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Abstract

The factors that drive the rapid changes in abundance of tandem arrays of highly repetitive sequences, known as satellite
DNA, are not well understood. Drosophila virilis has one of the highest relative amounts of simple satellites of any
organism that has been studied, with an estimated >40% of its genome composed of a few related 7-bp satellites. Here,
we use D. virilis as a model to understand technical biases affecting satellite sequencing and the evolutionary processes
that drive satellite composition. By analyzing sequencing data from Illumina, PacBio, and Nanopore platforms, we
identify platform-specific biases and suggest best practices for accurate characterization of satellites by sequencing.
We use comparative genomics and cytogenetics to demonstrate that the highly abundant AAACTAC satellite family
arose from a related satellite in the branch leading to the virilis phylad 4.5–11 Ma before exploding in abundance in some
species of the clade. The most abundant satellite is conserved in sequence and location in the pericentromeric region but
has diverged widely in abundance among species, whereas the satellites nearest the centromere are rapidly turning over
in sequence composition. By analyzing multiple strains of D. virilis, we saw that the abundances of two centromere-
proximal satellites are anticorrelated along a geographical gradient, which we suggest could be caused by ongoing
conflicts at the centromere. In conclusion, we illuminate several key attributes of satellite evolutionary dynamics that
we hypothesize to be driven by processes including selection, meiotic drive, and constraints on satellite sequence and
abundance.
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Introduction
Repetitive DNA is abundant in most eukaryotic genomes and
is now understood to be correlated with the manifold varia-
tion in genome size across the tree of life (Elliott and Gregory
2015). For most species, transposable elements (TEs) domi-
nate the repeat landscape, including in humans, plants, and
Drosophila melanogaster. Satellite DNA, which is character-
ized by tandem repeats spanning long arrays, very rarely has
dominated a genome to a similar extent as TEs. An unprec-
edented case is that of Drosophila virilis, the Drosophila spe-
cies with the largest estimated genome size (up to 389 Mb)
(Bosco et al. 2007), where some 40% of the genome (esti-
mated in the pericentromeric region) comprised just three
simple 7-mer satellites: AAACTAC, AAACTAT, and
AAATTAC (Gall et al. 1971; Gall and Atherton 1974). Since
the 1970s, there has been no follow-up to validate the
amount of 7-mers with modern techniques, or evolutionary
studies to understand how and why these satellite repeats
expanded so explosively. The genomic composition of simple
satellites in D. virilis provides an excellent model for an inves-
tigation of the evolutionary dynamics involved in their ex-
pansion in the genome as well as the technical challenges
facing simple satellite analysis.

Satellites are rapidly evolving in sequence and copy num-
ber, and there is a high level of variation in satellite content
among and within species (Wei et al. 2014, 2018). The reasons
for such dramatic variation are not well understood, and
cannot be fully explained by current models. The consequen-
ces of having varying satellite composition near the centro-
mere are also unclear. To date, we have very little knowledge
about how pericentromeric satellites evolve on a population-
wide and species-wide scale.

Satellites have been long hypothesized to be slightly dele-
terious and therefore governed primarily by the strength of
negative selection (Ohno 1972). However, the abundance of
satellite repeats in the genome that would incur a fitness cost
depends on many factors and cannot be easily predicted
(Charlesworth et al. 1994; Gregory 2001). The fact that
most organisms have satellite repeats in or near centromeres
suggests that they are important for centromere function.
Satellite repeats can also be important for maintenance of
the chromocenter and packaging of chromosomes in the
nucleus (Jagannathan et al. 2018, 2019), and the transcripts
of some satellites may be essential for fertility (Mills et al.
2019). In heterozygotes with alleles that differ in pericentro-
meric satellite sequence or abundance, one allele may assem-
ble a stronger kinetochore during female meiosis I, increasing
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its probability of transmission into the egg (rather than polar
bodies). This transmission advantage, known as centromere
drive, allows satellites to rapidly change in composition in the
population, regardless of their whole-organism fitness effects
(Henikoff et al. 2001). If satellite DNA is an essential compo-
nent of the genome or is only selfish, it is still not clear why
some species have almost no pericentromeric satellite DNA
while others, like D. virilis, possess pericentromeric satellites
that make up almost half of the genome.

Comparing the satellites of D. virilis to those of its sister
species can elucidate when the abundant satellites arose, and
how rapidly their copy numbers and sequences evolved.
Drosophila virilis is 4.5 My diverged from its sister species
D. novamexicana and D. americana, which are both restricted
to North America, unlike globally distributed D. virilis (Caletka
and McAllister 2004). Drosophila novamexicana and
D. americana have a smaller estimated genome size than
D. virilis (�250 vs. 389 Mb), suggesting these species may
have less satellite content (Bosco et al. 2007). Additionally,
using intraspecies comparisons across global populations can
give indications about factors that may be influencing satellite
dynamics. For example, in D. melanogaster, patterns of abun-
dance of the Prodsat satellite closely mirror the migration
patterns of species, suggesting an ongoing expansion of this
satellite (Wei et al. 2014). Genetic drift or meiotic drive may
contribute to patterns of geographical gradients of satellite
abundance. We can also use intraspecies data to pose hy-
potheses about nonneutral processes that may be driving
satellite content. Previous work has shown evidence for con-
flicts or tradeoffs between satellites within the genome, and
these constraints can be illuminated by analyzing satellites in
several strains (Flynn et al. 2017, 2018).

Genome-wide characterization of satellites has taken off
since high-throughput sequencing has become widely avail-
able. We have learned from several informative studies about
the sequences and relative abundances of satellites in various
species (Pavlek et al. 2015; de Lima et al. 2017; Flynn et al.
2017; Wei et al. 2018), but technical challenges may prevent
accurate quantitative estimates. Satellites may be more prone
to errors or biases in the sequencing process that do not affect
the better studied regions of the genome. Satellites are diffi-
cult to assemble even with long-read sequencing (Chang and
Larracuente 2019). The genome assembly of D. virilis is ap-
proximately half its estimated genome size by flow cytometry
(�200 vs. 389 Mb; Bosco et al. 2007), and it is likely that much
of what is missing is simple satellite DNA. However, even
assembly free raw read quantification methods have not pro-
duced satellite DNA estimates that approach the amount
that was estimated from early work (Gall et al. 1971; Gall
and Atherton 1974; Wei et al. 2018). Now, as long-read se-
quencing is also being exploited to study satellites, we must
evaluate satellite DNA abundance estimates to assess if there
are platform-specific biases that may affect evolutionary anal-
ysis of satellite DNA.

The purpose of this article is 2-fold; first to explore the
technical biases that pose a challenge to accurate character-
ization and quantification of simple satellites, and second to
use a comparative approach to understand the evolutionary

dynamics of the extremely abundant 7-mers in the D. virilis
group. First, we characterize satellites in D. virilis sequencing
data from different platforms and assess biases that affect
accurate satellite characterization. We then use comparative
genomics and cytogenetics in D. virilis and its sister species to
understand the composition and changes in the highly abun-
dant simple satellites. Finally, we sequence multiple strains of
D. virilis and sister species to estimate polymorphism in sat-
ellite abundance and infer processes that may be influencing
their evolution. From this, we infer that there are likely mul-
tiple processes affecting satellite DNA in this organism, in-
cluding positive selection, meiotic drive, and constraints and
tradeoffs between satellites.

Results

Technical Biases in Characterizing Simple Satellites
from Sequencing
Long-Read Genome Assemblies Have an

Underrepresentation of Simple Satellites
Long-read sequencing technologies have high error rates
prompting a need for extensive alignments for error-
correction and assembly, which may result in collapsing sat-
ellite arrays. First we asked whether assemblies from long-read
technologies can better assemble simple satellite reads than
the previous Sanger assembly. We compared the amount of
simple 7-mer satellites (AAACTAC, AAACTAT, AAATTAC,
and AAACAAC) in three D. virilis genome assemblies: the
CAF1 assembly produced from Sanger sequencing
(Drosophila 12 Genomes Consortium et al. 2007), a PacBio
assembly produced by our group by �100� coverage (avail-
able at https://www.ncbi.nlm.nih.gov/bioproject/? term¼t-
xid7214), and a Nanopore assembly produced from �20�
sequencing coverage (Miller et al. 2018). All assemblies were
approximately the same size at�200 Mb and were produced
from the same strain (supplementary table S1,
Supplementary Material online). The PacBio and Nanopore
assemblies contained a similarly low amount of simple 7-mer
satellites, 29 and 28 kb, respectively. The CAF1 assembly how-
ever contained 7.36 Mb of these satellites. This discrepancy is
likely largely due to the difference in assembly algorithms used
for short- and long-read data. Long reads must be thoroughly
clustered and aligned to be incorporated into the assembly,
whereas Sanger satellite reads are included as unplaced scaf-
folds. Use of modified methods can improve assemblies of
repetitive regions (Chang and Larracuente 2019), but for
highly homogeneous simple satellites, whose arrays span
10–100� longer than the current maximum read length, it
is practically impossible to produce a continuous assembly.
Additionally, part of the discrepancy between the Sanger
CAF1 assembly may be due to the tissue used. The CAF1
assembly was produced from DNA extracted from homoge-
neous diploid embryos, whereas the long-read assemblies
were produced from fly carcasses, which contain polytene
cells (supplementary table S1, Supplementary Material on-
line). We discuss issues with polyteny further below.
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Simulations to Assess Simple Repeat Quantification from

Long-Read Sequencing Data
Due to assembly issues of simple satellites, they must be quan-
tified from raw unassembled reads. Long-read sequencing
data poses a significant challenge because of the high error
rate including a high indel rate in the raw reads. We therefore
used two different approaches along with simulations to as-
sess their accuracy. The first approach used k-Seek (Wei et al.
2014) to select repeat-rich reads and then Phobos (https://
www.ruhr-uni-bochum.de/ecoevo/cm/cm_phobos.htm, last
accessed February 5, 2019) to quantify satellites. This approach
discovers and quantifies satellites de novo (details in Materials
and Methods section). We used Noise-Cancelling Repeat
Finder (NCRF, Harris et al. 2019) for our second approach,
which can quantify previously defined satellites. Phobos was

designed to have high sensitivity in detecting tandem repeats
with sequence errors in them, but was not specifically
designed for long-read data as NCRF was.

To evaluate our approaches, we created a mock D. virilis-
like genome containing the estimated amounts of pericen-
tromeric and centromeric satellites on each of five chromo-
somes. Satellite DNA composed 40% of this 351 Mb mock
genome, and we used our cytogenetic data (discussed below)
to guide the relative organization of the satellites (see
Materials and Methods section). We then simulated 10�
coverage PacBio reads from the mock genome, incorporating
errors with PBSIM (Ono et al. 2013). We quantified satellites
from the simulated long reads using both approaches. NCRF
found almost the same amount of satellites that truly existed
in the mock genome whereas the k-Seek þ Phobos method
only found about 20% (fig. 1A).

FIG. 1. Issues in quantifying simple satellites in sequencing data (all data shown are Drosophila virilis). (A) Cumulative stacked barplot comparing
the performance of the two tested approaches on PacBio data simulated with PBSim from a mock genome. (B) Comparing the results of the two
approaches on the PacBio and Nanopore data; “other” refers to additional satellites in the family, including suspected artifactual ones (AAAGCAC
for PacBio and AAATCACþ AGCCTAT for Nanopore). (C) Strand biases in the sequenced satellites in long-read sequencing data. Satellites with
asterisks are suspected artifactual ones. N refers to the number of read fragments used for the calculation. (D) Amount of satellites quantified in
Illumina data sets: imaginal discs (pure diploid), compared with flies (some polyteny), fly data that has been quality filtered (this study), and fly data
from a previous study by Wei et al. (2018). N indicates NextSeq platform and H indicates HiSeq platform.
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The Amounts and Biases in Simple 7-mer Repeats Differ

between Nanopore and PacBio Sequencing Reads
Next, we quantified simple satellites in the long-read data
generated from our PacBio sequencing and the publicly avail-
able Nanopore sequencing using the two approaches men-
tioned above. Both data sets were produced from fly carcasses
(male in the case of the PacBio data and female in the case of
the Nanopore data). Unlike in the simulations, both
approaches produced very similar (but lower than expected)
estimates at 8.8–10.9 Mb for the PacBio data (fig. 1B). This
observation suggests an interaction between algorithmic ef-
ficiency and satellite sequencing efficiency such that the al-
gorithm is the limiting factor for the simulated reads, but not
so for the real reads where the satellites are much less abun-
dant. The Nanopore data contained almost three times as
much 7-mer satellites compared with PacBio, with 23.4–
28.2 Mb (fig. 1C). This cannot be accounted for by male–fe-
male differences, which differ in satellite content only by 0.7%
(Wei et al. 2018), and so it likely indicates a platform-specific
difference in the ability to sequence long arrays of simple
tandem repeats. PacBio reads contained a similar normalized
abundance of AAACTAC as Illumina reads both from this
study and a previous study (Wei et al. 2018; fig 1B and D).
However, both PacBio and Nanopore reads were greatly de-
pleted of AAACTAT and AAATTAC compared with Illumina
NextSeq (but not compared with Illumina HiSeq). No tech-
nology contained satellite normalized abundance estimates
approaching the estimated >100 Mb in the genome (fig 1B
and D).

Both the PacBio and Nanopore reads contained large
amounts of what we expect to be artifactual repeats, which
were found with the k-Seek þ Phobos approach, and vali-
dated with NCRF. NCRF found 4.4 Mb (normalized to 1�
genome coverage) of AAACGAC in the PacBio reads. This
satellite was not found in the Nanopore or Illumina data (this
and previous studies) or in previous studies that characterized
the most abundant satellites in D. virilis. Manual inspection
indicated that the AAACGAC satellite was the true consensus
found in long arrays in the reads and did not represent an
error in our approaches’ characterization of satellites.
Similarly, AAATCAC, AGCCTAT, ACAGGCT, and AATGG
were found in megabase quantities (after normalization) in
the Nanopore data—whereas these satellites were not found
in Illumina or PacBio data. We suggest these satellites are also
technical artifacts introduced at the base-calling level.

In the PacBio data, the relative amounts of 7-mer satellites
(AAACTAC, AAACTAT, and AAATTAC) were lower than
expected. This additional evidence led us to hypothesize
that there were context-specific errors in our PacBio data
affecting our particular satellites. If the sequencing were un-
biased, we would expect to have an equal amount of satellites
being detected on reads coming from both DNA strands. We
evaluated the strand bias in the simulated and real long-read
data for the three most abundant true satellites, as well as
some artifactual satellites. We arbitrarily label the positive
strand as AAACTAC and the negative strand as GTAGTTT,
etc. In the simulated data, the positive and negative strands of
satellites were detected in equal amounts (fig. 1C). However,

there was a strong strand bias for all satellites in both the
PacBio and Nanopore data (fig. 1C). For PacBio, the real sat-
ellites AAACTAC, AAACTAT, and AAATTAC had a positive
strand bias, whereas the artifactual satellite had a negative
strand bias: 98% of the reads with this satellite were from the
negative strand. Based on communication with PacBio rep-
resentatives, this issue seemed to be caused by context-
specific issues with base-calling algorithms used for this se-
quencing run. As base-calling algorithms improve, these issues
will likely begin to be remedied. In fact, we performed PacBio
circular consensus sequencing (CCS) or “HiFi” sequencing for
a closely related species, D. americana, and the base-calling
issue was remedied. In the Nanopore data, strand biases were
even more extreme: the negative strand was sequenced al-
most exclusively for real satellites AAACTAC and AAATTAC
and suspect satellite AAATCAC, whereas the positive strand
was sequenced for real satellite AAACTAT. For Nanopore,
strand biases may be caused by unsequenceable secondary
structures developing more frequently on one strand of the
satellite DNA than the other. We analyzed Illumina NextSeq
reads for D. virilis (data described in the following two sec-
tions), and no such strand bias was found.

Drosophila virilis Whole-Flies Have 40% Less

Pericentromeric Satellites than Nonpolytene Tissue
Polyteny occurs in all differentiated tissues of Dipterans, and is
characterized by multiple rounds of local DNA replication
within the same nucleus and without cell division, a process
known as endoreduplication (Smith and Orr-Weaver 1991;
Kim et al. 2011; Yarosh and Spradling 2014). However, the
pericentromeric heterochromatin, where most satellite DNA
is located, is underreplicated (Belyaeva et al. 1998). It has
never been tested if the level of polyteny in an adult fly makes
a difference in the estimate of satellites per genome. Thus, we
sequenced adult male flies (which have multiple polytene
tissues) and imaginal discs (which are diploid) from male
larvae and compared the amount of simple satellites in these
data sets. We used Illumina sequencing and PCR-free library
preparations to reduce known PCR bias (Wei et al. 2018). We
found that for each of the four most abundant 7-mer satel-
lites in the D. virilis genome, there was �40% less in the flies
compared with the imaginal discs (fig. 1D). This pattern is not
observed for microsatellites which are known to localize out-
side of pericentromeric heterochromatin (supplementary fig.
S2A, Supplementary Material online). We also analyzed pub-
licly available D. melanogaster data, including flies, imaginal
discs, and salivary glands (which are the most extreme in
polyteny), and observed this same pattern of underreplica-
tion of pericentromeric heterochromatin satellite repeats in
polytene tissues (supplementary fig. S2B and C
Supplementary Material online).

Reads with Satellites Had Lower Quality Scores in Illumina

Data
Because extensive quality filtering is often performed on
Illumina sequences before analysis, we sought to investigate
the distribution of quality scores on satellite-containing reads
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produced from Illumina platforms. Upon inspection of our
data with FastQC from the polyteny analysis, we found a
bimodal distribution of quality scores, with one peak at 22
and another at 37 (supplementary fig. S3A, Supplementary
Material online). After filtering low-quality reads, the majority
of reads with simple satellites were removed (supplementary
fig. S3, Supplementary Material online). The quantity of sat-
ellites was reduced by�15-fold after quality filtering (fig. 1D).
It is apparent that in our data set, simple satellite-containing
reads were highly enriched for low-quality scores. We exam-
ined other published D. virilis Illumina data sets to evaluate if
this issue existed in other sequencing runs. Two other data
sets were available and the one that was produced on the
Illumina NextSeq platform like our data (Miller et al. 2018)
showed the same pattern of biased quality scores in repetitive
reads (supplementary fig. S4, Supplementary Material online).
The data set produced on the HiSeq platform (Wei et al.
2018) did not show this pattern. It should be noted however
that the amounts of 7-mer satellites sequenced in the
NextSeq data sets were higher than the HiSeq data set
(fig 1D). Our libraries were multiplexed with other non-
D. virilis group samples from unrelated projects and only
represented �20% of the total sequenced lane so that we
would not have issues related to low complexity. We also
noticed this pattern (but less dramatically) in our Illumina
sequencing of multiple strains.

AAACTAC-Related Satellite Abundances in Related
Species
Drosophila novamexicana and D. americana which are 0.38
My diverged from each other, are sister species of D. virilis,
which is �4.5 My diverged (Caletka and McAllister 2004;
fig. 2A). We sequenced these species with high coverage
PacBio runs and characterized and quantified satellites with
k-Seek þ Phobos and NCRF (see Materials and Methods

section). We emphasize the comparison of relative satellite
amounts since all are likely underrepresented. Drosophila
americana was sequenced with PacBio HiFi reads, which elim-
inated artifactual satellites, but make quantitative compari-
sons difficult since different chemistries have different
efficiencies of sequencing satellites. Nevertheless, we also
found a high enrichment of 7-bp satellites in
D. novamexicana and D. americana (fig. 2B). Interestingly,
we found the most abundant satellite in D. virilis,
AAACTAC, is also the most abundant in D. novamexicana
and D. americana, albeit with about half the total amount.
The second and third most abundant repeats, AAACTAT and
AAATTAC, however were not present in long tandem arrays
in D. novamexicana. The second most abundant satellite in
D. novamexicana and americana was AAACAAC, whereas in
D. virilis there is only a few kilobases.

By analyzing sequencing data in more diverged species, we
can infer when the AAACTAC satellite family arose.
Drosophila hydei is �26 My diverged from D. virilis
(Izumitani et al. 2016), and we had PacBio long-read data
for this species. Here 7-bp satellites are again the most
enriched (fig. 2B), but the sequences are unrelated to those
in D. virilis (ACCCATG, AAAGGTC from PacBio data). We
analyzed Illumina data for D. montana, another member of
the virilis group that is 7–11 My diverged from D. virilis
(Ostrega and Thompson 1986; Spicer and Bell 2002; fig. 2A).
This species does not have any AAACTAC family satellites,
and in fact no enrichment of 7-bp satellites. The most abun-
dant satellite in D. montana is AAAC. From these data, we
infer that the AAACTAC family of satellites arose in the clade
leading to the D. virilis phylad 4.5–11 Ma. We also analyzed
Illumina sequencing data for Drosophila lummei, which is 3
My diverged from D. novamexicana/D. americana (fig. 2A).
AAACTAC is conserved in D. lummei, but it is the only
enriched 7-bp satellite in this species (table 1).

FIG. 2. Comparative analysis of simple satellites in the Drosophila virilis group. (A) Phylogeny demonstrating when satellites arose (þ). AAACAAC
may have emerged once and was lost once, or emerged twice as we illustrate here. # indicate decreases in abundance of respective satellites.
Centromere-proximal satellites are italicized. Dashed box: virilis phylad; solid box: virilis group. (B) Total amount of satellites of different unit
lengths (k-mers) across four related species. The asterisk for D. americana indicates that it was sequenced with a different sequencing chemistry
version (3.0 vs. 2.0 chemistry).
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Fluorescence In Situ Hybridization Reveals
Evolutionary Dynamics of 7-bp Repeats
We present the first visualization to our knowledge of the 7-
bp satellites on metaphase chromosomes in the D. virilis
group. From our sequencing data, we know that the
AAACTAC satellite is conserved between D. virilis, D. nova-
mexicana, D. americana, and D. lummei, but the abundance
varies by �2-fold. The second most abundant satellites have
turned over between D. virilis and novamexicana/D. ameri-
cana (table 1). We used fluorescence in situ hybridization
(FISH) of the most abundant 7-mers (AAACTAC,
AAACTAT, AAATTAC, and AAACAAC) in these four sister
species. We also constructed a probe for the putative artifac-
tual satellite AAAGCAC, which appeared to be the second
most abundant satellite in D. virilis according to the PacBio
data. However, it did not produce a hybridization signal with
the conditions we used for the other satellites. Drosophila
virilis and D. novamexicana have the same karyotype with
five acrocentric chromosomes plus the very small F element
or “dot chromosome.” The strain of D. americana we used
has centromere–centromere fusions between the X and
fourth chromosomes and the second and third
chromosomes.

The FISH results in D. virilis show that the most abundant
satellite determined by sequencing, AAACTAC, is clearly the
most abundant and occurs in approximately equal amounts
in the pericentromeric region on the five pairs of large chro-
mosomes. The Y chromosome appears to have slightly less
AAACTAC satellite. The second and third most abundant
satellites, AAATTAC and AAACTAT, are localized more prox-
imally, near or at the centromere. There are five single chro-
mosomes having each of these satellites, indicating that one
chromosome pair has different satellite content—which we
hypothesized to be the X and Y. Based on differences between
male and female FISH results (fig. 3A and B), we suggest the Y
chromosome has AAACTAT at both distal ends of the chro-
mosome and AAACTAC only flanking one end, whereas the
X chromosome has the other centromeric repeat, AAATTAC.
We were also able to visualize the dot chromosomes in
D. virilis, which we find is mostly composed of AAACTAT.
The AAACAAC satellite is present in small amounts in
D. virilis, very likely on a single chromosome (supplementary
fig. S5, Supplementary Material online).

We estimated from sequencing that D. novamexicana has
approximately half the AAACTAC as D. virilis, and visualizing
it with FISH reveals a pattern that suggests aspects of its

evolution. Its pericentromeric localization is conserved. One
chromosome pair has the same amount of AAACTAC as
D. virilis, whereas all other chromosomes have a very small
amount (fig. 3C). Based on the FISH images, it appears that it
is the fifth chromosome in D. novamexicana that has the
greatest amount of pericentromeric AAACTAC conserved.
The centromeric repeat on all major chromosomes is
AAACAAC in D. novamexicana and D. americana. Our
images illustrate clearly the centromere-centromere fusion
between chromosome X-4 and 2-3 in D. americana with
the satellites being maintained on both sides of the fusion
(fig. 3D). None of the four simple satellite probes bound to the
Y chromosome of D. novamexicana or D. americana. Based
on the images, we suggest that D. americana has an interme-
diate amount of pericentromeric AAACTAC satellite com-
pared with D. virilis and novamexicana. Drosophila lummei
only contains AAACTAC, but at very high amounts, similar to
D. virilis, in the pericentromeric region (fig. 3E).

Complex Satellites Are Also Abundant in D. virilis
Group Genomes
We searched the high-quality genome assemblies for complex
satellites (defined here as unit lengths greater than 20 bp). In
D. virilis, we found a 36-bp satellite AAAACGACATAACTCC
GCGCGGAGATATGACGTTCC making up �800 kb of the
assembly. This satellite was found in previous studies and is
thought to be associated with the possibly mobile element
pDv (Zelentsova et al. 1986; Heikkinen et al. 1995). In
D. novamexicana, we found a 32-bp satellite AAAAGCTG
ATTGCTATATGTGCAATAGCTGAC along with a related
29-bp satellite. The 32-bp satellite spanned over 1.1 Mb on
a single 3-Mb contig in the D. novamexicana assembly. The
nonsatellite portion of the contig had similarity to chromo-
some 6 (dot chromosome/Muller element F; supplementary
fig. S6, Supplementary Material online). In D. americana, we
found this identical 32-bp satellite, but in total its span was
only �150 kb. In all D. virilis group species, we also found a
series of similar satellites varying in size (150–500 bp) related
to the previously described helitron central repeat DINE-1
(Drosophila INterspersed Elements) that has expanded to
tandem repeats in the virilis group (Dias et al. 2015).

Variation in D. virilis Group Global Strains
Drosophila virilis is globally distributed while its sister species
are localized to North America, with D. novamexicana more
restricted than D. americana. Patterns of variation in satellites

Table 1. Summary of Comparative Analysis of Simple Satellites in the Drosophila virilis group.

Species Technologies Used Main Findings

Drosophila virilis Illumina, PacBio, Nanopore, FISH AAACTAC pericentromeric and extremely abundant, AAACTAT and AAATTAC are
centromere proximal and highly abundant

Drosophila novamexicana Illumina, PacBio, FISH AAACTAC pericentromeric and much lower abundance than D. virilis, except on
putative Chr 5. AAACAAC is centromere proximal

Drosophila americana Illumina, PacBio CCS, FISH AAACTAC pericentromeric and intermediate abundance between D. virilis and
novamexicana. AAACAAC is centromere proximal

Drosophila lummei Illumina, FISH AAACTAC highly abundant and pericentromeric
Drosophila montana Illumina No abundant 7-mers present; most abundant satellite is AAAC

NOTE.—CCS, circular consensus sequencing; FISH, fluorescence in situ hybridization. Centromere-proximal satellites are italicized.
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may reveal potential mechanisms that can be hypothesized
to be driving satellite evolution. Additionally, D. americana
has a polymorphic fusion between the X and fourth chromo-
somes, so we may be able to identify differences in satellite
composition associated with the fusion. This fusion has been
shown to be currently undergoing meiotic drive, potentially
mediated by a larger total centromere or pericentromere size
in the fused strains compared with the nonfused strains
(Stewart et al. 2019). On the other hand, chromosome fusions
are often caused by Robertsonian translocations with loss of
some nonessential DNA, which might include pericentro-
meric satellites (Schubert and Lysak 2011).

We used Illumina sequencing with PCR-free library prep-
aration and k-Seek to estimate the abundance of 7-mer
satellites across 12 worldwide strains of D. virilis, 8 strains
of D. americana (including 4 strains that have the X-4 fusion
and 4 that do not), and five strains of D. novamexicana
(supplementary table S2, Supplementary Material online).
All sequenced strains were male except a female of the
D. virilis inbred genome strain 87 as a comparison. A PCA
(Principal Components Analysis) using only the four most
abundant 7-mers shows clustering of the three species, but
the separation is much more dramatic in the PCA using the
20 most abundant simple satellites (supplementary fig. S7,
Supplementary Material online). Overall, D. virilis had the
highest AAACTAC satellite content as well as the highest
variation, with D. americana intermediate between D. virilis
and D. novamexicana (fig. 4A). Using different normalization
procedures including mapping and GC correction (see

Materials and Methods section), produced the same relative
ranking of satellite abundances between species. In all cases,
the inbred strain from which the genome sequence was
produced had the lowest abundance of AAACTAC. In the
case of D. virilis, this difference was very high. This was not
due to a normalization bias as we did mapping-free
normalization.

Satellite abundances in D. virilis displayed a pattern that
appeared to be correlated to the geographic location from
which strains were collected. For the centromeric satellite
AAATTAC, there was a linear decrease in abundance from
West to East then South following probable migration from
Beringia (Throckmorton 1982) beginning in China (fig. 4C).
For the centromeric satellite AAACTAT, the pattern was the
opposite; a linear increase in abundance from West to East
then South (fig. 4D).

Satellite arrays are expected to randomly accumulate se-
quence mutations, which could indicate their relative age. Low
sequence variation could indicate the satellites were recently
formed, or that concerted evolution maintains high sequence
identity. On average, the centromeric satellite arrays were very
homogeneous in sequence in D. virilis (average above 99%
sequence identity in Illumina reads). This means in a 100-bp
section of an array, there is only one SNP on average altering
one unit of (AAACTAT)n. The pericentromeric satellite
AAACTAC has almost identical average sequence divergence
across the three species (�98.5%; fig. 4A). There was a greater
magnitude of variation in average sequence identity between
males and females of D. virilis strain 87 then there was across

FIG. 3. DNA FISH of larval neuroblast nuclei. Up to three fluorescent probes were hybridized per experiment. Arrows indicate the common features
of the Y chromosome and the dot chromosome, where they are clearly distinguishable. (A) Drosophila virilis male; (B) Drosophila virilis female; (C)
Drosophila novamexicana male; (D) Drosophila americana male, chromosomes are distinguishable and thus are labeled; (E) Drosophila lummei
male.
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all global strains, with 98.6% sequence identity in the female
and 97.8% identity in the male.

There was no detectable difference in centromeric or peri-
centromeric satellite abundance in D. americana strains with
versus without the polymorphic centromere-centromere fu-
sion. We conclude that molecular events surrounding the
fusion did not produce any changes in satellite abundance
(supplementary fig. S8, Supplementary Material online).

Discussion
Here, we used the satellite DNA-rich genome of D. virilis to
highlight three previously uncharacterized mechanisms for
biases that occur in sequencing and analyzing satellite
DNA. We find that there is currently no sequencing method
that can accurately measure simple satellite abundance. We

emphasize that comparing satellite DNA amounts between
different platforms (e.g., Illumina, PacBio, Nanopore, and even
different versions of each) should be done with caution as
each technology has its own biases. We have found that issues
arise when long arrays of simple satellite DNA are attempted
to be sequenced by long-read platforms. In the case of PacBio,
systematic errors in base calling may be introduced when
sequencing through long arrays of satellites. This issue is
not specific to our satellites, as a recent study has also found
systematic errors and strand biases in shorter arrays of human
satellites in both PacBio and Nanopore reads (Mitsuhashi
et al. 2019). CCS or “HiFi,” a type of sequencing offered by
PacBio which allows an accurate consensus to be produced
after multiple rounds of sequencing the same molecule, may
be more appropriate for sequencing analysis of satellite DNA.

FIG. 4. Variation in satellites across species and strains. (A) AAACTAC total abundance across the three species. The number above the box plots is
the average sequence identity for arrays of AAACTAC. (B) AAACTAC, (C) AAACTAC, and (D) AAATTAC, abundance across Drosophila virilis
strains originating from different localities (x axis). The strain Dvir is strain 87, the inbred strain used for genome assemblies. All data were generated
with NextSeq.
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No systematic errors in satellite sequences resulted with the
new CCS platform after collaboration with PacBio represen-
tatives. In the case of Nanopore, it is possible that similar
satellite-specific base-calling errors exist, or that there is a
strand-specific difference in secondary or tertiary structures
that occur in long strands of simple satellite DNA. We caution
readers in interpreting composition and abundance of simple
satellite DNA from long-read sequencing data and suggest
validation with satellites of known sequence and abundance,
if available, or by use of Illumina sequencing (without quality
filtering) as we have demonstrated here. Long-read platforms
are already improving their chemistry and software for better
satellite characterization. Because long reads are likely to cross
boundaries of different repetitive regions, long-read sequenc-
ing proved useful in understanding the length of the satellite
arrays and TE insertions into them. Moreover, we demon-
strate that the abundance of satellites in pericentromeric
heterochromatin are underestimated when sequencing
whole adult Drosophila compared with pure diploid tissue
because of polyteny. We caution readers in performing qual-
ity filtering of Illumina reads before simple satellite analysis, as
satellite-containing reads may be enriched for lower quality
scores.

Because we used validation from multiple types of data,
we are confident in our comparative analysis of satellite
sequences and relative abundances. We found the abundant
AAACTAC family of satellites arose in the branch leading to
the virilis phylad 4.5–11 Ma (fig. 2A). Interestingly, the most
abundant satellite in D. montana, 7–11 My diverged, is
AAAC. The AAACTAC and AAAC satellites were likely de-
rived from a common ancestor satellite (fig. 2A). From both
FISH and sequencing analysis, we found that D. virilis has the
highest total amount of AAACTAC family satellites,
D. novamexicana has about half of D. virilis, and
D. americana intermediate between the two species.
Drosophila lummei has the lowest relative satellite content,
and its only high-abundance simple satellite is AAACTAC.
Unlike the pericentromeric satellite, the centromere-
proximal satellite sequence has turned over between
D. virilis and D. americana/D. novamexicana. The
AAACAAC satellite could have evolved once in the branch
leading to the virilis group and was lost in D. lummei, or it
could have evolved twice—once as a low abundance satellite
in D. virilis and again as the centromere-proximal satellite in
D. americana and D. novamexicana. The latter possibility is
shown in figure 2A. The AAACTAT and AAATTAC satellites
are unique to D. virilis and occupy the centromeric region.
The emerging pattern is that the centromere-proximal sat-
ellites have turned over more rapidly than the pericentro-
meric satellite. This is likely due to satellites participating in
conflicts at centromeres (Malik and Bayes 2006, and dis-
cussed below). Although sequencing quantified only up to
30 Mb of the AAACTAC family of satellites, FISH confirmed
that these satellites are extremely abundant in D. virilis and
the 40% of the genome estimate seems realistic. By exploit-
ing interspecific crosses of virilis group species with different
satellite compositions we could begin to elucidate the roles
of individual satellites.

We can make hypotheses about how and why the satellites
expanded in D. virilis. We know that mutation rates for
changes in copy number of satellite DNA are high, and po-
tentially have a tendency to expand rather than contract in
the absence of selection (Flynn et al. 2017, 2018). High rates of
mutation must be accompanied by a regime that would allow
a satellite copy number increase to sweep the population—
which could be mediated by positive selection if there is a
benefit of the satellite increase, or centromere drive if the
phenomenon is at play. Alternatively, in a situation where
satellites are slightly deleterious, small effective population
sizes in isolated populations or continued bottlenecks could
allow satellites to expand in the genome without being re-
moved by selection. However, D. novamexicana has the low-
est effective population size of the virilis phylad, and yet it has
the lowest amount of satellite DNA. We already know that
the centromere-to-centromere fusions in D. americana have
undergone meiotic drive hypothesized to be mediated by the
increase in centromere total size with the fusion (Stewart
et al. 2019). The mechanism allowing drive in D. americana
may have been at play in the branch leading to D. virilis or
may be currently occurring. Why have satellites not expanded
to this extent in the other species? Drosophila virilis might
have some attributes about its biology that made the satellite
expansion favorable or allowable. For example, genome size is
positively correlated with development time in Drosophilidae
(Gregory and Johnston 2008). Drosophila virilis has a slow
development time, and this may have evolved in concert
with the expansion in satellite abundance in its genome.

We can use data from multiple strains to make hypotheses
about factors driving satellite DNA evolution in D. virilis.
Ancestrally, D. virilis had a relatively small effective population
size in an isolated range in Asia, and has undergone a recent
population and range expansion (Mirol et al. 2008). The
amount of the most abundant pericentromeric satellite
AAACTAC does not show a geographical pattern across
the global strains. Assuming we sequenced a strain from
the ancestral range, this suggests that population bottlenecks
were not what allowed AAACTAC to expand, and the satel-
lite expansion likely occurred before the population
expansion.

Our observation of rapid evolution and enrichment of
AAACTAC in D. virilis in a short evolutionary time period
(a few million years) is consistent with the centromere-drive
model to account for the evolution of centromere complexity
in genetic conflict (Malik and Bayes, 2006). In this model, the
asymmetric female meiosis can cause competition between
the centromeres with or without newly formed satellites or
with more or less satellites, to be included into the oocyte to
pass to next generation. A consequence of the competition
would be runway expansions of centromeric satellites, and
rapid replacements by novel satellites. We hypothesize that
the pattern of the centromere-proximal satellite AAACTAT
increasing on a geographical gradient while AAATTAC
decreases along the same gradient is driven by centromeric
conflicts. AAACTAT may be starting to occupy centromeres
that AAATTAC occupied, benefitting from a transmission
advantage (centromere drive), while the AAATTAC satellite

Flynn et al. . doi:10.1093/molbev/msaa010 MBE

1370

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/37/5/1362/5711298 by guest on 14 January 2021



may be decreasing in parallel because of selection “pushing
back,” for example, because of a maximum limit on satellite
amount in the centromeric region. Another line of evidence
that centromere-related conflicts are playing a role is the
rapid rate of turnover of the centromere-proximal satellites
compared with the pericentromeric satellite.

Interestingly, in D. novamexicana, AAACTAC was greatly
reduced in the pericentromeric regions on all chromosome
pairs except one. Based on the FISH images in
D. novamexicana and D. americana, we hypothesize that it
is the 5th chromosome that has the high amount of
AAACTAC satellite. This is interesting because previous
work has shown that the fifth chromosome contains a high
amount of DINE-1 helitron satellite in D. virilis but not in
D. americana (Dias et al. 2015). This may be evidence of
past and ongoing competition and tradeoffs between the
DINE-1 satellite and AAACTAC. We have seen evidence for
this tradeoff, or appearance of competitive exclusion, being
invoked under selection in our previous studies in Daphnia
(Flynn et al. 2017, 2018). There may have been a similar con-
flict on Chr5 of D. novamexicana, where AAACTAC retained
a high copy number to prevent DINE-1 from expanding.
Interestingly, the opposite has occurred on the
D. novamexicana and D. americana Y chromosome, where
AAACTAC family satellites are absent but DINE repeats are
abundant. A potential mechanism mediating apparent stabi-
lizing selection on total satellite abundance is that satellites
can act as a sink for heterochromatin factors, with their abun-
dance affecting chromatin state (Lemos et al. 2010).

The AAACTAC satellite has remained conserved in se-
quence and location in the virilis phylad. It has also main-
tained high levels of sequence identity that is equal in the
three species we sequenced (98.5% based on Illumina reads).
The conservation may reflect a constraint due to selection or
a pervasive mechanism of concerted evolution. The period-
icity of the sequence may stabilize the DNA helix wrapping
around nucleosomes, or it may be constrained by coevolution
of an important satellite DNA binding protein (Maio et al.
1977; Jagannathan et al. 2018). Additionally, within the
AAACTAC family, the position and identity of the four A-
nucleotides are conserved in all four satellites (AAACTAC,
AAATTAC, AAACTAT, and AAACAAC)—which may indi-
cate constraint based on the above mechanisms.
Conservation of particular satellite unit lengths and “AA”
periodicities has been found in other divergent species
(Lowman and Bina 1990). Concerted evolution of satellites
could be achieved by repeated recycling of units by copy
number changes associated with replication slippage or un-
equal recombination or gene conversion (Walsh 1987; Elder
and Turner 1995). However, recombination in the pericen-
tromeric heterochromatin has never been detected in wild-
type flies (Mehrotra and McKim 2006; Hughes et al. 2018). On
the other hand, if recombination were occurring, satellite
arrays will eventually be lost unless they are conserved by
selection (Charlesworth et al. 1986). Clearly, we are still lacking
in understanding how and why long simple satellite arrays
maintain their homogeneity, and whether recombination

plays a role in their dynamics. Concordant with the hypoth-
esis that recombination is playing a role, males have lower
average sequence identity in the 7-bp satellites than females,
which could indicate increased decay on the Y chromosome
where there no homologous recombination (fig. 4A).

An interesting observation from the sequencing of multi-
ple strains of the three species was that in all cases, the inbred
strain that the reference genome was made from had the
lowest amount of AAACTAC. For D. virilis, this difference was
extreme. It is tempting to speculate that the process of in-
breeding and/or long periods in the lab may have driven the
reduction in pericentromeric satellite abundance.

In conclusion, our results show very rapid dynamics in the
abundant satellites of the D. virilis group that are likely
explained by various cellular and population-level forces
that are not yet understood. Further studies can test if there
is a species-specific upper limit to satellite amount per ge-
nome or per chromosome upon which negative fitness effects
occur, which may result in tradeoffs or competition between
satellites. Centromere drive may be an important process
affecting satellite evolution in this species group, and might
partially explain why the satellites expanded 4.5–11 Ma, why
satellite sequences at the centromere turned over more rap-
idly, and why there is a gradient of increasing satellite content
related to geographical distribution of strains. A more exten-
sive study to determine if inbreeding or extended periods in
the lab drives a reduction in satellite abundance will help
illuminate the processes that are important for maintaining
satellite content. Determining the frequency of recombina-
tion in the large pericentromeric heterochromatin blocks in
species like D. virilis will be challenging but important for
understanding how the satellites maintain homogeneity in
their sequence. To understand the role of satellites and the
importance of their sequence, unit length, and abundance,
researchers can strive to develop methods to engineer satel-
lites by modifying specific bases and their abundances.

Materials and Methods
All scripts for analyzing the data and to produce the results
we show are here: https://github.com/jmf422/D_virilis_satel-
lites. Illumina sequencing reads for all species and PacBio CCS
data of D. americana generated for this study are deposited in
NCBI SRA under accession PRJNA548201. Raw PacBio reads
for D. virilis, D. hydei, and D. novamexicana are deposited
under accession PRJNA475270.

PacBio Sequencing
High-molecular weight DNA was gently extracted from 50
inbred male flies in a single 1.6 ml microcentrifuge tube using
a modified CTAB procedure. Strains used were as follows:
D. virilis: 15010-1051.87, D. novamexicana: 15010-1031.14,
D. americana: G96, D. hydei: 15805-1641.58. Sequencing librar-
ies were then constructed using manufacturer’s recom-
mended protocols. Libraries were sequenced to �100�
genome coverage on a PacBio Sequel instrument with chem-
istry version 2.0. Drosophila americana CCS libraries were
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prepared at PacBio headquarters using chemistry version 3.0
and sequenced at �10� coverage on a Sequel instrument.

Characterizing Satellite DNA from Genome
Assemblies
All scripts and R markdown files used for this analysis are
provided in https://github.com/jmf422/D_virilis_satellites/
tree/master/Genome_assembly_analysis.

We used the D. virilis genome assembly produced by the
PacBio sequencing project (https://www.ncbi.nlm.nih.gov/
bioproject/? term¼txid7214). We also downloaded the
D. virilis genome produced by Nanopore sequencing from
(Miller et al. 2018), and the CAF1 assembly from
(Drosophila 12 Genomes Consortium et al. 2007). We used
Phobos (https://www.ruhr-uni-bochum.de/spezzoo/cm/cm_
phobos.htm) and Tandem repeats finder (Benson 1999) to
characterize simple and complex satellites in these genome
assemblies. To identify the chromosomal linkage of complex
satellites in the genome assembly, we produced a dotplot
with D-GENIES (Cabanettes and Klopp 2018).

Characterizing Satellite DNA from Raw Long Reads
Characterizing and quantifying satellites from long reads is a
challenge because of the sequencing high error rate. We used
two approaches to characterize satellites from raw long reads.
The first approach, we call k-Seekþ Phobos, in which we first
broke the reads into 100-bp subreads and ran k-Seek on
them. k-Seek is very efficient for analyzing many reads, how-
ever is not very sensitive for reads with a high error rate since
it was designed for Illumina reads (Wei et al. 2014). If k-Seek
found satellites on at least one subread, we would run the
complete parent read through Phobos. Phobos is more sen-
sitive to imperfect repeats and error rates, but cannot handle
huge quantities of data; thus why we only ran the portion of
reads identified by k-Seek to have tandem repeats. This ap-
proach allowed us to characterize satellites de novo and
quantify them. All scripts for the analysis of long reads with
the k-Seek þ Phobos approaches are located here: https://
github.com/jmf422/D_virilis_satellites/tree/master/
LongRead_kseek_Phobos. The second approach we used is
NCRF (Harris et al. 2019). This program was designed to
quantify satellites from long reads with high error rates by
aligning target satellites to the reads. However, it cannot iden-
tify satellites de novo and requires specific satellite sequences
to search for. NCRF also requires a “max divergence allowed”
parameter, which we tuned with simulations (see below).
Scripts used for the NCRF approach are located here:
https://github.com/jmf422/D_virilis_satellites/tree/master/
LongRead_NCRF.

We performed simulations to assess both approaches:
https://github.com/jmf422/D_virilis_satellites/tree/master/
Simulations. First, we generated a simplified mock D. virilis
genome with a satellite DNA composition based on our FISH
results. The current genome assembly would not have been
suitable because it contains a very low abundance of satellite
DNA. We generated each mock chromosome with a centro-
meric satellite of either AAATTAC or AAACTAC, flanked by

the pericentromeric AAACTAC satellite sequence. The total
satellite abundance was 40% of the 351-Mb mock genome
sequence (109-Mb AAACTAC, 14-Mb AAACTAT, and 17-
Mb AAATTAC). The nonsatellite DNA portion of the ge-
nome was generated with random sequence making up a
40% GC content. We then used PBSIM (Ono et al. 2013) to
simulate PacBio reads with error (parameters: –data-type CLR
–depth 10 –model_qc model_qc_clr). We used these simu-
lated reads for several analyses. First, we used them to deter-
mine the most appropriate maximum divergence parameter
value for NCRF by evaluating a range of values for this pa-
rameter (18–30%). We found that the amount of satellites
found, particularly the most abundant one, leveled off at 25%
max divergence (supplementary fig. S1, Supplementary
Material online). This is the parameter value we used moving
forward. We also used these simulated reads to quantify
satellites with both approaches and compare them. Finally,
we used these simulated reads to assess strand biases in long-
read sequencing data (see below).

Identification of Biases in Simple Satellites in Long-
Read Data
We suspected that there were biases in the satellite DNA
found in the D. virilis group PacBio (and Nanopore) data
because we found high-abundance satellites that had never
been found before with other types of data, and so we sus-
pected they were artifactual. These artifactual satellites were
found with both kSeekþ Phobos and NCRF approaches, but
were not found in the simulated data. We tried testing for a
strand bias in reads that contained satellite DNA. Using both
the summarized output from NCRF and validated with a
custom script (LongRead_NCRF/which_strand_pacbio_-
script.sh), we counted the satellite DNA stretches that orig-
inated from each the positive and negative strand. The
positive strand is defined as the one that contains the satellite
AAACTAC and derivatives (more As than Ts), and the neg-
ative strand is the one that contains the reverse complement
(e.g. GTAGTTT, more Ts than As). We did this for the three
satellites used in the simulated data and real and artifactual
satellites found in the PacBio and Nanopore data. Detailed
analysis and visualization of the biases is shown here:
LongRead_kseek_Phobos/longread_analysis.html

Sequencing of Polytene and Nonpolytene Tissue
To acquire D. virilis pure diploid tissue, we dissected male
third instar larvae and collected imaginal discs including the
eye-antennal disc and wing discs. Approximately 100 larvae
were required to get enough DNA (>1 lg). We also collected
�5 adult flies for fly libraries. We used the inbred genome
assembly strain 87 for these libraries. DNA was extracted with
Qiagen DNeasy blood and tissue kit and PCR-free libraries
were prepared. Libraries were run on an Illumina NextSeq
with 1 � 150 bp reads, and each sample took up �7% of
the flowcell. The other libraries run on this flowcell were from
an unrelated project including RNAseq from other species.
Reads were analyzed with k-Seek both before and after filter-
ing with Trimmomatic (Bolger et al. 2014). FastQC was run to
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evaluate the quality of the reads. Scripts are here: https://
github.com/jmf422/D_virilis_satellites/tree/master/Polyteny.
We also analyzed publicly available D. melanogaster data from
the same strain and same sequencing platform of embryos
(nonpolytene), salivary glands (extreme polyteny) from
(Yarosh and Spradling 2014), and adult flies (varied levels of
polyteny) from (Gutzwiller et al. 2015).

FISH of Satellite DNAs
We followed the protocol of (Larracuente and Ferree 2015)
for satellite DNA FISH. We ordered the following probes from
IDT with 5’ modifications: (AAACTAC)6 with alexa-488 fluo-
rophore, (AAACTAT)6 with Cyanine5 fluorophore,
(AAATTAC)6 with Cyanine3 fluorophore, (AAACAAC)6

with Cyanine3 fluorophore, and (AAACGAC)6 with
Cyanine5 fluorophore. We hybridized three probes at a
time, to allow for similar probes to compete to result in
specific hybridization with the rationale shown in (Beliveau
et al. 2015). Hybridization temperature was 32�C. We imaged
on an Olympus fluorescent microscope and Metamorph cap-
ture system at the Cornell Imaging Facility. Composite images
were produced with ImageJ.

Sequencing of Multiple D. virilis Group Strains
We obtained as many strains of D. virilis that have informa-
tion about where they were collected as possible. This in-
cluded 12 strains as live stocks we obtained either from
stocks in our lab or from the Drosophila species stock center
(supplementary table S2, Supplementary Material online). We
also prepared a female library for the genome strain 87 to
identify male and female differences in satellite composition.
We also obtained five strains of D. novamexicana and eight
strains of D. americana. All were obtained from live stocks
and the inbred genome strains were included for both species
as well (strain 14 and G96, respectfully). For D. americana, we
included four strains that have the chromosome X-4 fusion
and four strains that do not have it, based on communication
with the Bryant McAllister lab. DNA was extracted as above
from five flies each and samples were prepared identically as
above and sequenced on 50% of three flowcells of Illumina
NextSeq 1 � 150 bp reads. We dispersed the samples from
each species between multiple flowcells. Our samples took up
only half the flowcell with the other half being occupied by
RNAseq libraries from an unrelated project.

All scripts used to analyze these data are located here:
https://github.com/jmf422/D_virilis_satellites/tree/master/
Intra_inter_species_sequencing.

Reads were evaluated with FastQC and not filtered for
quality based on the potential bias of Illumina quality scores
on satellites. We used k-Seek to quantify satellites. We tried
several normalization strategies but decided the most appro-
priate was a mapping-free normalization. We estimated av-
erage depth by dividing the total number of bases sequenced
by the estimated genome size by flow cytometry (Bosco et al.
2007). We believe this was the best option in this case be-
cause: 1) we were concerned about a mapping bias because
for each species the strain that the genome assembly was
made from may have more reads map to it; and 2) after

masking the genome from the 7-mer satellites and also ex-
cluding the X and Y contigs (because we had male and female
strains, and the Y chromosome contained more low GC
regions)—there was little difference in coverage based on
GC content. We include results when we used a mapping
based GC normalization in the subdirectory
“AlternativeNormalization.”

We used NCRF with modified parameters (min-
length¼ 100, maxdiv¼ 10) to characterize the average se-
quence identity of satellite arrays from the Illumina data.
We also analyzed Illumina DNA sequencing reads of
D. montana (Parker et al. 2018) and D. lummei (Ahmed-
Braimah et al. 2017) with k-Seek to identify the most abun-
dant satellites and whether or not the AAACTAC satellite
family was present.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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