published with stock number information. Newly obtained species 
were maintained at ambient laboratory temperatures for only 2–3 
generations in the laboratory of J. Spencer Johnston before all esti-
mates for each species was complete.

Because genome size is traditionally represented as the 1C amount, 
or the amount in a haploid cell, genome size for males is an average of 
the “X” and the “Y” gametes (1 autosomal set + ½[X + Y]), whereas 
the female 1C is truly half (1 autosomal set + X). Doubling the 1C 
size recreates the diploid genome size, with the full sex chromosome 
complement and the diploid autosomes. The difference in genome 
size due to heteromorphic sex chromosomes for each species was cal-
culated by subtracting double the male genome size estimate from 
double the female genome size. This can be represented below, where 
A represents the autosomal portion of the genome:

 

It is important to note that this equation shows sex difference due 
to heteromorphic sex chromosomes as a simple X–Y. This difference 
may be due to any combination of sex chromosomes, such as XX/
XO or a neo-Y, where a neo-Y and Y may be present. In the case of 
a neo-Y system, such as Drosophila pseudoobscura and Drosophila 
miranda, this difference involves multiple Muller elements. In 
D.  pseudoobscura, the ancestral Y (Muller A  element) found in 
related species has fused with the Muller F element to make a larger 
dot chromosome, while one Muller D element has fused with the X 
to create a novel submetacentric X. The other homologous Muller 
D element has become a neo-Y (YD). More recently, in D. miranda, 
this neo-Y (YD) has fused with one of the Muller C elements and 
the other, homologous C element has formed a neo-X (Mahajan 
et al. 2018).

Genome Size Analysis
A GS means comparison was run between sexes for each species 
using PROC GLM with a pdiff function in SAS 9.4 (SAS S, Version 
S 2003) and Benjamini–Hochberg control of false discovery rate set 
to 0.01 (Benjamini and Hochberg 1995). This was used to test for 
significant differences between estimates of genome size for each sex 
using the model Yij = u + speciesi + sex (species)j + eij. A Kolmogorov–
Smirnov test was also performed using R 3.2.3 to test for a signifi-
cant difference in the distribution of female and male genome sizes 
(R Core Team 2016).

Phylogeny Reconstruction
The Sophophora phylogeny used in this study is the same used in 
an earlier study of genome size evolution in female Sophophora 
(Hjelmen and Johnston 2017). This phylogeny utilized 16 genes (4 
mitochondrial and 12 protein-coding genes) to reconstruct a molec-
ular phylogeny using a supermatrix method (using COI, COII, 
COIII, Cytb, Amy, AmyRel, Ddc, boss, SNF, Marf, Sod, per, Wee, 
HB, ADH, and fkh). Genes were obtained from NCBI Genbank, 
aligned using MAFFT v.7 online (http://mafft.cbrc.jp/), and cor-
rected by hand after inspection in Mesquite 2.75 (see Hjelmen and 
Johnston 2017 for accession numbers, phylogeny in Supplementary 
Figure S1). These genes were selected, as they were found common 
to species of interest and have been found to be reliable in past stud-
ies of Drosophila phylogenetic relationships (van der Linde et al. 
2010; Kellermann, Loeschcke, et al. 2012; Kellermann, Overgaard, 
et al. 2012).

Phylogenetic Analyses
Male genome size, female genome size, and the difference in gen-
ome size between the male and female of each sex were analyzed 
on the reconstructed phylogeny using the fitContinuous function in 
the package “geiger” in R 3.2.3 (Harmon et al. 2008; R Core Team 
2016). This function allows for likelihood and Akaike information 
criterion (AICc) comparisons of 5 different models of trait evolution 
(Ornstein–Uhlenbeck [OU], Brownian motion [BM], trend diffusion, 
drift, and the white-noise) to determine the best model for trait evo-
lution. The BM model assumes that the amount of similarity in a 
trait is proportional to the shared ancestry of the species in question 
(Felsenstein 1973). The OU model assumes a random walk along a 
branch in a directional fashion, with strength proportional to the 
estimated alpha value (Butler and King 2004). The trend diffusion 
model estimates a linear trend of change in the trait, estimating a 
slope value. The drift model of trait evolution estimates directional 
change in trait values across the phylogeny, estimating negative val-
ues of drift for downward change and positive values for upward 
change. Like the BM model, the White-noise model assumes ran-
domness in the model, yet the White-noise model is nonphylogenetic, 
assuming the trait values are randomly assigned from a normal dis-
tribution and do not have a covariance structure (signal).

Male and female genome sizes were analyzed in relation to the 
phylogeny using Pagel’s parameters of evolution (Pagel 1999) for 
comparison to the results found in Hjelmen and Johnston (2017) for 
female genome size. Pagel’s parameters of evolution have been found 
robust to type I  error and provide comparable and more reliable 
results than other phylogenetic comparative methods (Münkemüller 
et al. 2012; Hjelmen and Johnston 2017). The Pagel’s analyses were 
run assuming a BM model, given the results from the fitContinuous 
analysis. The raw values for the phylogenetic parameters were com-
pared between male and female genome sizes, and the significance 
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from the bounds was compared between this study and the previ-
ously published study on female genome size evolution (Hjelmen 
and Johnston 2017).

In addition to whole-genome size comparison, the difference in 
genome size of the female and male of each species was calculated 
as above and analyzed using the same comparative methods as the 
whole-genome size. All estimates of Pagel’s parameters were com-
pleted in R utilizing the function PGLS from package “caper” (Orme 
et al. 2018). Genome size (for males and females) and sex differ-
ences, which are primarily, if not entirely due to the heteromorphic 
sex chromosomes, were then mapped onto the phylogeny using the 
ContMap function from the phytools package from R 3.3.0 (Revell 
2012). Phylogenetic signal is measured by the parameter λ, which 
ranges from no signal to complete phylogenetic signal (0–1). The 
parameters kappa and delta measure where change occurs, on indi-
vidual branches or in regard to the entire tree, respectively. Values of 
“1” indicate gradualistic change. The hypothesized pattern of change 
due to sex differences would be supported by a reduced amount of 
phylogenetic signal (λ < 1), and departure from gradual, predictable 
change throughout evolutionary time (δ ≠ 1, κ ≠ 1).

Results

Genome Size Information
Genome size and the difference in genome size between sexes due to 
the heteromorphic sex chromosomes for each species can be found 
in Supplementary Table  S1. The distribution of genome sizes for 
females and males is shown in Figure  1. There was no statistical 
difference between male and female genome size distributions across 
the Sophophora (Figure 1) when tested with Kolmogorov–Smirnov 
(D  =  0.12644, P  =  0.49). When analyzed within each species, 43 
of the 87 species were found to have statistically different female 
and male sizes according to the PDIFF analysis (P < 0.01) (Table 1, 

Supplementary Table S1). The male genome is larger than that of the 
female in 3 of the 43 statistically different values (Table 1); only one 
of these significantly larger males is found within the Sophophora 
clade, D. paulistorum. The distribution of sex differences is plotted 
in Figure 2, with color indicating XY, XO, and neo-Y systems. As 
expected, instances of large Y chromosomes are rare; there are very 
few instances of species where the difference due to sex is less than 
zero (Supplementary Table S1), resulting in a very small tail on the 
left side of the distribution (Figure 2), with the majority of sex dif-
ference values positive.

Comparative Phylogenetic Results
When comparing models of trait evolution (OU, BM, Trend, Drift, 
and White) using whole male and female genome sizes, all models 
performed better than the White-noise model of trait evolution. The 
lowest support in the White-noise model suggests that genome size 
is not assigned randomly among taxa, but is rather correlated with 
species relatedness (Table 2). BM was found to perform better than 
the OU, with OU providing an alpha value of 0.0 in both males and 
females (Table 2), which indicates there is not a strong directional 
change in the evolution of genome size in either sex. This in con-
junction with the lower AICc value suggests BM is an acceptable 
model for Pagel’s parameters of evolution. The slope estimated from 
the Trend model (female = −1.43, male = −1.50, Table 2) suggests 
that whole-genome sizes in these Drosophila species are decreasing 
throughout evolutionary time. The latter result is supported by the 
negative Drift values obtained from the Drift model (Table 2).

When comparing the tested models of trait evolution using sex 
difference information for Drosophila species, there is uniform-
ity across likelihood scores, yet there is higher performance in the 
White-noise model (Table  2). The increased likelihood and AICc 
score of the White-noise model suggests that sex differences may not 
be as related to phylogeny as whole-genome size. There is, however, 
phylogenetic signal, suggesting that a phylogenetic model should 
be used. When comparing BM and OU, OU was found to perform 
slightly better, indicating a directional change in sex differences. The 
alpha value from the OU model suggests that there is a slight attrac-
tion toward positive change (alpha = 2.72, Table 2) or an increas-
ing difference between a relatively large female genome size and a 
smaller male genome size. The relative decrease in the size of the 
Y is also supported with the positive slope from the Trend model 
(slope = 16.02, Table 2) and the positive Drift value (Drift = 28.71, 
Table 2).

Pagel’s Parameters of Evolution
Male whole-genome size was found to have significant phylogenetic 
signal (λ = 1) with high levels of support (Table 3). The male genome 
size was also found to change gradually along branch lengths 
(κ  =  1.244) with high support for change early in the phylogeny 
(δ = 0.670) (Table 3). The values for male genome size are visual-
ized on the phylogeny (Supplementary Figure S2). Here we can see 
that closely related species have similar sizes, represented by similar 
colors, while there is a large change early in the phylogeny. Overall, 
there is a gradual change in size downwards, visually supporting the 
values obtained by Pagel’s parameters.

In contrast, the heteromorphic sex chromosome difference was 
found to have only partial phylogenetic signal (λ = 0.829) with sig-
nificant departure from full phylogenetic signal (H0: λ = 1, Table 4). 
The sex difference was found to have rapid early change in branches 
(κ = 0.399) with longer paths in the tree contributing more to change 

Figure  1. Distribution of female and male genome size in Sophophora 
and outgroups. Genome size is plotted in histogram form to visualize 
the differences between females and males of Sophophora species. 
The distributions are not statistically different (Kolmogorov–Smirnov, 
D = 0.12644, P = 0.49). See online version for full colors.
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(δ = 1.691). These tests of mode and rate of change depart signifi-
cantly from gradual change (H0: κ and δ = 1, Table 2). These patterns 
can be visualized on a color phylogeny (Figure 3). Most of the phy-
logeny shares a similar color, which probably gives the phylogenetic 
signal. When there is change, it occurs late in the tree, in individual 
species, supporting the δ value.

Through the use of Pagel’s parameters of evolution, the statistical 
difference from bounds and the low type I error rate (Münkemüller 
et al. 2012) allow for direct comparison of results between trait values. 
When the phylogenetic values for male genome sizes are compared 
with those of female genome values, there is no substantial difference 
in the results (including likelihood scores; Table 5). The parameter val-
ues found for heteromorphic sex chromosome size differences were 
not the same as those found for the whole-genome sizes of males and 
females, indicating different patterns in trait evolution (Table 5).

Discussion

We report the genome sizes for males and females and calculate the 
differences due to heteromorphic sex chromosomes for 87 species of 
Drosophilidae, focusing on Sophophora (Supplementary Table S1). 
In most cases (43 of 87), the female genome is significantly larger 
than that of the male, as indicated by the positive sex difference val-
ues in Supplementary Table S1. These 43 are consistent with a reduc-
tion in the Y chromosome. There are 3 instances (two of which are 
in the outgroup species) where males have a larger whole-genome 
size than females of the same species, suggesting the presence of an 
inflated neo-Y chromosome.

Male genome size was found to have complete phylogenetic signal 
(λ = 1), with change early in the phylogeny (δ = 0.670) and a gradual 

Table 1. Significant sex differences

Species Sex difference (Mbp) Significance Species Sex difference (Mbp) Significance

C. amoenaa 20.8 0.0016 D. paulistorum −10.8 0.0005
C. procnemisa 74.4 <0.0001 D. pectinifera 34.1 <0.0001
D. affinis 46.6 <0.0001 D. persimilis 58.7 <0.0001
D. algonquin 22 <0.0001 D. phaeopleura 31.3 <0.0001
D. ambigua 23.8 <0.0001 D. pseudoananassae 19.6 0.0049
D. auraria 12 <0.0001 D. pseudoobscura 39 <0.0001
D. azteca 14.7 <0.0001 D. punjabiensis 10.2 0.0011
D. baimaii 11.2 0.0002 D. rufa 21.6 <0.0001
D. biauraria 51.8 <0.0001 D. sechellia 8.7 0.0029
D. bicornuta 36.8 <0.0001 D. simulans 24.8 0.0004
D. bifasciata 28.2 <0.0001 D. suzukii 18.6 <0.0001
D. capricorni 12.9 <0.0001 D. takahashii 27.1 <0.0001
D. emarginata 21.2 <0.0001 D. tani 21.5 <0.0001
D. greeni 14.8 <0.0001 D. tolteca 20.5 0.0031
D. hydeia 15.8 <0.0001 D. triauraria 8.6 0.0039
D. jambulina 17.2 <0.0001 D. tsacasi 26.6 <0.0001
D. kikkawai 10.5 0.0008 D. varians 21.5 0.0022
D. lacteicornis 35.8 <0.0001 D. virilisa −25.6 0.0003
D. lucipennis 77.3 <0.0001 D. vulcana 9.8 0.0004
D. mayri 12 <0.0001 H. pictiventrisa 41.1 <0.0001
D. nebulosa 16.8 <0.0001 S. pattersonia −22.5 0.0012
D. paralutea 24.5 0.0005

Species in which there was a significant difference in female and male genome size utilizing a PDiff analysis in SAS 9.4 with P values less than the Benjamini–
Hochberg critical value for 0.01 false discovery rate. In 3 of the 43 significant differences, males have larger genomes than the female, as indicated by negative sex 
difference values (in bold).

aSignificantly different species outside of Sophophora.

Figure  2. Distribution in difference in genome size due to heteromorphic 
sex chromosomes in Sophophora. The difference in genome size between 
females and males for 82 XY, 2 XO, and 3 neo-Y species was calculated by 
subtracting double the male genome size from double the female genome 
size. These values were then visualized in histogram form for all species. 
These sex differences were largely positive, indicating that females have 
larger genome sizes than males. All species differences are in Supplementary 
Table S1. Any species with significantly different sex differences are given 
in Table 1. Sex systems known to be XY, XO, and neo-Y are shown in white, 
black, and gray, respectively.
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change along branches (κ = 1.244). Substantial change early in the 
phylogeny followed by gradual subsequent change suggests imbal-
ance of insertion and deletion of DNA (Petrov 2002a). Although 
there are instances of genome size increase (i.e., Drosophila suzukii), 
there is a general, gradual trend downwards in size, as noted by the 
decrease in size since the split with Chymomyza and most notably 
the reductions in the melanogaster and obscura groups. This down-
ward trend is suggested through the trait model tests, which found 
decreasing Trend and Drift values supporting decreases in genome 
size along the phylogeny (Trend Slope  =  −1.50, Drift  =  −100.00; 
Table 2).

The values and likelihood values for each phylogenetic parameter 
and the significance from the parameter bounds (Table 5) for males 
are not different from those found in the females of Sophophora 

(Hjelmen and Johnston 2017). Gradual change and phylogenetic sig-
nal in genome size are as proposed for the mutational equilibrium 
model (Petrov 2002b). Because the rate by which this change would 
occur with small insertions and deletions is probably too slow to 
give us results such as these (Gregory 2003, 2004), it is more likely 
that these results are supportive of the accordion model of genome 
size evolution, where large deletions are sufficient to balance out new 
insertions of transposable elements (Kapusta et al. 2017). However, 
much of this is conjecture, and formal tests of these changes in the 
genome are necessary before making concrete conclusions on these 
hypotheses.

Compared with the whole male and female genomes, the differ-
ence in genome size due to the relative sizes of the X and Y chro-
mosome behaved very differently over evolutionary time (Table 5); 
the sex difference was found to have an incomplete phylogenetic 
signal (λ = 0.829). This reduction in signal was supported through 
the increased likelihood value from the White-noise model of trail 
evolution (Table  2). There is an indication of more change hap-
pening on long paths (from root to tip) in the tree suggesting that 
more change occurs later in the phylogeny (δ  =  1.691). There is 
also evidence for early change on individual branches (κ = 0.399), 
suggesting that when change occurs later in the phylogeny, it hap-
pens rapidly (Table 4). A visual phylogenetic representation of this 
is shown in Figure 3. The seemingly random changes (support for 
White-Noise model, Table 2) in sex differences are responsible for 
the λ value of less than 1.0 and an incomplete phylogenetic signal. 
Although these results are dramatically different from those found 
when looking at the evolution of whole-genome size (Table 3), they 
are not unexpected given the hypothesized models of sex chromo-
some differentiation and Y chromosome evolution and degradation 
(Charlesworth et al. 2005; Bachtrog 2013).

Trend and Drift models found evidence for increases in the dif-
ference between the relatively larger female genomes and smaller 
male genomes throughout evolutionary time (Trend Slope = 16.02, 
Drift  =  28.71, Table  2). Although this could indicate that female 
genomes (X chromosomes) are getting larger, the proposed model 
of Y-chromosome degradation (reviewed by Charlesworth and 
Charlesworth 2000; Charlesworth et  al. 2005; Bachtrog 2013) 
predicts a trend toward a degenerated Y chromosome. Along with 
degeneration of the genic qualities of the Y chromosome, a decrease 
in the physical amount of DNA as represented by the consistently 
smaller Y chromosomes is expected and found across species in 
Diptera (Supplementary Table  S1) (Gregory and Johnston 2008; 
Picard et al. 2012).

Table 2. Comparison of AICc and likelihood values from different models of trait evolution

Female genome size Male genome size Sex difference

Model Value AICc Log-likelihood Value AICc Log-likelihood Value AICc Log-likelihood

BM — 860.57 −428.21 — 862.69 −429.27 — 806.67 −401.26
OU (alpha) 0.00 862.72 −428.21 0.00 864.83 −429.27 2.72 800.31 −397.01
Trend (Slope) −1.43 862.23 −427.97 −1.50 864.30 −429.01 16.02 805.21 −399.46
Drift (Drift) −100.00 861.79 −427.75 −100.00 863.89 −428.80 28.71 808.79 −401.25
White noise — 903.77 −449.82 — 902.23 −449.04 — 746.35 −371.10

Five different models of trait evolution were compared for female and male genome size as well as sex differences utilizing the fitContinuous function in the “gei-
ger” package of R3.2.3. For both female and male genome sizes, BM model performed the best, with similar performance for other models, aside from decreased 
performance in the White-noise model, suggesting trait values are correlated with species relationships. Directional models (OU, Trend, and Drift), suggest there 
is a slight downward trend in genome size change in both males and females across the phylogeny. For sex differences, the White-noise model performed best; 
however, it is a nonphylogenetic model. When accounting for signal, the OU model performed best with regard to sex differences. Directional models (OU, Trend, 
and Drift) suggest there is a trend toward increasing difference between larger female genomes and smaller male genomes.

Table  3. Comparative phylogenetic values for male Sophophora 
genome size

Test Value Significance

λ 1 <2.22e−16 (from 0), 1 (from 1)
δ 0.670 2.27e−10 (from 0), 0.56124 (from 0.5), 

<2.22e−16 (from 3)
κ 1.244 3.44e−15 (from 0), 0.067835 (from 1), 

<2.22e−16 (from 3)

Male genome size was found to have complete phylogenetic signal. 
Although κ was found to be greater than 1, it was not significantly different 
from 1, indicating gradual change in individual branches. The δ value less than 
1 indicates that change probably happened early in the phylogeny.

Table 4. Comparative phylogenetic values for the sex differences 
in Sophophora

Test Value Significance

λ 0.829 2.689e−06 (from 0), 0.0175 (from 0.5), 7.77e−17 
(from 1)

δ 1.691 4.62e−15 (from 0), 0.0921 (from 1), 2.00e−04 
(from 3)

κ 0.399 0.00053 (from 0), 0.30757 (from 0.5), <2.22e−16 
(from 3)

Pagel’s parameters of evolution for the difference in size due to heteromor-
phic sex chromosomes/neo-sex chromosomes suggest partial phylogenetic sig-
nal (λ < 1.0) and early change in branch lengths (κ < 1.0). Overall change was 
found to occur late in the phylogeny (δ > 1.0).
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To evaluate whether these conclusions were due to exceptional 
sex differences associated with species with neo-Y and XO sys-
tems, we reran the analysis with the 5 known neo-Y and XO cases 
removed. Despite the lack of statistical significance, these new values 

strengthened the conclusions (Supplementary Table S2). There was 
incomplete phylogenetic signal (λ  =  0.68 vs. 0.82), early change 
in branches (κ = 0.22 vs. 0.36), and late change in the phylogeny 
(δ = 2.99 vs. 1.69). For sex differences, white noise still performed 

Figure 3. Difference due to heteromorphic sex chromosomes plotted on Sophophora phylogeny. The phylogeny of 87 Drosophilidae reconstructed with MrBayes 
3.2.3 with a focus on Sophophora. The split to Sophophora is indicated in the figure with “*”. Species with XO configuration are indicated with “O” and species 
with neo-Y are indicated with “+”. The difference in genome size due to the heteromorphic sex chromosomes is visualized in color utilizing ancestral character 
state reconstruction in the contMap function in the Phytools package in R. Positive values indicate females of the species are larger than males, whereas 
negative values indicate males have larger genomes than the females. See online version for full colors.
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as the best model, and OU suggested a directional change. The direc-
tional change was still supported with a positive trend and drift 
value, but with a higher value in the reduced dataset (Supplementary 
Table S2).

The decrease in size of the Y has limits. Over time, the X and Y 
become almost entirely different in size and genetic content, which 
can then result in the loss of the older X–Y system and result in a 
new neo-Y/neo-X system or an XO system. The evidence provided 
here suggests that analysis of differences in male and female genome 
size may be able to identify exceptions to the canonical model of 
sex chromosome evolution and identify those lineages that have 
had sex chromosome turnovers or transitions. For example, outside 
of Sophophora, Hirtodrosophila pictiventris is known to have an 
XO sex determination system, and we have found it to have one of 
the largest differences in female and male genome size (41.1 Mbp, 
P  <  0.0001, Table  1, Figure  3) (Clayton 1986). Another example 
outside of Sophophora is Chymomyza procnemis. Members of this 
species group are known to exhibit XO sex determination (Watabe 
1998; Matsuda 2002) and a significant female and male difference 
(74.4 Mbp, P < 0.0001, Table 1, Figure 3).

When a neo-Y system emerges, the X–Y difference is expected to 
be small or negative, because degradation is not expected to occur 
immediately. The neo-Y chromosome that begins at the size of the X 
may over time result in males with larger genomes than the females 
of the same species. This increase in size probably occurs with the 
inevitable initial inflation of the Y with transposable elements, as is 
the case in the Drosophila miranda neo-Y chromosome. In addition 
to interacting with the common element A found in Drosophila sex 
chromosomes, the neo-Y system in D. miranda is hypothesized to 
have been formed by a Y-autosome fusion with Muller elements C 
and D, about 1.2 million years ago (Bachtrog et al. 2008; Matsunaga 
2009; Mahajan et al. 2018). This chromosome still harbors many 
functional genes, yet has more than 20-fold greater accumulation of 
repetitive sequences than the X chromosome (Bachtrog et al. 2008). 
Although the male–female difference in D. miranda is not significant, 
the difference is negative, reflecting a male genome larger than the 
female by 2.9 Mbp. The male–female difference in D. melanogaster 
is similarly nonsignificant, although in the latter, the Y is almost 
entirely heterochromatic and the male smaller than the female by 
4.9 Mbp.

Drosophila pseudoobscura has also been reported to have neo-Y 
chromosomes but is at a different stage of Y chromosome evolu-
tion (reviewed in Carvalho and Clark 2005; Koerich et  al. 2008; 
Carvalho et al. 2009; Bachtrog 2013). This neo-Y system is docu-
mented to have resulted from the fusion of the Y to the Muller D 
element and is ancestrally present in the affinis and pseudoobscura 
groups (Carvalho and Clark 2005). The process of becoming hetero-
chromatic from an autosome is estimated to have occurred within 
17 million years, a relatively short period of time (Bachtrog 2013). 

However, we find that the male–female genome size is different in 
D.  pseudoobscura, producing a significantly smaller male genome 
(39.0 Mbp, P < 0.0001, Table 1).

If not for the sequence data for D. pseudoobscura, the difference 
in genome size between sexes would not have implicated this species 
as one with a neo-sex system. There was also no significant difference 
in the well-studied D. miranda neo-Y system. For this reason, it is 
important to note the drawbacks of using genome size as a measure 
to identify neo-sex systems. With the constantly expanding mapping 
data for genomes in Drosophila, and other Diptera (Blackmon and 
Demuth 2015b), it is becoming increasingly possible to look at the 
patterns of fusions/translocations of sex chromosomes with other 
Muller elements and how such changes may shape the speed by 
which sex differences may change. However, the lack of Muller ele-
ment data in a large number of Drosophila species inhibits a broad 
phylogenetic analysis to genome size currently (Crosby et al. 2007).

Interestingly, Drosophila persimilis is a species known to hybrid-
ize with D. pseudoobscura but is characterized by a very different 
sex difference than that of D.  pseudoobscura. Evaluation of how 
differences allow these species to hybridize requires follow-up with 
crosses and studies of genome size. It is also important to note that 
genome size may vary intraspecifically. With this in mind, future 
studies should inspect the genome sizes of D. persimilis and D. pseu-
doobscura in regions and within strains in which hybridization is 
common.

The high δ value in the sex difference analysis found suggests 
that more change occurs later in the tree or that more change hap-
pens in later branches relative to the earlier branches of the phy-
logeny. Given the rapid changes in genome size between sexes for 
those species with neo-Y and XO systems, it is not surprising to 
find evidence for large changes later in the tree. Because the change 
is occurring late in the phylogeny where most of the radiation of 
species has occurred, it may be inferred that the change is related to 
speciation. This idea is not new and has been highlighted in studies 
of hybrid incompatibility and speciation (Haldane 1922; Johnson 
and Lachance 2012; Abbott et al. 2017). It has been suggested that 
sex chromosome turnover is related to speciation and divergence 
of major mammal groups (Graves 2016) as well as contributing to 
reproductive isolation in fish (Kitano et al. 2009). The formation of a 
neo-Y system has the potential to increase instances of reproductive 
isolation, leading to the formation of new species, but the specula-
tive nature of this statement requires investigation by future studies.

It can be concluded that using either male or female genome size 
data leads to equivalent results in terms of whole-genome size stud-
ies. In contrast, when differences between male and female genomes 
are examined phylogenetically, support is given to the hypothesis 
that Y chromosomes have experienced both physical reduction in 
size and genic degradation of neo-Y chromosomes followed by sta-
sis. The somewhat unpredictable occurrences of neo-Y chromosomes 

Table 5. A comparison of Pagel’s parameters between sexes

Female Male Sex difference

Test Value Log-likelihood Value Log-likelihood Value Log-likelihood

λ 1 −428.21 1 −429.27 0.829 −368.79
δ 0.658 −427.54 0.670 −428.66 1.691 −399.84
κ 1.363 −428.21 1.244 −429.27 0.399 −376.04

The differences due to heteromorphic sex chromosomes were unlike the phylogenetic patterns for female and male whole-genome size. The λ values show that 
phylogenetic signal was less for the sex difference, κ values provides support for early evolutionary sex difference change along branches, and the δ values show 
overall sex chromosome differences late in evolution, whereas the overall change of whole-genome size occurred early in the phylogeny.
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and XO systems will dramatically shift the expected X–Y difference, 
probably reducing the phylogenetic signal. This supports our initial 
hypothesis that the degrading Y chromosome and rapidly changing 
sex chromosome difference is consistent but unpredictable.

The X–Y sex chromosome system results in significantly different 
levels of heterochromatin and presumably increased transposable 
element content. When dissecting components of genome size evo-
lution, such as heterochromatin, repeat, and transposable element 
content, the differences in sex may result in significant differences 
in genome size. Also, noteworthy is the observation that these pat-
terns appear consistent throughout the Sophophora subgenus, with a 
few additional outgroups. It will be informative to see whether these 
patterns are maintained throughout the analysis of the Drosophila 
genus in its entirety, with the inclusion of an equal number of 
Drosophila subgenus species.
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