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Strong bias in long-read sequencing prevents assembly
of Drosophila melanogaster Y-linked genes

A. Bernardo Carvalho,1 Bernard Y. Kim,2 and Fabiana Uno1
1Departamento de Genética, Instituto de Biologia, Universidade Federal do Rio de Janeiro 21941-617, Brazil; 2Department of Ecology
and Evolutionary Biology, Princeton University, Princeton, New Jersey 08544, USA

Oxford Nanopore Technologies (ONT) and Pacific Biosciences (PacBio) are generally considered free from sequence com-

position bias, a key factor, alongside read length, that explains their success in producing high-quality genome assemblies.

Indeed, there had been very few reports of bias, the clearest one against GA-rich repeats in the human genome. However,

our study reveals a systematic failure of both technologies to sequence and assemble specific exons of Drosophila melanogaster
genes, indicating an overlooked limitation. Namely, multiple Y-linked exons are nearly or completely absent from raw reads

produced by deep sequencing with state-of-the-art Nanopore (10.4 flow cells, 200× coverage) and PacBio (HiFi 50×). The

same exons are accurately assembled using Illumina 67× coverage. We find that these missing exons are consistently located

near simple satellite sequences, in which sequencing fails at multiple levels: read initiation (very few reads start within sat-

ellite regions), read elongation (satellite-containing reads are shorter on average), and basecalling (quality scores drop as

sequencing enters a satellite sequence). These findings challenge the assumption that long-read technologies are unbiased

and reveal a critical barrier to assembling sequences near repetitive regions. As large-scale sequencing projects move toward

telomere-to-telomere assemblies in a wide range of organisms, recognizing and addressing these biases will be important to

achieving truly complete and accurate genomes. Additionally, the underrepresented Y-linked exons provide a valuable

benchmark for refining those sequencing technologies while improving the assembly of the highly heterochromatic and

often neglected Drosophila Y Chromosome.

[Supplemental material is available for this article.]

Long-read sequencing (LRS) technologies Pacific Biosciences
(PacBio) and Oxford Nanopore Technologies (ONT) are revolu-
tionizing genomics: They are making chromosome-level assem-
blies routine, and full diploid, telomere-to-telomere (T2T)
assemblies are becoming the standard for human genome assem-
blies. LRS employs single-molecule sequencing, avoidingmany bi-
ases, errors, and limitations introduced by cloning or PCR
amplification, which affected previous technologies such as
Sanger sequencing, Illumina, and 454. A key advantage of LRS is
the ability to generate long reads, ranging from ∼20 kb to >1 Mb.
Although initial versions of LRS had high error rates (12% to
20%), the latest error rates are in the range of 0.1% (PacBio HiFi)
to 0.5% (ONT Q20+). Finally, LRS is believed to be nearly bias-
free in terms of sequence composition (e.g., Ross et al. 2013), al-
though a few exceptions have been noted. Nurk et al. (2020,
2022) reported a lack of PacBio HiFi sequencing coverage across
GA-rich sequences found at a few sites in the human genome,
and Flynn et al. (2020) found that no current technology
(Illumina, PacBio, or ONT) was able to recover the ∼100 Mbp sim-
ple satellites (mostly AAACTAC) predicted to occur in the
Drosophila virilis genome (Gall and Atherton 1974; Bosco et al.
2007). Despite these exceptions, LRS seems to largely fulfill the re-
quirements of GeneMyers’ “perfect assembly” theorem, which he
informally stated in tweet format: “Thm: Perfect assembly possible
iff (a) errors random (b) sampling is Poisson (c) reads long enough
2 solve repeats.” (https://dazzlerblog.wordpress.com/2014/05/15/

on-perfect-assembly/). The success of LRS in many organisms at-
tests to this being generally true.

However, when the first LRS data set ofDrosophilamelanogaster
was released (Kim et al. 2014), Carvalho and colleagues (2016) re-
ported an unexpected failure: Several single-copy exons of the Y
Chromosome were either missing or severely underrepresented in
the PacBio CLR raw reads and were missing in the assemblies.
This was evenmore surprising given that the same data set resolved
two challenging regions of the Y Chromosome (Carvalho et al.
2015; Krsticevic et al. 2015). Carvalho et al. (2016) attributed this
bias to the use of cesium chloride DNA purification by Kim et al.
(2014), which separates DNA based on density. Because the light
AT-rich sequences form a band separated from the main DNA
band (satellite bands) (see Kit 1961; Rae 1970; Gall and Atherton
1974; Altemose 2022) andbecause someDrosophilaY-linked introns
containAT-rich satelliteDNA (Kurek et al. 2000; Reugels et al. 2000),
they proposed that the missing exons were inadvertently discarded
alongwith these satellite-rich fractions. At the time, the reported se-
quencing bias seemed to be caused by an accidental artifact in sam-
ple preparation.

Here, we reinvestigated this question using deep sequencing
data obtained with state-of-the-art LRS platforms (ONT Q20+
400× coverage [Kim et al. 2024] and PacBio HiFi 96× coverage
[Shukla et al. 2025]), in which libraries were prepared without ce-
sium chloride purification.
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Results

All LRS technologies fail in the same regions

of the D. melanogaster Y Chromosome

Kim et al. (2024) recently published an extensive ONT sequencing
data set of many Drosophila species, including a 400× coverage of
the reference D. melanogaster strain (iso-1). The D. melanogaster
data set was generated using ONT Q20+ (10.4 flow cells), which
yields a ∼1% error rate. As DNAwas not purified with cesium chlo-
ride centrifugation, we expected that the previously observed se-
quencing bias against Y-linked exons would be absent, namely,
that theD.melanogasterY-linked genes would have uniform cover-
age (at ∼200×; Kim et al. 2024 used males). However, as exempli-
fied by the kl-3 gene (Fig. 1, rows 1 and 2), this was not the case;
indeed, the kl-3 coverage profile in the ONT Q20+ data set was es-
sentially identical to that observed in the earlier PacBio CLR data
set (Kim et al. 2014).

Furthermore, males of the same strain were sequenced at
∼100× coverage (∼50× for the Y Chromosome) using PacBio HiFi

by Shukla et al. (2025), againwithout cesiumchloride purification.
Nevertheless, the coverage profile was essentially the same, further
reinforcing the conclusion that the observed sequencing bias is
not linked to the DNA purification method. As a control using
short reads, we sequenced iso1 males with Illumina at high cover-
age (∼550×) and found that all previously missing exons were
faithfully represented in the raw reads, confirming the earlier re-
sults obtained by Carvalho et al. (2016) using a smaller Illumina
data set. As before, the only major “anomalies” in Illumina cover-
age are occasional exon duplications (e.g., exon 1 of kl-3) (visible in
Fig. 1 as an Illumina coverage peak), which are fairly common in
heterochromatic regions (e.g., Tobler et al. 2017; Chang and
Larracuente 2019). As expected, the assembly of these strongly bi-
ased LRS data sets consistently failed to assemble many exons,
whereas the Illumina assembly recovered nearly all exons
(Supplemental Fig. S1). All data sets yielded fragmented assemblies
as some Y-linked introns are extremely long (in the megabasepair
range) and filled with repetitive DNA (Carvalho et al. 2000; Kurek
et al. 2000; Reugels et al. 2000), which leads to assembly breaks. As
expected, the Illumina assembly is much more fragmented owing
to the short read length.

Figure 1 highlights the coverage inconsistency for the kl-3
gene; coverage of Y-linked exons is irregular in most genes
(Supplemental Fig. S2), and several exons are strongly underrepre-
sented or entirely absent (missing exons) in multiple Y-linked
genes (Fig. 2). On the other hand, a few Y-linked genes (e.g., Pp1-
Y1 and Pp1-Y2) display uniform and high coverage in the raw
reads, showing that not all Y-linked exons are equally affected.
To further assess the coverage uniformity, we looked at a random
sample of 10X-linked genes and found that all have a uniform cov-
erage profile close to the expected 200× (Supplemental Fig. S3). To
summarize, most or all X-linked and some Y-linked genes are rep-
resented in LRS reads as expected by a random (Poisson) sampling
of the genome, whereasmost Y-linked genes show highly irregular
coverage across different exons, with some exons being nearly ab-
sent. Notably, this bias is not exclusive to theONTdata set, as these
observations hold for the other LRS data sets mentioned above
(PacBio CLR and PacBio HiFi).

Finally, even the Pp1-Y1 and Pp1-Y2 genes, which have uni-
form and high coverage (160× and 100×, respectively), are below
the expected coverage of ∼200×. This discrepancy is probably
caused by polytenic tissues in adult males, in which heterochro-
matic regions are known to be severely underreplicated (Yarosh
and Spradling 2014). In line with this, Flynn et al. (2020) observed
that D. virilis adult whole flies contain 40% less heterochromatic
satellites than fully diploid tissues (represented by imaginal discs
from larvae), strongly suggesting that the underrepresentation of
heterochromatin in polytenic tissues systematically lowers se-
quencing coverage of these regions in adult flies. This phenome-
non differs from the “missing exons” we are investigating here
and does not cause assembly problems.

A detailed investigation of the missing exons

Our results show that certain regions of the D. melanogaster Y
Chromosome are recalcitrant to LRS. But what exactly is inside
these regions? To investigate this, we used the ONT Q20+ data
set fromKim et al. (2024) as its huge coverage allowed us to recover
a small number of surviving reads from the missing exons. Given
the consistency of the bias across platforms, we presume that the
same phenomenon is happening with the shallower PacBio CLR
and PacBio HiFi data sets (Kim et al. 2014; Shukla et al. 2025).
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Figure 1. Coverage of the Y-linked gene kl-3 by raw reads across differ-
ent sequencing technologies. The three LRS data sets exhibit similar cover-
age profiles, with two regions of the kl-3 coding sequence (CDS) nearly
absent in the raw reads. In contrast, these regions are well represented
in the Illumina reads. The numbered bars inside the bottom graph mark
exon positions. The coverage peak in exon 1 is caused by an exon duplica-
tion (release 6 scaffold armY, coordinates 347715–348740) that was col-
lapsed in the Illumina assembly (Supplemental Fig. S1). For a similar
analysis of the other Y-linked genes, see Supplemental Figure S2.
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First, we used a simple BLASTN search to recover the few reads cov-
ering the missing exons (Fig. 2, blue arrows) and assembled them
using a variety of approaches. Commonly used programs such as
Canu (Koren et al. 2017) and Flye (Kolmogorov et al. 2019) either
failed entirely or yielded very small contigs. The most effective ap-
proach we found was to tweak several parameters of miniasm (Li
2016); this yields draft assemblies of all missing exons, with con-
tigs sizes ranging from 12 kb to 102 kb (Supplemental Methods).
With these draft assemblies, we could now examine the sequence
composition of these regions. As shown in Figure 3, all Y-linked ex-
ons, both thosewith normal coverage and thosewith low coverage
in LRS data sets, are embedded in highly repetitive DNA (∼95% of
repetitive DNA). However, there is an important difference be-
tween them: Exons that are missing or underrepresented in LRS
data sets are closely associated with simple satellite sequences
(e.g., (AAGAA)n, (AATATA)n), whereas exonswith normal coverage
are devoid (or nearly so) of satellite DNA in their vicinity. Instead,
these regions are embedded in transposable elements (TEs). These
consistent association patterns suggest that simple satellite DNA is
the major factor disrupting LRS sequencing. For the sake of sim-
plicity, we classified the kl-5 exon 11–13 region as a “normal cov-
erage” region, but it actually is an intermediate case: It has satellite

blocks, but they are not in close proxim-
ity to the exons (Fig. 3), the raw read sta-
tistics (discussed below) are only mildly
disturbed, and it has fairly high coverage
(Fig. 2).

How does simple satellite DNA interfere

with LRS?

A careful examination of the few sur-
viving reads from the missing exons sug-
gested several potential mechanisms
underlying this sequencing bias. First,
the base quality values drop precipitous-
ly as sequencing enters the satellite
blocks (Supplemental Fig. S4). Because
ONT sequencing software filters low-
quality reads and puts them into a sepa-
rate file by default, we initially reasoned
that the missing Y-linked reads might
be found in this low-quality subset.
However, after examining these files, we
found no enrichment of missing exon
reads (Supplemental Table S1), ruling
out read quality as the primary explana-
tion for the missing exons.

We also noticed partial exonduplica-
tions (i.e., pseudogenes) occurring in tan-
demwith their functional copies. In some
cases, these pseudogenes are in reverse ori-
entation in relation to their functional
copies (e.g., read SRR26246282.1135981
has two copies of kl-5 exon 14 in reverse
orientation). Because single-strand DNA
(SSD) forms at some point in all LRS tech-
nologies, these reverse-oriented copies
could theoretically generate hairpin struc-
tures that might interfere with sequenc-
ing. However, this could not be a general
explanation because most missing exons

lack reverse-oriented pseudogenes. Furthermore, in most cases, the
reverse-oriented sequences seem to be sequencing artifacts not pre-
sent in the genome (Supplemental Fig. S5).

Two additional observations proved to be more fruitful. First,
we found that reads from themissing exons were noticeably short-
er (Fig. 4). Indeed, there is a statistically significant difference in
size between them and reads from normal-coverage Y-linked re-
gions (P=10−4; nested ANOVA on log-transformed values). This
observation strongly suggests that simple satellite sequences dis-
turb the read traversal across the pores (read elongation for short),
by either slowing it or causing a premature termination. Regardless
of the precise mechanism, this effect alone would reduce the se-
quencing coverage in the affected regions, making exons near sat-
ellites disproportionally underrepresented. We will deal with the
second observation in the next section.

Satellite DNA as a barrier to read initiation

Sequencing library preparation is expected to be blind to DNA
composition, and hence, all genome regions should be randomly
sampled by the reads (Fleischmann et al. 1995). Consider, for ex-
ample, exon 3 of the kl-5 gene: It should be sampled in both
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Figure 2. Coverage of selected Y-linked genes in ONT raw reads (Kim et al. 2024). Pp1-Y1 and Pp1-Y2
exhibit uniform coverage, contrastingwith other Y-linked genes with highly irregular coverage. The num-
bered bars at the top of the graphs mark exon positions (Pp1-Y1 and Pp1-Y2 are single-exon genes).
Arrows point to the low-coverage exons (blue arrows) and normal-coverage exons (black arrows) that
were investigated in detail. For the coverage data on additional Y-linked genes, see Supplemental
Figure S2.
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orientations (sense and antisense, or F and R) in equal numbers,
namely, no strand bias. Furthermore, the location of the exon
within the reads should be random, following a uniform
distribution.

Two key findings indicate that the reads covering themissing
exons are not a random sample of the genome. First, the exon ori-
entation within the reads (F/R) is strongly skewed in most missing
exons, deviating from the 50:50 ratio expected by theory and ob-
served in the four Y-linked regions with normal coverage (Table
1, columns 3–4). Given the small sample sizes for the missing ex-
ons, which reduces the statistical power of individual tests, we
combined the P-values (column 4) from all six missing exons
using Fisher’s method (Sokal and Rohlf 1995). This combined
analysis rejects the null hypothesis of random exon orientation
(χ2=25.10, 12 d.f., P=0.014); that is, there is strand bias in
these regions. In contrast, applying the same procedure to the
four normal-coverage regions yields a nonsignificant P-value (χ2

=3.37, 8 d.f., P= 0.91), confirming that forward/reverse exon ori-
entation follows random expectations in these regions (i.e., no
strand bias).

A second sign of nonrandomness in
the missing exons reads is that exons
seem to be frequently located at the
same position within reads instead of
being randomly distributed. In other
words, different reads seem to start at
nearly identical genomic positions.
Supplemental Figures S6 and S7 illustrate
this “stereotyped” pattern for the kl-3
exon 15–16 and the kl-5 exon 14 regions,
respectively, with similar trends observed
in most missing exons. We statistically
tested this apparent departure from a
uniform distribution as follows. First,
we used BLASTN to obtain the distance
between the start of each read and the
target exon. If all reads have the same
size and if read starts are random, the
null hypothesis for exon positionswould
be a simple uniform distribution within
the range [1,read size]. However, read siz-
es are variable, and in this case, it seems
reasonable to suppose that the proper
null hypothesis for n reads would be a
composite of n uniform distributions,
one for each read size. We confirmed
this supposition through simulations,
which also validated the statistical
test for uniform distribution, described
below (Supplemental Fig. S8; Supple-
mental Table S2). We then compared
the observed distribution of exon posi-
tions against the null hypothesis of uni-
form distribution, analyzing F and R
reads separately owing to the previously
noted strand bias. The result using the
Anderson–Darling test, which is more
sensitive for small sample sizes than the
Kolmogorov–Smirnov test (Razali and
Yap 2011), is shown in Figure 5 and
Table 1, columns 5–8 (for the results
for the Kolmogorov–Smirnov test, see

Supplemental Table S3). We found that most “missing exon” re-
gions strongly depart from randomness (i.e., the hypothesis of uni-
form distribution of exon positions is rejected), whereas in reads
from the normal-coverage regions Ppr-Y exon 4, Pp1-Y1, and Pp1-
Y2, exon positions are random (i.e., follow a uniformdistribution).
The kl-5 exon 11–13 region is again an exception, but note that its
deviations from randomness are mild (Fig. 5; Supplemental Fig.
S9). As we commented before, this region has intermediate charac-
teristics between normal- and low-coverage regions, most likely
because it contains satellite DNA but not in close vicinity to the
exons (Fig. 3).

The most likely explanation for this nonrandomness both in
F/R exon orientation and exon position within reads is that some
genomic regions surrounding missing exons have a much lower
probability of serving as successful read initiation sites in ONT se-
quencing. As a consequence, read starts would be clustered in some
genomic regions and depleted in others instead of being evenly
distributed. Unless these “forbidden” genomic regions are equally
present on both sides of the exon, one of the strandswould be pref-
erentially sampled; namely, there would be strand bias.
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Given our previous observations (Fig. 3), the most likely cul-
prit for this read initiation suppression is satellite DNA. We tested
this hypothesis by counting for each missing exon region how
many reads started within satellite blocks and how many started
in other sequence types (single-copy, TEs, or the exons them-
selves).We then comparedwith a binomial test the observed num-
ber of satellite-initiating reads to their expected frequency; the
latter is simply the amount of satellite DNA in the region (Fig.
3). As shown in Table 2, there is nearly complete avoidance of sat-
ellite DNA as a sequencing starting point. Among the 87 reads cov-
ering themissing exons, only one initiated within a satellite block,
despite the fact that satellite DNA accounts for 37% to 86% of
these regions. This is the main cause of the missing exons:
When an exon is located between two large satellite blocks, the
only chance of getting sequenced is when reads starts in the small
“permissive” regions nearby (TE or single copy), pointing toward
it. Reads starting outside the satellite blocks cannot reach the
exon because it is too distant, and the satellite DNA cripples the

read extension. Ppr-Y exon 3 (Fig. 6) illus-
trates this pattern very well: It is flanked
by permissive TEs on the right side and
a nonpermissive satellite block on the
left, and reads only initiate in the permis-
sive regions, never within the satellite
DNA.

Are there “missing exons” in non-Y-

linked D. melanogaster genes?

We addressed this question by screening
all D. melanogaster protein-coding genes
for evidence of missing exons in two
assemblies based on PacBio HiFi reads,
which have lower coverage and seem
more sensitive to the effect of satellite
DNA (Fig. 1). The PacBio HiFi reads were
assembled with hifiasm and verkko
(Cheng et al. 2021; Rautiainen et al.
2023); we also examined two ONT assem-
blies generated with Flye (Kolmogorov
et al. 2019),withdifferent read length cut-
offs (1 kb and 45 kb; the coverages are

400× and 100×). Briefly, we checked for eachmRNA, the proportion
of its sequence that is present in the assemblies (Supplemental
Methods). The rationale for testingmultiple assemblies is that auto-
somal genes have twice the coverage of Y-linked genes, which may
mask sequencing biases on the autosomes.

We found that 21 genes (out of 13,986) exhibitedmissing ex-
ons in at least one of the four assemblies (Supplemental Table S4).
Among the 21 genes, 10 are Y-linked, 10 are autosomal and hetero-
chromatic (from Chromosomes 2L, 2R, 3R, and 4), and one is au-
tosomal euchromatic. We then examined each gene region for
read coverage profiles and the presence satellite blocks, following
the same approach used for the Y-linked genes (e.g., Figs. 2, 3).
As shown in Supplemental Figures S10–S20, three autosomal genes
(including the euchromatic one) were false positives, as they
showed high and uniform coverage and lacked satellite blocks in
the vicinity of the exons. All three were flagged in the PacBio
HiFi verkko assembly, which suggests that this assembler may be
less efficient than hifiasm when handling Drosophila highly
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Figure 4. Raw read size in selected regions of the D. melanogaster genome. The six Y-linked regions on
the left (blue) have very low read coverages, whereas the next four Y-linked regions and the control eu-
chromatic white gene (black) have approximately normal coverage. The difference in read size between
the two groups of Y-linked regions is statistically significant (F1,8 = 93.2; P=10

−4), as are the within-group
differences (F8,708 = 8.6; P<10

−5 ; nested ANOVA on log-transformed values). Note that this figure likely
underestimates the association between satellite DNA and smaller read sizes because the low-coverage
regions CCY exon 2 and Ppr-Y exon 3 contain a large amount of nonsatellite sequence, whereas the nor-
mal-coverage region kl-5 exons 11–13 contain satellite DNA (Fig. 3).

Table 1. Statistical analysis of exon orientation and position in raw reads

Region Coverage

F/R orientation Exon position (F) Exon position (R)

Count P AD stats P AD stats P

CCY exon 2 Low 3/10 0.092 3.75 0.013 1.73 0.131

kl-5 exon 14 Low 6/6 1.000 8.76 <10−3 4.67 0.005

kl-5 exons 3–10 Low 3/9 0.146 2.36 0.063 7.63 <10−3

kl-3 exons 15–16 Low 6/10 0.455 10.05 <10−3 20.04 <10−3

ORY exons 1–2 Low 4/12 0.077 0.62 0.621 1.4 0.204

Ppr-Y exon 3 Low 3/15 0.008 8.62 <10−3 4.26 0.007

Pp1-Y1 Normal 87/76 0.434 0.86 0.436 0.72 0.539

Pp1-Y2 Normal 53/47 0.617 0.33 0.915 0.48 0.767

Ppr-Y exon 4 Normal 111/118 0.692 1.84 0.113 2.19 0.072

kl-5 exons 11–13 Normal 69/70 1.000 33.66 <10−3 33.14 <10−3

Note that low-coverage regions frequently display skewed exon orientation (F/R; columns 3, 4) and nonrandom exon positions (columns 5–8).
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repetitive regions. The remaining eight autosomal genes (JYalpha,
Marf1, DIP-lambda, CG42402, Myo81F, Pzl, Gpa2, and klhl10) had
satellite blocks near the exons either within introns or in flanking
intergenic regions, which were associated with clear drops in read
coverage. Two autosomal genes (Gpa2 and klhl10), along with the
Y-linkedCG41561, were completelymissing from three of the four
assemblies, being recovered only in the HiFi hifiasm assembly.
This is a striking demonstration of how severe the issue of long-
read sequencing bias can be. Taken together, these findings
show that in D. melanogaster the close proximity of coding exons
to large, simple satellite blocks (and the ensuing sequencing
bias) is not restricted to the Y Chromosome.

All cases of sequencing bias we detected so far involve simple
satellites, with repeat units of up to 8 bp. We looked for blocks of
the complex satellite 1.688 (monomer size,∼359 bp), which is
known to occur close to genes (Kuhn et al. 2012), and found
that it does not cause a consistent and significant sequencing
bias (Supplemental Fig. S21; Supplemental Results).

Non-B DNA and sequencing bias

It is known that satellite DNA and other repetitive sequences can
adopt alternative DNA structures (non-BDNA) such as left-handed
Z-DNA, three-strand triplexes (H-DNA), four-stranded guanine
quadruplexes (G4 DNA), hairpins, etc. (Matos-Rodrigues et al.
2023 and references cited therein). It is also known that non-B
DNA interferes with PacBio sequencing, although the known ef-
fects are fairly subtle (Weissensteiner et al. 2023). Hence, it is pos-

sible that non-B DNA is involved in the
missing exons phenomenon. As a pre-
liminary test of this hypothesis, we
searched for these structures in the low-
coverage and normal-coverage regions
(Fig. 3), using the “non-B DNA Motif
Search Tool (nBMST) program (Cer
et al. 2013). As shown in Figure 7 and
Supplemental Figure S22, “direct re-
peats” and “mirror repeats” are the only
motifs that are consistently abundant in
low-coverage regions and rare in nor-
mal-coverage regions. The potential sig-
nificance of these findings will be dealt
with in the Discussion.

Discussion

We found that large blocks of simple sat-
ellite sequences near several exons of D.
melanogaster Y-linked genes severely dis-

rupt sequencing with ONT and PacBio technologies. This disrup-
tion is so strong that the affected exons are barely present in the
raw reads and are absent from the final assemblies, even at very
high sequencing coverage (e.g., 200×). In contrast, the same exons
are faithfully assembled in Illumina data sets, likely because the
much shorter fragments employed by this technology (typically
350–600 bp) allow exons to be sampled free from any adjacent sat-
ellite DNA. The disruption mentioned above affected even the
most complete assembly of the D. melanogaster Y available:
Chang and Larracuente (2019), using the shallower and equally bi-
ased PacBio CLR data set from Kim et al. (2014), had to manually
fill the gaps in Y-linked genes by integrating CDS sequences
from FlyBase (Larkin et al. 2021).

The bias primarily affects read initiation but also impairs read
extension and basecalling, with read initiation being themost crit-
ical factor. To our knowledge, this is the first systematic and in-
depth analysis revealing a severe sequencing bias that affects all
LRS platforms. Two previous studies (besides that of Carvalho
et al. 2016) have independently detected aspects of this issue in
different contexts. Flynn et al. (2020) reported that no current se-
quencing technology could fully recover the∼100Mbp simple sat-
ellites estimated to be present in the D. virilis genome (Gall and
Atherton 1974; Bosco et al. 2007), with PacBio CLR recovering
only 10.9 Mbp, Illumina 16.0 Mbp, and ONT 28.2 Mbp
(Supplemental Discussion). They also observed that satellite se-
quences reduced Illumina read quality scores (other sequencing
platforms were not investigated). Similarly, Nurk et al. (2020,
2022) described minor fragmentation in the first T2T human
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Figure 5. Random genome sampling and read start positions. Under random genome sampling, read
start points are expected to follow a uniform distribution (red lines). Exon positions within reads (blue
dots) serve as a proxy for read start points in the genome. (Left) The kl-5 exons 3–10, a low-coverage re-
gion, show a strong deviation from uniformity (Anderson–Darling test: P<10−3). (Center) Pp1-Y2, a nor-
mal-coverage region, shows very good agreement with the expected distribution (P=0.767). (Right) kl-5
exons 11–13, another normal-coverage region, show intermediate characteristics. Note the fairly good
agreement; the P-value of the Anderson–Darling test (P<10−3) reflects the much higher statistical power
in normal-coverage regions owing to their much larger number of reads. For the remaining regions see
Supplemental Figure S9. Figure 5 provides a formal statistical test for the stereotyped read patterns de-
scribed in Supplemental Figures S6 and S7.

Table 2. Avoidance of satellite DNA as starting points in ONT reads

Region Reads starting in sat. DNA Reads not starting in sat. DNA Obs. freq Exp. freq P

CCY exon 2 0 13 0.0 69.2 <10−4

kl-5 exons 3–10 0 12 0.0 37.5 0.005

kl-5 exon 14 0 12 0.0 75.0 <10−4

kl-3 exons 15–16 0 16 0.0 85.0 <10−4

ORY exons 1–2 1 15 6.2 86.5 <10−4

Ppr-Y exon 3 0 18 0.0 18.7 0.035
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genome assembly owing to a lack of PacBio HiFi coverage across
GA-rich sequences, suggesting that “this coverage bias appears to
be a current weakness of the HiFi chemistry.” Although much
less detail is available in these two studies, it seems likely that
they share the same underlying cause with our study.

Several factors probably contributed to the near absence of
prior reports on this bias. First, we could only detect it because
the affected Y-linked exons served as sequence landmarks; a miss-
ing noncoding sequence in the middle of the Y Chromosome
would go unnoticed unless someone is attempting a T2T assembly.
Second, it affects genes in the Y Chromosome, the least known
chromosome in Drosophila. Third, in the human genome (the
only one with extensive T2T assemblies), the bias is much milder
and largely restricted to PacBio HiFi, allowing gaps to be closed
with ONT reads (Nurk et al. 2022).

This mildness initially puzzled us. One possible explanation
is the small size of the satellite block; for example, the
Chromosome 8 gap identified by Nurk et al. (2022) was caused
by a mere 256 bp (AAAGG)n sequence. However, large blocks of
simple satellites do occur in the human genome. Namely, HSat2
blocks (monomer: CATTCGATTC) reach up to 12.6 Mbp, and a
Hsat3 block (monomer: CATTC) in Chromosome 9 has 27.6
Mbp (Altemose et al. 2022). How could these regions be success-
fully assembled whereas the Drosophila Y-linked exons were
lost? We believe the key difference is sequence homogeneity.
Specifically, these satellite blocks could only be sequenced and as-
sembled because they are much less homogeneous than their
Drosophila counterparts. As shown in Table 3, the longest perfect
tandem repeat within the 27.6 Mpb human hsat3_9_3 block (a
CATTCmonomer) is only 20 units long. In contrast, despite being
much smaller in total length, the unfinished sequences of
Drosophila shown in Table 3 (actually, raw reads) have hundreds
of perfect tandem repeats. The latter number is probably a severe
underestimation because any sequencing error would artificially
break a perfect repeat block. Another hint that homogeneity (rath-

er than size) is the key problem is that the
human Chromosome 8 (AAAGG)n se-
quencementioned above is a perfect tan-
dem repeat of 51 monomers. Although
less detail is available for D. virilis,
Flynn et al. (2020) estimated its satellite
sequence identity at 98.5% to 99% in
Illumina reads, lower than what we ob-
serve for D. melanogaster Y satellites.
This heterogeneity might explain why
D. virilis satellites were partially recov-
ered (28.2%) in ONT reads, a much high-
er rate than the values observed in our
D. melanogaster data set (Fig. 2). Unfortu-
nately, the ONT data of D. virilis came
from the older flow cells 9.4 with higher
error rates (>5%), preventing a more pre-
cise analysis.

The above findings strongly suggest
that Drosophila Y-linked satellite blocks
are orders of magnitude more homoge-
neous than the human satellites (and
possibly D. virilis as well) and that the
heterogeneity present in the latter pre-
vents or at least attenuates the bias dur-
ing LRS sequencing. These results also
imply that a complete T2T assembly of

D. melanogaster, including the Y Chromosome, will have to await
improvements in sample preparation and/or sequencing
technology.

It seems clear that the bias described in this paper is caused by
large, highly homogeneous, simple satellite blocks that affect read
initiation, read extension, and basecalling. However, what is the
ultimate cause of these biases? The basecalling issue is the simplest
to explain, as similar effects have been observed and explained be-
fore (Tan et al. 2022). ONT sequencing relies on detecting alter-
ations in electrical conductance as single-stranded DNA traverses
through a protein nanopore. Because the pore accommodates ∼6
nucleotides at a time, the raw signal reflects the joint effects of sev-
eral bases andmust be deconvoluted during basecalling. If a repeat
monomer has a length close to 6 bp, it may confound the basecall-
ing algorithm by producingminimal changes in electrical conduc-
tance. Tan et al. (2022) found that this happened with the
telomeric repeats (TTAGGG)n of several organisms (e.g., humans)
and demonstrated that fine-tuning the ONT basecalling models
improved accuracy in telomeric regions. A similar approach could
improve the sequencing ofDrosophila satellites, but this would not
solve the major problem, which is the near absence of reads initi-
ating within satellite blocks (Table 2). This is the most relevant
question, and we address it in the next section.

Why do reads seldom start within satellites?

The striking similarity between the PacBio and ONT coverage pro-
files (Fig. 1) suggests that the same underlying mechanism is re-
sponsible for low coverage in both technologies. Despite their
fundamental differences—PacBio relies on a DNA polymerase
and measures the fluorescence of modified DNA precursors while
they are being incorporated into a nascent chain, whereas ONT
measures the electrical conductance as native DNA passes through
a membrane pore—one shared component stands out: T4 DNA li-
gase, which is used to glue sequencing adaptors in both platforms.

0 10 20 30 40 kb

Figure 6. Sequencing bias in the Ppr-Y exon 3 region. This region has permissive transposable elements
on the right side (pink) and a nonpermissive satellite block on the left (blue). The exon itself (shown in red)
is flanked on both sides by two short single-copy regions (∼190 bp each; thin black line). A total of 18
reads cover the exon (black arrows), showing a strong strand bias (three forward reads:15 reverse reads)
and nonuniformly distributed start points. Fifteen reads (top) originated on the right side, starting at scat-
tered points within the TEs and extending through the exon and partially into the satellite block. Only
two reads originated on the left side, both starting in the small 190 bp single-copy region between
the satellite block and the exon and extending toward the exon and the TEs. The 18th read
(SRR26246282.1589819, shown at the bottom) appears to originate within the satellite block but is ac-
tually a chimeric read. It begins with ∼3 kb of Chromosome 3L (a permissive sequence, shown in green)
before transitioning into the end of the satellite block, reinforcing the pattern of satellite avoidance as a
read start site. This avoidance explains several key observations: the low exon coverage, the strand bias,
and the nonrandom exon position within reads (Table 1, columns 3–8), as read start sites are clustered
outside the satellite block. We found additional chimeric or rearranged reads in other missing exons, sug-
gesting that the scarcity of surviving reads increases the relative frequency of rare sequencing artifacts
(Supplemental Fig. S5).

Strong bias in long-read sequencing

Genome Research 77
www.genome.org

 Cold Spring Harbor Laboratory Press on August 3, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280604.125/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com


Evaluation of the possible role of T4 ligase is more complex
than it might look at first sight. The enzyme exhibits different be-
haviors depending on the type of ligation (blunt ligation vs. cohe-
sive-end ligation vs. nick ligation), and PacBio uses blunt-end
ligation for gluing the SMRTbell adaptor to the target DNA (https://
www.pacb.com/wp-content/uploads/2015/09/Guide-Pacific-Bio
sciences-Template-Preparation-and-Sequencing.pdf), whereas ONT
uses a 1 bp T/A overhang ligation (SQK-LSK114; https://nanopore
tech.com/document/genomic-dna-by-ligation-sqk-lsk114). Bauer
et al. (2017) reported that the T4 ligase has a preference for AT/
TA over GC/CG for blunt end ligation, whereas Bilotti et al.
(2022) found that GC is favored in cohesive end ligations.
Additionally, ligation efficiency varies significantly even among
substrates with the same GC content (Fig. 1 of Bilotti et al.
2022). Given these complexities, it seems difficult to derive from
the T4 ligase properties an explanation for the satellite-induced
bias we observed. Finally, Jia et al. (2024) developed the LILAP
method, which replaced T4 ligase by the Tn5 transposase in the
main step of adaptor-target DNA ligation, and tested it on D. mel-
anogaster (iso-1 males), allowing us to examine the effect of T4 li-

gase on the missing exons. As shown in Supplemental Figure
S23, the sequencing bias persists in LILAP reads, albeit to a lesser
extent. This reduced bias is expected because of the smaller average
size of LILAP HiFi reads (∼5 kb; see comment about Illumina a few
paragraphs above). Onemust also consider that Tn5 has its own se-
quence biases, which favor GC-rich regions (Kia et al. 2017), and
that the LILAP protocol still includes a T4 ligase step to close the
nick after the Tn5-mediated transposition. Hence, although DNA
ligase remains a possible explanation for the missing exons, the
limited available data do not support it as the primary cause.
Perhaps the main difficulty of the T4 ligase hypothesis is that all
its known preferences are short range (e.g., blunt end ligation of
AT/TA vs. GC/CG ends), whereas the effect of satellite DNA on
LRS technologies seems to obligatorily involve a much broader
scale. For example, several satellites such as (AAAC)n and
(AAAAG)n, which we found near missing exons, contain AT and
GCbasepairs and hence should at least partially satisfy T4 ligase re-
quirements, and yet they seldom were used as read initiation
points (Table 2). The observation that only highly homogeneous
satellite blocks exhibit these effects further suggests that themech-
anism at play extends beyond a few basepairs.

Non-B DNA might provide a broad scale mechanism for the
effects of satellite DNA on sequencing, and as shown in Figure 7
and Supplemental Figure S22, “direct repeats” and “mirror re-
peats” are consistently abundant in low-coverage regions and
rare in normal-coverage regions. Direct repeats can generate
slipped-strand DNA structures and hairpins and are more relevant
when the repeat is at least partially self-complementary, as hap-
pens in the (CAG)n and (CTG)n regions associated with some hu-
man diseases (Gacy et al. 1995; Sinden et al. 2007). Although we
cannot exclude a role of these structures as a cause of “missing ex-
ons,” none of the satellites we found (Fig. 3) have strong self-com-
plementarity. Mirror repeats (or, more precisely, homopurine–
homopyrimidine mirror repeats) can form a triple-helix structure
(H-DNA)when theDNA is partially denatured (usually by negative
supercoiling) and the homopyrimidine single-strand folds back
and associates with the duplex DNA via Hoogsteen basepairing
(Mirkin et al. 1987; Hisey et al. 2024). Note that manymajor satel-
lites we found at themissing exon regions are homopurine–homo-
pyrimidine (Fig. 3). It seems that H-DNA can easily forms atmirror
repeats during ONT and PacBio sequencing because both technol-
ogies produce SSD (the newly synthetized strand in PacBio and the
displaced strand that is not traveling through the pore in ONT)
that can fold back and associate with the duplex DNA, without su-
percoiling. It is also likely that a triple-helix DNA forming just
ahead of the “active site” of sequencing (the DNA polymerase or
the pore) would disturb or hamper the process. Indeed, H-DNA is
known to cause stalling of the replication fork (Hisey et al. 2024
and references cited therein). Finally, H-DNAwould nicely explain
why degenerated satellites seem to be unharmful (Table 3), as a few
symmetry-breaking substitutions can abolish H-DNA formation
(Mirkin et al. 1987). One way to test the hypothesis that H-DNA
causes the “missing exons” problem and, perhaps solve it, would
be to add a SSD-binding protein or an SSD-specific nuclease to
the sequencing mix. Both enzymes are commercially available,
and SSD-binding proteins are indeed used to increase yield and ac-
curacy in PCR templates prone to secondary structures (Kur et al.
2005).

Besides ligase and non-B DNA, there are other possible expla-
nations for the “missing exons.” Satellite DNA might be more re-
sistant to shearing, reducing the number of reads that initiate in
these regions. Indeed, Illumina sequencing bias seems to stem
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Figure 7. Abundance of non-B DNAmotifs in low- and normal-coverage
regions. Motifs were detected using the nBMST program (Cer et al. 2013).
The y-axis shows the proportion of each region’s sequence occupied by
non-B DNA motifs. Blue bars represent low-coverage Y-linked regions;
black bars correspond to normal-coverage Y-linked regions and the eu-
chromatic control region (white gene). Note that mirror repeats and direct
repeats are consistently abundant in low-coverage regions but are rare in
normal-coverage regions. In contrast, guanosine quadruplex motifs, and
other motif types shown in Supplemental Figure S22, do not exhibit this
pattern.
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largely from DNA fragmentation biases, as sonication or nebuliza-
tion (two commonly used fragmentation methods) preferentially
induces breaks in the middle of CG dinucleotides (Poptsova et al.
2014). Library preparation for LRS is always very gentle, which
may facilitate a DNA fragmentation bias. It also occurred to us
that most protocols for LRS library preparation use a size-selection
buffer that selectively precipitates large DNA fragments; it is quite
possible that satellite DNA does not behave as “normal” DNA in
this respect and gets lost along with the “missing exons.”

Althoughwe focusedmore on the characterization andmech-
anistic aspects of the “missing exons,” there are other interesting
(and more directly biological) questions. The strong biases caused
by satellite DNA must be related to its poorly known properties
in vitro and possibly in vivo. The data shown in Figure 3 allow us
to start looking at the sequence level at these mysterious regions
of the Drosophila Y Chromosome in which protein-coding exons
are embedded in huge blocks of intronic satellite DNA (Kurek
et al. 2000; Reugels et al. 2000) and yet are properly transcribed
and spliced (Fingerhut et al. 2024). A complete assembly of the
Drosophila Y is bound to shed light on some of these mysteries.

The phenomenon ofmissing exons has obvious relevance for
genomics and sequence technology; it most likely is not unique to
Drosophila, and it is probably a matter of time before other cases of
“missing exons” or unclosable gaps in assemblies are discovered or
recognized.We hope that this study stimulates both further inves-
tigations into its ultimate cause and improvements in sequence
technology and that eventually a T2T assembly of the Drosophila
Y Chromosome becomes feasible.

Methods

Raw reads

The raw reads used in this work are listed in Supplemental Table
S5. All data sets were obtained from adult D. melanogaster males

of the reference strain iso-1. For the Illumina data set, we extracted
DNA from 40 freshly collected iso-1 males using the Wizard geno-
mic DNA purification kit (Promega A1120), following the manu-
facturer’s recommendations. Library preparation and sequencing
were performed at Macrogen (Korea), using the Illumina TruSeq
Nano DNA PCR-free library protocol, 151 bp paired-end, with a
350 bp insert size. Assuming a 180Mbp genome, the raw coverage
was 548× (274× for the X andYChromosomes); the corresponding
values for ONT were 406× (203× for the X and Y Chromosomes)
and for PacBio HiF 96× (48× for the X and Y Chromosomes).
The ONT sequencing runs were performed in late 2022. The orig-
inal basecalling was performed using Guppy (version 6) basecaller
with the dna_r10.4.1_e8.2_sup@v3.5.1 (superaccuracy) model.
Prior all analysis, reads <1 kb were excluded, and the adaptors
were removed using porechop_abi (Bonenfant et al. 2023) with
the settings ‐‐ab_initio ‐‐no_split (we did this in part because adap-
tor sequences would interfere with read start point analysis) (e.g.,
Table 2).

Genome assemblies

Genome assemblers usually work well around 100× coverage and
very high coverages can be detrimental, so we downsampled the
ONTand Illumina reads for assembly purposes only. Exon coverag-
es shown, for example, in Figures 1 and 2, were measured with all
reads.

Illumina

The Illumina raw readswere first processed using TrimGalore! (ver-
sion 0.6.6) with Phred 33, a minimum read length of 77, and a
stringency value of 4. We used seqtk (https://github.com/lh3/
seqtk) to reduce the original 548× coverage to 137× (67× for X
and Y). Assembly was performed using SPAdes version 3.15.3
(Bankevich et al. 2012) with the default parameters. The final as-
sembly was cleaned from contaminants using the FCS-GX pro-
gram (Astashyn et al. 2024).

Table 3. Homogeneity of satellite blocks in the human and D. melanogaster genomes

Region Monomer Source Size (kb) Max. perfect tandem copies

hsat2_16_15 CATTCGATTC Chr 16: 39,523,669–52,219,756 12,696 kb 3

hsat3_9_3 CATTC Chr 9: 49,055,552–76,694,047 27,638 kb 20

hsat3_15_7 CATTC Chr 15: 5,975,857–13,968,808 7993 kb 14

hsat3_20_3 CATTC Chr 20: 32,017,136–32,969,590 952 kb 16

Human Chr 8 gap AAAGG Chr 8: 10,460,596–10,460,851 256 bp 51

CCY exon2 AAAC SRR22822929.167153 15 kb 205

CCY exon2 AAGAGG SRR26246282.1582840 21 kb 146

ORY exons 1–2 AAAC SRR22822929.1290720 25 kb 156

ORY exons 1–2 AGG SRR22822929.884744 20 kb 214

ORY exons 1–2 AAGAC SRR26246282.1534567 1 kb 80

Ppr-Y exon 3 AAGAG SRR26246282.13567 24 kb 60

kl-5 exons 3–10 AAGAG SRR26246282.641737 11 kb 38

kl-5 exons 3–10 AG SRR26246282.641737 11 kb 33

kl-5 exons 3–10 AAGAGAG SRR26246282.1229739 8 kb 15

kl-5 exons 3–10 AAG SRR26246282.1588900 9 kb 19

kl-5 exon 14 AATATAT SRR26246282.92922 20 kb 764

kl-3 exons 15–16 AATATAT SRR26246282.1283760 27 kb 670

kl-3 exons 15–16 CG SRR26246282.1283760 27 kb 229

kl-3 exons 15–16 A SRR26246282.589868 12 kb 1434
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ONT

We started from the 406× data set of Kim et al. (2024). We found
that perhaps because of excess coverage, a better assembly was ob-
tained by removing reads <45 kb. This resulted in ∼100× coverage.
The genome was then assembled using Flye (version 2.9.5) with
the ‐‐nano-hq option. During the work, we found that satellite-
containing Y-linked reads are shorter, so the above size selection
could be detrimental for the assembly of Y-linked genes. Given
this possibility we also used a 1 kb size cutoff and used both assem-
blieswhile searching formissing exons. As shown in Supplemental
Table S4, Y-linkedmissing exons occur in both assemblies, and the
1 kb cutoff assembly was even worse than the 45 kb one.

PacBio HiFi

The original 96× read data set was assembled with both hifiasm
(Cheng et al. 2021) and verkko (Rautiainen et al. 2023), using
the default parameters.

Assembly of “missing exons” contigs

Normal-coverage regions of the Y Chromosome were successfully
assembled into large contigs using ONT reads (Kim et al. 2024)
and Flye (Kolmogorov et al. 2019), as described above. However,
all low-coverage regions were absent from this assembly, which
was howwe initially identified them. To reconstruct thesemissing
exons, we used a targeted assembly approach. First, we used a
BLASTN search using the CDS of each “missing exon” as the query
and the ONT reads as the database and pulled all matching reads
(we found 12 to 18 reads for each region). This procedure reduced
assembly complexity by including only reads from the region of
interest.We initially attempted to assemble each region separately,
using Canu (Koren et al. 2017) and Flye (Kolmogorov et al. 2019),
with very poor results (small contigs or no contig at all; it must be
added that these tools were not designed for local assembly of
highly repetitive regions, under shallow coverage). Using mini-
map/miniasm (Li 2016) and after trial and error on several param-
eters (including the undocumented parameter -S, which skips the
last steps of miniasm), we eventually succeeded in assembling
all “missing exon” regions into contigs ranging from 12 kb to
102 kb. Another helpful procedure was to remove before the as-
sembly the reads that clearly are chimeric or rearranged (e.g.,
Supplemental Fig. S5). Finally, asminiasm does not have a consen-
sus step, we performed it using racon (Vaser et al. 2017). These steps
are detailed in the Supplemental Methods. The polished assembly
of the “missing exons” (which should be considered draft assem-
blies) is available at GitHub (https://github.com/bernardo1963/
missing_exons).We also deposited there the sequences containing
the normal-coverage exons along with∼50 kb of flanking se-
quence on each side; these were used in comparisons with the
low-coverage regions (e.g., Fig. 3). These sequences were extracted
from the Flye whole-genome assemblies mentioned above.

Statistical procedures

Most statistical tests were performed using SYSTAT 13 (nested
ANOVA) or custom Python scripts based on the statistics and scipy
.stats libraries (scripts are available at GitHub [https://github.com/
bernardo1963/missing_exons]). For theAnderson–Darling test, we
could not find a program or Python library that allows for a user-
specified null hypothesis. To address this, we implemented the
Anderson–Darling statistic in Python, allowing for a user-specified
null hypothesis. We obtained the P-value corresponding to the
Anderson–Darling statistic by calling a modified version of the
program AnDarl.c (Marsaglia and Marsaglia 2004). These proce-

dures are implemented in themissingExon_stat_1jan2025.py script,
which is available at GitHub (https://github.com/bernardo1963/
missing_exons).

Detection of repetitive sequences

We ran Censor (Kohany et al. 2006) locally in order to detect and
classify repetitive sequences (TEs and satellite DNA) present in the
raw reads and assembled contigs. We found that several simple
satellite repeats that are abundant in the “missing exon” contigs
(e.g., (AATATAT)n) were not detected by Censor owing to their
absence in its internal reference library (file smprep.ref). We
fixed this problem by replacing the smprep.ref file with a com-
plete, nonredundant list of all possible satellites up to 8 bp (file
satellite_8_pass2.fasta, available at GitHub [https://github.com/
bernardo1963/missing_exons]). Even then, we later found that
Censor sometimes misidentify the simple satellites. We wrote a
Python script (find_tandem_repeats_v2.py) based on a regular ex-
pression that finds any perfect tandem repeat (head-to-tail) pre-
sent in a DNA sequence (McGinty et al. 2025). This approach is
more reliable and was used to detect the most abundant satellites
reported in Figure 3 and Table 3 (see Supplemental Methods).

Read coverage estimation

Weobtained the read coverage data (e.g., Fig. 1) by doing a BLASTN
search of the CDS of the target genes against databases of sequenc-
ing reads (ONT, Illumina, etc.). The output was saved in tabular
format (m8) and processed using a Python custom script that re-
ports the per base coverage and produces graphical representations
of the data (read_coverage_CDS_v6.py; available at GitHub [https
://github.com/bernardo1963/missing_exons]). We used WU-blast
but obtained essentially the same results when using NCBI
BLAST. We have not used BWA (Li and Durbin 2009) or similar
read aligner programs because they all assume that the reference
sequence contains all sequences present in the reads. This assump-
tionwas violated in our case, as we aligned genomic reads against a
reference set of Drosophila CDS sequences rather than a complete
genome assembly (which is not available for Drosophila).

Data access

The Illumina raw reads generated in this study have been submit-
ted to the NCBI BioProject database (https://www.ncbi.nlm.nih
.gov/bioproject/) under accession number PRJNA1227112. All
the essential computing codes, examples of their usage, related
programs, scripts, and data files are available at GitHub (https://
github.com/bernardo1963/missing_exons) and as Supplemental
Code.
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