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Incomplete replication generates somatic
DNA alterations within Drosophila
polytene salivary gland cells

Will Yarosh and Allan C. Spradling
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DNA replication remains unfinished in many Drosophila polyploid cells, which harbor disproportionately fewer copies
of late-replicating chromosomal regions. By analyzing paired-end high-throughput sequence data from polytene larval
salivary gland cells, we define 112 underreplicated (UR) euchromatic regions 60-480 kb in size. To determine the
effects of underreplication on genome integrity, we analyzed anomalous read pairs and breakpoint reads throughout
the euchromatic genome. Each UR euchromatic region contains many different deletions 10-500 kb in size, while
very few deletions are present in fully replicated chromosome regions or UR zones from embryo DNA. Thus, during
endocycles, stalled forks within UR regions break and undergo local repair instead of remaining stable and generating
nested forks. As a result, each salivary gland cell contains hundreds of unique deletions that account for their copy
number reductions. Similar UR regions and deletions were observed in ovarian DNA, suggesting that incomplete
replication, fork breakage, and repair occur widely in polytene cells. UR regions are enriched in genes encoding
immunoglobulin superfamily proteins and contain many neurally expressed and homeotic genes. We suggest that
the extensive somatic DNA instability described here underlies position effect variegation, molds the structure of

polytene chromosomes, and should be investigated for possible functions.
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The idea that metazoan tissue cells contain identical
genomes has long served as a convenient fiction appro-
priately termed “the dogma of DNA constancy” (Gilbert
2013). In reality, despite highly faithful polymerases and
repair systems, all organisms begin to sporadically accu-
mulate DNA sequence alterations at low levels beginning
with the first embryonic divisions (Kazazian 2011; Reizel
et al. 2012; Grandi and An 2013). If replication is stressed
(Lambert and Carr 2012) or the cell cycle is altered (Fox
et al. 2010), greater levels of DNA changes may occur.
Although well documented, these genome alterations
have no known functional importance and are thought
to be neutral or deleterious. At the other end of the
spectrum, in relatively few organisms and cells, somati-
cally programmed genomic changes generate useful differ-
ences. Eggshell genes are specifically amplified (Calvi and
Spradling 1999), antibody genes are productively rear-
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ranged (Alt et al. 2013), and whole-ciliate genomes are re-
engineered (Chalker and Yao 2011).

The polytene cells of Dipterans such as Drosophila
represent an intermediate case. During the growth of such
cells via as many as 10 consecutive endocycles (cell cycles
without cytokinesis), most euchromatic chromosome re-
gions are fully replicated, but pericentromeric genomic
regions rich in satellite DNA sequences are not (Gall et al.
1971). In the best-studied system, the Drosophila larval
salivary gland (Fig. 1A), late-replicating euchromatic re-
gions (“intercalary heterochromatin”) also underreplicate
to varying degrees (for review, see Spradling and Orr-
Weaver 1987; Belyaeva et al. 2008). Thirty to 52 under-
replicated (UR) regions 90-570 kb in length have been
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Figure 1. Mapping underreplication in L3 salivary gland DNA by sequencing. (A) Drosophila polytene salivary gland chromosomes
showing banded euchromatic arms (bracket; regions 2L: 35-36 = 14.5-18.0 Mb), ectopic fibers (arrows), and chromocenter (shorter
arrow). (B) Models of underreplication. (Top) Stalled forks may be stable, forming inverse “nested forks”. Alternatively, stalled forks
may collapse and undergo repair (arrow), leading to novel DNA junctions and genomic alterations. (C) Read counts in 2L: 14.5-18.0 Mb,
the same region shown in brackets in A. The read depth is uniform in embryo DNA, whereas multiple UR regions are seen in salivary
gland DNA from three strains. (D) UR89E.1 is underreplicated in wild-type L3 salivary gland (SG); average SG/embryo read ratio (orange
and purple) = SD (black bars; N = 3). UR89E.1 is fully replicated in SuUR mutant SG. SG/embryo read ratio (blue and purple).
(E) Partitioning example: adjacent UR regions 64B.12 (green) and 64C.1 (purple). Average SG/embryo read ratio = SD (black bars; N = 3).
(F) Underreplication (read depth ratio) is proportional to UR size (in kilobases). (G) Underreplication in UR64B.12 and UR 64C.1 in L2
(blue and purple) and L3 salivary glands (orange and purple). Underreplication increases between L2 and L3 in UR64C.1 but not in
URG64B.12. (H) Average SG/embryo read ratio is plotted throughout the Drosophila genome to summarize distribution of UR regions.

precisely mapped using DNA arrays (Belyakin et al. 2005; Nordman et al. 2011; Belyaeva et al. 2012; Sher et al.
Nordman et al. 2011; Sher et al. 2012). These UR zones 2012; Maksimov et al. 2013). The repressive chromatin

correspond closely to regions of repressive chromatin, state and late replication timing of UR regions are thought
sparse replication origins, and mostly silent genes (Belyakin to be responsible for their susceptibility to incomplete
et al. 2005; Pindyurin et al. 2007; Filion et al. 2010; replication.
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The biological significance of underreplication has re-
mained unclear. Most UR regions are the same in poly-
tene fat body, midgut, and salivary gland tissues, but a few
show tissue specificity suggestive of a developmental
function; moreover, genes in UR regions in fat body are
also more frequently expressed (Nordman et al. 2011).
Genetic evidence suggests that any such function is
nonessential, however. A specific gene, suppressor of un-
derreplication (SuUR), encoding a novel protein, is re-
quired for differential replication in euchromatin, but
mutants are viable (Belyaeva et al. 1998). SuUR is found
within many UR regions (Pindyurin et al. 2007; Nordman
et al. 2011; Sher et al. 2012) but is also distributed widely
elsewhere in Drosophila chromatin (Filion et al. 2010;
Maksimov et al. 2013). SuUR is proposed to slow the
progress of replication forks preventing S-phase comple-
tion in susceptible regions (Sher et al. 2012; Kolesnikova
et al. 2013). Failure to complete replication might cause
a mitotically proliferating cell to undergo apoptosis;
however, at least some endocycling cells down-regulate
the normal apoptotic response to unrepaired DNA dam-
age (Mehrotra et al. 2008).

A better understanding of the molecular consequences
of underreplication would likely help reveal its signifi-
cance. If stalled replication forks remain stable, UR
domains would contain nested replication forks directed
toward their centers (see Fig. 1B; Laird 1980; Sher et al.
2012). In contrast, if forks undergo breakage, then free ends
would be produced, which, if repaired, would cause de-
letions and DNA rearrangements (Spradling 1993; Leach
et al. 2000; Andreyeva et al. 2008). Previous searches failed
to detect accumulated replication forks in an UR region
(Glaser et al. 1992). Moreover, novel DNA bands were
observed in Southern blots of DNA from polytene tissues,
consistent with DNA breakage (Glaser et al. 1992, 1997;
Spradling 1993; Leach et al. 2000). Distinctive features
of polytene chromosome structure, including the mesh-
like chromocenter and ectopic fibers such as those consis-
tently observed in polytene region 35-36 (Fig. 1A), might
also be explained by high levels of breakage and repair. The
genetic phenomenon of position effect variegation (PEV)
has also been ascribed to DNA alterations (Karpen and
Spradling 1990). However, most investigators have re-
jected the idea of somatic DNA instability (Ahmad and
Golic 1996.

Here we analyze polytene DNA using high-throughput
sequencing and show that DNA alterations are generated
at many sites throughout the genomes of salivary gland and
ovarian cells. DNA deletions 10-500 kb in size are found
throughout 112 UR zones, comprising 19% of salivary
gland euchromatin, but are rare within fully replicated
regions or the corresponding regions of early embryonic
diploid cells. Thus, during polytenization, unfinished rep-
lication forks break and efficiently rejoin to nearby free
ends. An even higher level of underreplication and deletion
formation likely takes place in heterochromatic regions
whose repetitive sequences prevented detailed analysis
using our methods. Our results show that somatic DNA
instability is a widespread feature of polyploid Drosophila
cells. The significance of somatic DNA alterations for

1842 GENES & DEVELOPMENT

chromosome structure, PEV, and developmental function
deserves further study.

Results

Deep sequence analysis of underreplication

DNA from early Drosophila embryos, whose cells are
predominantly diploid, and third instar larval salivary
glands, which are composed mostly of highly polyploid
cells, was prepared in order to study underreplication by
deep sequencing (Supplemental Table S1). The y; cn bw sp
reference strain, used to determine the Drosophila ge-
nome sequence, was employed in order to minimize align-
ment ambiguities; the y w and y; ry[506] strains were also
used. Each DNA preparation was sheared, and libraries
were prepared and subjected to paired-end sequencing with
100-base-pair (bp) reads on an Ilumina HiSeq2000. Se-
quences were aligned to the Drosophila genome R5.33
using ELAND and BWA software (see the Materials and
Methods).

We tested the utility of sequencing for analyzing changes
in genomic copy number by examining the behavior of
heterochromatic sequences. The severe underreplication of
heterochromatin in salivary gland DNA was evident from
the fraction of reads that aligned to heterochromatic versus
euchromatic zones of the genome. In embryo DNA, 35.6%
of read pairs mapped to heterochromatic sequence contigs,
whereas only 2.2% of pairs from the salivary gland aligned
to heterochromatin (see Supplemental Table S2). Raw
sequencing reads were queried to estimate sequence under-
replication “digitally” based on read frequencies and were
compared with previous “analog” assessments based on
nucleic acid hybridization (Supplemental Table S3). Gen-
erally, 0.15%-1.3% of reads from embryo DNA but only
0.005%-0.05% of reads from salivary gland DNA were
homologous to individual satellite DNAs. Thus, satellite
DNAs appear to be UR ~30-fold (about five rounds of
replication) during salivary gland development, a some-
what smaller degree of underreplication than previously
reported in Drosophila melanogaster (Rudkin 1969) or
Drosophila virilis (Gall et al. 1971). The read frequency of
rDNA sequences in the salivary gland averaged 21% =
1.0% that of the embryo (N = 3) (Supplemental Table S3),
consistent with the fourfold underrepresentation previ-
ously reported (Spear and Gall 1973). 5S rDNA, which is
encoded in a separate locus, replicated fully as expected
(Hammond and Laird 1985).

More than 100 chromosome regions underreplicate
in larval salivary glands

Plotting the frequency of reads along the euchromatic
Drosophila genome sequence potentially provides a highly
sensitive measure of replication uniformity. When DNA
was sheared but not narrowly sized prior to library con-
struction, read frequency from embryo DNA was highly
uniform along the five major chromosome arms (Fig. 1C;
see the Materials and Methods). In contrast, plotting the
read frequency in salivary gland DNA revealed many
chromosome regions in which read frequency declines



smoothly over a distance of 50-100 kb and then increases
back to the genome average in a strain-independent man-
ner (Fig. 1C). The most strongly affected zones correspond
to the major UR regions mapped previously (Belyakin et al.
2005; Sher et al. 2012), such as the UR zones in chromo-
some 2L regions 35 and 36 (Fig. 1C).

UR regions were characterized more accurately by
averaging reads in 5-kb windows across the genome and
normalizing salivary gland reads to embryo reads in each
window to minimize perturbations caused by the pres-
ence of repetitive DNA. Normalized 5-kb read values
were calculated based on three separate experiments,
each involving one preparation of embryo (RefEmb1-3)
and salivary gland (RefSG1-3) DNA from the reference
strain that was analyzed separately. The average ratios
and standard deviations were plotted to determine the
replication profiles (Fig. 1D,E). This approach revealed
that more euchromatic UR regions exist than described
previously but that most of them show low levels of
underreplication. Overall, we defined 112 euchromatic
regions 60-480 kb in size that were consistently UR in
salivary gland DNA (Table 1). Twenty-five regions were
between twofold and 8.46-fold UR, while the remaining
87 zones were reduced 1.06-fold to 1.99-fold. The level of
underreplication correlated with the size of the region
(Fig. 1F). Together, the UR domains account for 21.76 Mb/
115.7 Mb = 19% of the euchromatic genome.

Previous studies have shown that euchromatic under-
replication is greatly reduced or absent in SuUR mutant
salivary glands (Belyaeva et al. 1998; Sher et al. 2012).
When salivary gland and embryo DNA from SuUR /'~
animals was examined, nearly all of the UR regions,
including those with low UR values, were greatly atten-
uated, further supporting their validity (Fig. 1D; Table 1).
We also found (Table 1; Supplemental Fig. S1), as pre-
viously reported for strong UR regions (Sher et al. 2012),
that virtually all of the UR regions corresponded closely
to domains of repressive chromatin as defined in genomic
studies (Karchenko et al. 2012). To investigate when
underreplication occurs during development, we ana-
lyzed second instar larval (L2) salivary glands, which
have completed about seven endocycles. Underreplica-
tion in most regions was nearly complete by the second
instar (Fig. 1G; Table 1). However, the most strongly UR
regions were exceptional; in the second instar, these
regions showed less underreplication than in mature
third instar (L3) glands. Rather than supporting develop-
mental regulation, these are the results expected if rep-
lication failure has a constant probability characteristic of
each UR region during each endocycle.

Replication appeared to be uniform across the genome,
except within the 112 UR regions (Fig. 1H). The measured
copy number values indicate that even within UR regions,
complete replication is the norm. In only a few regions,
such as UR36B.3, UR36E.1, and UR70C.2, is the number
of copies reduced more than twofold over the course of 10
doublings. Thus, copy number changes during salivary
gland development arise stochastically in multiple re-
gions by relatively low absolute levels of incomplete
replication.

DNA alterations in polytene Drosophila cells

Ovary DNA also contains UR regions

Many larval and adult Drosophila tissues in addition to
the salivary gland are made up predominantly of poly-
ploid cells that contain polytene chromosomes and un-
derreplicate heterochromatin (Ashburner 1970; Spradling
and Orr-Weaver 1987). Genomic analyses have shown
that at least two such tissues, larval fat body and larval
midgut, underreplicate most of the same euchromatic
regions as the salivary gland (Nordman et al. 2011). We
sequenced DNA prepared from ovaries, which derives
predominantly from polytene nurse and follicle cells, to
examine the euchromatic regions that underreplicate in
adult polytene cells. Most UR regions that underreplicate
strongly in larval salivary glands duplicated incompletely
during ovary development, but the level of reduction in
ovary DNA was much less, in part due to the presence of
diploid ovarian cells (Fig. 2A; Table 1). Thus, the UR re-
gions defined for the salivary gland are likely to be similar
in a wide range of polyploid cells, including ovarian
polyploid cells.

Replication forks are unstable during chorion gene
amplification in ovarian follicle cells

In order to distinguish whether polytene DNA contains
stalled forks or has undergone breakage/repair, methods
are needed that can identify rare molecules with novel
junctions. To assess the ability of paired-end sequencing
to detect rare products of replication fork instability, we
initially investigated dense zones of replication forks that
are generated during chorion gene amplification. Ampli-
fication generates a high density of replication forks be-
cause multiple rounds of replication initiate at just a few
genomic locations during a final S-like phase in stage 10B
of oogenesis (Calvi and Spradling 1999). Subsequently,
during stages 11-14, these forks continue to elongate,
moving away from the initiation region on each side
(Claycomb et al. 2002). If replication forks break and are
repaired in vivo, novel junctions will be generated that
could be detected by paired-end sequencing.

We sequenced DNA from stage 11-14 follicles and
looked for anomalous read pairs; i.e., those whose com-
ponent reads align at sites incompatible with normal
sheared DNA. The read profile revealed the dramatic
nature of amplification. For example, in the largest am-
plified domain on chromosome 3L, comprising ~100 kb
centered on Cpl8 and three other chorion genes, the read
profile increased in exactly the location expected from
previous studies, with a peak value 47 times higher than
the average in unamplified regions (Fig. 2B, inset). More
than 70 anomalous read pairs were identified in the
amplified region, all indicative of deletions mostly cen-
tered around Cpl8, whereas only one deletion was found
in embryo DNA (Fig. 2B). Similar deletions (but less
enriched) were observed around Cpl8 using the ovary
DNA sample (Supplemental Fig. S2). We calculated from
these results that ~2% of the amplified strands break and
undergo repair to form deletions during amplification
(Materials and Methods) and conclude that these rare
events can be detected by paired-end sequencing. The
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Table 1. UR region properties
Start-end
UR name (Mb) Size (kb) Chrom. L3 SG L2SG SUUR Ovary DfsSG Dfs Emb Genes
X
3C.3 2.720-2.810 90 b 1.17 1.20 1.03 1.06 15 0
3C.6 2.810-3.060 250 b 2.45 1.21 1.00 1.07 39 2 kirre, Rst
4C.3 4.280-4.340 60 g 1.14 1.02 1.10 1.05 5 0 bi
4D.3 4.620-4.780 160 b 1.38 1.24 1.09 1.19 21 0 Proc-R
4E.1 4.850-4.960 110 b 1.24 1.25 1.11 1.33 8 0 ovo,
7B.3 7.210-7.485 275 b, g 1.69 1.71 1.03 1.19 26 0 CG1677, ct
7C.1 7.650-7.725 75 b 1.37 1.13 1.00 1.08 9 1 Ir7b, Ir7a
8E.1 9.290-9.395 105 T 1.17 1.16 1.01 1.05 12 0 Megalin
8F.10 9.570-9.675 105 g 1.15 1.09 1.06 1.15 14 1 btd
9A.2 9.675-9.880 205 b 1.64 0.90 0.98 0.97 17 0 CG32698
10B.2 11.100-11.175 75 b 1.22 1.22 1.02 1.13 9 0 CG42683
11A.6 11.900-12.285 415 u, r 3.09 2.19 1.06 1.31 48 0 Ten-a
12A.2 13.300~13.400 100 b 1.09 1.06 1.04 1.08 9 0 CG32635
12E.2 13.900-14.050 150 b 1.19 1.07 1.05 1.16 6 0 Ste
12E.8 14.15-14.465 310 b 2.24 1.83 1.04 1.29 36 4 dpr8
13B.1 15.045-15.120 75 b 1.11 1.09 1.00 1.09 9 0 CG9095
14B.3 16.000-16.150 150 g 1.23 1.17 1.06 1.14 14 0 disco, disco-r
16F.3 17.825-17950 125 u 1.12 1.09 0.94 1.06 10 0 Sh
17A.1 18.000-18.200 200 u, g 1.06 1.06 1.03 1.06 10 1 Frq, upd
19A.4 19.795-20.005 210 u 1.25 1.09 0.98 1.13 16 1 Dop2R
19D.3 20.350-20.485 135 b 1.50 1.26 1.01 1.06 22 1 RunxA, RunxB
19E.5 20.485-20.875 390 b 2.84 2.31 1.07 1.32 49 2 shakB, Npclb
20A.1 21.335-21.460 105 u 1.89 1.95 0.97 1.21 8 0 CG42343
2L
21E.2 0.630-0.745 115 b 1.19 1.16 1.07 1.06 10 0 ds
22A.1 1.2701-1.500 230 b 1.17 1.18 1.08 1.39 16 3 lea,robo3
23A.2 2.605-2.740 135 b 1.09 1.10 1.00 1.02 10 0 CG31690
24D.1 3.905-4.015 110 b 1.36 1.42 1.02 1.09 34 1 fred, ed
25A.3 4.565-4.780 215 b 1.76 1.58 1.02 1.24 30 1 CG15630, dp
25E.1 5.370-5.530 160 g 1.32 1.45 1.08 1.12 8 0 H15,mid
25F.1 5.555-5.690 135 b 1.16 1.21 1.05 1.02 12 0 CG14010, CG31646
26C.1 6.150-6.305 155 b 1.46 1.39 1.08 1.14 25 2 Ddr, CG34380
29E.7 9.005-9.115 110 b 1.19 1.31 1.02 1.05 17 1 CG31708
32A.1 10.530-10.685 155 b 1.59 1.20 1.06 1.12 24 0 Trim9,
32F.1 11.305-11.475 170 g 1.28 1.46 1.04 1.17 18 2 salr, salm
32F.3 11.525-11.765 240 b 2.83 2.10 1.02 1.22 57 0 kek2
33E.1 12.200-12.315 115 b 1.37 1.33 1.00 1.04 33 1 aret
34A.1 12.750-12.950 200 b 1.74 1.66 1.02 1.07 27 3 kekl, ACXC
34F.2 13.900-14.100 200 b 1.09 1.05 1.01 1.13 12 0 nAcRa
35B.6 14.670-14.985 315 b 4.86 2.58 1.03 1.34 65 2 CG42313
35D.1 15.240-15.510 270 b 2.14 2.10 1.08 1.24 46 0
35D.3 15.510-15.660 150 b 1.85 1.73 1.05 1.07 49 7 kek3
35D.4 15.770-15.900 130 b 1.76 1.64 1.08 1.21 55 5 CG13243
35E.2 15.905-16.245 340 b 5.98 4.26 1.07 1.24 78 4 beat-Ia,b,c
35F.12 16.360-16.450 90 g b 1.17 1.16 1.05 1.17 7 0 jhamt, CG5888
36B.3 16.900-17.360 460 b 7.94 5.10 1.07 1.57 56 1 beat-Illa,b,c
36E.1 17.500-17.980 480 b 8.46 4.01 1.31 1.58 103 3 CadN, CadN2
36E.3 17.980-18.170 190 b 1.40 1.39 1.05 1.14 35 2 rdo
36F.1 18.170-18.275 105 b 1.30 1.52 1.05 1.19 24 1 CG42750
37D.1 19.210-19.345 135 b 1.10 1.13 1.08 1.24 9 0
38C.3 20.055-20.285 230 u 1.34 1.30 1.07 1.17 10 0
38D.1 20.485-20.630 145 b 1.14 1.18 0.97 1.04 14 0 piRNAS5
40D.1 21.770-22.115 345 u 2.09 2.39 1.13 1.24 52 0 tsh, cg31612
2R
41F.1 1.270-1.485 215 u 2.05 1.58 1.02 1.09 9 2 CG42345,
42A.1 1.700-1.825 125 u 1.56 1.38 1.04 1.08 8 0 dpri2
42A.14 2.140-2.385 245 u 3.46 3.04 1.03 1.17 1 0 piRNA1
50A.1 9.150-9.300 150 b 1.09 1.07 1.03 1.06 9 1 Dh31-R1
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Table 1. Continued
Start-end

UR name (Mb) Size (kb) Chrom. L3 SG L2SG SUUR Ovary DfsSG Dfs Emb Genes
50C.1 9.480-9.650 170 b 1.36 1.12 1.08 1.08 20 1 fas
53C.5 12.250-12.380 130 b 1.15 1.16 1.08 1.03 18 1 sema2a, 2b
55A.3 13.805-13.950 150 b 1.09 1.15 0.96 1.02 15 1 dpr13, CG34386
56F.1 15.700-16.080 380 b 1.26 1.23 1.11 1.23 25 0 18w, Toll-7
57A.1 16.175-16.445 270 b 1.26 1.23 1.06 1.36 33 1 CG12484
58A.1 17.585-17.835 250 b 1.61 1.46 1.05 1.10 27 1 Fili
59D.3 18.930-19.225 295 b 1.66 1.56 1.06 1.17 28 3 CG34371
60F.1 20.900-21.140 240 g b 2.05 1.93 1.05 1.59 28 1 CG9380, lov

3L
63A.1 2.855-2.915 60 b 1.08 1.09 0.98 1.10 6 0 Shab
64B.12 4.605-4.795 190 b 1.50 1.38 1.06 1.20 46 0 axo, Gef64C
64C.1 4.795-5.095 300 b 3.83 2.36 1.05 1.23 85 1 Con,
64D.1 5.350-5.500 150 b 1.59 1.66 0.98 1.07 27 2 CG34391
65A.14 6.260-6.470 210 b 2.92 2.01 1.03 1.17 38 0 Or65, CG42747
65C.5 6.75-6.905 155 g 1.44 1.38 1.07 1.09 19 2 vvl
67A.4 9.125-9.310 185 b 1.64 1.26 1.04 1.02 25 2 Glu-RIB
67D.2 9.960-10.205 245 e 2.35 1.77 1.01 1.09 52 1 dpr6, dpr10
67D.11 10.20-10.350 145 r,b 1.31 1.44 1.04 1.18 31 0 Or67
67F.1 10.920-10.995 75 b 1.13 1.13 1.05 1.09 6 2 klu
70A.2 13.010-13.235 225 b 1.50 1.29 1.06 1.11 46 0 caps
70C.2 13.480-13.880 400 b 6.41 3.28 1.03 141 64 1 bru-3, dysc
71A.1 14.835-15.045 210 b 1.27 1.58 1.09 1.32 4 1 CG17839
71C.2 15.125-15.480 355 b 3.73 2.42 1.07 1.16 58 0 Tollo, Toll-6, Best4
74A.1 17.075-17.225 150 b 1.35 1.27 1.01 1.04 32 1 Rbp6
75C.1 18.105-18.460 355 r,b 5.18 3.07 1.06 1.30 89 0 grim rpr, CheA75A
75D.1 18.460-18.630 170 b 141 1.20 1.03 1.10 15 0 AstC-R2
77E.1 20.535-20.715 180 g 1.39 1.63 1.07 1.13 31 1 knrl, kni
79E.3 22.345-22.665 320 b 1.52 1.47 1.04 1.21 27 1 Ten-m

3R
83E.1 1.725-2.170 445 b 2.01 1.75 1.04 1.30 34 1 CG34113, Osi cluster
83F.1 2.305-2.470 165 b 1.57 1.34 1.01 1.12 39 0 dprll
84A.5 2.525-2.690 165 g 1.17 1.20 1.07 1.23 9 1 pb, zen2, Dfd
84B.1 2.690-2.875 185 g 1.58 1.45 1.09 1.25 23 1 Scr, Antp
84D.10 3.380-3.545 165 b 1.55 1.40 0.99 1.18 38 1 Cg34127, Nlgl
85A.1 4.200-4.350 150 b 1.10 1.07 1.06 1.06 13 2 Or85b cluster
86C.1 6.265-6.505 240 g 2.39 1.57 1.15 1.32 51 0 hth
86D.1 6.735-6.975 240 b 2.49 1.68 1.02 1.09 62 1 CG34114
87A.9 7.865-7.990 125 1,b 1.38 1.30 1.04 1.10 24 0 dprl5, dprl7
87D.1 8.555-8.750 195 b 1.49 1.60 0.99 1.08 35 1 beat-Va,b,c
87F.1 9.260-9.400 140 b 1.11 1.06 1.03 1.03 13 0 CG14372
88D.9 10.750-10.845 95 e 1.17 1.25 0.99 1.02 20 1 dpr9, CG14861
89A.1 11.395-11.590 195 g b 1.24 1.20 1.05 1.14 11 1 pxb, Fe/S cluster
89E.1 12.465-12.820 355 g 3.57 2.28 1.11 1.26 76 2 BX-C
90A.1 12.995-13.175 180 b 1.47 1.44 1.00 1.05 40 0 beat-Tia,b
92D.1 15.905-16.045 140 b 1.66 1.43 0.97 1.10 37 1 Nilg4, CG5060
92E.8 1.6160-16.320 160 b 1.46 1.21 1.04 1.03 29 1 Gfrl, Ir92a,
94A.2 17.920-18.130 210 b 2.35 1.67 1.08 1.09 36 1 SKIP, Ir cluster
94D.3 18.655-18.755 100 b 1.20 1.09 1.02 1.04 13 0 klg
95A.1 19.210-19.390 180 b 1.26 1.18 1.00 1.03 21 1 beat-IV, Ir94 cluster
96A.1 20.195-20.330 135 b 1.03 1.03 1.03 1.02 13 0 nAcRa-96Aa,b
97E.6 23.150-23.300 150 b 1.06 0.99 1.05 1.05 11 1 side
98B.3 23.545-23.725 180 b 1.37 1.22 1.02 1.04 30 0 CG34353
98C.2 23.790-24.095 305 b 2.58 2.09 1.03 1.20 74 4 CG34362, CG34354,
98D.1 24.165-24.255 90 b 1.07 1.06 1.01 1.04 23 1 beat-VI
99A.7 25.150-25300 150 b 1.20 0.95 0.98 0.97 11 2 Ptp99A
100A.2 26.405-26.625 220 b, r 1.37 1.18 1.07 1.06 14 0 zfh1, Pka-C2
100B.1 26.715-26.840 125 g b 1.19 1.16 1.06 1.08 17 2 Ptx1, 5-HT7
100B.4 26.860-26.980 120 g b 1.16 1.05 1.02 1.06 11 1 sox100B, Gycp100B

UR regions are listed showing their genomic coordinates (megabase [Mb]), size (in kilobases [kb]), and chromatin type (Chrom.): (r) red,
state 1-5,; (g) green, state 6; (u) blue, state 7-8; (b) black, state 9. Fold UR in L3 or L2 salivary gland (SG), SuUR L3 SG, and ovary;
deletions (Df) identified by breakpoint reads in L3 SG or early embryo (Emb); and selected genes within the UR.
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Figure 2. Replication fork instability leads to DNA deletions detected using anomalous pairs. (A) Ovary DNA (purple and blue)
contains the same major UR regions as L3 salivary gland DNA (purple and orange). (Ovary or salivary gland)/embryo read ratio is
plotted in region 35-36, and UR36B.3 and UR36E.1 are indicated. (B) Replication forks break and generate deletions (bars) during
chorion gene amplification. Deletions defined by anomalous pairs are plotted in the vicinity of the 66D chorion gene cluster at 3L: 8.66—
8.76 Mb and center around the major amplification origins located near Cpl8 (dashed line). (Red bars) Follicle cell deletions,; (green
bars) embryo deletions; (blue bars at top) genes. (Inset) Reads in the 66D region are plotted in 10-kb windows to reveal 50-fold
amplification of this region. (C) Deletions 10-100 kb in length defined by anomalous pairs are more abundant in salivary gland DNA
(red) than in embryo DNA (purple) and cluster at UR regions. Reads (blue) are plotted in 3R: 11.9-13.6 Mb, and URs 89E.1 and 90A.1 are
indicated (dashed lines). (D) The number of deletions within 111 UR regions is proportional to the degree of underreplication.
(E) Deletions (10-500 kb) defined by anomalous pairs are more abundant in ovary DNA (red) than in embryo (green) DNA and cluster in
some UR regions. Reads in 2L: 16.5-18.7 Mb are shown, and URs 36B.3 and 36E.1 are indicated.

major origins used during amplification are located near
Cpl8, so the presence of small deletions flanking this
region suggests that some forks stall shortly after initia-
tion, break, and are ligated to other broken ends. These
DNA alterations were not observed in earlier studies of
chorion gene amplification, which illustrates the diffi-
culty of detecting rare DNA derivatives that differ from
each other.

Anomalous read pairs identify a class of deletions
enriched in salivary gland DNA

With this encouragement, we took the same approach to
look for DNA alterations generated during underreplica-
tion in salivary glands. Following alignment of paired-end
sequences from salivary gland DNA to the Drosophila
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genome, we first analyzed anomalous pairs. Ideally, these
pairs come from reads in which the unsequenced center
of the fragment contains a deletion breakpoint. How-
ever, a background of misleading anomalous read pairs
will also be generated when reads are misaligned to the
genome due to the presence of local repeats such as
transposons or duplicated genes. Additionally, hybrid
DNAs generated by the ligation of unrelated fragments
during library preparation will also produce misleading
anomalous pairs. Random ligation will generate “trans-
locations” and large “deletions” preferentially, since the
chance that two randomly joined fragments come from
nearly the same chromosome region is relatively low. The
most important test of whether predicted DNA alterations
truly result from DNA underreplication rather than meth-
odological artifacts is that they should be enriched in



salivary gland DNA compared with embryo DNA and in
UR regions compared with normal regions. We initially
focused on deletions in the size range from 10 to 500 kb,
since 10 kb is large enough to exclude transposon poly-
morphisms, and 500 kb is the upper limit of the measured
UR size.

We identified all anomalous read pairs predicting 10- to
500-kb deletions among all salivary gland and embryo
read pairs from the three replicate experiments using the
reference strain. Pairs in which the sequence quality of
one of the reads was questionable were excluded. We also
removed read pairs with identical reads, since they are a
product of PCR amplification, and read pairs aligned
within heterochromatin, including repetitive, unmapped
portions of the genome (chrU and chrUextra). It was
important to align against these sequences initially, how-
ever, to prevent matching reads from being force-aligned
elsewhere in the genome.

The remaining read pairs were examined to determine
whether they might be related to underreplication. Sali-
vary gland DNA contained more than three times as
many deletion read pairs as embryo DNA within euchro-
matin as a whole (Table 2). However, when the location of
the salivary gland deletions was plotted, they showed only
a slight specificity for UR regions (data not shown). Be-
cause large deletions are more likely to be caused by
random ligation, we tried plotting only those deletions
with predicted sizes between 10 kb and 100 kb. Anoma-
lous pairs in this size regime were fourfold enriched in
salivary gland versus embryo DNA (Table 2), and the
deletions that they specify strongly clustered within UR
regions (Fig. 2C). Significantly, the number of excess
deletions in salivary gland DNA compared with embryo
DNA in the UR regions correlated with the degree of
underreplication (Fig. 2D). We concluded that 10- to 100-kb
deletions are generated by DNA underreplication.

Anomalous pairs from ovary DNA also predicted an
excess of deletions (1629 vs. 410) compared with those
seen in embryo DNA (Emb1). However, the distribution
of ovarian deletions was less specific for UR regions than
in the case of the salivary gland. Strong UR regions such
as 36B.3 and 36E.1 that underreplicate in the ovary (Table
1) contained more deletions in ovary DNA than in embryo

Table 2. Identification of deletions by paired-end sequencing

DNA alterations in polytene Drosophila cells

DNA (Fig. 2E). However, the overall level of enrichment in
ovary URs compared with non-UR regions was only two-
fold. It would be worthwhile to analyze nurse cells sep-
arately to see whether they underreplicate in a manner
different from that of somatic cells. As expected, a peak of
deletions was seen around Cpl8 (Supplemental Fig. S2),
documenting that biologically significant deletions were
being observed.

These results provide strong evidence that underrepli-
cation generates somatic deletions in UR regions due to
fork breakage and repair. However, the deletions defined
by anomalous read pairs did not appear to reveal the
entire distribution of rearrangements associated with
underreplication. Large deletions showed little specific-
ity, and the number of such deletions varied significantly
between experiments, suggesting that many arose during
library construction (Table 2). Consequently, while enough
predicted smaller deletions were present in salivary gland
DNA sequences to establish a correlation with UR regions,
we sought to identify a more representative and highly
enriched collection of deletions associated with under-
replication.

Analyzing rearrangement breakpoints

Identifying junction reads—i.e., individual 100-bp reads
that transition across a sequence gap—appeared to be a
way to increase specificity. DNAs generated by random
ligation should be larger, on average, than individual DNAs,
and end sequence reads might only rarely be long enough
to cross artificial junctions. Another reason for analyzing
junction sequences is that they potentially provide in-
formation on the mechanism of break repair. However,
most alignment programs such as Eland and BWA do not
efficiently identify junction reads. Such reads end up as
unaligned or partially aligned depending on the location
of the junction and the parameters of the alignment
algorithm.

Empirically, we found that carrying out BLAT or BLAST
searches with unaligned or partially aligned reads fre-
quently revealed new alignment information, including
the identity of junction reads. Consequently, we scruti-
nized all high-quality unmapped reads from read pairs with

Reads Eu. depth Anom. pairs Anom. pairs Partially mapped In UR
DNA (xE06) (XE06) Predicted 10-500 kb 10-100 kb reads BP reads regions
SG1 125.8 96.08 3562 1682 824 133,729 1375 1048
SG2 176.7 83.66 3102 6086 2075 121,389 1328 1025
SG3 137.2 57.74 2141 5829 1638 93,701 891 738
Embl 163.6 74.40 410 252 220,495 297 80
Emb2 138.2 34.01 2477 596 116,271 55 15
Emb3 101 12.57 879 288 85,336 36 8
Total SG 439.7 358.5 8805 13597 4537 348,819 3594 2811
Total Emb 402.8 121.0 3766 1136 422,102 388 112

Numbers of read pairs of various types from the indicated DNA preparations. Euchromatic (Eu.) read depth is after correcting for pairs
that failed to align or aligned to heterochromatin and for PCR duplicates. (Predicted) The approximate number of deletions required to
completely account for Table 1 URs at this read depth; (Anom. pairs) observed anomalous pairs specifying deletions 10-500 kb in size or
10-100 kb in size. The starting number of pairs with a partially mapped read is compared with identified breakpoint (BP)-containing

reads and breakpoint reads overlapping a Table 1 UR region.
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only one aligned read as well as all reads in which at least
15 bp were unmatched in euchromatic genomic regions
(Table 2). By realigning these 770,921 reads to the genome
using BLAT, we identified 3594 reads from salivary gland
DNA that spanned the breakpoint of a deletion 10-500 kb
in size with 99%-100% sequence matches on both ends.
Identical treatment of embryo DNA reads yielded only 388
potential breakpoint reads.

If the salivary gland deletions defined by junction reads
are generated by incomplete replication and represent the
molecular mechanism of sequence underrepresentation,
then they should be preferentially located within the UR
regions. Plotting their position showed that this was in-
deed the case (Fig. 3A,B). For example, in UR-rich regions
35 and 36 on chromosome 2L, the distribution of deletions
precisely mimics the location of UR zones (Fig. 3A). Most

deletions are located within a single UR, but in the case of
nearby regions, such as UR36B.3 and UR36E.1, at least six
deletions span the two regions (Fig. 3A). Equally, precise
localization is observed in the Ubx region (UR89E.1) and
nearby UR89E.2 (Fig. 3B). In contrast, the deletions iden-
tified from embryo DNA were not enriched in UR regions.
Those appearing in small clusters were likely to be align-
ment artifacts associated with regions containing short
tandem repeats separated by 10-500 kb, and these de-
letions were seen in similar numbers in the salivary gland
as well.

If we are detecting the deletions that give rise to
salivary gland sequence underrepresentation, then every
UR should contain an excess of deletions compared with
the embryo controls or normally replicated regions. We
found this to be the case when we calculated the number
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Figure 3. Salivary gland-specific deletions detected from breakpoint reads recapitulate UR regions. (A) Deletions (10-500 kb) defined
by breakpoint reads ([red] salivary gland; [green] embryo) are shown in region 35-36: 2L: 14.6-19.1 Mb. Salivary gland-specific deletions
are highly localized to UR regions or span adjacent URs; major URs 35B.6, 35E.2, 36B.3, and 36E.1 are indicated. (B) Same as A but
showing region 3R: 11.9-13.6 Mb. The major URs 89E.1, containing the Ultrabithorax complex, and 89F.2, containing beat-Ila,b genes,
are shown. (C) The number of deletions within 111 UR regions is highly proportional to their fractional degree of underreplication. (D)
Breakpoint location within 3659 salivary gland junction reads. Nearly all breakpoints fall between nucleotides 30 and 70 in the 100-nt
reads. Since orientation is arbitrary, both fragments are counted, generating a symmetrical plot.
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of deletions from salivary gland or embryo DNA that lie
wholly or partially within each UR region (Table 1). The
only exception was UR42B containing the major Drosoph-
ila piRNA locus, a highly repetitive region. Moreover, the
number of salivary gland deletions in a UR region was
strongly related to its level of sequence reduction. For
example, in strong UR regions, such a UR8YE.1 containing
the bithorax complex, 61 deletions in salivary gland DNA
recapitulate the read profile, but only one deletion was
found in embryo DNA, and it overlapped only partially.
The 350 kb just prior to Ubx, which does not under-
replicate, contains no salivary gland deletions (Fig. 3B).
Similarly, in region 36 of chr2L, there were 55 deletions
with UR36B.5 and 65 deletions in UR36C.10 (compared
with two in embryo DNA), while only 10 deletions were
present in a much larger region, chr2L: 1-1,000,000, which
lacks URs. The 33 weakest URs that could be identified
based on copy number reduction, which had underrepli-
cation values <1.2, each still contained an average of 11.7
deletions in the salivary gland but only 0.63 deletions in
the embryo. Decisive evidence that the deletions cause the
copy number reductions seen in UR regions was provided
by the strong correlation that we observed between de-
letion number and UR value (Fig. 3C). Overall, 2811 of the
3594 salivary gland deletions (78%) were located within
the mapped UR regions. However, many of the remaining
salivary gland deletions mapping outside the URs in Table
1 were present in clusters of four to eight deletions within
zones of repressive chromatin and probably correspond to
additional real UR regions that were too weak to docu-
ment by copy number reduction.

The breakpoint reads also identified candidate translo-
cation junctions; i.e., reads in which the sequence switched
between two different chromosomes. However, most of
these joints probably do not correspond to true transloca-
tions generated during salivary gland underreplication in
vivo. There was no enrichment for such translocations,
since a total of 13,379 junctions was identified within
euchromatin in the three Ref strain salivary gland experi-
ments, while 14,822 candidates were identified in the
corresponding Ref embryo DNAs. Moreover the chromo-
somal location of the putative translocation pairs appeared
to be random (data not shown). The great majority are
probably caused by ligation during library preparation. A
low level of real translocations generated by the repair of
broken forks in UR regions on different chromosomes
would have been hidden by this background.

Properties of UR-associated deletions

Analysis of the salivary gland deletion junctions defined
by breakpoint analysis revealed additional information.
The location of the deletion junction within the 100-bp
sequence fell overwhelmingly between positions 30 and 70
(Fig. 3D). Recovery of more asymmetric deletion junction
reads using our methods must be much less efficient.
About half of the junctions occur at sites with no
nucleotide overlap, while the remaining joints show very
limited homology of 1-6 bp and no evidence of a consen-
sus. Only 6% of joints showed homology at the site of

DNA alterations in polytene Drosophila cells

joining that was >6 bp. One-thousand-seven-hundred-six
of the deletion reads involved no change of chromosome
orientation across the breakage site, and these tended to
be larger and to span the edges of the UR (Fig. 4A). Such
molecules may be generated when two approaching forks
on a single DNA molecule stall near each edge of a UR
and undergo breakage, and the two free ends join to each
other. In contrast, 1887 deletion chromosomes reversed
their orientation across the break. Presumably, when
more than one stalled fork is present on the same edge
of a UR region, a situation expected during later endo-
cycles, forks may break and resolve by ligating to a free
end originating from a different fork on the same side,
thereby generating a giant inverted repeat or isochromo-
some (Fig. 4B). Sequences within the UR would be lost
as a consequence of such events in addition to those be-
tween the breakpoints of this class of deletion. The net
result would be to generate strands within a UR as shown
(Fig. 4C).

UR zones are enriched in immunoglobulin superfamily
genes and genes involved in the nervous system

The more complete census of salivary gland UR sites
made it possible to search the genome more thoroughly
than previously possible for classes of genes that are
associated with these regions (Table 1). As previously
noted, one subset of URs corresponds to the major
Drosophila Hox gene clusters, and we observed ~10
additional URs containing Polycomb-rich chromatin. In-
terestingly, we found that URs are also enriched in a class
of genes not previously associated with repressive chro-
matin domains; namely, genes encoding IgG superfamily
(IgSF) proteins (Ozkan et al. 2013). Among the four classes
of IgSF proteins characterized by Ozkan et al. (2013}, 13 of
14 Beat class, seven of eight Side class, five of 11 DIP
class, and nine of 20 Dpr class IgSF genes are in UR re-
gions (Table 1). Since UR regions constitute only 19% of
euchromatin, finding 34 of 53 IgSF genes in UR regions is
unlikely to occur by chance (P < 1073, binomial distri-
bution). Many other genes involved in cellular adhesion
are also located in UR regions, including proteins in-
volved in IgSF and LRR interactions such as Robo, Robo3,
Lea, and Caps as well as CadN, CadN2, Connectin, Fred,
Ed, Rst, Kirre, and Snap25. Many genes in UR regions—
including many of the Hox, adhesion, and IgSF genes—are
unusually large due to the presence of large introns.
Among the large genes found in UR regions were many
others that, like many IgSF genes, are expressed during
neural development (Table 1).

Discussion

Polytene salivary gland cells undergo extensive
genomic alterations during development

Our results show that larval salivary gland cells covalently
alter their somatic genome structure at hundreds of sites
within 112 dispersed euchromatic domains (Table 1). The
affected zones, known as UR regions, were first identified
because they display a reduced copy number relative to the
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Figure 4. Structure and significance of polyploid cell somatic DNA instability. (A) Two classes of deletion chromosomes are generated

by underreplication. Chromosomes with no orientation change at the deletion (red; “same direction”) tend to span URs, while deletion
chromosomes that “reverse direction” (blue) cluster at UR edges. Region 3R: 7.8-8.1 Mb with UR87A.9; chromatin types (see
Supplemental Fig. S1) are shown above. (B) Model for two types of deletion-bearing chromosome. Four DNAs with eight stalled forks
are shown; following breakage (arrow), they generate four complete and four gapped DNAs. Repair on the same UR side (1; blue arrows)
generates an inversion chromosome (see A, blue); repair across the UR (3; red arrows) generates unaltered polarity (see A, red); unbroken
strands remain unaltered (2). (C) Model of the DNAs from B in a hypothetical UR: (1) DNAs religated to adjacent copies generating
inversion chromosomes, (2) unchanged DNAs, and (3) DNAs religated across the UR to DNA in the same orientation. (D) Model of PEV
at a euchromatin-heterochromatin junction. Heterochromatin spreads into adjacent euchromatin, creating a new UR containing a gene
(red arrow) and affecting its expression. Variegated expression would result from the different somatic deletions generated in this region

during development within individual cells.

ploidy of the genome as a whole (Spradling and Orr-Weaver
1987; Belyakin et al. 2005; Pindyurin et al. 2007; Sher et al.
2012). By deep sequencing, we report a more complete
census of UR regions, revealing that they encompass 19%
of euchromatin and house a substantial fraction of Dro-
sophila genes. In striking contrast to the assumption that
UR regions contain only stalled, nested replication forks
(Sher et al. 2012), we found that all but one of the 112 UR
regions contain a diverse array of DNA deletions at levels
sufficient to entirely explain the copy number changes.
Similar deletions are seen only at much lower levels, if at
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all, in UR region DNA from early embryos or at non-UR
euchromatic sites within the salivary gland.

The sufficiency of the observed deletions to explain the
copy number reductions is based on simple calculations.
From three salivary gland sequencing experiments with
a total read depth of 237, we observed 3659 deletions
defined by junction reads, of which 2811 overlapped
defined UR regions. However, the distribution of break-
points within these reads (Fig. 3D) showed that only
breaks within the central 40% of the read had been
efficiently recovered. So, a better estimate of the total



number of deletions in UR regions would be 2811/0.4 =
7027. Any UR-associated deletions that fall outside the 10-
to 500-kb window were also not counted. For comparison,
if all copy number variation in the UR regions results from
somatic deletions, then 8805 deletions should have been
observed (see the Materials and Methods). The close agree-
ment of these numbers indicates that the great majority of
sequence underrepresentation results from deletions rather
than nested forks or free DNA ends (neither of which will
generate novel junctions upon sequencing).

Stalled replication and repair generates UR-associated
deletions

A great deal of evidence had accumulated previously that
polytene underreplication is caused in some way by
replication fork stalling. The most strongly affected re-
gions replicate late in S phase (Belyakin et al. 2005;
Pindyurin et al. 2007; Belyaeva et al. 2012), mostly from
external origins (Sher et al. 2012), which renders them
susceptible to incompletion. Furthermore, UR zones are
characterized by repressive chromatin (Belyakin et al.
2005; Pindyurin et al. 2007; Sher et al. 2012; Maksimov
et al. 2013), a property that we confirmed for all but one
of the 112 UR regions (Table 1). Replication forks
probably have difficulty elongating through these re-
gions in polytene cells (Sher et al. 2012), and SuUR binds
to late-replicating regions (Makunin et al. 2002; Filion
et al. 2010) and may directly contribute to fork slowing
(Kolesnikova et al. 2013). We observed that the domain
boundaries of many strong UR regions corresponds
closely to the junctions of dozens of deletions, suggesting
that replication forks frequently stall almost immediately
after encountering a UR domain. UR regions are also
known to be sites of elevated DNA repair. Salivary gland
chromosomes contain elevated amounts of phosphory-
lated His2 Av, and sites enriched in phosphorylated His2 Av
correspond to many UR regions (Andreyeva et al. 2008).
However, earlier studies could not determine whether the
repair activity maintained nested fork structures, gener-
ated broken DNA ends, or led to novel DNA junctions.

Our experiments demonstrate that DNA replication
forks are unstable in polytene cells and can be efficiently
repaired. We observed high levels of fork instability
during chorion gene amplification that is followed by
repair to form deletions of heterogeneous size. Many of
the deletions begin close to the site of amplification
initiation near Cpl8. Overall, ~2% of all amplified DNA
strands contain a deletion in our experiments. In UR
regions, damage repair by end joining occurs predomi-
nantly within the same UR.

Many studies prior to the advent of high-throughput
sequencing support the idea that incomplete replication
forks are processed to deletions in UR regions. Nested
replication forks from amplified chorion genes were readily
observed by electron microscopy of ovarian follicle DNA
(Osheim and Miller 1983) but were never detected in
salivary gland DNA, either using electron microscopy or
by two-dimensional gel analysis of a UR region (Glaser
et al. 1992). In UR regions, small restriction fragments
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undergo detectable changes in abundance but not in size
(Spierer and Spierer 1984; Karpen and Spradling 1990).
However, by including a UR region on a minichromosome
or analyzing large restriction fragments within heterochro-
matic regions, consistent DNA changes in polytene DNA
were observed, and the sizes of the novel fragments
were heterogeneous (Spradling 1993; Leach et al. 2000;
Andreyeva et al. 2008), as predicted by the results reported
here.

DNA alterations probably occur in many polyploid
Drosophila cells

While patterns of DNA replication are developmentally
regulated (Nordman and Orr-Weaver 2012), some regions
of the Drosophila genome in both cultured cells and
salivary glands unexpectedly share similarities in replica-
tion origins (Belyakin et al. 2005; Nordman et al. 2011;
Sher et al. 2012), late replication (Eaton et al. 2011), and
heterochromatin (Karchenko et al. 2012). Mostly the same
regions underreplicate in polytene larval midgut, fat body,
and salivary gland cells (Nordman et al. 2011; Sher et al.
2012}, although the level of copy number reduction can
vary. Our experiments show that all UR regions identified
by Nordman et al. (2011) in three tissues underreplicate at
some level in the salivary gland. The UR regions that could
be mapped in ovary DNA again matched the strongest of
these same regions. This suggests that the program of late
replication and underreplication may be less flexible than
other aspects of replication programming; for example,
early replication that correlates with transcription and
differs between cell types. However, early nurse cells do
differ from other polyploid cells by fully replicating their
heterochromatin (Dej and Spradling 1999).

Stochasticity of underreplication enhances genetic
diversity within individual cells

The similarity in underreplication within both the sec-
ond and third instar salivary glands, except in the most
strongly UR regions, suggests that underreplication oc-
curs extensively before the second instar and probably
takes place throughout all of the salivary gland endo-
cycles. Indeed, a failure to undergo a full doubling of DNA
content during the first endocycle has been documented
in many types of polyploid cells (for review, see Spradling
and Orr-Weaver 1987). This suggests that each UR has a
low intrinsic probability of incomplete replication during
every endocycle and that UR values simply represent the
effects of this propensity averaged over multiple cells and
endocycles. This situation will result in a wide range of
deletion abundances within individual polyploid cells
and might act to enhance their significance.

Consider a UR in which forks stall and generate a de-
letion, on average, once every 10 replications. Among the
~100 main cells of the salivary gland, there will be ~20
(since each contains two chromosomes) that will gener-
ate deletions during the first endocycle. Each new variant
will thereafter constitute 25% of the alleles at the locus.
Even more cells will generate different deletions during
the second endocycle (since there are more replicating
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normal strands), and each of these will occupy 12.5% of the
final chromosomes. A still larger fraction of cells will
generate deletions on the third endocycle. Thereafter, with
16 or more strands replicating the region in question,
essentially every cell will generate novel derivatives on at
least one of their strands, and these new changes will
continue to replicate. However, a probability of fork stall-
ing of 0.1 only corresponds to an underreplication value of 2
(Materials and Methods). Even regions with much lower
UR values will still generate substantial genetic diversity,
and some of the novel products will still be present at
a high copy number in a few cells. Thus, for a tissue like the
salivary gland that undergoes 10 endocycles, essentially all
cells will contain many different rearrangements at widely
different ploidy levels in every one of the 122 UR regions.
For each region, a variable but significant subset of tissue
cells will harbor alterations in a very high copy number.

Previously, regions with underreplication values less
than ~2 were thought to be unimportant, because the
only effects of underreplication were assumed to be on
gene dosage. Now that we know that underreplication
generates genomic novelty and that stochastic replication
spreads that novelty among subpopulations of tissue cells
at high levels, the true potential of underreplication to
generate significant somatic variation can be better appre-
ciated. This predicted cell-to-cell variation has already
been observed. The level of underreplication of particular
classes of rDNA repeat varied stochastically from cell to
cell in the salivary gland (Belikoff and Beckingham 1985).
The copy number of the yellow gene when located in a UR
region varied widely between individual salivary gland
cells when assayed by in situ hybridization, and yellow
expression variegated in polytene bristle cells (Karpen and
Spradling 1990).

Significance for polytene chromosome structure

Our finding that hundreds or thousands of new junctions
are produced in each polytene cell strongly supports the
idea that somatic DNA modifications contribute to the
characteristics of polytene chromosomes (Ashburner et al.
1970; Spradling et al.1992; Leach et al. 2000; Andreyeva
et al. 2008). Cytogenetic regions 35 and 36 on chr2L
contain the most frequent and deepest UR regions, and
we identified many deletions within and between nearby
URs. These polytene regions are most frequently subject
to structural disruption and ectopic fiber formation in
salivary gland chromosomes (Fig. 1A), suggesting that
ectopic fibers result from the mispairing caused by strands
of very different length and sequence content. We expect
that replication fork stalling, breakage, and repair are also
responsible for the copy number reductions in heterochro-
matic regions. Further improvement in methods, such as
long sequence reads, might allow such changes to be
mapped, including those that probably underlie chromo-
center formation.

Deletion formation may cause variegation

When euchromatic genes are rearranged near centro-
meric heterochromatin, they usually display the phe-
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nomenon of PEV. In recent decades, only epigenetic
explanations for PEV have been considered (Ahmad and
Golic 1996; for review, see Elgin and Reuter 2013).
However, previous evidence suggested that somatic ge-
netic changes related to underreplication contribute to
some examples of PEV; for example, when the affected
gene is located in a new UR generated by rearrangements
such as In(1)sc® (Karpen and Spradling 1990; Spradling
1993; Glaser et al. 1997; Leach et al. 2000).

We propose a model for PEV that incorporates both
heterochromatin spreading and the somatic mutation
process described here (Fig. 4D). Following chromosome
rearrangements juxtaposing heterochromatin and euchro-
matin, heterochromatin would invade adjacent euchroma-
tin, as currently envisaged. However, we propose that gene
expression variegates within the affected euchromatic
region because the new domain of repressive chromatin
arrests replication forks, leading to somatic DNA mosai-
cism for deletions or other rearrangements that alter gene
expression. Consistent with this proposal, SuUR mutation
suppresses both the PEV and underreplication of re-
arranged genes in In(1)sc® and In(1)w™* (Belyaeva et al.
2003).

Somatic DNA instability may be functional

The nonrandom location of IgSF and other genes in UR
zones raises the question of whether underreplication
has a biological function. IgSF genes are expressed on cell
surfaces and govern cellular interactions that are impor-
tant during multiple developmental processes, especially
in the nervous system (Ozkan et al. 2013). Beat proteins
are expressed in different subgroups of neural cells (Pipes
et al. 2001), and some individual family members have
been shown to guide motor axons (Fambrough and
Goodman 1996). Combinations of IgSF molecules may
affect synaptic adhesion (Yamagata et al. 2003). Addi-
tional diversity within Ig proteins is generated by DNA
alterations in the vertebrate immune system (Alt et al.
2013), while in Drosophila, the Dscam family of IgSF
proteins is extensively diversified by differential splicing
(Wojtowicz et al. 2007). Consequently, the location of
IgSF genes within UR regions might generate somatic
diversity of IgSF copy number, expression, and gene
structure by virtue of DNA rearrangements even though
our data showed no evidence of sequence- or gene-related
specificity. Even immunoglobulin gene rearrangement is
highly error-prone, and many rearranged genes are non-
functional. The generation of useful diversity even by an
error-prone process and at a relatively low level might be
significant, especially if a cell expressing such a surface
protein was subject to selection.

The gene structure of IgSF genes and other adhesion
protein genes in UR regions might lend itself to such
a purpose. Many of these genes as well as other genes
located in URs, such as HOX genes, are characterized by
long transcription units with multiple long introns. Large
genes would provide a greater cross-section for regionally
localized rearrangements to generate fusion genes with
altered expression patterns and/or coding capacity. Gene



organization, chromatin structure, and replication timing
may have been optimized by evolution to generate
potentially useful diversity using a semirandom mecha-
nism. Because the late replication program appears to be
similar between many cell types, genes might undergo
similar rearrangements in multiple tissues, including
many in which they are inactive; activity in only one
critical tissue and developmental stage might be suffi-
cient for the system to have selective value.

Underreplication may be a widespread feature
of polyploid cells

After the present study was submitted for publication,
Hannibal et al. (2014) reported that polytene giant tro-
phoblast cells from the mouse placenta contain at least 47
UR regions dispersed throughout the genome. Mouse UR
domains are individually much larger than Drosophila
URs but share many other key features. These include
late replication, an association with repressive chroma-
tin, low gene density, and low gene expression. Like the
majority of the domains characterized here, the levels of
underreplication are less than twofold. However, somatic
deletions were not detected, although the methods em-
ployed may not have been as sensitive as those used here.
Interestingly, like Drosophila URs, mouse URs are en-
riched for genes involved in adhesion and neurogenesis.

Significance for somatic mutation in diploid cells

Replication fork arrest, breakage, and repair are not
confined to polyploid cells but are basic aspects of cell
cycle physiology that normally occur in all cells. Recently,
evidence has been found that replication timing, including
late replication, strongly affects the accumulation of muta-
tions in diploid cells (for review, see Lambert and Carr
2012). In cancer cells, some of which lack P53 function like
the Drosophila salivary gland (Mehrotra et al. 2008), large-
scale structural variations are greatly increased in late-
replicating genomic regions and preferentially join regions
with proximity in the nucleus (De and Michor 2011). The
diverse DNA break sites in some cancer rearrangements
(Ross et al. 2013) resemble the distributed breakpoints
observed at the junctions of strong UR regions in the
salivary gland. Consequently, diploid cells may sometimes
acquire somatic mutations by replication fork stalling,
breakage, and repair, like underreplicating Drosophila
cells. Thus, studying insect polytene chromosomes prom-
ises to shed new light on general processes important for
genome evolution and carcinogenesis.

Materials and methods

Drosophila strains

Strains iso-1: y[1]; Gr22b[1] Gr22d[1] cn[1] CG33964[R4.2] bw[1]
sp[1]; LysC[1] MstProx[1] GstD5[1] Rh6[1], y w: y[1]w[1], y ry:
y[1]; 1v[506], and SuUR™: In(1)scV2, scV2; SulURES were obtained
from the Bloomington stock center. Stocks were maintained on
standard fly food, which was supplemented with additional yeast
beginning 1 wk before tissue collection.

DNA alterations in polytene Drosophila cells

DNA isolation

All samples were prepared independently. Embryos were col-
lected using grape juice agar caps during a 0.5- to 2.5-h collection
window and were dechorionated using bleach. Salivary glands
were dissected from 300-400 larvae per preparation (late third
instar except as noted) in cold Grace’s insect medium (Life
Technologies). Adult females were anesthetized using CO,, and
ovaries were dissected and late stage follicle were separated
using jeweler’s forceps. Tissues were flash-frozen in liquid
nitrogen immediately after collection. DNA was purified using
a QIAamp DNA minikit (Qiagen) and RNase A (Qiagen) accord-
ing to the manufacturer’s protocol.

DNA and library preparation

Libraries for paired-end sequencing were prepared using Illu-
mina’s TruSeqDNA sample prep kit LT using the LS and gel-free
options. Fragmentation was carried out with a Diagenode Bio-
ruptor sonicator, with the power setting “low” for 15 min (in-
tervals of 30 sec of sonication, 30 sec without sonication over 30
min) at 4°C. One-hundred nanograms of sonicated DNA was used
as input. The amplification reaction was altered (while still using
kit reagents and cycling conditions) to the following: 3 wL of
ligated DNA, 25 pL of PCR master mix, 5 wL of PCR primer
cocktail, and 17 pL of resuspension buffer. The size of the
resulting DNA was 300-500 bp, including 120 bp of linkers. Most
libraries were prepared on different days, but RefSG2, RefSG3,
RefEmb2, and RefEmb3 were prepared in the same batch.

Chromatin domain analysis

The chromatin state of UR and surrounding regions was classi-
fied based on the nine-state model described in Karchenko et al.
(2012) and applied to the S2 cell line. For further simplicity in
viewing, similar states were grouped as follows: red (“active:”
states 1-5), green (“Polycomb-regulated:” state 6), blue (“het-
erochromatic:” states 7-8), and black (state 9). Note that state 9
corresponds to the “black” chromatin described by Filion et al.
(2010). When downloaded chromatin data were displayed
relative to salivary gland read data, there was a striking
correspondence to chromatin domains (Supplemental Fig. S1).
The predominant chromatin state associated with each UR is
listed in Table 1.

Alignment and identification of UR regions

Sequencing was carried out on an Illumina HiSeq2000, and
reads were aligned to the Drosophila genome version R5.33
using ELAND or BWA software and visualized using IGV. UR
regions were automatically flagged if the salivary gland/embryo
read average fell more than two to three standard deviations
from the mean for five or more consecutive 5-kb windows.
Most such regions have a characteristic shape profile consisting
of a monotonic decrease to a minimum value near the center
followed by a similar rise back to the baseline (Fig. 1E-G). In
addition, <10 of the weakest UR regions were added or had
a boundary adjusted because the shape of their deviation from
baseline over 70-200 kb appeared very similar to those of
stronger UR regions. Overlapping URs were separated at the
local maximum point (Fig. 1E). The depth of each UR region
was determined as the ratio of its low point and baseline.
Underreplication was the inverse of this value. Further analyses
were carried out using SAMtools, IGV tools, FileMaker Pro,
Microsoft Excel, Python, C++, and the Unix command line (see
below).
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Calculations and formulas

Fraction of strands with deletions For a UR region that is 2X
UR, half of the DNA strands must contain a deletion (or other
rearrangement). Hence, the number of predicted deletion reads
would be 0.5 times the read depth (additional smaller deletions
off center are ignored). For an underreplication value of UR,
the general formula for the fraction of strands with deletions is
f=1-1/UR.

Predicted total deletions from UR values We used the under-
replication values in Table 1 to calculate f for each UR and
multiplied the sum of these values by the total single copy read
depth (after correction for PCR duplicates), 237.5, to yield the
predicted number of unique deletions in the RefSG salivary
gland DNA sequences (Table 2).

Fraction of mutated strands in amplified chorion DNA  Seventy-
two read pairs specifying deletions in the 66D chorion region/total
number of reads in the region (3250) = 2.2% (see Fig. 2B, inset).

Probability of fork arrest vs. UR value UR value is total
strands (27)/unmutated strands [2°' ~ ?)] = 2", where n is the
number of endocycles and p is the probability of fork arrest per
endocycle. Values of p calculated from the L3 UR values in Table
1 accurately predicted the differences between L2 and L3 UR
values in most regions, with n = 3 as the number of intervening
endocycles (round 7 to round 10). The formula yields UR = 2 for
p =0.1, as discussed in the text.

Analysis of deletions defined by anomalous reads

Read pairs aligned but separated by 10-500 kb were sorted by
AWK and loaded into a custom FileMaker Pro database with all
associated samfile data. Reads pairs aligned to heterochromatic
regions or mitochondrial DNA were removed, as were reads with
quality fields containing more than four #'s and duplicate read
pairs. Both reads matched the genome 100% in >95% of these
pairs. Scripts were used to output display files. Each deletion is
denoted by the shortened name of the read pair from which it is
derived (i.e., HWI-ST375:119:DOA2LACXX:6:2205:1397:93872
is shown as 2205:1397:93872..)

Identification of breakpoint reads

For each experiment, all reads from pairs mapped within
euchromatin that were unaligned and all mapped euchromatic
reads in which a run of 15-80 bases was not aligned (“soft-
clipped”) were collected using AWK, and the 100-bp sequences
were aligned to the Drosophila 5.33 genome locally using BLAT.
The BLAT output was parsed at six matches per sequence and
loaded along with the corresponding samfile data into a FileMaker
Pro database. Deletions identified by BLAT were accepted if
Tgapbases was between 10,000 and 500,000 and if one segment
of the deletion-containing read was on the same arm and at
a proper distance from the mate. Additional deletions were
identified if BLAT aligned the sequence on two separate lines
corresponding to genome regions on the same arm separated by
between 10 and 500 kb and together matched at least 97% of the
input sequence. One of the matching segments was required to
be on the same arm and within a proper distance from the mate.
More than 95% of the deletions matched 100% of the input
sequence and 100% of the target, with the deletion as the only
gap. However, candidate deletions involving repetitive se-
quences with more than four BLAT matches or involving input
sequences with long homopolymeric tracts were excluded.
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Data archive

The data from this project have been submitted to the National
Institutes of Health Short Read Archive: SubmissionID,
SUB495929; BioProject ID, PRINA244953; and title, D. mela-
nogaster polytene cell sequencing.
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