bioRxiv preprint doi: https://doi.org/10.1101/114967; this version posted March 8, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Extensive hidden genetic variation shapes
the structure of functional elements
in Drosophila

Mahul Chakraborty!, Roy Zhao??3, Xinwen Zhang'?, Shannon Kalsow?, J.J. Emerson®3

1 Department of Ecology and Evolutionary Biology, University of California, Irvine

2 Graduate Program in Mathematical, Computational and Systems Biology, University of

California, Irvine

3 Center for Complex Biological Systems, University of California, Irvine

* To whom correspondence should be addressed: mchakrab@uci.edu, jje@uci.edu



mailto:mchakrab@uci.edu
mailto:jje@uci.edu
https://doi.org/10.1101/114967
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/114967; this version posted March 8, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Abstract

Mutations that add, subtract, rearrange, or otherwise refashion genome structure often
affect phenotypes, though the fragmented nature of most contemporary assemblies
obscure them. To discover such mutations, we assembled the first reference quality
genome of Drosophila melanogaster since its initial sequencing. By comparing this
genome to the existing D. melanogaster assembly, we create a structural variant map of
unprecedented resolution, revealing extensive genetic variation that has remained hidden
until now. Many of these variants constitute strong candidates underlying phenotypic
variation, including tandem duplications and a transposable element insertion that
dramatically amplifies the expression of detoxification genes associated with nicotine
resistance. The abundance of important genetic variation that still evades discovery

highlights how crucial high quality references are to deciphering phenotypes.
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Introduction

Mutations underlying phenotypic variation remain elusive in trait mapping studies
(Rockman 2012) despite the exponential accumulation of genomic data, suggesting that
many causal variants are invisible to current genotyping approaches (Eichler, et al. 2010;
Manolio, et al. 2009; McCarthy, et al. 2008; Wray, et al. 2013). Moreover, despite
contributing substantially to genome sequence variation, mutations affecting genome
structure, like duplications, deletions, and transpositions (Alkan, et al. 2011a; Emerson,
et al. 2008), are systematically underrepresented by standard methods (Alkan, et al.
2011a), even as a consensus emerges that such structural variants (SVs) are important
factors in the genetics of complex traits (Eichler, et al. 2010). Addressing this problem
requires compiling an accurate and complete catalog of genome features relevant to
phenotypic variation, a goal most readily achieved by comparing nearly complete, high-
guality genomes (Alkan, et al. 2011a). This standard was first achieved for metazoans in
a scalable way with the completion of the Drosophila melanogaster genome (Myers, et
al. 2000). The sequencing of D. melanogaster by whole genome shotgun sequencing
(WGS) catalyzed an explosion of genome projects that aimed to catalog genes and
identify mutations responsible for phenotypes. Subsequent development of high-
throughput short-read sequencing led to an even steeper drop in cost and a
commensurate increase in the pace of sequencing (2010). However, adoption of these
methods led to a focus on single nucleotide changes and small insertion deletions
(Frazer, et al. 2009; Wray, et al. 2013) and, paradoxically, a deterioration of the contiguity
and completeness in new genome assemblies, due primarily to limitations in read length

and fragment size (Alkan, et al. 2011b).

Results and discussion

Here we present a reference quality assembly of a second D. melanogaster genome and
introduce a comprehensive map of SVs that reveals a vast amount of hidden variation.

Collectively, newly discovered SVs both exceed the total variation due to SNPs and small
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indels and include strong candidates for explaining phenotypic variation in mapped
complex traits. We discovered these variants by comparing the existing genome of
the Drosophila melanogaster strain ISO1 to a new high-quality reference-grade assembly
of a cosmopolitan D. melanogaster strain from Zimbabwe called A4. The A4 strain is a
part of the Drosophila Synthetic Population Resource (DSPR) (King, et al. 2012), a
widely-used trait mapping resource that represents a model for discovery of
phenotypically relevant variants. We assembled the new A4 genome using high coverage
(147X) long reads using Single Molecule Real-Time sequencing on DNA extracted from
females (Fig. S1). The A4 assembly is more contiguous than release 6 of the ISO1 strain
— which is arguably the best metazoan WGS assembly — with 50% of the genome
contained in contiguous sequences (contigs) 22.3 Mbp in length or longer (i.e. A4’s contig
N50 is 22.3 Mbp; cf. ISO1’s N50 is 21.5 Mbp (Hoskins, et al. 2015); Table S1, Fig. S2-3).
Compared to ISO1, the A4 assembly recovers more genome in far fewer sequences (144
Mbp in 161 scaffolds vs. 140 Mbp in 1,857 non-Y scaffolds) and exhibits an essentially
identical level of completeness as measured by universal single-copy orthologs (Materials
and Methods, Table S1) (Simao, et al. 2015). On a large scale, both genomes are co-
linear across all major chromosome arms, making large-scale misassembly unlikely (Fig.
1la). Comparison of an optical map of the A4 genome and the A4 assembly confirms this
inference by showing little evidence of misassembly introduced at either the assembly or
scaffolding stage (Fig. S4-S5).

Putative SVs were identified by classifying regions of disagreement in a genome-wide
pairwise alignment between A4 and ISO1 assemblies as insertion-deletions (indels), copy
number variants (CNVs), or inversions. Within the euchromatic portion of the genome
(Table S2), we discovered 1,890 large (>100bp) insertion-deletions (Table S3; Fig. S6)
affecting more than 7 Mbp of euchromatin sequence content between the two genomes.
In contrast, small indels (<100bp) and SNPs affected only 1.4 Mbp (indels: 722 kbp;
SNPs: 687 kbp). Of the large indels, 79% (1,486/1,890) are transposable element (TE)
insertions. Although discovering TE insertions is possible with paired end short reads, a
previously published catalog of TE insertions in A4 based on 70X short-read coverage
failed to find 37% of the TE insertions in A4 reported here (Cridland, et al. 2013) (Fig. 1b,
Fig. S7, Table S4,). These insertions invisible to short-read approaches often occur when
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a TE is inserted near an existing TE (e.g. Fig. S8), presumably resulting in complex
multiply mapping reads that are more difficult to interpret than simple insertions. One such
complex insertion in A4 affects Multidrug-Resistance Like Protein 1 (MRP), which is a
candidate gene for resistance to chemotherapy drug carboplatin (King, et al. 2014)
(2L:12,753,668-12,753,672; Fig. S8).

A large proportion of TE insertions affect introns (395/718 in ISO1, 435/768 in A4), often
introducing dramatic increases in intron length (Fig. 1c; Fig. S9). This is perhaps not
surprising, given that insertions into exons often disrupt genes (Table S5). Additionally,
TEs inserted into exons can be spliced out, effectively becoming new introns. We see
evidence of this in cDNA from ISO1 (Stapleton, et al. 2002) and RNAseq reads in A4 that
span what are large (>1kb) TE insertions into exons in the other genome (Table S5; Fig.
S10-12). This provides evidence for gain of novel polymorphic introns via TE insertions
(Table S5) and represents the first genome-wide glimpse of TE-derived introns
segregating in a population. We discovered putative polymorphic TE introns both in genes
of unknown function (e.g. CG33170 in ISO1 or CG13900 in A4) as well as into a well-
understood developmental gene (Polycomb in ISO1; Table S5). TE insertions within
introns are associated with decreased transcription (Cridland, et al. 2015), which may
result from a phenomenon that slows transcription in long introns known as intron delay
(Swinburne and Silver 2008). TE insertions that modulate the expression of important
genes can have a direct impact on phenotype. Since most TEs have allele frequencies
much less than 1% in D. melanogaster populations (Petrov, et al. 2011), not only are the
number of bases in a genome affected by hidden TEs greater than the number affected
by all SNPs and small indels combined (Table S3), they will be poorly tagged by common

variants, complicating GWAS approaches for mapping traits.

Non-TE indels in ISO1 and A4 represented 20% and 23% of the total number of such
mutations, respectively, accounting for 170 kbp of sequence variation. On average, non-
TE indels were much smaller than the TE indels (median 213 bp versus 4.7 kbp). Despite
being small, 23% of these mutations could not be detected by paired end short reads
(Fig. 1b). Nevertheless, non-TE indels often affect functional genes. For example, 18
genes have been partially deleted in A4 (Table S6). One of these genes, Cyp6al7 is


https://doi.org/10.1101/114967
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/114967; this version posted March 8, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

known to affect temperature preference (Kang, et al. 2011). Because exons 1 and 2 and
intron 1 of the A4 Cyp6al7 are deleted (Fig. S13), we predict temperature preference
behavior of A4 differs from ISO1. Another deletion (129 bp) removed the second exon of
a chitin binding protein gene called Murl8B (Fig. S14), and may contribute to protection
from high temperature stress (MacMillan, et al. 2016). This deletion, which removes 41
amino acids from the Murl18B protein, likely renders the A4 allele of Mur18B a null mutant.
However, despite this mutation being smaller than average short-read library fragment
size, two different genome-wide deletion genotyping strategies based on short paired end

reads failed to detect this mutation (Materials and Methods).

The A4/1ISO1 comparison also uncovered 29 inversions, affecting a total of 60.6 kbp of
sequence, ranging in size from 100 bp to 21 kbp (Table S3). Notably, only 4 of these
inversions were detected by paired end short reads (see Materials and methods; Fig. 1b,
Table S4). Despite their small numbers, inversions in our SV map often (21/29) affect
regions harboring genes known to be functional, such as a 21 kbp segment that consists
of a cluster of five gustatory receptor genes, including Gr22a, Gr22b, Gr22c, Gr22d, and
Gr22e (Table S3). Interestingly, the A4 optical map revealed an additional large inversion
that could not be resolved by the A4 assembly. This putative inversion occupies 300 kbp
of the proximal end of the X chromosome scaffold (Fig. S4-5). Failure to resolve this
inversion in A4 is not unexpected, because assemblies using a WGS approach tuned for

euchromatin perform poorly in heterochromatic regions (Khost, et al. 2016).

We also detected 390 duplication CNVs (209 in A4 and 181 in ISO1) affecting ~600 kbp
(Fig. 1d, Fig. S15, Table S3). We estimate that ~60% of these mutations are hidden from
standard short-read detection methods (Fig. S16). Unlike indels, most CNVs affected
exons (64%), with 34 duplicates encompassing full-length protein coding genes. Notably,
among the 34 protein coding genes that are duplicated in A4, 13 were missed by short-
read CNV genotyping methods (Materials and Methods). In total, only about ~40% of
CNVs were discoverable with short-read methods exhibiting high specificity (Fig. 1b, Fig.
S16), consistent with previous observations in mammalian genomes (Huddleston and
Eichler 2016), preventing the discovery of many putative regulatory variants caused by

CNVs. For example, a previous experiment compared the expression levels in larvae of
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the genes in A4 and another DSPR strain from Spain, called A3, to identify the gene
regulatory changes underlying nicotine resistance (Marriage, et al. 2014). Interestingly,
the comparison revealed 17 upregulated genes in A4 which are also duplicated in A4
(Table S7). Several of these genes have been previously identified as candidates for cold
adaptation, variation in olfactory response, and toxin resistance, among others (fig 2a,
2b, Table S7-S8). Interestingly, eight of these CNVs were invisible to short read methods
(Table S7), potentially misleading inferences about the mechanisms of regulatory

variation.

Among the eight upregulated hidden duplicates in A4, QTLs containing the genes
Cyp28dl and Ugt86Dh have been associated with resistance to nicotine, one of a
common family of plant defense toxins called nicotinoids (Glendinning 2002; Marriage, et
al. 2014). One QTL (Q1), accounting for 8.5% of the variation in nicotine resistance,
contains two cytochrome P450 enzyme genes, Cyp28d1 and Cyp28d2, both of which are
upregulated (Marriage, et al. 2014). The other major effect candidate region, Q4, explains
50% of the variation in nicotine resistance and contains the Ugt86D gene cluster which
possesses several differentially regulated genes, including Ugt86Dh (Fig. 2c). In the
nicotine breakdown pathway, the cytochrome P450 enzymes function upstream of the
UDP-glucosyltransferase (Ugt) enzymes (Lugue and O'Reilly 2002). Interestingly, neither
the nicotine study nor SV genotyping approaches using A4 short-read data successfully
identified the structural mutations we report here (Materials and Methods). Since the A4
larvae carry the high resistance alleles at both loci, we studied these newly discovered
SVs at Cyp28d1 and Ugt86Dh to determine whether they could explain the expression in
A4.

In our de novo A4 assembly, the Q1 locus contains a 3,755 bp tandem duplication
separated by a 1.5 kbp spacer region, creating two copies of the genes Cyp28dl
(Cyp28d1-p and Cyp28d1-d) and CG7742 (CG7742-p and CG7742-d) (Fig. 2a; Fig. S19-
S20). While duplication can increase expression levels (Henrichsen, et al. 2009; Schmidt,
et al. 2010), an extra gene copy alone is unlikely to cause the ~50-fold increase in
expression level observed in absence of nicotine or the ~3-fold increase observed in the

presence of nicotine (Marriage, et al. 2014). By calculating the paralog-specific
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expression levels of each Cyp28d1 copy in A4 to that of the single copy Cyp28d1 locus
in A3 (Materials and Methods) we found that, in the absence of nicotine, Cyp28d1-p and
Cyp28d1-d showed ~41-fold and ~6.3-fold higher expression in A4 relative to A3 (Fig. 2¢)
respectively, for a total of ~47-fold upregulation, similar to previous results (Marriage, et
al. 2014). Inspection of the 1.5 kbp spacer sequence revealed it to be an insertion of a
fragment spanning the 5’ end of a long terminal repeat (LTR) retrotransposon called
Accord (Fig. 2a). The insertion of the Accord LTR upstream of another gene called
Cyp6gl has been linked to upregulation of its Cytochrome P450 enzyme (Chung, et al.
2007), but the detailed mechanism of upregulation remains unknown. In the Q1
duplication, duplicates nearer Accord are more strongly affected than their more distal
paralogs, with CG7742-d and Cyp28dl-p most strongly affected (Fig. 2a, 2c).
Interestingly, the duplication plus Accord insertion at Q1 is also associated with ~10-15-
fold upregulation of Cyp28d2, which was not duplicated. Such long range effect of the
Accord insertion on the expression of these genes is consistent with local chromatin state

changes observed in other LTR retrotransposon insertions (Rebollo, et al. 2012).

The second nicotine resistance QTL, called Q4, contained several Ugt genes, including
Ugt86Dh. Interestingly, higher expression of Ugt86Dh and Ugt86Dd in D. melanogaster
has been implicated in increased resistance to DDT (Pedra, et al. 2004). Though a
number of Ugt genes in Q4 show higher expression in the nicotine resistant A4 larvae
than the nicotine sensitive A3 larvae (Marriage, et al. 2014) (Fig. 2b, Fig. S22-S23),
candidate variants explaining these differences have yet to be identified. Interestingly, we
find that Ugt86Dh is duplicated in A4 (Fig. 3a; Fig. S14), a mutation which remains
undetected by paired-end short-reads (Table S4). However, unlike the Cyp28d1 copies,
each copy of Ugt86Dh is transcribed at similar levels, leading to a doubling of expression
in A4 (Fig. 2c).

Like DDT, nicotine and its analogs have been widely used as pesticides. Hence, given
the abundance of nicotinoids in the environment, we predict that mutations conferring
resistance to nicotine would also be common. Consistent with this prediction we have
found that duplicates encompassing Cyp28d1 and Cyp28d2 segregate at intermediate or

high frequencies in multiple populations (Fig. 4a), all in a region spanning less than 25
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kbp. Interestingly, these mutations include at least four alleles, which is remarkable given
that the rate of SV heterozygosity between A4 and ISOL1 in an average 25 kbp window is
only 0.08. Additionally, the Ugt86Dh duplicate also segregates at high or intermediate
frequency in nearly all D. melanogaster populations that we examined (Emerson, et al.
2008) (Fig. 4b). However, unlike for Cyp28d1l and Cyp28d2, the Ugt86Dh mutations
comprise only a single allele. Interestingly, patterns of SNP variation suggest recent bouts
of natural selection in both regions exhibiting structural variation and regulatory variation

associated with nicotine resistance (Figure S18 and S19).

So far, we have focused on novel variants discovered in A4, particularly those that were
previously inaccessible to existing genotyping approaches. However, there are virtually
identical numbers of variants in ISO1 and A4. There is no biologically meaningful sense
in which ISO1 is a more appropriate reference than any other strain. Projects like
ENCODE and modENCODE (mod, et al. 2010) have expended substantial effort
annotating reference genomes of one genotype with functional genomic data obtained
from different genotypes or cell lines. Without high quality reference genomes associated
with the experimental genotypes, rare mutations segregating in the reference will result
in errors in inference. In particular, approaches like RNAi or CRISPR require precise
sequence information about their targets that can be easily misled by hidden SV. For
example, a study about the origin of new genes in Drosophila made the remarkable claim
that new genes rapidly become essential (Chen, et al. 2010). This study reported one
putative essential gene, a p24 transporter called p24-2, so young that it is present only in
D. melanogaster. Experiments aimed at knocking out this gene using RNAI constructs
suggested that although new, p24-2 is essential. However, though present in ISO1, p24-
2 is absent in the A4 assembly (Fig. S23), and is likely also absent in the strains used to
carry out the functional work. That this new gene is absent in a healthy strain like A4

refutes the essential status of this gene in D. melanogaster.

The ubiquity of hidden variation in genome structure is merely a first glimpse beneath the
tip of an iceberg of genetic variation governing phenotypes. In concert with careful
phenotypic measurements, a new wave of high quality genomes will reveal heritable

phenotypic variation invisible to short-read approaches, like those caused by structural
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mutations including transposable elements, duplications, and repeats, among others.
While previous estimates on the relative contributions of SVs and SNPs toward regulatory
variation suggested that the former is modest (Stranger, et al. 2007), our results show
that popular genotyping approaches miss a significant number of SVs (Fig. 1b, Fig.
S7,S16, Table S4), including those which impact gene expression and organismal
phenotype (Table S7-S8). Consequently, previous estimates of the contribution of SVs
towards regulatory and phenotypic variation may be misleading (Gamazon, et al. 2011).
The large fraction of hidden variation we report here is based on only the euchromatin
portion of D. melanogaster, a species likely harboring fewer complex structural features
than other higher eukaryote model systems or other animal and plant species important
in food production. Our results suggest that the medical and agricultural impact of hidden
variation is likely much greater than previously appreciated in systems such as humans,

and crop species like wheat and maize .
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Figure 1. a) A dot plot between the reference (ISO1) chromosome arm scaffolds and the
A4 scaffolds. The A4 assembly is as contiguous as the ISO1 assembly (scaffold N50 =
= 25.4Mb vs 25.2Mb; Table S1). The repeats and transposable elements have been
masked to highlight the correspondence of the two genomes.
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Figure 1.b) Proportion of large (>100bp) SVs in A4 chromosome 2L assembly that are
not detected by SV genotyping based on paired end short reads. Illumina short-reads
based TE indel genotypes were obtained from (Cridland, et al. 2013). For CNV and
inversions, short-read based genotypes were obtained from the most reliable genotyping

strategy (Materials and Methods).
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Figure 1. c) Relationship between polymorphic TEs length in ISO1 and the lengths of
the introns they insert into. Most TEs are more than 1 kbp long (median 5.1 kbp). Many
introns comprise mainly of TEs as evidenced by the insert sizes that are roughly equal
to the intron lengths.
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Figure 1. d) Distribution of SVs (>100bp) across the A4 chromosome arms. The segments
shaded in black on track 1 are pericentric heterochromatin. Tracks 2-4 show SVs,
including TEs, duplicate CNVs, and non-TE indels greater than 100 bp, respectively.
CNVs and TEs are present in higher densities in heterochromatin, whereas non-TE indels

are less numerous.
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Figure 2. a) Duplication of Cyp28d1 and CG7742 in A4. The reference strain (ISO1) and
A3 possess one copy of Cyp28d1, whereas A4 has two copies. A 1.5Kb Accord
fragment (pink) containing an LTR (blue) is located between the proximal Cyp28d1 and
the distal CG7742. Grey rectangles denote UTRs and orange rectangles represent
coding sequence.
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Figure 2 b) Tandem duplication of Ugt86Dh in A4. The duplication creates a new copy
(Ugt86Dh-d) of an Ugt86Dh isoform consisting of a smaller 3' UTR, and a copy of the first
exon of the adjacent gene Ugt86Dj. A part of the Ugt86Dh first intron is also deleted in

Ugt86Dh-d.

Figure 2 a-b) The shaded parallelograms indicate the span of the duplicated segments,
with gray representing the proximal copy, and blue representing distal copy with respect

to the centromere.
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Figure 2. c) Paralog specific expression level of the Q1 (left) and Q4 (right) candidate
genes in in A4 and A3 strains in presence and absence of nicotine in the food. Among
the duplicated genes CG7742 and Cyp28d1l, the copies located nearer the Accord
element are transcribed at higher levels than those located further away. While Cyp28d1
upregulation in A4 is a combination gene duplication and TE insertion, Cyp28d2 is likely
explained by the Accord insertion. Unlike the duplicates at Q1, at Q4 both copies of
Ugt86Dh are expressed at similar levels. When nicotine is present in the food, the

expression level of the both gene copies nearly doubles.
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Figure 3.a) Combined frequency of four Cyp28d duplicate alleles in different population
samples. The duplicates segregate at particularly high frequencies in Ethiopia and
Georgia and at intermediate frequencies in North Carolina and Netherlands.
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Figure 3. b) Frequency of the Ugt86Dh duplicate in different populations. Ugt86Dh
duplicates are found in intermediate to high frequencies in all populations, with slightly

higher frequencies in Europe and North America.
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Materials and Methods

DNA sequencing

A4 DNA was extracted from females following the protocols described in (Chakraborty,
et al. 2016) and the raw genomic DNA was sheared using 10 plunges of 21 gauge
needle followed by 10 pumps of the 24 gauge needle. SMRTbell template library was
prepared following the manufacturer’s guidelines and sequenced using P6-C4 chemistry
in Pacific Biosciences RSII platform. We sequenced 30 SMRTcells corresponding to
19.1 Gb (50% of the sequences are contained within 18Kbp or longer reads) of
nucleotide sequences. All sequencing was performed at University of California Irvine

Genomics High Throughput Facility.

Genome assembly

To assemble the genome, the pipeline described in (Chakraborty, et al. 2016) was
followed. For all calculations of sequence coverage, a genome size of 130Mbp was
used (G =130x10%bp). We generated a hybrid assembly (NG50 =4.23Mbp; assembly
size=129Mbp) with DBG20OLC (Ye, et al. 2016) using the longest 30X PacBio reads and
74.6X paired end lllumina short reads from King et al. (King, et al. 2012). The PacBio
only assembly (NG50 =13.9Mbp; assembly size = 147Mbp) was generated using PBcR-
MHAP (Berlin, et al. 2015) pipeline as implemented in wgs 8.3rcl. Next, quickmerge
(v.0.1, parameters hco =5, c= 1.5, | = 2Mb)(Chakraborty, et al. 2016) was used to merge
the hybrid assembly with the PacBio only assembly, in which the latter was used as the
reference assembly. However, assembly size of this merged assembly (NG50
=21.3Mbp; assembly size = 130Mbp) was similar to the hybrid assembly, and smaller
than the estimated genome size of D. melanogaster females (Hoskins, et al. 2002).
Because the PacBio assembly size was closer to the estimated genome size, we added
the contigs unique to the PacBio only assembly to the merged assembly using
guickmerge. For this second round of merging (hco =5.0, c=1.5, | =5Mb), the merged
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assembly from the first round of merging was used as the reference assembly and the
PacBio only assembly was used as the query assembly. Further improvements in
assembly contiguity (N50 = 22.3Mb) was accomplished by running finisherSC (Lam, et
al. 2015) with default settings on the final merged assembly. Next, the assembly was
polished twice with quiver (as implemented in smrtanalysis v2.3) and once with pilon
(Pilon 1.3) (Walker, et al. 2014). For pilon, we used the same Illumina reads (King, et al.

2012) that were used to generate the hybrid assembly.

Bionano data

For collection of Bionano Irys data, A4 embryos of up to 12h of age were collected in
apple juice-agar Petri dishes. Embryos were dechorinated using 50% bleach solution
and passed through nitex nylon mesh to remove yeast and agar pieces. Approximately
250mg of embryo was placed into a prechilled Eppendorf tube and stored at -80C
freezer. DNA was extracted following the manufacturer’s “Soft-Tissue” protocol
(Bionano Genomics, San Diego). Frozen embryos were cut into <3mm pieces and
placed into prechilled 500ul buffer HB per 10mg tissue and homogenized with 10
plunges in a Dounce/ Tenbroeck homogenizer. The homogenized tissue was incubated
on ice for 5 minutes. 500 ul of the supernatant was transferred to a 1.5ml Eppendorf
tube and an equal volume of ice cold ethanol was added to it. The ethanol was mixed
by inverting the tube 10 times and then incubated on ice for 1 hour. The solution was
centrifuged at 1500 xg at 4°C for 5 minutes and the supernantant was discarded. The
pellets were resuspended in 66ul buffer HB and incubated at room temperature for 5
minutes. 40 ul prewarmed (43°C) low melting agarose was added to the buffer
containing DNA, mixed with a pipette, and then solidified at 4°C. Five such agar plugs
were transferred to a 50 ml tube and 2.5ml Lysis buffer and 200ul proteinase K was
added to it. After an overnight incubation at 50°C for protein digestion, 50ul RNase A
was added and incubated at 37°C for an hour to remove the RNA. The plugs were then
washed 4 times with 10ml Wash buffer for 15 minutes at 180 rpm. Plugs are then
transferred to a 1.5 ml tube with a spatula and melted at 70°C, followed by digestion of

agarose with 2ul GELase at 43°C for 45 minutes. DNA was recovered by dialyzing DNA
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for 45 minutes on a membrane floating on 15ml TE at room temperature. The DNA was

transferred to a 1.5 ml tube and quantified with Qubit BR assay Kit.

The Bionano Irys optical data generated from the A4 DNA was generated and
assembled with IrysSolve 2.1 at Bionano Genomics (San Diego, CA). The A4 Bionano
assembly was then merged with the A4 assembly contigs with IrysSolve. To create the
Bionano based scaffolds, assembly disagreements between the two were resolved by
retaining the assembly features from the Bionano assembly where the two assemblies

disagreed.

Comparative scaffolding

The assemblies of all three genomes were scaffolded with a custom c++ program called

mscaffolder (https://github.com/mahulchak/mscaffolder) using the release 6 D.

melanogaster genome (r6.09) assembly (Hoskins, et al. 2015) as the reference. Prior to
scaffolding, transposable elements and repeats in both assemblies were masked using
default settings for Repeatmasker (v4.0.6). The repeatmasked A4 assembly was
aligned to the repeatmasked major chromosome arms (X,2L,2R,3L,3R,4) of D.
melanogaster ISO1 assembly using MUMmer (Kurtz, et al. 2004). Alignments were
further filtered using the delta-filter utility with the -m option and the contigs were
assigned to the specific chromosome arms based on the mutually best alignment.
Contigs showing less than 40% of the total alignment for any chromosome arms could
not be assigned a chromosomal location and therefore were not scaffolded. The
mapped contigs were ordered based on the starting coordinate of their alignment that
did not overlap with the preceding reference chromosome-contig alignment. Finally, the
mapped contigs were joined with 100 Ns which represented assembly gaps. The

unscaffolded sequences were named with a ‘U’ prefix.

BUSCO analysis
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To evaluate completeness and accuracy of the A4 assembly, busco (v1.22)(Simao, et
al. 2015) was run on both scaffolded A4 assembly and the ISO1 release 6 assembly
using the insect BUSCO database (total 2675 BUSCOs). Busco reported 5 BUSCOs
(BUSCOaEOG75R3J9, BUSCOaEOG7SJRJ9, BUSCOaEOG7SJRK2,
BUSCOaEOG7WMROH, BUSCOaEOG71S8ZH) that are present in the ISO1 assembly as
missing from the A4 assembly. To validate the absence of these 5 BUSCOs in the A4
assembly, all five genes (Ftz-f1, CG7627, Raw, Mafl, Cv-c) corresponding to the five
BUSCOs were searched in the A4 assembly using full length sequence of the ISO1 genes
(downloaded from FlyBase (dos Santos, et al. 2015)) using MUMmer. Surprisingly, the
genome aligner nucmer found all five ‘missing BUSCOs’ to be present in the A4
assembly in single copies. Consequently, the BUSCO counts for A4 were adjusted

accordingly.

Structural variant detection
CNVs via whole genome alignment

To identify the copy number variants between isol and A4, we aligned the two genomes
using mummer (Kurtz, et al. 2004) (mummer -mumreference -l 20 -b ). The maximal exact
matches (MEM) between the two genomes found by mummer were clustered using
mgaps (mgaps -C -s 200 -f .12 -1 100). The | parameter in mgaps was set to 100 to detect
duplicates that are 100bp or longer. We used a pipeline called svmu (Structural Variants

from Mummer; https://github.com/mahulchak/svmu ) to automate the copy number

variants detection based on the overlapping mgaps clusters. When reference sequence
regions in two separate alignment clusters overlapped, the overlapping segment of the
reference sequence regions was inferred as duplicated in the query sequence.
However, this can also potentially identify a duplicated sequence that is present in the
both genomes but diverged due to the presence of repeats or indels around them.
Furthermore, copy variants thus obtained also contain TE sequences, which were
filtered using TE annotations by Repeatmasker (v4.0.6). False positives detected due to
alignment issues were filtered by aligning the duplicated reference sequences back to

the reference and A4 genomes using nucmer (nucmer —maxmatch —g 200) and then
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counting the copy number of each such sequence in each genome using checkCNV,
which is also included in the svmu pipeline. The program svmu was run with the default
parameters; checkCNV was run with ¢ = 500 (max copy humber 500), qco = 10000
(10kb of insertion/deletion allowed within a copy; this accounts for TE or other insertions
of up to 10kb within a gene copy), rco = 0.2 (unaligned length of up to 20% of the
sequence length between reference and query copies is allowed). CNVs (Table S9) that
occurred 2kbp of each other were assumed to be part of a single mutation and therefore
they were combined (using bedtools merge —d 2000)(Quinlan 2014) for the purpose of
counting total CNVs present in the genome. However, total sequence affected by CNVs
was counted before merging was done. Functional annotation of the CNVs were made

based on gene annotation of the release 6 of the reference genome.
Indels via whole genome alignment

Insertions (>100bp) in one genome is detected by looking for contiguous synteny in one
genome that is broken by sequences that are longer than 100bp in the other genome.
To find insertions in the A4 genome, we aligned ISO1 (reference) and A4 (query)
chromosome arms using nucmer (default parameters). Next, we looked for alignment
gaps wherein two adjacent syntenic segments in A4 are separated by more than 100 bp
whereas the same adjacent syntenic segments in ISO1 are separated by less than 10%
of insert length in A4. Indels are detected by a custom c++ utility called findinDel which

is also part of the svmu pipeline (https://github.com/mahulchak/svmu).

Inversions via whole genome alignment

To identify the inversions in the A4 genome, the A4 genome was aligned to the ISO1
genome using nucmer (-mumreference). The delta file was converted into a tab
delimited file called “aln_summary.tsv” using findinDel. The query (A4) genomic ranges
that ran in the reverse direction with respect to the reference (ISO1) were recorded as
inversions. TEs were removed from this list using a Repeatmasker annotated TE list for
ISO1.

Genotyping CNVs, indels, and inversions using lllumina reads
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Three common strategies are typically employed to discover copy number variants
using Illlumina high throughput short reads. One strategy uses variation in mapped read
depth as the signal for presence of copy number variation, another uses orientation
anomalies of paired end reads as signals for duplication, and the third strategy uses the
mapping properties of split reads to discover the presence of structural variation
breakpoints (Alkan, et al. 2011a). We used all three of the strategies because they
exploit complementary aspects of the data (Alkan, et al. 2011a). We used CNVnator
(Abyzov, et al. 2011) for read depth, pecnv for read pair orientation (Rogers, et al.
2014), and pindel (Ye, et al. 2009) for split read mapping approaches of duplicate
discovery. We used 70X paired end A4 reads (King, et al. 2012) for finding duplicates in
the A4 strain. Briefly, the reads were mapped to the release 6 reference sequence using
bwa mem for CNVnator and pindel and bwa aln for pecnv (Li and Durbin 2009). The
sam files containing the alignments were converted to bam files and sorted using
samtools (Li, et al. 2009). The sorted bam files were used for CNV calling. For pecnv,
we used a coverage cutoff of 3 following (Rogers, et al. 2014). To filter out the false
positives. For CNVnator, we used a bin size 100 due to the high coverage of the data.
Furthermore, we restricted our analysis on genotype comparison to CNVs that are
100bp or long and 25Kb or shorter. To genotype the large indels (>100bp) using
lllumina data, we used CNVnator and Pindel using the same command line settings as

used for the CNV calls. For inversion genotyping, Pindel was used.

TE insertion coordinates for A4 were obtained from flyrils.org (Cridland, et al.
2013). We restricted comparison of our TE insertion calls and that from (Cridland, et al.
2013) to the chromosome arm 2L because the genotypes are based on ISO1 release 5
coordinates and only chromosome 2L coordinates have remained unchanged between
release 5 and release 6 (the assembly version used here). Furthermore, a single
chromosome arm contained <150 indel mutations, which facilitated manual validation of
each mutation from long read alignment. For similar reasons, manual validation CNV

calls across different lllumina based methods was done for chromosome arm 2L.

SNP and small indel detection
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SNPs and small indels (<100bp) in the A4 assembly were identified using the show-
snps utility from the MUMmer package(Kurtz, et al. 2004). First, A4 scaffolds were
aligned to the ISO1 scaffolds using nucmer (-mumreference) To minimize spurious SNP
calls due to repeats, repeats were filtered using delta-filter in conjunction with the —r
amd —q options. SNPS and small indels were called from the filtered delta file using

show-snps (using —ClIr options).

Validation of duplicates and indels

All duplicate and indel calls were examined by inspecting the dot plots of the duplicated
and inserted-deleted sequences. Furthermore, to rule out assembly errors as the source
of indel or CNV calls, we mapped the long reads to the A4 and ISO1 assembly using
blasr v1.3.1.142244 (-bestn 1 —sam). The sam files were converted into bam files using
samtools view command (samtools 1.3) and then sorted the bam files using samtools
sort with the defaults parameters (Chaisson and Tesler 2012; Li, et al. 2009). We tested
all CNVs and indels present in the chromosome 2L and examined the mapped reads at
the genomic regions containing the inferred CNVs or indels using Integrative Genomics
Viewer (IGV) (Thorvaldsdottir, et al. 2013). Furthermore, duplication of all full length

genes was examined and validated using the mapped reads.

Expression analysis

Genomewide gene expression difference between A3 and A4 larvae were analyzed
following the method of (Marriage, et al. 2014). Sequences of the A3 genes were
obtained from a A3 genome assembly constructed with publicly available A3 lllumina
paired end reads(King, et al. 2012).To compare the gene expression level of the
Cyp28d1, CG7742, and Ugt86Dh gene copies, we aligned the publicly available 100bp
single ended RNAseq reads (Marriage, et al. 2014) to the A4 mRNA sequences using
bowtie2 (Langmead and Salzberg 2012) with the parameter --score-min L,0,0 to ensure
that only perfect alignments (cigar string =100M) were retained. Only perfectly aligned

reads were kept for downstream analysis so that reads specific to a gene copy could be
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obtained. We counted the unique perfectly aligned reads for each paralog and then
calculated FPKM from these. Total number of reads aligned to the genomes were
calculated based on the alignment of the single ended RNAseq reads aligned to the A4
and A3 genomes using tophat (Trapnell, et al. 2012). Because only reads overlapping
the SNPs were counted for FPKM calculation, the transcript length was adjusted by
subtracting the transcript length to which no SNP covering read aligned. That is reads
aligning within 99bp of a SNP was not counted for FPKM calculation. For example, the
Cyp28d1 gene copies are distinguishable by 15 snps so when only perfectly aligned
unique reads are counted, the effective transcript length of the Cyp28d1 gene copies
used in calculation of FPKM becomes 1509-(310) = 1199bp. Similarly, for Ugt86Dh and
CG7742, transcript lengths of 1065 bp and 755bp were used to calculate FPKM,
respectively. No such adjustments were made for the single copy genes.

Testing for selective sweeps

Testing for natural selection was performed using the composite likelihood ratio (CLR)
statistic for a recent selective sweep (Nielsen, et al. 2005), computed using the
SweepFinder2 software (version 1.0)(DeGiorgio, et al. 2016). CLR values were
calculated using the frequency of SNPs present in each sample over a grid with 250 bp
increments. Sites were polarized using an outgroup of three closely related species,
where the ancestral state was inferred by sites that shared the same genotype across
the release 2 reference genomes of D. simulans, D. yakuba, and D. erecta. Invariant
sites that differed from the inferred ancestral state (substitutions) were included in the
analysis, thus improving power and robustness to bottlenecks (Huber, et al. 2016;
Nielsen, et al. 2005). The significance of the results was evaluated by comparing the
CLR values to coalescent neutral simulations generated using the software ms (Hudson
2002).

Estimating duplicate allele frequencies
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The frequency of duplicate alleles was estimated from next-generation lllumina data by
analyzing the density of divergently mapped read pairs. Reads were mapped against
the release 6 ISO-1 reference genome using bwa mem (Li and Durbin 2009). Divergent
read pairs were selected by taking the complement of paired reads in the BAM file that
mapped with proper orientation, defined as pairs of reads that mapped to the same
chromosome on opposite strands and were flagged by the aligner as being properly
aligned with respect to the each other. Duplications were called for samples that
showed a clear peak and high signal-to-noise ratio in the coverage density for divergent
read pairs at breakpoints surrounding genes that were found to be duplicated in A4. The
divergent read pair signals for several duplicate alleles for Cyp28d1 from various

populations are shown in Figure S24.
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Figure S1. Distribution of A4 long reads. 50% of total coverage is contained within read
length 18 kbp or longer (ie NR50 = 18 kbp).
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Figure S2. Cumulative sequence length distributions for the A4 and ISO1 assemblies.
The X-axis is the sequence length rank sorted in descending order (i.e. the largest
sequence is rank 1, the 2" largest is rank 2, etc.) The Y-axis is the cumulative length of
all sequences to the rank on the X-axis. A4 is more contiguous than ISO1 on both the
contig and scaffold levels. The total amount of genome assembled for A4 is also about
4 Mbp more than for ISO1, as indicated by the A4 curves reaching a higher Y-value.
The ISO1 assemblies are derived from the release 6 version from FlyBase. The
mitochondrial genome was excluded from both genomes and the Y-chromosome
sequences were excluded from the ISO1 genome (the A4 genome has no Y-
chromosome sequence, as it was assembled from reads derived from females).
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Figure S3. Alignment dot plot between the 3L contigs in ISO1 and a single 28Mb contig
in A4 showing higher assembly contiguity in A4. As evidenced here, the A4 3L has
fewer gaps than the reference 3L assembly.
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Figure S4. Alignment dot plot between the A4 assembly scaffolded using the reference
assembly (Hoskins, et al. 2015) and an assembly scaffolded with a Bionano optical
map. Collinearity of the two assemblies suggest that the contiguity of A4 assembly is
not a result of incorrect contig joining. Evidence of a strain specific inversion (blue)
mapping to the distal end of the X chromosome is present in the Bionano assembly, but
absent in the PacBio assembly.
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3R 3L 2R X 2L 4
ISO1 release 6

Figure S5. Alignment dot plot between the 1ISO1 release 6 scaffolds and the A4 Bionano
assembly scaffolds. The small off-diagonal alignments (dots) are due to TE and repeats.
The evidence of the X chromosome inversion (arrow) at the pericentric heterochromatin
of A4 X chromosome is visible in a Bionano scaffold mapping to the distal end of ISO1
X.
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Figure S6. Number of insertions per megabase of euchromatic DNA in each
chromosome arm
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1dland et al.

Figure S7. The short-read based TE insertion genotyping method of (Cridland, et al.
2013) can detect 63% of the TEs insertions present in the euchromatic regions of the 2L
chromosome arm of A4 assembly. All TE calls for all categories above were manually
curated. The 37% of TEs missed are considered hidden/invisible to short-read methods.
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Figure S8. A TE insertion that is absent in the list of A4 TE insertion genotypes based
on paired end Illumina reads(Cridland, et al. 2013; Cridland and Thornton 2010). The
insertion point, indicated by the drop in A4 long read coverage (aligned to the release 6
ISO1 assembly), is located right next to an existing TE called INE-1(Marriage, et al.
2014)2210 (shown in pink) inside an intron of the gene MRP (Multidrug-Resistance like
Protein 1). Such existing TEs obscure the TE insertion signals that short-read based
method(Cridland and Thornton 2010) uses to detect TE insertions.
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Figure S9. The distribution of lengths of the TEs that insert within introns. More than

50% TEs inserting within introns are large (>5kbp; median 5016bp) and may cause
‘intron delay’(Swinburne and Silver 2008).


https://doi.org/10.1101/114967
http://creativecommons.org/licenses/by-nc-nd/4.0/

aCC-BY-NC-ND 4.0 International license.

bioRxiv preprint doi: https://doi.org/10.1101/114967; this version posted March 8, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

3L
1 1 1 1 1
22865k 22866k 22867k 22868k 22869k
Gene Span
633169 CE33L70 BrE79F
| e
CG11137
Transcript
C633169-RA  CB33LT0-RE Br£79F—RH
I | H o = e
C633169-RC CG33170-RC ArF79F—RC
o — = e
CB33170-RA ArF79F—RE
. e
C511137-RB ArF79F-R
<
Doc{+1101 CG11157-RA ArF7OF-RE
. ,
[ !
cDNA
071747 BT024253 HY0G0375
- I > -_ S
BT001368
I
BT133321
4
Air115945

Figure S10. Insertion of a private TE (Doc element) in the ISO1 gene CG33170
corresponds to the whole 4™ intron in one of the ISO1 CG11137 isoforms as shown in
FlyBase (dos Santos, et al. 2015) annotation of the gene. The TE is private to ISO1.The
cDNA annotations are based on Drosophila Gene Collection(Stapleton, et al. 2002).
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Figure S11. The A4 long reads aligned to ISO1 release 6 assembly to show the ISO1
specific Doc element insertion (supplementary Fig. S10) in the gene CG33170. As
demonstrated by the schematic diagrams (blue lines and rectangles) of the CG33170
transcripts, this private TE in ISO1 covers the entire intron in one of the transcript
isoforms of CG33170.
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Figure S12. Example of a new intron in CG13900 of A4 gained via MDGL1 LTR insertion
(the pink bar). A4 RNAseq reads(Marriage, et al. 2014) were mapped to the A4
assembly using Tophat. The blue lines and the purple ribbons indicate intron and splice
junctions. For this TE intron, individual reads span the entire 7348bp insertion
suggesting that the TE is spliced out. Grey rectangles indicate reads/exons.
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Figure S13. A4 read coverage at the ISO1 genomic region containing Cyp6al7. The
ISO1 Cyp6al7 gene model is shown in dark blue. As evident here, A4 is lacking
Cyp6al7 and might show defects in temperature preference(Kang, et al. 2011).
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Figure S14. Deletion in Murl8B gene in A4 as shown by the presence of an alignment
gap between the A4 long reads and genomic region the X:19213350-19214900 in the
ISO1 release 6 assembly. The deletion removes 129bp from the ORF of the gene.
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Figure S15. Number of duplicates per megabase of euchromatin.
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Figure S16. Tandem duplications detected by our A4-1ISO1 genome alignment approach
(Assembly), a split read mapping method (Pindel (Ye, et al. 2009)), a read pair
orientation method (PECNV (Rogers, et al. 2014)), and a read coverage based method
(CNVnator (Abyzov, et al. 2011)) on chromosome arm 2L. All mutation calls were
manually curated. Mutations detected by PECNV and Pindel overlap significantly,
whereas CNVs detected by CNVnator overlap little with those detected by Pindel and
PECNV. CNVnator calls, when not confirmed by other methods, are dominated by false
positives and yield a similar false negative rate as the other methods. When used in
concert with PECNV, it permits discovery of one additional mutation on 2L. Mutations
discovered by any two methods were considered discoverable by short reads. Other
mutations are considered hidden/invisible.
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Figure S17. . Distribution of composite likelihood ratio statistic (Nielsen, et al. 2005) of
single nucleotide site frequency spectrum at the genomic region containing Cyp28d1 in
the French population from (Bergman and Haddrill 2015). The CLR peak falls immediately
adjacent to the duplication. Given problems genotyping SNPs in duplicates, we do not
actually expect the paralogous regions to be easily interpretable in a CLR framework. The
red shaded region represents the empirical 95% confidence interval for the maximum
CLR values based on 100 neutral simulations using the observed SNPs at this region
(Materials and Methods). Vertical green lines indicate the span of all duplication alleles
observed in all populations surveyed in Figure 3a. Vertical blue lines indicate the extent
of the duplication discovered in A4.
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Figure S18. Distribution of CLR statistic (Nielsen, et al. 2005) at the genomic region
containing the Ugt86Dh gene duplication in the sub-Saharan African populations, using
SNPs called from (Lack, et al. 2015). The CLR peak falls immediately adjacent to the
duplication. Given problems genotyping SNPs in duplicates, we do not actually expect
the paralogous regions to be easily interpretable in a CLR framework. The shaded region
represents the empirical 95% confidence interval for the maximum CLR values based on
100 neutral simulations using the SNPs present in this genomic region. Vertical blue lines
indicate the breakpoints of the duplication discovered.
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Figure S19. Dot plot between the ISO1 2L segment (5210421-5214176) containing
Cyp28dland CG7742 and the region 5215000-5223000 on chromosome arm 2L in A4
(Y axis). The duplicates are shown as the two parallel lines spanning the entire ISO1
segment. The vertical space between the end of the bottom red line and the beginning
of the top red line is due to the 1.5Kb fragment derived from an Accord element.
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Supplementary Figure S20. Alignment of A4 long reads to the ISOlgenomic region
(release 6) containing Cyp28d1 (left) and CG7742 (right). The region with higher read
coverage (the grey hump) consists of the entire Cyp28d1 and the smallest CG7742
isoform. The breakpoint on the right of the hump is due to the spacer sequence
between the two copies.
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Figure S21. Dot plot between ISO1 genomic region 3R:11175315-11177501 and A4
genomic region 3R: 10892303-10897452 showing duplication of Ugt86Dh in A4. One of
the copies in A4 has a deletion within the second intron.
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Supplementary Figure S22. Alignment of A4 long reads to the ISOlgenomic region
containing a Ugt86Dh and a the first exon of Ugt86Dj. The blue rectangles at the bottom
are the transcript annotations based on ISO1 release 6 coordinates. The region with
greater read coverage (the grey hump) consists of the shorter isoform of Ugt86Dh and
part of the Ugt86Dj first exon. As evidenced by the coverage drops along with gapped
read alignment inside the hump, one of the A4 Ugt86Dh copies (Ugt86Dh-d) has a
deletion inside an intron.
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Supplementary Figure S23. Absence of p24-2 in A4. A) A4 long read coverage drops to
zero at the genomic location of p24-2 (FBtr0082093) in the ISO1 assembly, showing that
A4 does not have p24-2, a gene claimed in(Chen, et al. 2010) as essential for D.
melanogaster. B) A4 long reads aligned to the genomic region containing Eclair (p24-2

paralog) in the A4 assembly, showing no abnormal read coverage.
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Figure S24. Divergent read pair coverage for several alleles at the Cyp28d1l locus.
Samples (top to bottom) are from Zimbabwe (DSPR), Riverside (DSPR), France
(Bergman and Haddrill 2015), and North Carolina (Mackay, et al. 2012). Blue indicates
reads aligning to the forward strand and red represents the reads aligning to the reverse

strand.
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Table S1. Comparison of assembly metrics between the A4 assembly and the release 6
of the reference assembly. The mitochondrial genome was excluded from both
genomes and the Y-chromosome sequences were excluded from the ISO1 genome
(the A4 genome has no Y-chromosome sequence, as it was assembled from reads
derived from females).

Metric ISO1 A4
Assembly size (bp) 139,543,958 144,107,024
Contig N50 (bp) 21,485,538 22,302,559
Scaffold N50 (bp) 25,286,936 25,479,258
Number contigs 2,177 193
Number scaffolds 1,856 159
Complete BUSCO 2,625 2,621
Single Copy 2,492 2,495
Duplicated 133 126
Fragmented BUSCO 29 33

Missing BUSCO 21 21


https://doi.org/10.1101/114967
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/114967; this version posted March 8, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Table S2. Chromosomal segments used for analyzing functional significance of the
structural mutations (heterochromatic sequences are excluded following the coordinates
in(Hoskins, et al. 2002)

Chromosome  Start End

2L 1 22200000
2R 4700000 25479258
3L 1 23400000
3R 3000000 31815305

X 1 21900000
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Table S3. Coordinates of the CNVs, indels, and inversions in A4 and ISO1. (Table
S2.xlIsx)

Table S4. CNVs and indels for chromosome arms 2L as called by various CNV
(Pindel(Ye, et al. 2009), Pecnv(Rogers, et al. 2014), and TE insertion(Cridland and
Thornton 2010) calling softwares. (Table S4.xIsx)

Table S5. Summary of putative TE introns. (Table S5.xlsx)

Table S6. Genes mutated by non-TE indels in A4 (Table S6.xIsx).

Table S7. Expression changes in genes in A4 with increased copy number. (Table
S7.xIsx)
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Table S8. A4 duplicated genes with putative adaptive role.

Gene Name FlyBase ID Expression Phenotype Detected
change by lllumina
(Log2) reads

CG31157 FBgn0051157 2.53 Cold Yes

resistance(Huylmans
and Parsch 2014)
CG4302 FBgn0027073 2.18 Cold Yes
adaptation(Telonis-
Scott, et al. 2009)
Caffeine

resistance(Coelho,

et al. 2015)

CG6912 FBgn0038290 1.06 Feeding Yes
preference(Toshima,
et al. 2014)

CG7966 FBgn0038115 1.72 Cold Yes

resistance(Telonis-
Scott, et al. 2009;
Turner, et al. 2008)

Cyp28d1 FBgn0031689 5.74 Nicotine No
resistance(Marriage,
et al. 2014)

Or85f FBgn0037685 3.42 Olfaction(Rollmann,  Yes
et al. 2010)

Qtzl FBgn0051864 0.52 Fertility/nervous No

system(Rogers, et
al. 2010)
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Ugt86Dh FBgn0040252 1.29 Nicotine No
resistance(Marriage,
et al. 2014)
DDT
resistance(Pedra, et
al. 2004)
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