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Thoracic underreplication in Drosophila
species estimates a minimum genome size
and the dynamics of added DNA
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Many cells in the thorax of Drosophila were found to stall during replication, a phenomenon known as underreplication. Unlike
underreplication in nuclei of salivary and follicle cells, this stall occurs with less than one complete round of replication. This stall
point allows precise estimations of early-replicating euchromatin and late-replicating heterochromatin regions, providing a pow-
erful tool to investigate the dynamics of structural change across the genome. We measure underreplication in 132 species across
the Drosophila genus and leverage these data to propose a model for estimating the rate at which additional DNA is accumu-
lated as heterochromatin and euchromatin and also predict the minimum genome size for Drosophila. According to comparative
phylogenetic approaches, the rates of change of heterochromatin differ strikingly between Drosophila subgenera. Although these
subgenera differ in karyotype, there were no differences by chromosome number, suggesting other structural changes may influ-
ence accumulation of heterochromatin. Measurements were taken for both sexes, allowing the visualization of genome size and
heterochromatin changes for the hypothetical path of XY sex chromosome differentiation. Additionally, the model presented here
estimates a minimum genome size in Sophophora remarkably close to the smallest insect genome measured to date, in a species

over 200 million years diverged from Drosophila.

KEY WORDS: Drosophila, genome size, heterochromatin, replication, sex chromosomes.

EVOLUTION

=
=
=)
(=
=
‘:;:
~
S
=,
=
=
=5
S
=
S
=
~
=

The amount of DNA in an organism, while consistent within a
species, is highly variable across the tree of life (Gregory 2005,
2001; Palazzo and Gregory 2014). To date, the smallest insect
genome sequenced is the Antarctic midge, Belgica antarctica,
with a miniscule genome of only 98 Mbp (Kelley et al. 2014).
This is a far cry from the massive genomes of grasshoppers sur-
passing 16,000 Mbp (Gregory 2020). We know this variation
is largely due to highly repetitive regions and mobile elements,
which are notoriously difficult to sequence and assemble. With-
out sequencing, it can be difficult to determine components of
chromatin structure, amounts of heterochromatin, and the pat-
terns of change across large groups of organisms. Further, yet
unanswered is how small we can expect a genome to be when it

does not have all of this additional, largely repetitive DNA and
we do not know the rate at which extra DNA beyond this min-
imum size contributes to chromatin structure as euchromatin or
heterochromatin.

Historically, chromatin has been described in two cytologi-
cal forms: heterochromatin and euchromatin (Heitz 1928, 1929;
Passarge 1979; Redi et al. 2001). Heterochromatin is typically
identified by dark staining of chromosomes, indicating that DNA
is tightly packed; whereas euchromatin stains less intensely and
is considered to be more “open” than heterochromatin. Typi-
cally, euchromatin is gene rich and contains genes that are highly
expressed, while heterochromatin is gene poor and rarely tran-
scribed. When DNA is replicated, heterochromatin is typically
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replicated last (Barigozzi et al. 1966; Lima-de-Faria and Ja-
worska 1968), while euchromatic DNA is replicated early (Schii-
beler et al. 2002; McNairn and Gilbert 2003; MacAlpine et al.
2004; Schwaiger and Schiibeler 2006). Early replicating portions
of the genome have synonymous substitutions and low mutation
rates, while instability of replication forks in late-replicating het-
erochromatic portions contribute to fast-evolving genes and high
mutation rates (Wolfe et al. 1989; Schwaiger and Schiibeler 2006;
Makunin et al. 2014).

Amounts of heterochromatin and euchromatin in the
genomes of flies (Diptera) have been investigated through visu-
alizing the giant polytene chromosomes of salivary glands. The
chromosomes of Dipteran salivary glands become polyploid and
are concurrently polytenized through a process called endorepli-
cation. In some cases, there are portions of the genome that have
endoreplicated less than other regions, and are known to be “un-
derreplicated.” Underreplication is where there is a stall in the S
phase before DNA can fully replicate (Leach et al. 2000). This
results in later replicating regions of the genome, such as peri-
centric and intercalary heterochromatin, to be underreplicated
(Belyaeva et al. 1998), likely due to reduced origin firing fre-
quency or stalling of replication forks through heterochromatin
in each endocycle S phase (Hua et al. 2014; Hua and Orr-Weaver
2017). Generally this process has been associated with salivary
glands (Rudkin 1969; Hammond and Laird 1985) and nurse cells
of Drosophila and other Diptera (Painter and Reindorp 1939),
in which DNA undergoes many rounds of underreplication. A
protein, Suppressor of Underreplication (SuUR), has been found
in Drosophila to be involved in the suppression of replication
(Belyaeva et al. 1998). When SuUR is nonfunctional, replication
of heterochromatin is nearly complete, and when overexpressed,
more heterochromatic regions were underreplicated (Zhimulev
et al. 2003). This protein was found to be “fast-evolving” when
comparing across Drosophila species, and orthologs could be
found in mosquito species, but not outside of Diptera (Yurlova
et al. 2010). This suggests that this phenomenon within insects is
exclusive to flies.

Uniquely, underreplication was found to occur in the thorax
of Drosophila melanogaster (Johnston et al. 2013, 2020). Unlike
salivary glands and nurse cells, thoracic tissue only undergoes
one round of underreplication. The mechanism of underreplica-
tion appears to be shared across these tissues, as D. melanogaster
SuUR mutants were found to have almost no instance of thoracic
underreplication (Johnston et al. 2013). Until now, thoracic un-
derreplication had only been identified in D. melanogaster and
Drosophila virilis. We estimate thoracic underreplication for 132
species within the genus Drosophila. We leverage these amounts
of thoracic underreplication to estimate a minimum expected
genome size for both males and females, as well as estimate the
fate (euchromatic or heterochromatic) of DNA that is added to
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the genome. Additionally, we investigate the dynamics of hete-
rochromatin change in respect to genome size evolution across
the Drosophila genus and between its subgenera and sexes.

Materials and Methods
ESTIMATIONS OF GENOME SIZE AND
UNDERREPLICATION
All genome size estimates for female and male Drosophila
species were taken from (Hjelmen et al. 2019). Species were
taken from the Drosophila Species Stock Center originally lo-
cated in San Diego, but recently moved to Cornell (https://
blogs.cornell.edu/drosophila/). Underreplication was measured
for each of these species and was estimated as in Johnston
et al. (2013, 2020). Thoraces of both male and female species of
Drosophila were dissected and placed in a 2-mL Kontes Dounce
tube with 1 mL of Galbraith buffer. Each thorax was then care-
fully ground with a “loose” A pestle approximately 10-15 times
to ensure proper release of nuclei from the thoracic tissue. Each
sample was then passed through a 50-micron filter before 25 pL.
of 1 mg/pL propidium iodide was added for staining. Samples
were allowed to incubate with the propidium iodide for at least
20 min to ensure adequate staining had occurred.

Samples were run on a Partec CyFlow SL_3 cytometer with
a 532-nm green laser and a Beckman Coulter Cytoflex flow cy-
tometer. Peaks for 2C, 4C, and underreplication were gated to
approximate a mean to calculate the percent replication that had
occurred for each individual. Underreplication was calculated by
subtracting the 2C value from the underreplication (UR) value,
then divide by the 2C value. This process was repeated for at
least five individuals for each sex within each species to produce
a standard error that is less than 1% of the estimated mean. Un-
derreplication values were averaged across replicates for each sex
in each species (Females, n = 132; Males, n = 123). The amount
of replicated DNA was calculated by multiplying the estimated
percent replication by the genome size. The amount of unrepli-
cated DNA, or the amount of DNA that is not replicated to the 4C
amount, was then calculated by subtracting the replicated DNA
amount from the whole genome size.

LINEAR MODELS AND STATISTICS

Values for percent replication, replicated DNA, and unreplicated
DNA amounts were regressed against genome size for each sex
in R version 3.6.0 (R Core Team 2016). These were repeated
for species in each subgenus (Sophophora and Drosophila) and
for comparisons between species with differing chromosome
numbers. Phylogenetic signal for residuals of each regression
model was estimated using the phylosig command in the package
phytools (Revell 2012). Phylogenetic generalized least squares
models were performed using the gls function in the package
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nlme (Pinheiro et al. 2012) with the phylogeny as a correlation
structure using the corBrownian function from the package ape
(Paradis et al. 2004). The linear model for unreplicated DNA was
used to estimate minimum genome size. To do this, we solved for
genome size when unreplicated amount was set to zero (Eq. 1):

U =BG +e¢, ey

where U represents unreplicated DNA, G is genome size, ¢ is
y-intercept, and P is the coefficient estimated for the predictor
variable. The slope of the line in the linear model for unreplicated
DNA was used as an estimate for the proportion of additional
DNA that is heterochromatic, whereas the slope of the line for
the replicated DNA linear model was used as an estimate for the
proportion of additional DNA that is euchromatic.

To investigate the impact of sex chromosome differentiation
on heterochromatin, the sex difference in genome size for each
species was calculated by subtracting the diploid male genome
size from the diploid female genome size. The sex difference
in heterochromatin was calculated by subtracting the diploid un-
replicated male DNA from the diploid unreplicated female DNA.
The sex difference in unreplicated DNA was regressed against
the sex difference in genome size.

COMPARATIVE PHYLOGENETIC METHODS

The Drosophila phylogeny was previously estimated by Hjelmen
et al. (2019). The drop.tip function in ape was used to remove any
taxa for which underreplication values were not available (Par-
adis et al. 2004). The drop.tip function was also used to separate
the Drosophila subgenus phylogeny from the Sophophora sub-
genus phylogeny for further comparative analyses. Amounts of
unreplicated and replicated DNA for both sexes, as well as repli-
cated and unreplicated sex differences, were analyzed using the
fitContinous function in the package geiger in R version 3.6.0
(Harmon et al. 2009). These analyses allowed for comparison
of Brownian motion, Ornstein-Uhlenbeck, and white noise mod-
els using AICc (Akaike Information Criterion) values. In addi-
tion to these models, fitContinous was used to estimate Pagel’s
\ for each trait (Pagel 1999). All traits were visualized on the
phylogeny using the contMap function in the package phytools
(Revell 2012). To ensure results were robust to phylogenetic un-
certainty, 100 trees were randomly selected from the Bayesian
distribution of trees using the SampleTrees function in the pack-
age evobiR for further analyses with fitContinous (Blackmon and
Adams 2015).

Patterns of trait evolution in unreplicated DNA and repli-
cated DNA for males and females of each species were investi-
gated using BAMM (Bayesian Analysis of Macroevolutionary
Mixtures) in which our traits evolved by Brownian motion
allowing for the possibility of rate shifts in our tree. We used

the setBAMMpriors function in the BAMMtools package in R
version 3.6.0 to set priors for the number of shifts for each trait
of interest (Rabosky et al. 2014). This function was used as it
constructs a relatively flat prior for the trait evolution parameter.
Each BAMM analysis ran for 10,000,000 generations with a 10%
burn-in to ensure sufficient effective sizes. The R package coda
was used to ensure that all runs reached convergence (Plummer
et al. 2006). For each trait, credible rate shift sets for the most
likely number of shifts were estimated. Rate of change in each
trait was estimated throughout evolutionary time across the entire
genus and each subgenus.

Results

ESTIMATES OF THORACIC REPLICATION

Percent thoracic replication was estimated for females of 132
species and males of 123 species (Table S1). The proportion of
replication in the different species varied from 41.2% to 99.2%
(Table S1). Because underreplication was not found to occur in
the outgroup species Chymomyza sp., Scaptodrosophila patter-
soni, Scaptodrosophila lebanonensis, and Hirtodrosophila pic-
tiventris, these were trimmed from the phylogeny and excluded
from analyses. Thoracic replication was found to be negatively
correlated with genome size in both sexes (Female: P < 0.0001,
R? = 0.409; Male: P < 0.0001, R*> = 0.349), with percent of the
genome replicated decreasing as genome size increases (Figs. S1
and S2). Species with larger genomes had more heterochromatin
and stalled earlier in S phase replication.

PROPORTION OF ADDITIONAL DNA ADDED AS
HETEROCHROMATIN

The amount of DNA replicated above 2C and, consequently, the
amount of DNA not replicated to 4C (referred to as “unrepli-
cated”) in megabase pairs (Mbp) were calculated for each sex
and can be found in Table S1. We found significant phylogenetic
signal in the residuals of the regression models. When compar-
ing the results of the Phylogenetic Generalized Least Squares
(PGLS) to linear regression models, we found quantitative, but
not qualitative differences in the results. In no model were there
differences in the direction of the regression coefficient or the
relationships between the subgenera or early and late heterochro-
matin. To discuss the results in the most simplistic manner, we
present the data from the noncorrected model and have the phy-
logenetically corrected results in Table S2. In linear regression
models, both replicated and unreplicated DNA were found to be
significantly positively correlated with genome size in each sex
(Tables 1 and S3-S6; Figs. S3-S6). Slope and intercept for each
of these linear models can be found in Table 1. In the case of
unreplicated DNA, slope can be interpreted as the proportion of
additional DNA that becomes late-replicating heterochromatin,

EVOLUTION 2020 3



C. E. HJIELMEN ET AL.

Table 1. Linear models and minimum genome size.

Minimum Genome

Group Sex Portion P-value R? Slope y-intercept Size (Mbp)
Drosophila genus Female Unrep. DNA <0.0001 0.618 0.617 —-88.004 142.6
Rep. DNA <0.0001 0.383 0.383 87.992
Male Unrep. DNA <0.0001 0.625 0.664 —83.59 125.9
Rep. DNA <0.0001 0.295 0.336 83.59
Sophophora subgenus Female Unrep. DNA <0.0001 0.375 0.332 —-30.57 92.1
Rep. DNA <0.0001 0.713 0.668 30.57
Male Unrep. DNA <0.0001 0.387 0.387 —33.544 86.7
Rep. DNA <0.0001 0.616 0.613 33.539
Drosophila subgenus Female Unrep. DNA <0.0001 0.801 0.794 —120.254 151.5
Rep. DNA <0.0001 0.204 0.206 120.234
Male Unrep. DNA <0.0001 0.817 0.801 —103.82 129.6
Rep. DNA <0.0001 0.206 0.199 103.817

whereas in replicated DNA, slope can be interpreted as the
proportion of additional DNA that becomes early-replicating,
mostly euchromatic DNA. In the Drosophila genus, it was found
that approximately 61.6% of additional DNA in females and
66.4% of additional DNA in males becomes late replicating
heterochromatin. Inversely, 38.4% of additional DNA in females
and 33.6% of additional DNA in males becomes early-replicating
(Table 1). When separated by subgenus, it was found that 79.4%
of additional DNA in the Drosophila subgenus females (Fig. 1)
and 80.1% of additional DNA in Drosophila subgenus males
(Fig. S7) is late-replicating, whereas 33.2% of additional DNA
becomes late-replicating in the Sophophora females (Fig. 1) and
38.7% in Sophophora subgenus males (Fig. S7) (Table 1).

MINIMUM GENOME SIZE ESTIMATES

Minimum genome size was estimated using the parameters from
the linear model for unreplicated DNA as a function of genome
size (Eq. 1). Reasoning that the minimal genome would require
all DNA to be euchromatic and early replicating, we set the un-
replicated DNA to zero and then solved for genome size. Using
data for all available Drosophila species, a minimum genome
size of 142.7 Mbp was estimated for females and 125.8 Mbp
for males (Table 1). When separated by subgenus, a minimum
genome size of 151.4 Mbp was estimated for the Drosophila sub-
genus females and 129.57 Mbp for Drosophila males. A mini-
mum genome size of 92.2 Mbp was estimated for Sophophora
females and a minimum genome size of 86.6 Mbp was estimated
for Sophophora males (Table 1). The average of estimated male
minimum genome sizes in all cases was found to be lower than
those of females, likely due to the presence of two X chromo-
somes in females, and one X and a reduced Y chromosome in
males. Although significant differences were found between es-
timates for subgenera, the difference was not due to differences
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in chromosome number. Significant differences in slope were not
found when species were separated by chromosome number.

LATE-REPLICATING HETEROCHROMATIN AND
DIFFERENTIATION OF SEX CHROMOSOMES

As a proxy for sex chromosome differentiation in the X-Y sys-
tem of Drosophila, the difference in whole genome sizes between
sexes was calculated, as well as the difference in the amount of
unreplicated DNA between the sexes. Positive values indicate
that the female value is larger than the male value (X chromo-
some large relative to Y chromosome), whereas negative values
indicate males have larger values than females (Y chromosome
large relative to X chromosome). In most cases, females have
larger genome sizes than males, indicating that the X chromo-
some is larger than the Y chromosome. Sex difference in unrepli-
cated DNA was plotted against sex difference in whole genome
size (Fig. 2). The figure shows the change in X and Y chromatin
structure. In terms of unreplicated DNA, most cases indicate that
the Y chromosome has more heterochromatin than the X chro-
mosome. Most cases of species with neo-sex systems were found
to have larger male genomes than female genomes and higher
late-replicating heterochromatin content on the Y than the X.

COMPARATIVE PHYLOGENETIC ANALYSES

To test the robustness of our results, we compared results from
the 100 randomly selected trees to the results from the consen-
sus tree. We found quantitative, but not qualitative, differences in
the results in comparison to the results from the consensus tree.
For this reason, all the results reported are those from the con-
sensus tree. According to analyses with fitContinous, there was
evidence for phylogenetic signal in each of the traits investigated,
and Ornstein-Uhlenbeck was found to be the best-fit model of

change in chromatin structure (Table S3). Values for « and o”
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Figure 1. Unreplicated DNA model for Sophophora and Drosophila females. Unreplicated DNA (Mbp) (vertical axis) plotted against
genome size (horizontal axis) for females of Sophophora (left) and Drosophila (Right) subgenera. Slope of trend estimates percentage of

additional DNA, which is late-replicating heterochromatic.

parameter were measured for each trait to estimate the strength
of selection (&) and the rate of change or drift (o) (Table 2).
Across the Drosophila genus, higher rates of change (0?) were
seen in unreplicated DNA than in replicated DNA, suggesting
more change in heterochromatic DNA content. This pattern was
mirrored in the Drosophila subgenus, but with a much higher dif-
ference between rate of change in unreplicated versus replicated
DNA, suggesting high rates of variation in late-replicating DNA
in the Drosophila subgenus. There were no remarkable differ-
ences in the rate of change of replicated and unreplicated DNA
in the Sophophora subgenus, yet there was higher strength of se-
lection found in unreplicated DNA than there was in replicated
DNA (Table 2). Regarding sex differences, a higher strength of
selection was found in the replicated DNA for the Drosophila
genus and the Drosophila subgenus, with similar o> values be-
tween unreplicated and replicated sex differences (Table 2). In
Sophophora, a and o” values were higher in unreplicated sex dif-
ferences than in replicated sex differences (Table 2). Sophophora

o? values were higher than either the Drosophila subgenus or

Drosophila genus as a whole, suggesting higher rates of change
in overall sex differences in the Sophophora subgenus. When
comparing the differences results of fitContinuous analysis be-
tween the Ornstein-Uhlenbeck and Brownian motion models of
trait evolution, there were no qualitative differences in the inter-
pretation of the results, aside the lack of the o parameter in the
BM model, suggesting these results are robust across evolution-
ary models.

Z, values estimate a trait value that evolution appears to se-
lect for according to the Ornstein-Uhlenbeck model. These Z,
values were estimated for chromatin structure for each sex across
the phylogeny, as well as within each subgenus (Table 2). Z; to-
tal was calculated by totaling Z, for unreplicated and replicated
DNA for the sex of each group. Female Zj total values were found
to be consistently higher than males, supporting females with XX
having higher genome sizes than males with XY. No remarkable
differences were found in Z; total values across any group within

EVOLUTION 2020 5



C. E. HJIELMEN ET AL.

2 ° !
o 50 I °
=
=~ I
<
2 .
°
I ° L

8 ° 2 -’ °
- T - loa®y _&_ = _ . _ _ _.
(4] 0 °
= od i" [} o ° ° Sex.System
[} ° Y e ® o L
o ° o ® Neo
et ° () ® o
c e 060, © ® XY
=] o oo 0o ® NA
p » %o ‘{. Ses
bt o %o .‘00 °
© 50 ol %o
c °
) Sap® °
- ® ®
) °
E o le o
a I
x
2 I
@ °

-100 1

-25 75

0 25 50
Sex Difference in Genome Size (Mbp)

Figure 2. Sexdifference in unreplicated DNA against sex difference in genome size suggests pattern for sex chromosome differentiation.
Values for sex difference in unreplicated DNA (vertical axis) were plotted against sex difference in genome size (horizontal axis). Each point
represents a species and is colored according to documented sex system (XY, Neo-Sex, or NA-indicating not documented). The top left
quadrant represents species in which the Y chromosome is larger than the X chromosome and has less late-replicating heterochromatin
than the X chromosome. The bottom left quadrant includes species in which the Y chromosome is larger than the X chromosome and
has more late-replicating heterochromatin than the X. The bottom right quadrant includes species that have a Y smaller than the X
chromosome but which has more late-replicating heterochromatin than the X. The top right quadrant includes species that have larger X
chromosomes than Y chromosomes and have more late-replicating heterochromatin on the X chromosome than the Y chromosome. The
gray line with arrows indicated the hypothesized path from undifferentiated autosomes to fully differentiated, old sex chromosomes.

Table 2. Ornstein-Uhlenbeck values for each trait.

Trait Group Sex Portion o o? Zo Zo total
Genome size Drosophila genus Female Unrep. DNA 0.05 98.77 47.05 215.09
Rep. DNA 0.032 32.37 168.04
Male Unrep. DNA 0.036 88.7 60.9 211.14
Rep. DNA 0.028 23.78 150.24
Sophophora subgenus Female Unrep. DNA 0.071 41.77 43.95 224.00
Rep. DNA 0.029 38.76 180.05
Male Unrep. DNA 0.04 353 52.5 216.00
Rep. DNA 0.027 37.57 163.5
Drosophila subgenus Female Unrep. DNA 2.69 7225.2 49.5 212.60
Rep. DNA 0.035 25.05 163.1
Male Unrep. DNA 0.061 204.28 65.53 209.34
Rep. DNA 7.66E-218 7.125 143.81
Sex difference Drosophila genus - Unrep. DNA 0.066 86.35 —24.35 8.99
Rep. DNA 0.117 100.77 33.34
Sophophora subgenus - Unrep. DNA 0.2 161.53 —153 13.48
Rep. DNA 0.156 129.75 28.78
Drosophila subgenus - Unrep. DNA 0.066 100.3 —27.44 8.57
Rep. DNA 0.119 97.28 36.01

each sex; however, females and males within the Sophophora Zy total value than did the Drosophila subgenus (Table 2). This
subgenus had higher proportions of replicated DNA than their result suggests that Y-chromosomes in Sophophora species are
counterparts did in the Drosophila subgenus (Table 2). When in- proportionally smaller than X-chromosomes and smaller than
vestigating sex difference, the Sophophora subgenus had a higher would be expected for the XY relationship in Drosophila species.
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Table 3. Number of most likely rate shifts according to BAMM.

Female rep. Female unrep. Male rep. Male unrep.
Rank Prob. Total Shifts Prob. Total Shifts Prob. Total Shifts Prob. Total Shifts
1 52.7% 52.7% 0 0.2% 0.2% 3 54.8% 54.8% 1 2.6% 2.6% 4
2 10.4% 63.1% 1 0.1% 0.3% 4 12.0% 66.8% 1 2.5% 5.2% 3
3 3.5% 66.6% 2 0.1% 0.4% 5 11.9% 78.6% 1 1.3% 6.5% 4
4 1.9% 68.5% 1 0.1% 0.5% 4 6.4% 85.0% 1 1.2% 7.7% 3
5 1.8% 70.3% 1 0.1% 0.7% 2 3.1% 88.1% 1 1.0% 8.8% 1

BAMM analyses found that the most likely number of rate
shifts for replicated DNA in the Drosophila phylogeny is zero
in females (52.7% support) and one in males (54.8% support)
(Figs. S8 and S9; Table 3). The estimated rate shift in male repli-
cated DNA most often occurs at the split of the Sophophora
and Drosophila subgenus (Fig. S9). When investigated by sub-
genus, there is a higher rate of change in replicated DNA in the
Sophophora subgenus than in the Drosophila subgenus for both
female and male data (Figs. 3A and S9). In the case of unrepli-
cated DNA, the most likely number of shifts is 3 for females
and 4 for males; however, predicted numbers of shifts in unrepli-
cated DNA have low amounts of support suggesting high vari-
ability in the trait (Table 3; Figs. S11 and S12). When investi-
gated by subgenus, the rates of change of unreplicated DNA in
Drosophila are much higher than those in Sophophora (Figs. 3B
and S12). When replicated and unreplicated DNA are plotted in
color on the phylogeny, more variation in replicated DNA is seen
in Sophophora, whereas more variation in unreplicated DNA is
seen in the Drosophila (Figs. 4 and S13-S17).

Discussion

Underreplication, or stalling of replication before completion
of late-replicating heterochromatic regions, has been reported
in salivary glands and follicle cells of Drosophila as well as in
other dipteran species (Painter and Reindorp 1939; Rudkin 1969;
Renkawitz-Pohl and Kunz 1975; Hammond and Laird 1985;
Belyaeva et al. 2006; Andreyeva et al. 2008). In these tissues, the
genome undergoes multiple rounds of incomplete replication.
Uniquely, however, one round of underreplication had been
found to occur in the thoracic tissue of D. melanogaster and D.
virilis (Johnston et al. 2013, 2020). To explore this phenomenon,
thoracic replication values have been reported for females of
132 species and males of 123 species within the Drosophila
genus (Table S1). Although underreplication is known to occur
across Diptera (Yurlova et al. 2010), it is unknown to what extent
thoracic underreplication occurs across the insect tree of life.
Thoracic underreplication was not found in tested Chymomyza
species or in Scaptodrosophila lebanonensis, Scaptodrosophila
pattersoni, and Scaptodrosophila stonei (Table S1). These results

suggest that this phenomenon may be largely restricted to the
Drosophila genus of flies.

Underreplication in polytene chromosomes has been sug-
gested to be representative of the proportion of heterochromatin
across the entire genome (Bosco et al. 2007). Following this sug-
gestion, we represent the percent underreplication in the thorax
as the proportion of heterochromatin in the genome and further
compare this percentage against genome size. Although Bosco
et al. report a relationship between genome size and underrepli-
cation for 38 species, all estimations are based on assumptions
regarding ploidy level and genome size of D. virilis, as well as the
assumption of a constant fluorescence ratio of 4',6-diamidino-2-
phenylindole (DAPI) and Propidium Iodide (PI) stained nuclei.
Estimates of underreplication in the thoracic tissue provide more
precision than do estimates in the polytene cells because thoracic
underreplication measures provide a direct comparison of peaks
of 2C and underreplicated DNA. Underreplication based on poly-
tene cells requires estimates of GC content and comparisons
against D. melanogaster for each species and strain. The amount
of thoracic replication was found to be significantly correlated
with genome size, suggesting as genome sizes get larger, a lower
proportion of the genome is replicated early (P < .0001). The fit
of the relationship between replication percent and genome size
is higher in females than in males of the species (Female R> =
0.409; Male R? = 0.349), which is not surprising given the highly
variable size and heterochromatin content of Y-chromosomes
found in males. Although this relationship of underreplication
and genome size has been reported (Bosco et al. 2007), the impli-
cations of this relationship had not been thoroughly investigated.
With this wealth of information on estimated heterochromatin
content across a range of Drosophila species, it has become pos-
sible to estimate the expected heterochromatin content for each
genome size, the minimum expected genome size, and the rate at
which heterochromatin is added to the genome.

SUGGESTED PATHWAY FOR SEX CHROMOSOME
DIFFERENTIATION
Our linear model for unreplicated DNA content found that

expected minimum genome sizes were smaller for males than
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Beta trait rate value
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Figure 3. Rate of change throughout time for replicated and unreplicated DNA. Estimates of rate of change throughout time for (A)
replicated DNA and (B) unreplicated DNA. Horizontal axis is the time before present in millions of years. The vertical axis represents the
Brownian rate parameter, or the beta trait value for trait evolution. Light coloration around the line represents the 95% credible interval
on the distribution of rates through time. Left panel (red) shows rate of change across entire Drosophila genus, middle panel (blue) shows
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females across the entire Drosophila genus, as well as in both
the Drosophila and Sophophora subgenera (Table 1), supporting
that Y-chromosomes lose DNA content as they differentiate
from the X-chromosome (Bachtrog 2008, 2013; Hjelmen et al.
2018, 2019). With estimates of the difference in genome size
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and amount of heterochromatin (unreplicated DNA) due to
heteromorphic sex chromosomes, we can investigate the hy-
pothetical path of X-Y chromosome differentiation and the
loss/gain of DNA and heterochromatin on the Y chromosome
(Fig. 2).
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Figure 4. Replicated and unreplicated DNA plotted across the Drosophila phylogeny. Replicated (left) and unreplicated (right) DNA
plotted by color across the Drosophila genus phylogeny. Sophophora subgenus species are on the upper portion of the phylogeny,

whereas Drosophila subgenus species are on the lower portion. Darker colors represent less DNA, whereas lighter colors represent more

DNA.

The gray arrow throughout the plot represents one common,
hypothetical path of sex chromosome differentiation. Species
with young sex chromosomes are expected to have similar female
and male genome sizes, as the sex chromosomes are less differ-
entiated. Early in differentiation of these sex chromosomes, the Y
chromosome is expected to increase in size and become more het-
erochromatized due to increased mobile element activity and loss
of genic content (Fig. 2) (Charlesworth et al. 2005; Matsunaga
2009; Bachtrog 2013). It is then expected that the Y chromosome
will continue to become heterochromatized as it subsequently de-
grades due to transposable element suppression and deletion bias
(Fig. 2). This process will further degrade the Y, decreasing its
physical size, and eventually result in heterochromatin content
equal to or less than the X chromosome (Fig. 2). Eventually, there
may be sex chromosome loss or turnover, in which the process of
decay will partially reset (Charlesworth and Charlesworth 2000;
Bachtrog et al. 2008; Vicoso and Bachtrog 2015; Vicoso 2019).
Although these events can be rare, there are representative species
with sex chromosome turnover in Drosophila. We find a large
proportion of these species with known neo-sex chromosomes to
be located in the bottom left quadrant, supporting this hypothesis
of change (species in red, Fig. 2).

It is important to note that we have presented one inter-
pretation of our data here based on the canonical linear/cycle
hypothesis of sex chromosome differentiation. This is not the
only possible interpretation of our data. Y chromosomes are often
portrayed as an “evolutionary trap,” destined to degrade until they
disappear (Aitken and Graves 2002; Graves 2004), yet the rate of
gene loss may actually decrease over time until there is no further
loss (Bachtrog 2008; Bachtrog et al. 2014), or sex chromosomes
may even remain homomorphic (Bachtrog et al. 2014). However,
sex chromosomes can be remarkably stable, and may even show
signs of gene increase (Koerich et al. 2008). Sex chromosome
stability, decreased gene loss, and instances of gene increase
make it difficult to predict when a sex chromosome turnover
may occur, and certainly makes it difficult to predict an ideal
level of sex chromosome differentiation. Therefore, it is possible
that each species has reached some level of sex chromosome
stability and may not degrade or heterochromatize any further.
It can be confidently stated, however, that in the majority of
species here, the Y chromosome is smaller than the X (positively
located on the horizontal axis) and the Y chromosome has more
heterochromatin than the X chromosome (negatively located on
vertical axis).

EVOLUTION 2020 9
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MINIMUM GENOME SIZES DIFFER BETWEEN THE
SUBGENERA

When we look at all of the analyzed species in the Drosophila
genus, the estimate of minimum genome size reflects the small-
est genome size we see within the group of estimated species.
Although these genome sizes are small relative to many insects,
they are not the smallest seen within Diptera. It is important
to recognize the diversity in genome configurations and diver-
gence; however, this model relies on estimations of heterochro-
matin by measuring underreplication, which is only documented
in Drosophila species. To investigate the impacts of these dif-
ferences in genome configurations, we take advantage of the
two subgenera within the Drosophila genus: Sophophora and
Drosophila. These subgenera separated by an estimated 40-65
million years and differ notably in their chromosome numbers
(Russo et al. 1995, 2013; Tamura et al. mar. 2004; Obbard et al.
2012). The majority of Drosophila subgenus species maintain the
ancestral karyotype of six chromosomes, whereas Sophophora
species have reduced chromosome numbers (three to five chro-
mosomes) due to fusions (Schulze et al. 2006). The karyotypic
differences between the subgenera may therefore result in dif-
ferent patterns of evolution for early- and late-replicating DNA.
There was a remarkable difference in minimum genome size
estimates when separating the Sophophora subgenus from the
Drosophila subgenus (Table 1), with much smaller genomes pre-
dicted in Sophophora than Drosophila, even though there is no
significant difference in whole genome size between the subgen-
era (Hjelmen et al. 2019). Interestingly, there were no significant
differences in the linear models for unreplicated DNA when sep-
arated by chromosome number, suggesting that something else
about the configuration of their genomes allows smaller sizes in
the Sophophora subgenus than the Drosophila subgenus.

In this manuscript, estimations of minimum genome
size are restricted to the genus Drosophila, one group within
the diverse order of flies. However, the predicted minimum
size for the Sophophora subgenus was remarkably close to the
smallest insect genome sequenced to date, Belgica antarctica
(98 Mbp) (Kelley et al. 2014). Although located within Diptera,
Drosophila and Belgica are diverged at least 200 million years
(Hedges and Kumar 2009; Wiegmann et al. 2011). Diptera kary-
otypes are highly conserved in terms of Muller elements—six
highly syntenic elements known to comprise all known Diptera
chromosomes (Muller 1940; Schaeffer 2018). The conservation
of chromosomal elements suggests these predictive minimum
genome sizes in Drosophila may further extend to the order
Diptera. Although current genome size estimations place Diptera
among the smallest genome sizes in insects, it is not clear how
these minimum genome size estimations extend to the rest of
insects. Fluctuations in noncoding regions, such as repeat content
and transposable elements, drive genome size change (Gregory
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and Hebert 1999; Kidwell 2002; Sessegolo et al. 2016; Wright
2017). Although the relationship between genome size and
these noncoding regions is clear, the patterns by which these
late-replicating heterochromatic regions and early-replicating,
mostly euchromatic regions evolve are largely unknown.

RATES AT WHICH ADDITIONAL DNA IS
HETEROCHROMATIC OR EUCHROMATIC DIFFER
BETWEEN SUBGENERA

Although it seems genome size in both subgenera is selected to
be similar (Zp values, Table 2), the proportion of euchromatin
to heterochromatin suggests different dynamics of genome size
change between the subgenera. The slope parameter from our lin-
ear models allows us to investigate the rate at which additional
DNA becomes either early- or late-replicating DNA (Table 1).
In all cases, males had a higher proportion of additional DNA
becoming late-replicating heterochromatic, likely driven by the
heterochromatic Y chromosome. When separated by subgenus,
there is a much higher proportion of additional DNA contributed
as late-replicating heterochromatin in females of the Drosophila
subgenus than of females in Sophophora (Table 1). These differ-
ences in the rates of change in early- and late-replicating DNA are
further supported by the Ornstein-Uhlenbeck and BAMM analy-
ses (Tables 2 and 3; Fig. 3). We propose that the difference in the
proportion of additional DNA that becomes heterochromatic may
reflect the cost of additional DNA in excess of the minimum pos-
sible genome. Based on our models, genome size change within
species of the Sophophora subgenus is more reliant on changes
in euchromatic DNA than heterochromatic DNA. It is expected
that changes in euchromatic DNA are more likely to impact
coding sequences, and are therefore less tolerable than changes
in heterochromatic sequences. However, these data suggest that
changes in euchromatic DNA in Sophophora may be more tol-
erated than in the Drosophila subgenus. Although Sophophora
may have mechanisms to allow changes in euchromatin, addition
of DNA in Sophophora may be disruptive and may account for
the small minimum genome size estimates and the lower rates
of change seen in this subgenus, whereas genome size change
in the Drosophila subgenus is driven by large changes in hete-
rochromatin and is therefore less likely to directly impact coding
sequence. These changes are more likely tolerated, resulting in
more rate shifts in change of unreplicated DNA (Figs. S11 and
S12), and consequently higher rates of genome size change, seen
in the Drosophila subgenus (Hjelmen et al. 2019).

Although there is high support for zero rate shifts of repli-
cated DNA in females across the Drosophila genus, there is high
support (88.1%) for one rate shift to occur in replicated DNA
of males (Table 3). In fact, eight of nine top models for rate
shifts in males suggest a rate shift at the split of the subgenera
(Fig. S9), with higher rates of change in the Sophophora
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subgenus (Fig. S10). This difference in the rates of change in
replicated DNA is not seen in females (Table 3; Fig. 3A), sug-
gesting that this shift is due to changes in replicated content of
the Y chromosome, supporting higher rates of sex chromosome
differentiation in the Sophophora subgenus. The Sophophora
subgenus has known neo-sex chromosomes in species such as
Drosophila miranda (Bachtrog 2004; Bachtrog et al. 2008) and
Drosophila pseudoobscura (Carvalho and Clark 2005). These
results are supportive of higher rates of sex chromosome differ-
entiation and sex chromosome turnover in Sophophora predicted
by our previous study (Hjelmen et al. 2019).

IMPLICATIONS OF CHANGE IN EUCHROMATIN AND
HETEROCHROMATIN ACROSS DROSOPHILA

Large structural changes in the genome, whether through repli-
cated or unreplicated DNA, are expected to decrease the amount
of successful hybridization between species, subsequently lead-
ing to reproductive isolation and eventually speciation (Brown
and O’Neill 2010). In the case of meiosis, heterochromatic con-
tent may facilitate speciation by allowing chromosomal rear-
rangements, forming genetic barriers against hybridization (Yu-
nis and Yasmineh 1971). Within the Drosophila genus, it is
suggested that speciation is impacted by qualitative variation
in heterochromatin types (Gatti et al. 1976). In the case of
D. melanogaster and Drosophila simulans, rapid evolution of
heterochromatic DNA may be driving evolution of genes re-
lated to hybrid incompatibility and potential speciation (Brideau
et al. 2006). Visualizing replicated and unreplicated DNA on
the Drosophila genus phylogeny highlights the remarkable vari-
ation in replicated DNA across the phylogeny (Fig. 4). Within
smaller clades, species closely related to one other tend to
have similar amounts of replicated DNA. Some clades have in-
creases in replicated DNA, such as the montium group within the
Sophophora subgenus and the virilis group within the Drosophila
subgenus, whereas other clades have reductions in replicated
DNA, such as the nannoptera group within the Drosophila and
the melanogaster group in the Sophophora, likely corresponding
to the overall decrease in genome size for this clade. These no-
table differences between clades suggest that reconfiguration of
early and late replicating portions of the genome may associate
with bursts of speciation; however, further work must be done to
verify this statement.

The most striking of the aforementioned differences in repli-
cated DNA is the nannoptera group of Drosophila. These species
have been noted to have a high proportion of heterochromatic
DNA content, including some almost entirely heterochromatic
chromosomes (Ward and Heed 1970). Although the amount of
unreplicated DNA they have is not remarkable compared to sister
species, the proportion of their genome which is unreplicated
is striking. Although having female genome sizes ranging from

155.8 to 245.9 Mbp, each species only replicates just over 120
Mbp of DNA in the female and only about 100 Mbp in the male
(Table S1). Comparatively speaking, on average, Drosophila
species replicate 171.7 Mbp of DNA in females and 155.6 Mbp
in males (S1 Table). Population sizes of Drosophila pachea, one
member of this group, have been noted to be small (Breitmeyer
and Markow 1998), suggesting that drift might have contributed
substantially to the dramatic reconfiguration of heterochromatin
in these genomes. However, one interesting explanation for the
uniqueness of these species is the pressure experienced in their
desert dwelling, cactophilic lifestyle. The unique characteristics
of species in the nannoptera group, such as specialization on
columnar cacti and asymmetric genitalia, have been studied ex-
tensively in relation to their ecological speciation, phylogenetic
relationships, and specialization (Lang et al. 2012, 2014; Acurio
et al. 2019). The exposure to extreme heat and potential for long
dispersal distances may be detrimental to maintaining genomic
integrity. The increase in heterochromatic proportion of the
genome may therefore play a protective role. It is thought that
heterochromatin may play a protective role in some areas of the
genome; it is present around vital areas in chromosomes, thereby
providing strength and potentially absorbing effects of mutagenic
agents (Yunis and Yasmineh 1971). This group requires further
investigation with modern sequencing methods to identify re-
peat regions and chromatin makeup to investigate the potential
adaptive advantage of such a high proportion of heterochromatic
content.

The advantage of underreplication in specific tissues is
unknown. Underreplication (and forms of endoreduplication)
is assumed to have an impact on gene expression and cell
size. Although it seems plausible that an increase in gene copy
number through replication may increase the expression of those
genes (Wu et al. 2010), evidence that this replication impacts
expression has yet to be confirmed (reviewed in Neiman et al.
2017). In bacteria and archaea, gene expression does, in fact,
increase with replication of DNA; however, these patterns of
increased expression are not seen when investigated in yeast
(Voichek et al. 2016). Like expression, there is evidence for a
positive relationship between size and amount of DNA replicated
(Nagl 1976, 1978), but conflicting evidence also exist (Neiman
et al. 2017). Because underreplication is known to be found
in thoracic tissue, specific tissues within the thorax of these
flies have been further dissected to quantify underreplication
levels in specific flight muscle tissues (Johnston et al. 2020).
It is possible that underreplication has evolved to increase
the muscle cell size or transcriptional output of these highly
energetic cells to better flight performance of these flies. This
supposition, however, is conjecture and must be further inves-
tigated with transcriptomic analyses and flight performance
assays.
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Conclusions

In conclusion, the strong relationship between thoracic under-
replication and genome size in Drosophila allows us to predict
a minimum genome size within flies, as well as estimate the
rate at which additional DNA becomes heterochromatic. Our
estimates for minimum size of the Sophophora subgenus are re-
markably close to the smallest insect genome sequenced to date,
Belgica antarctica, which is over 200 million years diverged from
Drosophila. We find that 61.7% of additional DNA is partitioned
to late-replicating heterochromatic DNA, with a much lower pro-
portion of late-replicating DNA in the Sophophora subgenus.
These data support the idea that the rate of genome size change is
much higher in the Drosophila subgenus than in the Sophophora
subgenus, and that this is driven by higher rates of change in hete-
rochromatic content. These estimates of underreplication and het-
erochromatin content provide a powerful resource for efficiently
and cost-effectively identifying species with unique heterochro-
matin profiles for further investigation via long read sequencing,
chromatin profiling, and transcriptomic studies. The advantage
of thoracic underreplication remains unknown and must be fur-
ther investigated with phenotypic and physiological performance
studies.
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Figure S6. Male unreplicated DNA (vertical axis) plotted against male genome size (horizontal axis).

Figure S7. Male Unreplicated DNA linear model by subgenera.

Figure S8. Credible Shift set for female replicated DNA. Circles represent rate shifts.

Figure S9. Credible Shift set for Male replicated DNA. Circles represent rate shifts.

Figure S10. Male replicated DNA rate shifts throughout time in the entire Drosophila genus (left), in the Sophophora subgenus (middle) and the
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