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Developmental control of the DNA replication

and transcription programs

Jared Nordman,' Sharon Li," Thomas Eng," David MacAlpine,?

and Terry L. Orr-Weaver'-?

"Whitehead Institute and Department of Biology, Massachusetts Institute of Technology, Cambridge, Massachusetts 02142, USA;
2Department of Pharmacology and Cancer Biology, Duke University Medical Center, Durham, North Carolina 27710, USA

Polyploid or polytene cells, which have more than 2C DNA content, are widespread throughout nature and present in
most differentiated Drosophila tissues. These cells also can display differential replication, that is, genomic regions of in-
creased or decreased DNA copy number relative to overall genomic ploidy. How frequently differential replication is used
as a developmental strategy remains unclear. Here, we use genome-wide array-based comparative genomic hybridization
(aCGH)]) to profile differential DNA replication in isolated and purified larval fat body and midgut tissues of Drosophila, and
we compare them with recent aCGH profiles of the larval salivary gland. We identify sites of euchromatic underreplication
that are common to all three tissues and others that are tissue specific. We demonstrate that both common and tissue-
specific underreplicated sites are dependent on the Suppressor of Underreplication protein, SUUR. mRNA-seq profiling
shows that whereas underreplicated regions are generally transcriptionally silent in the larval midgut and salivary gland,
transcriptional silencing and underreplication have been uncoupled in the larval fat body. In addition to revealing the
prevalence of differential replication, our results show that transcriptional silencing and underreplication can be mech-
anistically uncoupled.

[Supplemental material is available for this article. The sequence data from this study have been submitted to the NCBI

Gene Expression Omnibus (http:// www.ncbi.nlm.nih.gov/geo) under accession no. GSE25025.]

Polyploid or polytene tissues are common throughout develop-
ment in plants and animals. Both have increased DNA copy num-
ber, but they differ in their arrangement of replicated chromatids,
with sisters being aligned in polytene chromosomes (Edgar and Orr-
Weaver 2001; Lilly and Duronio 2005). In mammals, for example,
polyteny occurs in trophoblasts, and megakaryocytes are polyploid
(Zimmet and Ravid 2000). Nearly all differentiated cell types in
Drosophila are polytene. Polyteny arises by repeated G—S cycles,
termed the endo cycle, rather than continuous replication or a
prolonged S phase. This provides a mechanism to generate large,
highly metabolically active cells (Edgar and Orr-Weaver 2001; Lilly
and Duronio 2005; Lee et al. 2009).

In polytene cells, increases in gene copy number are not nec-
essarily uniform throughout the genome (Edgar and Orr-Weaver
2001). This differential replication can generate regions of amplifi-
cation or regions of decreased copy number relative to overall ge-
nomic ploidy, termed underreplication. Gene amplification occurs
in Drosophila ovarian follicle cells, in which developmentally regu-
lated, repeated rounds of origin firing produce gradients of DNA
copy number with peaks at defined origins of replication and de-
creasing flanking copy number (Claycomb et al. 2004). Conversely,
heterochromatic sequences of the Drosophila genome are under-
replicated in most polytene tissues, and this underreplication is
dependent on the suppressor of underreplication protein, SUUR
(Belyaeva et al. 1998). Constrictions termed intercalary hetero-
chromatin have been observed cytologically in the giant chro-
mosomes of the larval salivary gland, and these also are SUUR
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dependent (Belyaeva et al. 1998). Whether underreplication is
common in euchromatic regions across different tissue types and
how commonly gene amplification occurs remain unclear.
Genomics provide the means to determine how often differ-
ential replication is used as a developmental strategy. Array-based
comparative genomic hybridization (aCGH) allows for the rapid
identification of DNA copy number differences on a genome-wide
scale, but it is imperative that this be done on dissected, isolated
tissues. aCGH permits one to build on inferences from cytology by
identifying, at a molecular and sequence level, differentially rep-
licated regions in polytene chromosomes. Due to their repetitive
nature, however, heterochromatic sequences cannot be accurately
assessed by aCGH-based methods. We have used aCGH to profile
genome-wide differential replication in the larval salivary gland and
found underreplication of euchromatic sequences (N Sher, S Li, G
Bell, T Eng, M Eaton, D MacAlpine, and TL Orr-Weaver, in prep.).
Polytene chromosomes have been cytologically analyzed in
larval fat body and midgut tissues, which both have fascinating
physiologies (Hochstrasser 1987; Marchetti et al. 2003). The larval
fat body is a highly metabolically active, nutrient sensor that
performs functions analogous to the vertebrate liver (Leopold and
Perrimon 2007). The larval fat body disperses into individual cells
during metamorphosis (Butterworth and Forrest 1984). How the
remodeling of the larval fat body is able to generate the adult fat
body remains poorly understood. In contrast, the larval midgut is
responsible for nutrient uptake and is composed of large polytene
cells and diploid imaginal cells (Skaer 1993). The two cell types of
the larval midgut respond to the steroid hormone ecdysone in
different ways during metamorphosis, as the diploid cells produce
the adult midgut but the larval midgut is histolyzed (Li and White
2003; Jiang et al. 2009; Mathur et al. 2010). Polytene structures of
both larval midgut and fat body chromosomes show banding
patterns similar to those of the larval salivary gland (Hochstrasser
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Tissue specificity of underreplication in polytene tissues. (A) Array based comparative ge-

nomic hybridization (aCGH) profiles of the left arm of chromosome 2 (chr2L:1-21,400,000) are shown.

Results

Cy-labeled DNA samples obtained from larval midgut or fat body tissues are compared with embryonic

control DNA. Sites of underreplication common to all tissue types and tissue-specific differences in

Underreplication in polytene tissues

Given that most differentiated tissues in
Drosophila are polytene, it is of interest to
compare patterns of genomic replication
across these tissues to determine whether there are changes in gene
copy number of specific intervals relative to overall ploidy. We re-
cently found that in the salivary gland, nonrepetitive, gene-encoding
regions are underreplicated (N Sher, S Li, G Bell, T Eng, M Eaton, D
MacAlpine, and TL Orr-Weaver, in prep.). Therefore, we wanted to
determine whether this is also true in other polytene tissues and, if
so, whether underreplicated regions are conserved or distinct.

To profile larval fat body and midgut it was necessary to first
isolate pure tissues. To this end, both tissue types were isolated
from wandering third instar larvae by dissection, and genomic
DNA was extracted from the dissected material. DNA was Cy-
labeled for comparative genomic hybridization (aCGH). The tissue
genomic DNA and control Cy-labeled embryonic DNA were hy-
bridized to Agilent whole-genome tiling arrays that contained
a ~60-mer probe on average every 125 or 250 bp. We used larval
salivary gland aCGH data (N Sher, S Li, G Bell, T Eng, M Eaton, D
MacAlpine, and TL Orr-Weaver, in prep.) as a reference set of un-
derreplicated regions to generate a three-tissue comparison.

We focused on differential gene copy number within eu-
chromatic regions of the genome, given that heterochromatic re-
gions are known to be underreplicated and also were not present
on our arrays (Spradling and Orr-Weaver 1987). In both larval fat
body and midgut we observed underreplication of nonrepetitive,
gene-encoding regions shown to be distinct from heterochromatin
(Filion et al. 2010). Underreplication was defined by a twofold re-
duction in copy number in regions of 10 kb or greater in two in-
dependent aCGH experiments (Fig. 1A; Supplemental Fig. S1). No
regions were amplified in copy number above the overall genomic
ploidy level. To confirm that the aCGH profiles accurately reflect

underreplication are highlighted. Only one of two biological replicates is shown. The profile of larval
salivary glands was generated using data from N Sher, S Li, G Bell, T Eng, M Eaton, D MacAlpine, and TL
Orr-Weaver (in prep.). (B) Quantitiative real-time PCR analysis of five sites of underreplication confirms
the level and tissue-specific differences of underreplication as seen by aCGH.

copy number changes within underreplicated regions, we per-
formed quantitative real-time PCR (qPCR) on five genomic loci
that displayed varying degrees of underreplication across both
tissues (Fig. 1B). Our results indicate that aCGH accurately reflects
copy-number changes seen in underreplicated regions. These re-
gions contain single-copy genes and lack highly repetitive satellite
sequences and, moreover, they do not have a larger number of
transposable element insertions compared with flanking, fully rep-
licated intervals.

We observed a total of 40 underreplicated euchromatic sites
present in the fat body, midgut, or salivary gland tissues. Of these
40 sites, 19 were present in the fat body or midgut, and eight were
present in all three tissue types (Table 1). It was striking that the
characteristics of underreplication varied between the three tissues,
with the larval fat body showing the least number of underreplicated
euchromatic regions and the smallest reduction in copy number
within those regions (Table 1; Fig. 1; Supplemental Fig. S1).

In addition to sites of underreplication common among tissue
types, we observed tissue-specific cases of underreplication (Table
1; Fig. 1A; Supplemental Fig. S1). Of the 19 euchromatic under-
replicated regions present in either fat body or midgut tissues, two
regions were midgut specific (21F-224A, 32E-32F), and two were fat
body specific (24D, 36E-36F) (Table 1). We also found regions of
underreplication common to two tissue types, but lacking in the
third. For example, we observed underreplicated regions present
in fat body and midgut tissues, but not in the salivary gland (e.g.,
7B) (Table 1). Multiple regions, such as 25A and 35B, are present in
the salivary gland and midgut, but absent in the fat body. Likewise,
the underreplicated region at 64C is present in salivary gland and
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Table 1. Chromosomal and cytological locations of underreplicated regions gland and midgut tissues (Table 1; Fig. 1B;
. . Supplemental Fig. S1). In contrast, the fat
Cytological Fat  Salivary body ti differs in that th b
Chromosome Start End position Midgut body gland Size (bp) 0dy tssue difters in tha € number
of underreplicated sites and fold under-
Class | replication are less than that of midgut,
chr X 11,946,162 12,302,525 11A + + + 356,363 although both tissues have a similar
aX WM sem uma p D RO pud o Mol Swplemen s
chr /452, ,899, - + + + , ; - i
chr 2L 15941876 16,226,438  35E-35F + + + 284562 5> S4). Therefore, there is no direct corre
chr 2L 16,923,976 17,352,361  36B-36C + + + 428,385  lation between the number of underrep-
chr 2R 18,999,371 19,233,495  59C-59D + + + 234,124  licated sites, fold underreplication, and
chr 3L 13,532,683 13,859,200 70B-70C + + + 326,517 plo]dy in the fat body tissue.
chr 3L 18,174,956 18,565,023 75C-75D + + + 390,067
Class Il
Clg?srlﬁ 7,273,404 7,513,649 78 + + - 240,245 Tphe SUUR protein affects replication
chr X 2,840,892 3,047,102 3C + _ + 206,210 N larval fat body and midgut tissues
chr 2L 4,543,536 4,7674,88 25A + — + 223,952 The SUUR protein is necessary for un-
chr 2L 14,738,470 14,977,831 35B + - + 239,361 derreplication in the saliva land. and
chr 2L 17,528,029 17,961,550  36C-36D + - + 433,521  derreplication sallvary gland,
chr 3R 12,482,529 12,793,969  89D-89E + - + 311,440  in its absence the vast majority of un-
Class IV derreplicated regions become fully repli-
chr 2L 1,266,661 1,488,558 21F-22A + — — 221,897 cated (Belyaeva et al. 1998; N Sher, S Li, G
CI;?Sr\fL 11,310,367 11,482,954 32E-32F + — - 172,587 Bell, T Eng, M Eaton, D MacAlpine, and
chr 3L 4,832,869 5,102,410 64C - + + 269,541  TL Orr-Weaver, in prep.). Given that the
Class VI function of the SUUR protein in pro-
chr 2L 3,932,045 4,195,034 24D - + - 262,989  moting underreplication has only been
chr 2L 18,189,391 18,388,687 36E-36F - + N 199,296 gescribed in the salivary gland, we wanted
Class VII: Underreplicated regions within arm heterochromatin L
chr X 21,976,372 22,320,723  20D-20F + - = 344,351  to test whether SUUR performs a similar
chr 3L 23,361,303 23,661,523 80F + + + 300,220  function in other tissues that display re-
chr 3L 23,755,753 24,012,145 80F + + + 256,392 gions of underreplication. We used aCGH
chr 3L 24,054,878 24,430,701  NA(>80F) + + + 375823 1o orofil number variation in mid-
chr 3R 23,818,957 24,117,940  98B-98C + - + 208,983 o Prouie copy-umber variation in

gut and fat body tissues derived from the

(—) Fully replicated; (+) underreplicated.

fat body, but absent in the midgut (Table 1; Fig. 1A; Supplemental
Fig. S1). Because underreplication is tissue specific, differentiation
must result in changes in the endo cycle and/or chromatin struc-
ture that alter the sites that are differentially replicated.

One possibility was that the number of underreplicated sites
and the fold-underreplication would correlate with the degree of
ploidy in the three tissue types. For example, if a site was under-
replicated in each endo cyle, then a copy number decrease pro-
portional to the number of endo cycles would be expected at
that site. To determine ploidy we measured the intensity of DAPI
staining in dissected tissues relative to diploid control cells (Sup-
plemental Fig. S3). We calculated the average ploidy values of fat
body, midgut, and salivary gland cells to be 225C + 9, 171C = 19,
and 1669C = 104, respectively (mean * SEM). This is consistent
with previous analysis on these tissues, including the presence of
two types of polyploid cells in the larval midgut (Rodman 1967;
Butterworth and Rasch 1986; Hochstrasser and Sedat 1987). The
diploid cells from the imaginal islands in the midgut were clearly
distinguishable by nuclear size and not quantified. The quantifi-
cation of ploidy in the salivary gland suggests that there are two
populations of cells that differ by one having undergone an addi-
tional endo cycle. Given that cells in the salivary gland are not
synchronously undergoing DNA replication during the larval
stages, some cells are in S phase, while others are in G phase
(Rodman 1967; Smith and Orr-Weaver 1991). This results in two
populations of cells that differ by a single endo cycle, which we
observed (Supplemental Fig. S3).

The number of underreplicated sites and fold underreplica-
tion are correlated with ploidy levels when comparing salivary

SuUR mutant. Strikingly, SUUR affects all

underreplicated regions in both the mid-

gut and fat body tissues, with all of the
underreplicated regions becoming fully replicated (Fig. 2; Sup-
plemental Figs. S2, S4). Therefore, SUUR has a general function
to control replication levels in a variety of tissues. Given the tis-
sue-specific differences in underreplication, however, SUUR can-
not be the sole factor responsible for determining the sites of
underreplication.

Transcriptional profiling of larval fat body and midgut tissues

In addition to promoting underreplication, genomic regions as-
sociated with SUUR have been shown to be transcriptionally silent
(Pindyurin et al. 2007). Furthermore, a recent genome-wide survey
of 53 chromatin proteins in Drosophila cell culture has identified
a unique repressive chromatin state associated with SUUR (Filion
et al. 2010). In addition to SUUR, this chromatin domain termed
“BLACK” chromatin is associated with several other proteins such
as histone H1 and lamin, and lamin was previously shown to be
correlated with SUUR binding (Pindyurin et al. 2007). BLACK
chromatin appears to be a major type of repressive chromatin
distinct from heterochromatin that is late replicating, has a low
density of ORC binding, and is largely transcriptionally inactive.
The SUUR-dependent underreplicated regions we identified in
larval midgut and fat body provided the opportunity to test
whether underreplication and gene expression are developmentally
linked across multiple tissue types within this repressive chromatin
domain. Previous results have demonstrated that in the under-
replicated domains of the salivary gland transcription is blocked
(N Sher, S Li, G Bell, T Eng, M Eaton, D MacAlpine, and TL Orr-Weaver,
in prep.).
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Figure 2. The SUUR protein affects underreplication in larval midgut and fat body tissues. aCGH
profiles of the left arm of chromosome 3L (chr3L:1-22,955,576) comparing OregonR and SuUR mutant

tissues. Sites of underreplication (highlighted) are lost in the SuUR mutant.

To quantify the level of gene expression in larval fat body and
midgut tissues, mRNA-seq was performed on cDNA generated from
RNA isolated from these dissected tissues. We obtained 18.5 and
12.8 million unique reads for fat body and midgut tissues, re-
spectively. Additionally, we used mRNA-seq data from salivary
gland tissue as a reference to create a three-
tissue comparison (N Sher, S Li, G Bell,

T Eng, M Eaton, D MacAlpine, and TL

Orr-Weaver, in prep.). This enabled us to

analyze gene expression in regions that A,

are underreplicated in all three tissue
types (common underreplicated regions),
regions of underreplication specific to a
particular tissue, or regions underrepli-
cated in two tissues but present at full
copy number in the third (Table 1; Fig. 1;
Supplemental Fig. S1).

In the larval midgut, the vast ma-
jority of transcripts in common under-
replicated regions are not expressed (137/
151), as observed in the salivary gland
(Figs. 3, 4; Supplemental Table 2; N Sher, S
Li, G Bell, T Eng, M Eaton, D MacAlpine,
and TL Orr-Weaver, in prep.). Similarly, in
the three midgut-specific underreplicated
regions, only 3.8% (1/26) of transcripts
were expressed. We also observed that
the transcripts expressed within the com-
mon underreplicated regions in the
midgut were all located at the edges of
their corresponding underreplicated re-
gion. Therefore, underreplicated domains
in the midgut and salivary gland tissues
behave similarly to the repressed chro-
matin domain associated with SUUR
binding in tissue culture (Pindyurin et al.
2007; Filion et al. 2010).

The larval fat body markedly con-
trasts with the larval midgut and salivary
gland, in that many transcripts within
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underreplicated regions are expressed
(Figs. 3, 4; Supplemental Table 2). Ap-
proximately 36% (54/151) of transcripts
in common underreplicated regions are
expressed in the fat body, and the genes
expressed in these regions are distributed
throughout the sides and bottoms of the
troughs. Generally, within one under-

= mid gut replicated region some transcripts are on
and some are off. This trend also was ob-
Bl fat body  served in fat body-specific underrepli-

cated regions where ~31% (8/26) of tran-
scripts were expressed. Furthermore, 33%
(67/206) of transcripts within all of the
underreplicated regions of the fat body
were expressed, which contrasts with the
underreplicated regions of the midgut
and salivary glands, 7%(19/262), 7%(32/
478), respectively (Fig. 4). These results
indicate that SUUR-dependent promo-
tion of underreplication is not sufficient
to prevent transcription. Furthermore, the
fact that transcription occurs in regions of underreplication in the
fat body indicates that transcriptional shut off is not necessary for
underreplication to occur.

How might underreplication and the absence of transcrip-
tion be linked? It has been shown that ORC binding and origin

= midgut
mm fat body

mm salivary gland

35E-F 36B-C

|
ke

oo oo

oMM

Figure 3. Tissue-specific differences in transcription across common underreplicated genomic loci.
(A) aCGH profiles of copy number differences and RNA-seq showing the level of transcription within
those regions. Sites of common underreplication are highlighted. RNA-seq data for the salivary gland
was obtained from modENCODE (N Sher, S Li, G Bell, T Eng, M Eaton, D MacAlpine, and TL Orr-Weaver,
in prep.) (chr2L:14,500,000-18,000,000). (B) A heat map of the 151 transcripts within the 11 common
regions of underreplication shows that many transcripts are expressed in larval fat body relative to larval
salivary gland or larval midgut tissues (generated with Cluster/TreeView) (Eisen et al. 1998). Each row
represents a transcript and each column represents a tissue type. Only RPKM values of =3, represented
as dark red, are considered expressed. The raw data used in the heat map can be found in Supplemental
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Figure 4. Fat body-specific increases in gene expression within un-

derreplicated regions relative to fully replicated regions. The fraction of
transcripts expressed (RPKM = 3.0) or not expressed (RPKM < 3.0) in each
tissue type in either the underreplicated or fully replicated regions of each
tissue.

activation are correlated with active transcription (Hatton et al.
1988; Schubeler et al. 2002; MacAlpine et al. 2004; Jeon et al.
2005). Therefore, lack of transcription itself could be necessary and
sufficient in promoting underreplication. But, >60% of transcripts
located in fully replicated regions of the genome are also not
expressed in the midgut, suggesting that underreplication is not
essential for complete transcriptional shut off, and transcriptional
shut off cannot induce underreplication. As an alternative ap-
proach to probe the relationship between underreplication and
transcriptional shut off, we scanned our mRNA-seq datasets for
transcriptionally silent regions of =100 kb to determine whether
transcriptional shut off was sufficient to induce underreplication
(Supplemental Table 5; Supplemental Fig. S5). Consistent with the
finding that underreplicated regions in the salivary gland and
midgut tissues are transciptionally silent, we identified 33 of 40
(89%) salivary gland underreplicated sites and 19 of 21 (90%)
midgut underreplicated regions in transcriptionally silent win-
dows. In contrast, only six of the 15 (40%) fat body underreplicated
sites were within transcriptionally silent windows. Not only did
we identify transcriptionally silent underreplicated regions, but we
also identified numerous fully replicated regions with no tran-
scription in all three tissues (Supplemental Table 5; Supplemental
Fig. SS5). This indicates that transcriptional shut off is not sufficient
to induce underreplication.

Functional analysis of tissue-specific transcription

Because we observed marked differences in transcript levels in
underreplicated regions of the salivary gland and midgut tissues
when compared with the fat body, it was important to analyze the
expressed gene products in these tissues to verify the quality of our
mRNA-seq data sets. Although microarray expression studies have
been published for these tissues (Li and White 2003; Jiang et al.
2005), our mRNA-seq experiments produced a comprehensive
identification of expressed genes, with many more transcribed
genes recognized than in previous studies. A total of 11,210 total
transcripts were expressed in the fat body, midgut, and salivary
gland tissues, collectively, with 4861 (43%) common to all three
tissues, and 8231, 8997, and 6426 transcripts expressed in the fat
body, midgut, and salivary gland, respectively. Of these transcripts,
1503 (18%) were specific to the fat body, while 1641 (18%) and 483

(8%) were specific to the midgut and salivary gland, respectively
(Fig. 5).

Given the unique roles that these tissues perform in larval
development, we predicted that tissue-specific transcripts would
highlight the functions of these tissues in development. To test
this hypothesis, we performed Gene Ontology (GO) analysis on
transcripts expressed uniquely in each tissue (Huang et al. 2009).
Fat body-specific transcripts were highly enriched in GO categories
associated with the generation of energy, metabolism, and nutri-
ent transport. This is consistent with the known role of the fat
body in larval metabolism and its role as an organismal nutrient
sensor (Colombani et al. 2003; Leopold and Perrimon 2007).
Midgut-specific transcripts were enriched in GO categories such as
larval or pupal organ development and morphogenesis, meta-
morphosis, and imaginal disc development. The latter categories
likely reflect the developmental events as the larval midgut is de-
graded and the adult midgut rebuilt from imaginal islands in the
midgut (Skaer 1993; Jiang et al. 2009; Mathur et al. 2010). Salivary
gland-specific transcripts were enriched in GO processes such as
puparial adhesion, molting cycle, and DNA replication, again
consistent with tissue function (Supplemental Tables 3-5). Taken
together, these results demonstrate that tissue-specific transcrip-
tional profiling can reveal important biological insight into tissue-
specific functions during development. Furthermore, the speci-
ficity of the GO terms revealed in our analysis verifies the purity of
each tissue sample isolated for this analysis.

Discussion

We found that euchromatic, nonrepetitive, gene-encoding re-
gions of multiple polytene tissues display common sites of under-
replication. Importantly, we observed tissue-specific regions of
underreplication and demonstrated that underreplication is de-
pendent on SuUR in all tissues examined. Notably, there was little
to no active transcription in underreplicated regions of the midgut,
but transcription was readily detectable in underreplicated regions
of the fat body. These results indicate that a developmental bypass
of transcriptional shut off occurs in underreplicated regions of the
fat body.

A myriad of studies have established a link between active
transcription and replication timing (Hatton et al. 1988; Taljanidisz
et al. 1989; Schubeler et al. 2002; MacAlpine et al. 2004; Jeon et al.
2005). For example, across multiple cell lines it was demonstrated
that actively transcribed genes generally replicate early in S phase.
Additionally, immunoglobulin genes that are transcriptionally
silent are replicated in the first half of S phase, but are replicated
even earlier in cell lines where those genes are expressed (Hatton
et al. 1988). More recently, multiple genome-wide studies have

B fat body
I midgut
[ salivary gland

Figure 5. Tissue specificity of transcripts. Diagram illustrates the num-
ber of transcripts common to each tissue or the number of transcripts
whose expression is shared between tissues.
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established that ORC localization is enriched at active promoters,
and early origin usage is correlated with gene expression
(Schubeler et al. 2002; MacAlpine et al. 2004; Jeon et al. 2005).
Our finding that underreplicated regions in the midgut and sal-
ivary gland are generally transcriptionally silent supports the
positive relationship between transcriptional activation and ori-
gin firing. It is significant, however, that transcription occurs in
underreplication regions of the fat body, where replication must
be silenced. Therefore, transcription is not sufficient to restore
replication to these inefficiently replicated domains. In addition,
transcriptional silencing cannot be sufficient to promote under-
replication, because we observed transcriptionally inactive regions
that were not underreplicated.

The tissue specificity of underreplication suggests that factors
in differentiated cells are needed to control replication. Given that
underreplication is SUUR dependent in all tissues examined, we
propose that SUUR is a general replication factor, and that SUUR
function is modulated in a tissue-specific manner. This could occur
by affecting the activity of SUUR or its recruitment to chromatin
or by indirectly affecting SUUR function through tissue-specific
changes in chromatin structure. SUUR is associated with a repressive
chromatin domain that covers 48% of the genome in Drosophila
tissue culture and is generally transcriptionally silent and late rep-
licating (Filion et al. 2010). How this domain is established and
modulated during development is not understood.

In addition to the tissue specificity of underreplicated regions,
we observed tissue-specific differences in the extent of under-
replication. This provides insight into the mechanism by which
underreplication is established. The degree of underreplication
could parallel the number of endo cycles in a given tissue, with
each cycle resulting in a higher degree of underreplication. This is
not the case for the larval fat body and midgut given their similar
ploidy levels but differences in underreplication. In the salivary
gland underreplication begins from the first endocycles and ap-
pears constant throughout all endo cycles (N Sher, S Li, G Bell,
T Eng, M Eaton, D MacAlpine, and TL Orr-Weaver, in prep.). In
contrast, the difference in underreplication between the larval fat
body and midgut, which have similar ploidy levels, indicates that
there can be developmental tissue specificity governing in which
endo cycle underreplication begins, whether underreplication is
continuous throughout all endo cycles, and/or whether there is
cell or strand specificity.

Despite the many domains of underreplication, we failed to
find evidence of amplification, raising the question in Drosophila:
Why is amplification observed only in ovarian follicle cells? The
salivary gland is highly metabolically active, but because it is able
to perform its function over a longer developmental time frame
and has very high ploidy, amplification may not be necessary for
increased gene expression. The fat body and midgut have lower
ploidy levels relative to the salivary gland, but higher than the 16C
follicle cells. Moreover, gene expression in these tissues also likely
occurs over a longer developmental window, and this could negate
a need for amplification. Another example of developmental gene
amplification occurs in the sciarid flies, in which genes encoding
cocoon proteins are amplified in the larval salivary glands (Glover
et al. 1982; Wu et al. 1993; Santelli et al. 2004) In the case of the
eggshell protein genes in the Drosophila follicle cells and the co-
coon protein genes in the sciarid flies, it may be that when con-
fronted with the developmental demand to express a limited set of
genes at extremely high levels over a brief developmental window,
increased copy number of a subset of genes above the overall
ploidy of the genome has been selected.

By working with dissected and purified tissue, combined with
the power of next-generation sequencing technologies, we were
able to generate a high-quality expression profile of the larval fat
body and midgut. Additionally, we were able to extend our analysis
by utilizing an expression profile of the larval salivary gland to
generate a three-tissue comparison at the same developmental
time point. Tissue-specific transcriptional profiling has the po-
tential to reveal gene networks that underlie the developmental
and biological function of those tissues, which would have been
missed by whole animal transcriptional profiling (Li and White
2003). Indeed, we identified a large number of transcripts that are
specifically expressed in the larval fat body, midgut, or salivary
gland tissues. Furthermore, the GO categories associated with
these transcripts accurately represent many of the biological
functions associated with these tissues, underscoring the quality of
these comprehensive data sets.

In summary, by profiling dissected and purified tissues rather
than whole animals, we have shown that changes in gene copy
number can occur in a tissue-specific manner during development.
Repressive chromatin marks and an absence of transcription are
associated with late replication in diploid cell culture and under-
replication in the salivary gland (MacAlpine et al. 2004). Given the
marked differences in these two cell types, it might have been
predicted that these regions would be underreplicated and blocked
for transcription in all polytene cells. In contrast, our results clearly
demonstrate that this is not the case. This raises the intriguing
possibility that tissue-specific remodeling of chromatin occurs
in order to generate a developmental plasticity with respect to
replication.

Methods

Comparative genomic hybridization

Salivary glands, midguts, and fat bodies were dissected from either
modENCODE OregonR (wild type) or SuUR third instar wandering
larvae (~50 larvae/tissue). To eliminate contaminating signal from
the larval gonads, which are attached to the larval fat body, male
larvae were selected for dissection and the gonads were removed.
DNA was isolated from tissues and embryos as described (Royzman
et al. 1999) and labeled with the Invitrogen BioPrime Total for
Agilent aCGH kit according to the manufacturer’s protocol. Both
experimental and embryonic control DNA were hybridized to til-
ing arrays containing probes every 250 or 125 bp spanning the
entire Drosophila genome. The slides were hybridized and washed
as recommended by Agilent and scanned using an Agilent micro-
array scanner. The resulting data was then LOESS normalized and
log, ratios were generated from the normalized data using the
software package Ringo in R (Toedling et al. 2007). Biological rep-
licates were performed for each tissue type. To identify regions of
underreplication, we demanded at least a twofold level of under-
replication in replicate aCGH experiments.

Quantitative real-time PCR

Genomic DNA for PCR was isolated from salivary glands, midguts,
and fat bodies of third instar larvae as previously described.
Quantitative real-time PCR was performed as described (Claycomb
et al. 2002), except that PerfeCTa SYBR Green FastMix, ROX was
used (Quanta Biosciences). Primers were designed using Applied
Biosystems Primer Express software to fall near the middle of the
underreplication troughs. All experimental PCR reactions were
normalized to a fully replicated control interval within 93F2 to
calculate the degree of underreplication.
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RNA-sequencing

Total RNA was extracted from dissected and purified tissues (~50
larvae/tissue) with TRIzol (Invitrogen) according to the manufac-
turer’s protocol. The mRNA-seq library was prepared from 5 ug
of total RNA using the mRNA-seq Sample Preparation kit from
Ilumina as specified. mRNA-Seq reads were aligned to BDGP Re-
lease 5/DM3 using ELAND, using the first 25 bases of a read as
a seed. Each matched seed was then extended up to 36 bases and
scored to break any ties between multimatches. For mRNA ex-
pression counts, unique reads in the genome that landed within
any known exons were counted. The counts were normalized by
the mRNA length to get the final reads per kilobase per million
(RPKM) values.

Quantification of ploidy

Larval salivary glands, midguts, and fat bodies were fixed with 4%
formaldehyde and stained with 50 ng/mL DAPI for 1 h at room
temperature. DAPI intensities of the experimental nuclei were
measured and compared with the intensities of the 2C larval an-
tennal disc nuclei to determine ploidy level. At least 40 nuclei from
two biological replicates were used per tissue type for quantification.
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