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Abstract

Spatial patterning of gene expression is a key process in development, yet how it evolves

is still poorly understood. Both cis- and trans-acting changes could participate in complex

interactions, so to isolate the cis-regulatory component of patterning evolution, we mea-

sured allele-specific spatial gene expression patterns in D. melanogaster × simulans hybrid

embryos. RNA-seq of cryo-sectioned slices revealed 66 genes with strong spatially varying

allele-specific expression. We found that hunchback, a major regulator of developmental

patterning, had reduced expression of the D. simulans allele specifically in the anterior tip of

hybrid embryos. Mathematical modeling of hunchback cis-regulation suggested a candidate

transcription factor binding site variant, which we verified as causal using CRISPR-Cas9

genome editing. In sum, even comparing morphologically near-identical species we identi-

fied surprisingly extensive spatial variation in gene expression, suggesting not only that

development is robust to many such changes, but also that natural selection may have

ample raw material for evolving new body plans via changes in spatial patterning.

Author summary

Connecting changes in gene regulatory sequences to changes in expression remains an

open problem in biology. Measuring allele-specific expression in interspecific F1 hybrids

is a powerful way to identify genes with differential cis-regulation, since both parental

copies are exposed to the same trans-regulatory environment in a given sample. To iden-

tify genes with different regulation during embryonic development between the closely

related fruit fly species D. melanogaster and D. simulans, we sliced embryos along their

anterior-posterior axis and identified dozens of genes with spatial differences in their reg-

ulation. We used mathematical modeling to identify likely regulatory changes in one of

these genes, hunchback, and we found a single candidate variant that, upon testing, did

indeed have the predicted effect on hunchback’s expression. This work presents a new,

integrated approach for probing regulatory logic by sensitively searching for cis-regula-

tory differences followed by tightly directed predictions of causal changes.
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Introduction

Although most cells in any metazoan share the same genome, they nevertheless diversify into

an impressive variety of precisely localized cell types during development. This complex spatial

patterning is due to the precise expression of genes at different locations and times during

development. Where and when each gene is expressed is largely dictated by the activities of

cis-regulatory modules (CRMs, which include enhancers, insulators, and other regulatory

elements) through the binding of transcription factors to their recognition sequences [1–3].

Despite the importance of these patterning CRMs for proper organismal development, they

are able to tolerate some modest variation in sequence and level of activity [4–7]. Indeed, this

variation is one of the substrates upon which selection can act. However, even in the handful

of cases where we understand the regulatory logic, efforts to predict the effects of inter-specific

differences in CRMs still have limited precision [8–10].

A complicating factor in comparing gene expression between species is that both cis- and

trans-acting regulation in a given cell type can change [11]. Furthermore, subtle differences in

embryo size across Drosophila species means that nuclei from the same spatial position may

not be of an identical cell type [12, 13]. A solution to both of these issues is to focus on cis-reg-

ulatory changes by measuring allele-specific expression (ASE) in F1 hybrids. In a hybrid each

diploid nucleus has one copy of each parent’s genome which is exposed to the same set of

trans-regulatory factors, so any differences in zygotic usage of the two copies is due either to

cis-regulatory divergence or to stochastic bursting (pulses of transcription due to the indepen-

dent release of polymerase which should be averaged out over many cells) [14]. In addition,

even if cell positions between the two parental species have shifted, focusing on a hybrid will

sidestep this complication since the alleles in any subset of cells are derived from exactly the

same hybrid cells.

The early Drosophila embryo provides a unique opportunity to probe the interaction of

trans-regulatory environments with cis-regulatory sequence: by slicing the embryo along the

anterior-posterior axis, we are able to measure ASE in nuclei that are physically close, and

therefore that have similar complements of transcription factors (TFs). We reasoned that by

combining knowledge of the regulatory sequence changes between the species with the tran-

scription factors expressed in each slice, it should be possible to more quickly identify which

genetic variant(s) underlie the expression difference.

In this study, we used spatially-resolved transcriptome profiling to search for genes where

cis-regulatory differences drive allele-specific expression patterns in hybrid D. melanogaster ×
D. simulans embryos (specifically the reference strains DGRP line 340 for D. melanogaster and

w501 for D. simulans; unless otherwise noted, we will refer to the two reference strains, and not

the two species as a whole). We found dozens of genes with clear, consistent differences in

allele-specific expression across the embryo. We chose one of these genes, hunchback (hb), as a

case study. Mathematical modeling of hunchback cis-regulation suggested that the gain of a

weak binding site for Bicoid and Huckebein was responsible for much of the expression differ-

ence, which we confirmed through CRISPR-Cas9 mediated editing of the endogenous D. mel-
anogaster locus.

Results

A genome-wide atlas of spatial gene expression in D. melanogaster ×D.
simulans hybrids

We selected five hybrid embryos at mid-stage 5, with membrane invagination between 50

and 65% (approximately 150 minutes after fertilization). We then sliced the embryos to a
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resolution of 14μm, yielding between 25 and 27 slices per embryo (Fig 1A). We chose embryos

from reciprocal crosses (i.e. with either a D. melanogastermother or a D. simulansmother),

and had at least one embryo of each sex from each direction of the cross. Although hybrid

female embryos derived from a D. simulansmother are typically embryonic lethal at approxi-

mately this stage [15], the w501 strain we used is an exception to this and both sexes of its

hybrid progeny develop normally [16]. We also sliced one embryo from each of the parental

strains. Following slicing, we amplified and sequenced poly-adenylated mRNA using SMART-

seq2 with minor modifications (see Methods) [17–19]. To assess the quality and reproducibil-

ity of our RNA-seq data, we compared expression levels between spatially matched slices from

different embryos, and found strong concordance (r = 0.973 ± 0.008; S1 Fig).

We first searched for cases of hybrid mis-expression—genes where the absolute expression

pattern is consistently different in the hybrid, compared to the parents alone. Using earth-

mover distance (EMD) to measure differences in expression patterns (S2 Fig; [20]), for each

zygotically expressed gene we compared the expression pattern from each of the hybrid

embryos to the pattern expected by taking the average of the D. melanogaster and D. simulans
embryos. After Benjamini-Hochberg FDR correction, no gene was significantly more different

from the average of the parental embryos than each of the parental embryos were from each

other (smallest q-value = .37, see Methods). We also compared expression patterns of hybrid

embryos with a D. melanogastermother to those with a D. simulansmother, and found that

most differences seemed to be due to differing patterns of maternal deposition or noisy expres-

sion (S3 Fig). Thus, we conclude that there do not seem to be any expression patterns that are

not explained by differences in the parents or that are unique to the hybrid context.

Spatially varying allele-specific expression highlights genes with cis-

regulatory changes

Comparisons of patterns in absolute expression data suffer from difficulties in comparing

embryos of subtly different sizes and stages, especially when those embryos are of different spe-

cies. However, this is not a concern for genes with spatially varying allele-specific expression

(svASE)—that is, expression in one part of the embryo that is differently biased compared to

another part of the same embryo. Statistical tools for identifying spatial patterns in continu-

ously varying data are limited compared to more traditional treatment/control designs [21,

22]. Therefore, we chose to use a simple ASE score, the ratio of the difference between the

number of D. simulans and D. melanogaster reads and the sum of the number of reads,

ASE ¼
nsim � nmel
nsim þ nmel

ð1Þ

which is robust to the depth of sequencing of each sample and bounded between -1 (100% D.
melanogaster) and 1 (100% D. simulans). These properties also facilitate mathematical fitting

of svASE across samples.

As expected, we found that overall levels of ASE were significantly higher in genes that had

been previously classified as maternally deposited in a developmental time course [23], while

zygotic genes had much lower levels of ASE (S5 Fig). Aside from these maternally deposited

genes, and consistent with previous observations at other stages [24, 25], we did not find any

convincing evidence of imprinting (i.e. zygotic transcription of the paternal copy of a gene).

In order to identify genes with svASE, we fit two different simple patterns to the ASE as a

function of embryo position (Fig 1A). Manual inspection of the data suggested that there were

two primary patterns that appeared in the data: some genes had ASE biased towards one spe-

cies at one extreme of the embryo then gradually transitioned to a different level of bias at the
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Fig 1. RNA-seq of hybrid Drosophila embryos reveals extensive spatially patterned allele-specific expression. A) Each embryo

was cryosliced along the anterior-posterior axis in 14μm sections, followed by RNA-seq in each slice. Allele-specific expression

(ASE) was called for each gene in each slice by assigning unambiguous reads to the parent of origin; shown here are the reads for

the gene Ance, with blue indicatingD. simulans reads and red indicatingD. melanogaster reads. For each gene, we fit either a step-

like or peak-like (shown) function. B-C) Genes with a step-like pattern (B, best fit by a logistic function) or peak-like pattern (C,

best fit by a Gaussian function). For each gene, anterior is left and posterior is right. The green line indicates the best fit pattern,

with higher indicatingD. simulans biased expression, and lower indicating D. melanogaster biased expression. The heat maps are

from the first female replicate of each direction of the cross.

https://doi.org/10.1371/journal.pgen.1007631.g001
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other end, while other genes had an approximately constant baseline of ASE with a relatively

confined region that had a different level of ASE. We found that fitting a step-like (logistic)

function did a reasonable job of identifying the first class, while a peak-like (Gaussian) func-

tion fit the second. While more complicated ASE patterns are conceivable, we did not observe

any genes with such patterns.

We identified 45 genes where a step-like function explained at least 45% of the variance in

ASE (Fig 1B and S6 Fig), and 21 where a Gaussian function explained at least that much of the

variance (Fig 1C and S6 Fig; if both explained over 45% of the variance for a gene, we only

count the one that better explains the variance). In order to estimate a false discovery rate, we

shuffled the x-coordinates of the ASE values, and refit the functions. Of 1000 shuffles, only 6

(sigmoid) and 0 (peak) genes cleared the threshold for svASE, which implies false discovery

rates of�0.020396% (sigmoid) and<0.001925% (peak). We selected the 45% variance-

explained cutoff manually as a point where the patterns are visually clear; at a more relaxed

10% FDR cutoff, we found 320 genes where fitting explains at least 12% of the variance in ASE.

We were curious whether genes with svASE were enriched for any Gene Ontology (GO)

terms that might indicate selection on a particular function or pathway [26, 27]. We found

enrichments for genes involved in “embryonic morphogenesis” (GO:0048598, q-value

2.3 × 10−6), including “transcription factors” (GO:0003700, q-value 9.8 × 10−7) and “trans-

membrane receptors” (GO:0099600, q-value 2.2 × 10−2). These included key components in

important signaling pathways, such as fz2 (a Wnt receptor) and sog (a repressor of the TGFβ—

signaling pathway).Myc, a cell cycle regulator that is a target of both of these pathways, also

had significant svASE. However, when we used all non-uniformly expressed genes from [28]

as a background set, we did not find any enriched GO terms, suggesting that the enrichments

are driven by functions shared by spatially patterned genes overall, rather than among svASE

genes specifically.

Finally, we looked for genes that are consistently biased towards one species, regardless of

parent and spatial pattern. We found 84 genes with strongly D. melanogaster-biased ASE, and

39 genes with strongly D. simulans-biased ASE (S7 Fig). Given that the gene models we are

using are taken entirely from D. melanogaster, we may be underestimating the true quantity of

D. simulans biased genes (this caveat does not apply to spatially varying ASE, since inaccurate

gene models would not lead to spatial variation across the embryo). Intriguingly, a few of these

genes are expressed at comparable levels and with similar spatial patterns in the D. melanoga-
ster and D. simulans parental embryos, indicating they may be affected by compensatory cis-

and trans-acting changes. These species-biased genes are spread throughout the genome, sug-

gesting that this effect is not a consequence of a single cis-regulatory change or inactivation of

a single chromosomal region.

A single SNP contributes to svASE in the gap gene hunchback
We noticed that hunchback (hb), an important transcriptional regulator [8, 29, 30], had

strong svASE (step-like fit r2 = 0.57; Fig 1B). Since the regulation of hb is relatively well-charac-

terized, this provided the opportunity to study the sequence-level causes of the svASE that we

observed.

The hb svASE was driven by the anterior tip, which had a strong bias towards the D. mela-
nogaster allele (Fig 2A). Although the anterior tip has lower expression levels of hunchback

than other parts of the embryo, there were more than enough reads to be confident that there

is a bias (between 38 and 599 assignable reads per library in the anterior-most slice). Com-

pared to ASE elsewhere in the embryo, ASE in the anterior tip was both stronger (*10-fold

more D. melanogaster transcripts than D. simulans), and also less affected by the species of the
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mother (excluding the first six anterior slices, there are 5-15% more reads from the maternal

species than the paternal). When we compared expression in two quantitative atlases of hb
expression [13, 31], we found that although the D. melanogaster and D. simulans expression

patterns were qualitatively quite similar (Fig 2B and 2C), a more careful analysis of the hb
expression revealed more expression in nuclei at the anterior tip of D. melanogaster embryos

than in matching nuclei ofD. simulans (Fig 2D and S8 Fig). Computing expected allele-specific

bias (see Methods) in each slice of the embryo showed strong qualitative and quantitative

agreement with the actual ASE (Fig 2E; Pearson r = 0.62).

We next examined known regulatory sequences near hb for changes in TF binding sites

that might cause the strong ASE in the anterior tip of the embryo. We downloaded from Red-

Fly all known CRMs and reporter constructs with hb as a target [32]. There are three known

minimal CRMs for hb that have been tested for embryonic activity using transgenic constructs:

the canonical anterior CRM proximal to the hb P2 promoter [33, 34], a more distal “shadow”

CRM [35], and an upstream CRM that drives expression in both the anterior and posterior

domains, but not the anterior tip of D. melanogaster [36] (Fig 3A). We excluded the upstream

CRM from further consideration and used FIMO to scan the other regulatory sequences for

motifs of the 14 TFs with ChIP signal near hb [37, 38]. Binding in the canonical Bicoid-depen-

dent anterior element gained a single weak Bicoid motif and two very weak Huckebein (Hkb)

motifs in D. simulans relative to D. melanogaster (Fig 3B, S9 Fig), with one of the gained Hkb

motifs overlapping the gained Bcd motif. The distal “shadow” CRM gained twist and Dichaete

binding motifs between D. melanogaster and D. simulans [3, 35] (Fig 3C). Unsurprisingly,

binding sites for other TFs outside the core regulatory elements displayed pervasive apparent

turnover, with multiple gains and losses between the species (S9 Fig) [5, 39].

Fig 2. Hybrid embryos show strong melanogaster-specific expression of hunchback in the anterior. A) Heat map of

svASE of hb shows a significant D. melanogaster bias in the anterior tip of the embryo. Each row is a different embryo.

Embryos with a melanogaster mother are above the horizontal line. B-C) In situ hybridization for hb in parental embryos

at the 26-50% membrane invagination stage from [31] (C) and [13] (D). Images are arranged anterior to the left and

dorsal up. D) Computed bias for each nucleus. Nuclei with low expression in both species (less than 20% of the peak

expression value) are colored white to reflect no callable bias. E) Overall computed bias for each 4% section of the embryo

by x-position.D. melanogaster andD. simulans expression levels are summed for each nucleus in that section of the

embryo, then bias computed. Bias is not computed for the middle sections of the embryo where no RNA-seq bias data is

available due to low hb expression.

https://doi.org/10.1371/journal.pgen.1007631.g002
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Fig 3. Cis-regulatory changes in hb regulatory regions could cause the observed svASE. A) Regulatory elements

near the zygotic hunchback-RA transcript. B-C) FIMO binding motifs and inter-specific variants of the anterior

activator (B) and shadow CRM from [35] (C). Species-specific predicted binding sites are highlighted with arrows. D)

Overview of the logistic expression model. A function is fit for wild-typeD. melanogaster, then individual activation/

repression coefficients are independently adjusted for each TF. E-J) Predicted ASE from adjusting strength of each TF

in the model in order to maximize the variance in the real ASE explained by the predicted ASE. Predicted absolute

expression is shown in purple above, ASE per nucleus is shown in the middle panel in opposed red/blue, and predicted

ASE in a sliced embryo is shown below. Note that in panel I, although a Bicoid site is gained inD. simulans, the best fit

according to the model would be to decrease the coefficient.

https://doi.org/10.1371/journal.pgen.1007631.g003
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Anterior zygotic expression of hb is driven primarily by Bicoid, but there are details of the

expression pattern at mid-stage 5 that cannot be explained by the relatively simple Bicoid gra-

dient, and the loss of expression at the anterior tip of D. simulans cannot be explained by addi-

tional Bicoid-dependent activation. In order to more fully understand how this pattern might

be specified and what the effects of binding site changes could be, we took a modeling-based

approach similar to [40]. We used the 3-dimensional gene expression atlas from [31] to test

regulators in a logistic model for the anterior hunchback expression domain (see Methods).

The model included a linear term for every gap gene TF bound in the anterior activator CRM

[37] and a quadratic term for Bicoid to account for observations that it may lose its ability to

act as an activator at high concentrations [40, 41]. The best fit model (S2 Table, S10 Fig) had

the strongest coefficients for the two Bicoid terms, consistent with previous studies examining

hb output as a simple function of Bcd concentration [3, 33, 42]. The other TFs that bind to the

locus are understood to be either repressors or have unclear direction of effect, and the coeffi-

cients for those TFs are negative or only weakly positive [8, 43, 44]. The exceptions to this are

D and twi which act as weak activators in the model, and may be related to observations in the

literature of bifunctionality for these TFs [45, 46].

We built this model to determine whether any of the binding site changes between D. mela-
nogaster and D. simulans could plausibly explain the ASE that we observe in hb. Therefore, we

did not make any effort to determine the minimal set of TFs that would drive the hb pattern,

nor did we include a term to model predicted auto-regulation [47, 48]. Furthermore, the

model underestimates the quantitative expression levels outside of the strongest part of the

anterior stripe. As a result, it may be both overfit and an imperfect representation of the under-

lying cis-regulation of hb transcription, but should nevertheless indicate the likely effects of

changes in TF binding.

In order to predict what effect the TF binding changes would have on expression in a D.
simulans (or hybrid) embryo, we adjusted the coefficient for each TF independently to find the

coefficient that best predicted the observed ASE. We then compared the output of the D. mela-
nogastermodel to the adjusted one (Fig 3E–3J). Adjusting the Bcd coefficients, either alone or

in tandem (Fig 3H–3J), and increasing the Hkb coefficient (Fig 3G) produced a predicted ASE

pattern quite similar to the actual expression differences we observed between the species. Fur-

thermore, adjusting the coefficients for the TFs with binding changes in the shadow CRM did

not yield strong correlation with the observed ASE. We therefore hypothesized that the com-

bined Bcd/Hkb site is involved in the lower expression of the D. simulans hb anterior domain.

Because the FIMO binding score for Hkb was very weak and its predicted presence depended

on the specific Hkb position weight matrix used, we decided to focus on the combined Bcd/

Hkb (Fig 3B site 1) rather than the Hkb-only locus (site 2).

To test the prediction that the regulatory changes at this locus were responsible for the

allele-specific expression, we used CRISPR-Cas9 and homology-directed repair genome edit-

ing to introduce the SNP cluster containing the Bicoid/Hkb binding site from D. simulans into

D. melanogaster embryos [49, 50]. Sanger sequencing of the region showed no off-target edits.

When we stained hb in homozygous embryos, the patterns were qualitatively quite similar (Fig

4D and 4E and S12 Fig), as expected based on our comparison of the D. melanogaster and D.
simulans atlases (Fig 2B and 2C).

Since the in situ hybridizations could be influenced by even slight mismatches in the devel-

opmental timing of each embryo, to test the effects of the Bicoid/Hkb binding site SNP we

generated a hybrid D. melanogaster × D. simulans embryo with the regulatory alleles swapped.

Since both alleles in a hybrid are in the same nuclei, developmental timing of their expression

is perfectly matched.

Spatially varying allele specific expression in Drosophila embryos
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To generate this allele-swapped hybrid, we took advantage of natural variation within the

D. simulans population. We noticed that of the two SNPs that differ between D. melanogaster
and D. simulans w501 in site 1, the SNP that is outside of the core Bcd and Hkb binding motifs

is fixed in a survey of 20 D. simulans lines, whereas the SNP within the core of the motif (posi-

tion 4,520,429; Fig 4A) is segregating in D. simulans and is the minor allele (present in 3 of

the 20 lines in [51]). We then screened a number of D. simulans stocks and found a naturally

occurring line of D. simulans that had the D. melanogaster-like sequence in the core motif

[52]. Sanger sequencing of the rest of the CRM did not reveal any unexpected SNPs. We

crossed this naturally-occurring D. melanogaster-like D. simulans with the D. simulans-like D.
melanogaster line that we generated with gene editing. We then sliced mid-stage 5 embryos at

the same stage as in the RNA-seq experiments, and performed pyrosequencing to determine

ASE in hunchback transcription. We used 3 allele-swapped hybrid embryos and 4 “wild-type”

hybrid embryos. As expected, the D. melanogaster bias in slice at the anterior tip of the wild-

Fig 4. CRISPR-Cas9-mediated editing shows a Bicoid site in D. simulans is responsible for the change in expression

pattern. A) A pair of SNPs in the canonical hb CRM at the indicated coordinates on D. melanogaster chromosome 3R.

SNPs betweenD. melanogaster andD. simulansmarked in red. B) The Bicoid binding motif aligned to the site of the

binding change. C) The Huckebein binding motif aligned to the site of the binding change. D-E) Staining of hb in the

two most closely staged wild-type (D) and CRISPR-edited (E)D. melanogaster embryos. F) We created hybrid embryos

with the wild-type alleles on the wild-type chromosomes (orange), or with theD. simulans copy of hb driven by the more

D. melanogaster-like CRM and the D. melanogaster copy of hb driven by the moreD. simulans-like CRM (purple). G)

Allele-specific expression measured by pyrosequencing in slices from 4 wild-type hybrid and 3 allele-swapped hybrid

embryos. Error bars indicate standard deviation across 3 SNPs in all slices at the indicated slice. Significance markers

indicate results of 2-sample, 2-sided t-tests. As usual, +1 is 100%D. simulans bias, and -1 is 100%D. melanogaster bias.

https://doi.org/10.1371/journal.pgen.1007631.g004
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type embryo was partially reversed in the allele-swapped embryos (Fig 4F). By the 3rd slice

into the embryo (approximately 42 μm from the anterior tip) this bias decayed below signifi-

cance, and by the fifth slice the mean ASE was identical. Thus, we conclude that swapping

the alleles affects hb ASE, and only in the anterior tip of the embryo, consistent with our

prediction.

Discussion

The study of allele-specific expression in F1 hybrids is a powerful tool for probing the evolu-

tion of gene expression [53, 54]. However, previous studies of Drosophila hybrids have been

limited in their ability to pinpoint the causal variants responsible for the observed cis-regula-

tory divergence [11, 55, 56]. In particular, the use of adult samples comprising multiple cell

types meant that there was comparatively little information about the regulatory environment.

In contrast, by focusing on the Drosophila embryo and using spatially-resolved samples, we

were able to leverage decades of research onDrosophila development [31–33, 37, 57–59]. Com-

bining this information with mathematical modeling of gene expression patterns yielded spe-

cific, testable predictions about which sequence changes produced the observed expression

differences (Fig 3). Finally, by using CRISPR-mediated genome editing, we were able to

directly confirm the genetic basis of the divergence in hb expression.

Only a spatially resolved approach is likely to find all genes with cis-regulatory differences.

Changes in the position but not the absolute level of expression would be lost in bulk samples,

and spatially restricted expression changes would tend to be washed out by more highly

expressed and less variable regions. Even though the slices do not perfectly align with segmen-

tation gene boundaries, the slicing approach is currently the only way to generate samples with

both enough spatial resolution to assay a Drosophila embryo and enough read depth for assay-

ing ASE. However, advances in the resolution of spatial transcriptomics or the sequencing

depth of single-cell approaches show great promise for studying the evolution of spatially-vary-

ing gene expression [60, 61]. Alternatively, samples from later stages in development might

use the expression of cell-type specific markers to select for cell types of interest, although this

approach has not been used in the syncytial blastoderm [62, 63].

A previous study found allele-specific expression for* 15% of genes in a D. melanogaster
× D. simulans hybrid adult [11]. Considering that 400-600 genes have anterior-posterior (AP)

expression patterns in blastoderm stage embryos [28, 57], our results suggest that a roughly

similar fraction of these patterned genes have strong svASE. We chose to restrict our study to

the AP axis because it is straightforward to generate well-aligned slices with the long axis of a

prolate object; there are no doubt many genes with dorsal-ventral expression differences as

well, especially since DV CRMs tend to be shorter, and thus potentially more sensitive to

sequence perturbation than AP CRMs [64].

Although our experiment with editing the hunchback locus was unable to completely

resolve the molecular mechanism underlying the ASE, it does suggest that Bicoid may lose

its activator activity at the anterior tip of the embryo. Although [40] found that the two

Bicoid terms have a net negative effect in the anterior tip of the embryo for eve, in our model

the balance of the linear activation term and the quadratic repression term is such that at the

anterior tip the two approximately cancel each other out. This is consistent with the observa-

tions that torso signaling phosphorylates Bicoid in the anterior and deactivates it [65, 66],

rather than making Bicoid function as a transcriptional repressor. However, it is not obvious

how increased binding of an inactive factor would reduce expression. This suggests that

Huckebein binding may be responsible for the ASE in the anterior tip of the embryo, despite

the marginal agreement with the consensus motif. Although the motif hit for Hkb was very
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weak—especially in D. melanogaster—Hkb was previously found to bind this locus in D. mel-
anogaster embryos [37]. Furthermore, it is unclear what level of agreement with the consen-

sus motif represents biologically relevant binding, especially since TF binding is modulated

by chromatin accessibility. Sensitive chromatin immunoprecipitation studies might distin-

guish between Bicoid and Huckebein action in the anterior tip, but the small number of

nuclei involved would make these experiments especially challenging.

The hb CRM causal variant’s lack of any obvious phenotypic effect is not surprising, since

development at this stage has been shown to be highly robust to perturbations. For instance,

although embryos across a 6-fold range in Bicoid concentrations have widespread downstream

transcriptional changes, development is able to buffer these changes, at least in part due to dif-

ferential apoptosis at later stages [67–70]. Development is also robust to large variation in the

amount of hunchback, with hemizygous embryos giving rise to phenotypically normal adults

[71], and previous studies have also found subtle variation in hunchback expression patterns

between D. melanogaster and either D. virilis or D. yakuba, but these changes have also not

been linked to phenotypic divergence [72, 73]. It is also possible that the reduced hb expression

in D. simulansmatters only in particular stress conditions, but given the similar cosmopolitan

geographic distributions of D. melanogaster and D. simulans, it is not obvious what conditions

those might be. Looking ahead, it will be interesting to apply svASE to other species and devel-

opmental timepoints, to efficiently pinpoint candidate genes underlying phenotypic diver-

gence. For example, applying a conceptually similar approach of tissue-specific ASE to the

oenocytes of adult D. simulans × D. sechellia hybrids revealed a gene required for inhibition of

interspecies mating [74].

We believe that the informed modeling approach we have taken can serve as a template for

dissecting other cis-regulatory modules. For example, eight genes with clear svASE are present

in the BDTNP expression atlas [31], and preliminary modeling of the four genes without pair-

rule-like striping patterns suggested plausible binding site changes that could be responsible

(S13 Fig). In some of these cases, there are multiple binding site changes that could explain our

observed svASE equally well, but predict different dorso-ventral gene expression patterns in D.
simulans—in these cases, in situ hybridization for the gene with svASE should provide clearer

hypotheses of the causal variants. While more complex approaches might be applied to model

the enhancer more faithfully [9, 75, 76], the ability of the simple logistic model to make useful

predictions is remarkable. This approach, when applied more broadly and in concert with evo-

lutionary studies, may help refine our understanding of the molecular mechanisms of the cis-

regulatory logic underlying spatial patterning.

Materials and methods

Strains and hybrid generation

Unless otherwise indicated, we used DGRP-340 as the D. melanogaster strain, and w501 as the

D. simulans strain. Males of both species were co-housed for 5 days at 18C in order to improve

mating efficiency, then approximately twenty males were mated with ten 0–1 day old virgin

females of the opposite species per vial with the stopper pressed almost to the bottom. After

cohousing, males were sorted using eye color as a primary marker. 5 days later, flies from the

vials with larvae were put into a miniature embryo collection cage with grape juice-agar plates

and yeast paste (Genessee Scientific).

RNA extraction, library preparation, and sequencing

We selected single embryos at the target stage (based on depth of membrane invagination) on a

Zeiss Axioskop with a QImaging Retiga 6000 camera and transferred them to ethanol-cleaned
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Peel-a-way cryoslicing molds (Thermo Fisher). We then applied approximately 0.5 μL of meth-

anol saturated with bromophenol blue (Fisher Biotech, Fair Lawn N.J.), then washed with clean

methanol to remove the excess dye. Next, we covered the embryo in Tissue-Plus O.C.T Com-

pound (Fisher Healthcare) and froze the embryo at -80 until slicing. We sliced the embryos

using a Microm HM550 cryostat, with a fresh blade for each embryo to minimize contamina-

tion. We used 1mL of TRIzol (Ambion) with 400 μg/mL of Glycogen (VWR) to extract RNA,

ensuring that the flake of freezing medium was completely dissolved in the TRIzol.

Next, we randomized the order of the RNA samples (see Fig 1—source data 1), then

prepared libraries using a slightly modified version of the SMART-seq2 protocol [18]. As

described in [19], instead of steps 2-5 of the protocol in [18], we added 1μL of oligo-dT and

3.7μL of dNTP mix per 10μL of purified RNA; in step 14, we reduced the pre-amplification to

10 cycles; from step 28 onwards, we reduced the volume of all reagents by five-fold; and at step

33, we used 11 PCR amplification cycles.

We sequenced libraries in 4 separate lanes on either an Illumina HiSeq 4000 or an Illumina

NextSeq (See S1 File for lane and index details). RNA-seq data is available from the Gene

Expression Omnibus with accession GSE102233.

For pyrosequencing, we generated cDNA from the RNA using SuperScript II and random

hexamers. We then amplified a 167 bp amplicon across 4 SNPs using primers AGCTGGACG

CCGTCGAAC and 5’ biotinylated GCAACTGAAAGTACCCAGCACAC with DreamTaq

Green Master Mix (Thermo Fisher). Then, we performed pyrosequencing using sequencing

primer CACATGGGCCGTCTC on a Qiagen Q24 Pyrosequencer according to manufacturer

instructions.

Sequencing data processing and ASE calling

In order to call mappable SNPs between the species, we used Bowtie 2 (version 2.2.5, argu-

ments --very-sensitive) [77] to map previously published genomic sequencing data

for the lines in this study (SRR835939, SRR520334 from [78, 79]) onto the FlyBase R5.57

genome. We then used GATK (version 3.4-46, arguments -T HaplotypeCaller-
genotyping_mode DISCOVERY--output_mode EMIT_ALL_SITES-stand_
emit_conf 10-stand_call_conf 30) to call SNPs [80].

Next, we created a version of the D. melanogaster genome with all SNPs that are

different between the two species masked. We used STAR (version 2.4.2a, arguments

--clip5pNbases 6) to map each sliced RNA-seq sample to the masked genome [81].

We further filtered our list of SNPs to those for which, across all the RNA-seq samples, there

were at least 10 reads that supported each allele. We then implemented the WASP filtering

step for reads that did not remap to the same location upon computationally reassigning

each SNP in a read to the other parent as described in [82]. Although we mapped only to a

D. melanogaster-based genome, in our experience the choice of reference genome has rela-

tively small effects when looking for patterns of ASE between samples, especially after using

the WASP pipeline to filter out reads that can only map reliably in one species [74].

To call ASE for each sample, we used the GetGeneASEbyReads script in the ASEr package

(available at https://github.com/TheFraserLab/ASEr/, commit cfe619c69). Briefly, each read is

assigned to the genome whose SNP alleles it matches. Reads are discarded as ambiguous if

there are no SNPs, if there are alleles from both parents, or if the allele at a SNP does not

match either parent. We excluded samples with fewer than 1 million reads (6 samples) or an

overall mapping rate of<52% (9 samples), as we found samples below these cutoffs had much

noisier ASE data. Additionally, ASE is ignored if the gene is on the X chromosome and the

slice came from a male embryo (which only have an X chromosome from their mother). All
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other analysis scripts are available at https://github.com/TheFraserLab/HybridSliceSeq (com-

mit b3b8e06, doi:10.5281/zenodo.1193784).

To assign bias in overall ASE, we used DESeq2 to determine whether there was a difference

in the number of D. melanogaster reads versus the number of D. simulans reads. We corrected

the size factors for each column containing reference or alternate reads to be equal to the sum

of the size factors for the column with reference allele counts and the column with alternate

allele counts. Then, we performed DESeq using default arguments and design matrix

*Sample + refalt. To account for the different number of samples with each mother and the

possibility of differing levels of maternal deposition, we performed DESeq separately on sam-

ples from each direction of the cross (i.e. D. melanogastermother and D. simulansmother).

We then plotted the DESeq-estimated log2 fold changes for genes that [23] called as either

maternal, maternal-zygotic, or zygotic in S5 Fig. To call a gene as either D. melanogaster or D.
simulans biased (S7 Fig), we required a log2 fold change indicating bias towards the respective

parent and FDR< 0.05 in both directions of the cross.

Earth mover distance and spatial patterning differences

Earth mover distance (EMD), as described in [20], is a non-parametric metric that compares

two distributions of data in a way that roughly captures intuitive notions of similarity. It repre-

sents the minimal amount of work (defined as the amount moved multiplied by the distance

carried) that must be done to make one pattern equivalent to another, as if transporting dirt

from one pile to another. For each slice, we calculate the absolute expression of each gene

using cufflinks v.2.2.1 [83]. We normalize all absolute expression patterns by first adding a

constant amount to mitigate noise in lowly expressed genes, and then by dividing by the total

amount of expression in an embryo.

To compare between the hybrids and the parental embryos, we first calculated a spline fit

for each gene on each of the parental embryos separately, first smoothing by taking a rolling

average of 3 slices. We then fit a univariate spline onto the smoothed data using the Scipy

“interpolate” package. Then, we recalculated the predicted expression for a hypothetical

27-slice embryo of each parent, then averaged the expression data. We next calculated the

EMD between this simulated averaged embryo and each of the hybrid embryos. For each gene,

we then performed a one-sided t-test to determine whether the hybrid embryos were more dif-

ferent from the average than the EMD between the parental embryos. Although 342 genes had

a nominal p-value< .05, none of these remained significant after Benjamini-Hochberg multi-

ple hypothesis testing correction [84]).

To compare embryos between directions of the cross, we calculated the pairwise EMD

between embryos within a direction of a cross (i.e. the three possible pairs of hybrid embryos

with a D. melanogastermother and the pair of embryos with the D. simulansmother) and

the pairwise EMD between hybrid embryos with different parents (e.g. the first replicate of

embryos). We then used a one-sided t-test to determine whether the EMDs were larger

between groups than within. Benjamini-Hochberg FDR estimation yielded 171 genes with a

q-value less than.05, whereas Bonferroni p-value correction yielded 12 genes at α< .05 [84]).

Identification of allele-specific expression patterns

To call svASE, we fit a 4-variable least-squares regression of either a sigmoidal logistic function

(f(x) = A/(1 + exp(w(x − x0))) − y0) or a peak-like Gaussian function (f(x) = A � exp(−(x − x0)2/

w2) − y0). We then considered any gene where the fit explained at least 45% of the variance

(R2 ¼
P
ðAi � f ðxiÞÞ

2
=
P
ðAi � �AÞ2, where Ai is the ASE value in the ith slice, and �A is the

average ASE value for that gene) as having svASE.
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To calculate a false discovery rate, we shuffled the columns (i.e. the spatial coordinates) of

the ASE matrix 1,000 times. For each of the shuffles, we fit both of the ASE functions. Most of

the shuffled matrices yielded no fits that explained at least 45% of the variance, only a handful

of the matrices yielded a single gene that cleared the threshold, and no shuffled matrix had two

or more genes that cleared the threshold.

In situ atlas comparison and bias calculation

Because the different expression atlases had different background levels for each gene and in

each species, we normalized expression for hunchback by subtracting the mean expression in

the inter-stripe region between 55% and 75% embryo length, then normalizing by dividing the

expression in theD. melanogaster andD. simulans atlas by the expression value at the 90th per-

centile of nuclei not in the inter-stripe region. For each nucleus in the D. melanogaster atlas,

we found the most similar nucleus in the D. simulans atlas by using an approach very similar

to that in [12]: of the 30 physically closest nuclei, we selected as the “best” nucleus the one that

minimized the sum of the squares of the differences in expression for each gene in both atlases.

For each D. melanogaster nucleus, we then computed the expected bias using Eq 1 (Fig 2D).

For Fig 2E, we grouped the nuclei by x-coordinate to simulate slicing, then combined the

expression of each nucleus i in each slice s in an analgous manner to Eq 1:

ASEpredicted ¼
X

i2s

fsimðiÞ �
X

i2s

fmelðiÞ

 !

=
X

i2s

fsimðiÞ þ
X

i2s

fmelðiÞ

 !

ð2Þ

We then computed the Pearson correlation of the predicted and real ASE values.

Identification of binding site changes and predicted effects on hybrid

embryos

For hunchback we used the coordinates for the regulatory elements as defined in the RedFly

database to extract the sequence of each regulatory region from the reference sequence files

[32]. For the other genes whose regulatory programs we investigated for causal binding

changes, we used Bedtools to find any non-exonic DNase accessible region within 15,000 bp of

each gene [85, 86]. We then used BLAST v2.3.0+ to search for the orthologous region in D.
simulans. We combined motifs from the databases in [59, 87–90] by taking the most strongly-

supported motif for a given TF, then we used the FIMO tool of the MEME suite to search for

binding sites for all TFs with known spatial patterns [38, 91]. We also included the motif for

hkb from the Fly Factor Survey, which had the hits shown in Fig 3 [92].

In order to construct a model of transcription regulation for the other genes with svASE

and simple expression patterns in the [31] atlas, we built models that contained the TFs with

binding changes for the target gene as well as up to 4 other TFs with localization data in the

[31] atlas and known roles as patterning factors during early development (i.e. Bcd, Gt, Kr,

cad, tll, D, da, dl, kni, mad, med, shn, sna, twi, zen, brk, emc, numb, rho, tkv and Doc2); when

available, we used protein localizations instead of RNA in situ hybridization (i.e. for Bcd, Gt,

and Kr). For a given combination of factors, we used the Python Statsmodels package to fit a

logistic regression to the anterior stripe of hunchback [93]. In line with the procedure in [40],

we separated the two hunchback expression domains and fit the data on nuclei with either the

anterior stripe or no hunchback expression. We then selected the best model based on fraction

of variance in the original data explained by the fit.

To estimate the likely effect of each transcription factor change, we adjusted the relevant

parameter(s) in the model by a range of values (see S11 Fig). We then generated predicted
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svASE by predicting expression in each nucleus under the original model and the model with

the relevant parameter(s) changed, then calculated predicted svASE using Eq 2. In general,

both using Pearson correlation and measuring the fraction of the variance in the real ASE

explained by the predicted ASE suggested the same direction of change to the coefficient,

although the absolute magnitude of change that yielded the “best” result may have been

different.

Genome editing and screening

We inserted the D. simulans SNPs into D. melanogaster using CRISPR-Cas9 directed cutting

followed by homology directed repair [49]. We inserted the gRNA sequence GGT ACA GGT
CGC GGA TCG GT into pU6-bbsI (a generous gift from Tim Mosca and Liqun Luo). We

injected the plasmid and a 133bp ssDNA HDR template (IDT, San Diego, CA) into y[1] Mvas-

Cas9ZH2A w[1118] embryos (Bloomington Stock #51323, BestGene Inc, Chino Hills, CA).

The edited sequence affects a recognition sequence for the restriction enzymes BsiE1 and

MspI (New England Biolabs) which specifically cut the D. melanogaster and D. simulans
sequences, respectively. We screened putatively edited offspring by PCR amplifying a region

around the hunchback anterior CRM (primers CGT CAA GGG ATT AGA TGG GC and CCC
CAT AGA AAA CCG GTG GA) then cutting with each enzyme separately. Presumptively

edited lines were then further screened via Sanger sequencing.

For the in situ hybridization, we generated DIG-labeled antisense RNA probes by first per-

forming RT-PCR on D. melanogaster hunchback cDNA using primers with a T7 RNA poly-

merase handle (AAC ATC CAA AGG ACG AAA CG and TAA TAC GAC TCA CTA TAG

GGA GA), then creating full-length probes with 2:1 DIG-labeled UTP to unlabeled UTP [94].

We then performed in situ hybridization in 2-4 hour old embryos of each strain according to

a minimally modified, low-throughput version of the protocol in [94] (dx.doi.org/10.17504/

protocols.io.g7bbzin). Stained embryos were imaged on the Zeiss Axioskop above.

Supporting information

S1 Table. Summary data for embryos used.

(XLSX)

S2 Table. Coefficients of the best-fit model for TFs bound near the anterior activator of

hb.

(XLSX)

S3 Table. Summary data for embryos used for pyrosequencing.

(XLSX)

S1 Fig. Correlation of expression between adjacent slices. Log-log plots of expression

between each slice and the closest slice from any embryo. Pearson correlation is indicated in

the box.

(TIF)

S2 Fig. Using earth mover distance to identify genes with different expression patterns

between the hybrids and the parents. A) We used earth mover distance (EMD) to quantify

the difference in patterns between each embryo. Given the green and pink patterns, EMD min-

imizes the amount of work that must be done to turn one pattern into the other. B) Hypotheti-

cal examples of pattern differences with low, intermediate, and high EMDs. C) Histograms of

replicate hybrid embryos compared to each other (dark blue) and hybrid embryos compared
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to the average of splines fit on the parental embryos (cyan).

(TIF)

S3 Fig. Using earth mover distance to identify genes with different expression patterns

between the directions of the hybrid cross. We found 171 genes with a significantly different

EMD between each direction of the cross compared to replicates of each direction (Benjamini-

Hochberg q-value <.05; [84]). The heatmap for each gene has each embryo aligned with ante-

rior to the left and posterior to the right. Genes that are also significant after Bonferroni multi-

ple testing correction are marked in red. We manually categorized these as due either to A) the

embryos having clear parent of origin expression patterns that we interpret as due to species-

specific maternal deposition (ASE data for these genes generally support this interpretation),

B) a single embryo having a different expression pattern, marked with a red star, or C) more

subtle expression differences or noise in expression measurement. Order within each class is

arbitrary. Of the 52 genes with differences in maternal deposition, 39 were annotated with the

GO term “binding” (GO0005488, GOTerm Finder corrected p-value 2.6 × 10−7, [95]), though

functional importance of these changes, if any, are unclear.

(TIF)

S4 Fig. Counts of maternal and paternal reads for each sample. Each point represents read

counts from a single sample. There are approximately 6.8 fold more reads mapping to the

maternal genome (x-axis) than the paternal (y-axis) due to the significant complement of

maternally deposited reads. There is no obvious contribution of the direction of the cross

(i.e. samples with a D. melanogastermother vs a D. simulansmother) to the rate of calling

paternal reads, suggesting that the WASP pipeline has adequately controlled for mapping bias.

Assuming that the paternally mapping reads account for approximately half of the zygotically

expressed transcripts, there are approximately 2.9 fold more maternally deposited transcripts

than zygotically expressed ones.

(TIF)

S5 Fig. Violin plots of log2 fold change of the maternal allele compared to the paternal

allele for genes in the three categories determined by [23]. We used DESeq to estimate aver-

age log2 fold changes between the maternal and paternal alleles. We filtered out genes with

fewer than 20 ASE counts in at least half of the samples, then made violin plots showing the

distribution of the average log2 fold change for Maternal (mat), Maternal-zygotic (matzyg),

and zygotic (zyg) genes, as called by [23]. Numbers of genes with measurable ASE in at least

half of the samples are indicated below each category. Black hashes indicate values for each

individual gene, and the blue bar indicates the median log2 fold change.

(TIF)

S6 Fig. Complete heatmap of ASE for genes with svASE. Genes from Fig 1A and 1C in the

same order, but with the complete set of ASE data and R2 values of the fit provided. A) Genes

best fit by a logistic function and B) genes best fit by a normal function.

(TIF)

S7 Fig. Genes with species-specific expression, regardless of parent of origin. Genes

strongly biased towards transcribing D. melanogaster (A) or D. simulans (B) alleles, regardless

of whether D. melanogaster or D. simulans is the mother or father. Absolute expression values

are normalized to the most highly expressed slice in each embryo (or 10 FPKM, whichever is

higher). Genes are sorted by highest FPKM in the species that is un-expressed in the hybrid.

The column (sim-mel)/(sim+mel) is the expected ASE assuming expression level is encoded

in cis, and is computed by comparing matching slices of the parental embryos. ASE is not
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interpolated if there are not enough reads to call in a given slice.

(TIF)

S8 Fig. The D. melanogaster biased expression in the anterior tip persists across all time

points except the last in the atlases. Absolute expression and computed bias per nucleus and

per slice at various stages throughout embryonic development. Correlation indicates the Pear-

son correlation of computed bias with the true ASE, binned by an equal fraction of the embryo

as each slice. All stages except the late 76-100% invagination show a D. melanogaster bias in

the anterior tip. As expected, the time points closest to the stage we measured (approximately

50-65% membrane invagination) have the highest correlation, while the earliest and latest time

points have lower correlation with the observed ASE.

(TIF)

S9 Fig. Motif content of the CRMs for all TFs included in the model. Positions of TF bind-

ing motifs in the canonical anterior CRM from [33] (A), the distal “shadow” CRM from [35]

(B), and the non-minimal 2.4kb CRM construct from (of which the canonical CRM is a subset)

[34], split across two lines for compactness. Within each CRM, the top line indicates the loca-

tion of SNPs (colored lines) and insertions/deletions (grey bars on the side with the insertion)

in a pairwise alignment of the two sequences. The middle track indicates DNase accessibility

from [86]. The third track indicates the locations of FIMO motifs for a variety of TFs. TFs that

have a motif with approximately equal strength (±20%) within 5bp have reduced opacity to

better highlight motif changes. Bar height corresponds to FIMO score.

(TIF)

S10 Fig. Prediction of the best-fit model for hb expression. The posterior stripe of hb expres-

sion was removed prior to the fitting process. McFadden’s Pseudo R2 as reported by the stats-

models Python package.

(TIF)

S11 Fig. Correlation of the predicted hb ASE with the real ASE (A) and percent of the vari-

ance explained by predicted ASE (B) at a range of coefficient strengths. We altered each

coefficient separately (with the exception of the Bicoid terms, which we also adjusted in tan-

dem) by multiplying by a range of multipliers, then predicting ASE. Although increasing the

kni term in the model had the best correlation with the real ASE, there were no Kni motif

changes in the known CRMs, so we excluded it from consideration. In addition, due to the

buffering effects of the other TFs in the full model, we could not find a change that, when

applied to both the Bcd and Bcd2 term that explained the ASE; however, adjusting a simpler

model consisting of only terms for Bcd, Bcd2, D, and twi did yield a good fit. The actual pre-

dicted ASE for these models at a given change of coefficient is qualitatively very similar (C-D).

(TIF)

S12 Fig. Staging of the embryos in Fig 4D and 4E based on depth of membrane invagina-

tion. In order to find closely staged embryos, we compared the depth of the cellular membrane

invagination (A) in the inter-stripe region (marked in black boxes in B and C).

(TIF)

S13 Fig. Proposed TF binding changes that generate svASE in Ance, bmm, CG8147, and

path. Modeling suggests plausible changes to the regulatory function that could generate

the observed allele-specific expression. We fit a logistic model to the atlas expression, then

adjusted each term of the model to find the coefficient that best matches the observed ASE in

the slices (after setting mean ASE to match in the real and predicted data, since there may be

mapping bias). The expression is then predicted in the adjusted model (purple embryo), which
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is also used to generate predicted ASE on a per-nucleus (red/blue embryo) and computation-

ally sliced (heatmap) basis. Multiple TF changes can generate substantially similar sliced ASE

data, while still having distinct expression patterns;in situs of the D. simulans embryos would

be needed to distinguish between them. We did not attempt modeling of the pair-rule genes

pxb, Bsg25A, comm2, and pxb, since other pair-rule genes have multiple, independent regula-

tory elements, likely complicating the modeling approach.

(TIF)

S1 File. Table of sequencing indices and batches.

(TSV)

S2 File. Table of ASE values in each slice.

(TSV)

S3 File. Table of absolute expression values in each slice, used for comparing patterning

differences in S3 Fig.

(TSV)
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expression noise in spatial patterning: hunchback promoter structure affects noise amplitude and distri-

bution in Drosophila segmentation. PLoS Computational Biology. 2011; 7(2):e1001069. https://doi.org/

10.1371/journal.pcbi.1001069 PMID: 21304932

49. Gratz SJ, Ukken FP, Rubinstein CD, Thiede G, Donohue LK, Cummings AM, et al. Highly specific and

efficient CRISPR/Cas9-catalyzed homology-directed repair in Drosophila. Genetics. 2014; 196(4):961–

971. https://doi.org/10.1534/genetics.113.160713 PMID: 24478335

50. Port F, Chen HM, Lee T, Bullock SL. Optimized CRISPR/Cas tools for efficient germline and somatic

genome engineering in Drosophila. Proceedings of the National Academy of Sciences of the United

States of America. 2014; 111(29):E2967–76. https://doi.org/10.1073/pnas.1405500111 PMID: 25002478

51. Rogers RL, Cridland JM, Shao L, Hu TT, Andolfatto P, Thornton KR. Tandem Duplications and the Lim-

its of Natural Selection in Drosophila yakuba and Drosophila simulans. PLoS ONE. 2015; 10(7):

e0132184. https://doi.org/10.1371/journal.pone.0132184 PMID: 26176952

52. Machado HE, Bergland AO, O’Brien KR, Behrman EL, Schmidt PS, Petrov DA. Comparative population

genomics of latitudinal variation in Drosophila simulans and Drosophila melanogaster. Molecular ecol-

ogy. 2016; 25(3):723–740. https://doi.org/10.1111/mec.13446 PMID: 26523848

53. Fraser HB. Genome-wide approaches to the study of adaptive gene expression evolution: systematic

studies of evolutionary adaptations involving gene expression will allow many fundamental questions in

evolutionary biology to be addressed. BioEssays. 2011; 33(6):469–477. https://doi.org/10.1002/bies.

201000094 PMID: 21538412

54. Wittkopp PJ, Kalay G. Cis-regulatory elements: molecular mechanisms and evolutionary processes

underlying divergence. Nature reviews Genetics. 2012; 13(1):59–69. https://doi.org/10.1038/nrg3095

55. Wittkopp PJ, Haerum BK, Clark AG. Evolutionary changes in cis and trans gene regulation. Nature.

2004; 430(6995):85–88. https://doi.org/10.1038/nature02698 PMID: 15229602

56. Graze RM, McIntyre LM, Main BJ, Wayne ML, Nuzhdin SV. Regulatory divergence in Drosophila mela-

nogaster and D. simulans, a genomewide analysis of allele-specific expression. Genetics. 2009; 183

(2):547–61– 1SI–21SI. https://doi.org/10.1534/genetics.109.105957 PMID: 19667135

57. Tomancak P, Berman BP, Beaton A, Weiszmann R, Kwan E, Hartenstein V, et al. Global analysis of

patterns of gene expression during Drosophila embryogenesis. Genome Biology. 2007; 8(7):R145.

https://doi.org/10.1186/gb-2007-8-7-r145 PMID: 17645804

58. Li Xy, Thomas S, Sabo PJ, Eisen MB, Stamatoyannopoulos JA, Biggin MD. The role of chromatin

accessibility in directing the widespread, overlapping patterns of Drosophila transcription factor binding.

Genome Biology. 2011; 12(4):R34. https://doi.org/10.1186/gb-2011-12-4-r34 PMID: 21473766

59. Shazman S, Lee H, Socol Y, Mann RS, Honig B. OnTheFly: a database of Drosophila melanogaster

transcription factors and their binding sites. Nucleic Acids Research. 2014; 42(Database issue):D167–

71. https://doi.org/10.1093/nar/gkt1165 PMID: 24271386

60. Karaiskos N, Wahle P, Alles J, Boltengagen A, Ayoub S, Kipar C, et al. The Drosophila embryo at sin-

gle-cell transcriptome resolution. Science (New York, NY). 2017; 358(6360):194–199. https://doi.org/

10.1126/science.aan3235

61. Ståhl PL, Salmén F, Vickovic S, Lundmark A, Navarro JF, Magnusson J, et al. Visualization and analy-

sis of gene expression in tissue sections by spatial transcriptomics. Science (New York, NY). 2016; 353

(6294):78–82. https://doi.org/10.1126/science.aaf2403

62. Bonn S, Zinzen RP, Girardot C, Gustafson EH, Perez-Gonzalez A, Delhomme N, et al. Tissue-specific

analysis of chromatin state identifies temporal signatures of enhancer activity during embryonic devel-

opment. Nature Genetics. 2012; 44(2):148–156. https://doi.org/10.1038/ng.1064 PMID: 22231485

63. Bonn S, Zinzen RP, Perez-Gonzalez A, Riddell A, Gavin AC, Furlong EEM. Cell type-specific chromatin

immunoprecipitation from multicellular complex samples using BiTS-ChIP. Nature Protocols. 2012; 7

(5):978–994. https://doi.org/10.1038/nprot.2012.049 PMID: 22538849

64. Li L, Wunderlich ZB. An Enhancer’s Length and Composition Are Shaped by Its Regulatory Task. Fron-

tiers in genetics. 2017; 8:63. https://doi.org/10.3389/fgene.2017.00063 PMID: 28588608

65. Ronchi E, Treisman J, Dostatni N, Struhl G, Desplan C. Down-regulation of the Drosophila morphogen

bicoid by the torso receptor-mediated signal transduction cascade. Cell. 1993; 74(2):347–355. https://

doi.org/10.1016/0092-8674(93)90425-P PMID: 8343961

66. Janody F, Sturny R, Catala F, Desplan C, Dostatni N. Phosphorylation of bicoid on MAP-kinase sites:

contribution to its interaction with the torso pathway. Development. 2000; 127(2):279–289. PMID:

10603346

Spatially varying allele specific expression in Drosophila embryos

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007631 November 1, 2018 21 / 23

https://doi.org/10.1038/341335a0
http://www.ncbi.nlm.nih.gov/pubmed/2797150
https://doi.org/10.1371/journal.pcbi.1001069
https://doi.org/10.1371/journal.pcbi.1001069
http://www.ncbi.nlm.nih.gov/pubmed/21304932
https://doi.org/10.1534/genetics.113.160713
http://www.ncbi.nlm.nih.gov/pubmed/24478335
https://doi.org/10.1073/pnas.1405500111
http://www.ncbi.nlm.nih.gov/pubmed/25002478
https://doi.org/10.1371/journal.pone.0132184
http://www.ncbi.nlm.nih.gov/pubmed/26176952
https://doi.org/10.1111/mec.13446
http://www.ncbi.nlm.nih.gov/pubmed/26523848
https://doi.org/10.1002/bies.201000094
https://doi.org/10.1002/bies.201000094
http://www.ncbi.nlm.nih.gov/pubmed/21538412
https://doi.org/10.1038/nrg3095
https://doi.org/10.1038/nature02698
http://www.ncbi.nlm.nih.gov/pubmed/15229602
https://doi.org/10.1534/genetics.109.105957
http://www.ncbi.nlm.nih.gov/pubmed/19667135
https://doi.org/10.1186/gb-2007-8-7-r145
http://www.ncbi.nlm.nih.gov/pubmed/17645804
https://doi.org/10.1186/gb-2011-12-4-r34
http://www.ncbi.nlm.nih.gov/pubmed/21473766
https://doi.org/10.1093/nar/gkt1165
http://www.ncbi.nlm.nih.gov/pubmed/24271386
https://doi.org/10.1126/science.aan3235
https://doi.org/10.1126/science.aan3235
https://doi.org/10.1126/science.aaf2403
https://doi.org/10.1038/ng.1064
http://www.ncbi.nlm.nih.gov/pubmed/22231485
https://doi.org/10.1038/nprot.2012.049
http://www.ncbi.nlm.nih.gov/pubmed/22538849
https://doi.org/10.3389/fgene.2017.00063
http://www.ncbi.nlm.nih.gov/pubmed/28588608
https://doi.org/10.1016/0092-8674(93)90425-P
https://doi.org/10.1016/0092-8674(93)90425-P
http://www.ncbi.nlm.nih.gov/pubmed/8343961
http://www.ncbi.nlm.nih.gov/pubmed/10603346
https://doi.org/10.1371/journal.pgen.1007631


67. Driever W, Nüsslein-Volhard C. The bicoid protein determines position in the Drosophila embryo in a

concentration-dependent manner. Cell. 1988; 54(1):95–104.

68. Liu F, Morrison AH, Gregor T. Dynamic interpretation of maternal inputs by the Drosophila segmenta-

tion gene network. Proceedings of the National Academy of Sciences of the United States of America.

2013; 110(17):6724–6729. https://doi.org/10.1073/pnas.1220912110 PMID: 23580621

69. Combs PA, Eisen MB. Genome-wide measurement of spatial expression in patterning mutants of Dro-

sophila melanogaster. F1000Research. 2017; 6:41. https://doi.org/10.12688/f1000research.9720.1

PMID: 28299188

70. Namba R, Pazdera TM, Cerrone RL, Minden JS. Drosophila embryonic pattern repair: how embryos

respond to bicoid dosage alteration. Development. 1997; 124(7):1393–1403. PMID: 9118810

71. Yu D, Small S. Precise registration of gene expression boundaries by a repressive morphogen in Dro-

sophila. Current biology: CB. 2008; 18(12):868–876. https://doi.org/10.1016/j.cub.2008.05.050 PMID:

18571415

72. Treier M, Pfeifle C, Tautz D. Comparison of the gap segmentation gene hunchback between Drosophila

melanogaster and Drosophila virilis reveals novel modes of evolutionary change. The EMBO journal.

1989; 8(5):1517–1525. https://doi.org/10.1002/j.1460-2075.1989.tb03536.x PMID: 2504581

73. Tautz D, Nigro L. Microevolutionary divergence pattern of the segmentation gene hunchback in Dro-

sophila. Molecular Biology and Evolution. 1998; 15(11):1403–1411. https://doi.org/10.1093/

oxfordjournals.molbev.a025868 PMID: 12572604

74. Combs PA, Krupp JJ, Khosla NM, Bua D, Petrov D, Levine J, et al. Tissue-specific cis-regulatory diver-

gence implicates a fatty acid elongase necessary for inhibiting interspecies mating in Drosophila. bioR-

xiv. 2018; p. 1–39.

75. Blatti CA, Kazemian M, Wolfe S, Brodsky M, Sinha S. Integrating motif, DNA accessibility and gene

expression data to build regulatory maps in an organism. Nucleic Acids Research. 2015; 43(8):3998–

4012. https://doi.org/10.1093/nar/gkv195 PMID: 25791631

76. Samee MAH, Lydiard-Martin T, Biette KM, Vincent BJ, Bragdon MD, Eckenrode KB, et al. Quantitative

Measurement and Thermodynamic Modeling of Fused Enhancers Support a Two-Tiered Mechanism

for Interpreting Regulatory DNA. Cell reports. 2017; 21(1):236–245. https://doi.org/10.1016/j.celrep.

2017.09.033 PMID: 28978476

77. Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nature Methods. 2012; 9

(4):357–359. https://doi.org/10.1038/nmeth.1923 PMID: 22388286

78. Mackay TFC, Richards S, Stone EA, Barbadilla A, Ayroles JF, Zhu D, et al. The Drosophila melanoga-

ster Genetic Reference Panel. Nature. 2012; 482(7384):173–178. https://doi.org/10.1038/nature10811

PMID: 22318601

79. Hu TT, Eisen MB, Thornton KR, Andolfatto P. A second-generation assembly of the Drosophila simu-

lans genome provides new insights into patterns of lineage-specific divergence. Genome Research.

2013; 23(1):89–98. https://doi.org/10.1101/gr.141689.112 PMID: 22936249

80. DePristo MA, Banks E, Poplin R, Garimella KV, Maguire JR, Hartl C, et al. A framework for variation dis-

covery and genotyping using next-generation DNA sequencing data. Nature Genetics. 2011; 43

(5):491–498. https://doi.org/10.1038/ng.806 PMID: 21478889

81. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast universal RNA-

seq aligner. Bioinformatics (Oxford, England). 2013; 29(1):15–21. https://doi.org/10.1093/

bioinformatics/bts635

82. van de Geijn B, McVicker G, Gilad Y, Pritchard JK. WASP: allele-specific software for robust molecular

quantitative trait locus discovery. Nature Methods. 2015; 12(11):1061–1063. https://doi.org/10.1038/

nmeth.3582 PMID: 26366987

83. Trapnell C, Hendrickson DG, Sauvageau M, Goff L, Rinn JL, Pachter L. Differential analysis of gene

regulation at transcript resolution with RNA-seq. Nature Biotechnology. 2013; 31(1):46–53. https://doi.

org/10.1038/nbt.2450 PMID: 23222703

84. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful approach to mul-

tiple testing. Journal of the royal statistical society Series B (. . .. 1995; 57(1):289–300.

85. Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for comparing genomic features. Bioinformat-

ics (Oxford, England). 2010; 26(6):841–842. https://doi.org/10.1093/bioinformatics/btq033

86. Thomas S, Li Xy, Sabo PJ, Sandstrom R, Thurman RE, Canfield TK, et al. Dynamic reprogramming of

chromatin accessibility during Drosophila embryo development. Genome Biology. 2011; 12(5):R43.

https://doi.org/10.1186/gb-2011-12-5-r43 PMID: 21569360

87. Enuameh MS, Asriyan Y, Richards A, Christensen RG, Hall VL, Kazemian M, et al. Global analysis of Dro-

sophila Cys2-His2 zinc finger proteins reveals a multitude of novel recognition motifs and binding determi-

nants. Genome Research. 2013; 23(6):928–940. https://doi.org/10.1101/gr.151472.112 PMID: 23471540

Spatially varying allele specific expression in Drosophila embryos

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007631 November 1, 2018 22 / 23

https://doi.org/10.1073/pnas.1220912110
http://www.ncbi.nlm.nih.gov/pubmed/23580621
https://doi.org/10.12688/f1000research.9720.1
http://www.ncbi.nlm.nih.gov/pubmed/28299188
http://www.ncbi.nlm.nih.gov/pubmed/9118810
https://doi.org/10.1016/j.cub.2008.05.050
http://www.ncbi.nlm.nih.gov/pubmed/18571415
https://doi.org/10.1002/j.1460-2075.1989.tb03536.x
http://www.ncbi.nlm.nih.gov/pubmed/2504581
https://doi.org/10.1093/oxfordjournals.molbev.a025868
https://doi.org/10.1093/oxfordjournals.molbev.a025868
http://www.ncbi.nlm.nih.gov/pubmed/12572604
https://doi.org/10.1093/nar/gkv195
http://www.ncbi.nlm.nih.gov/pubmed/25791631
https://doi.org/10.1016/j.celrep.2017.09.033
https://doi.org/10.1016/j.celrep.2017.09.033
http://www.ncbi.nlm.nih.gov/pubmed/28978476
https://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
https://doi.org/10.1038/nature10811
http://www.ncbi.nlm.nih.gov/pubmed/22318601
https://doi.org/10.1101/gr.141689.112
http://www.ncbi.nlm.nih.gov/pubmed/22936249
https://doi.org/10.1038/ng.806
http://www.ncbi.nlm.nih.gov/pubmed/21478889
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1038/nmeth.3582
https://doi.org/10.1038/nmeth.3582
http://www.ncbi.nlm.nih.gov/pubmed/26366987
https://doi.org/10.1038/nbt.2450
https://doi.org/10.1038/nbt.2450
http://www.ncbi.nlm.nih.gov/pubmed/23222703
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1186/gb-2011-12-5-r43
http://www.ncbi.nlm.nih.gov/pubmed/21569360
https://doi.org/10.1101/gr.151472.112
http://www.ncbi.nlm.nih.gov/pubmed/23471540
https://doi.org/10.1371/journal.pgen.1007631


88. Kulakovskiy IV, Favorov AV, Makeev VJ. Motif discovery and motif finding from genome-mapped

DNase footprint data. Bioinformatics (Oxford, England). 2009; 25(18):2318–2325. https://doi.org/10.

1093/bioinformatics/btp434

89. Kulakovskiy IV, Makeev VJ. Discovery of DNA motifs recognized by transcription factors through inte-

gration of different experimental sources. Biophysics. 2009; 54(6):667–674. https://doi.org/10.1134/

S0006350909060013

90. Bergman CM, Carlson JW, Celniker SE. Drosophila DNase I footprint database: a systematic genome

annotation of transcription factor binding sites in the fruitfly, Drosophila melanogaster. Bioinformatics

(Oxford, England). 2005; 21(8):1747–1749. https://doi.org/10.1093/bioinformatics/bti173

91. Grant CE, Bailey TL, Noble WS. FIMO: scanning for occurrences of a given motif. Bioinformatics

(Oxford, England). 2011; 27(7):1017–1018. https://doi.org/10.1093/bioinformatics/btr064

92. Noyes MB, Meng X, Wakabayashi A, Sinha S, Brodsky MH, Wolfe SA. A systematic characterization of

factors that regulate Drosophila segmentation via a bacterial one-hybrid system. Nucleic Acids

Research. 2008; 36(8):2547–2560. https://doi.org/10.1093/nar/gkn048 PMID: 18332042

93. Seabold S, Perktold J. Statsmodels: Econometric and statistical modeling with python. In: Proceedings

of the 9th Python in Science . . .; 2010. p. 57–61.

94. Weiszmann R, Hammonds AS, Celniker SE. Determination of gene expression patterns using high-

throughput RNA in situ hybridization to whole-mount Drosophila embryos. Nature Protocols. 2009; 4

(5):605–618. https://doi.org/10.1038/nprot.2009.55 PMID: 19360017

95. Boyle EI, Weng S, Gollub J, Jin H, Botstein D, Cherry JM, et al. GO::TermFinder–open source software

for accessing Gene Ontology information and finding significantly enriched Gene Ontology terms asso-

ciated with a list of genes. Bioinformatics (Oxford, England). 2004; 20(18):3710–3715. https://doi.org/

10.1093/bioinformatics/bth456

Spatially varying allele specific expression in Drosophila embryos

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007631 November 1, 2018 23 / 23

https://doi.org/10.1093/bioinformatics/btp434
https://doi.org/10.1093/bioinformatics/btp434
https://doi.org/10.1134/S0006350909060013
https://doi.org/10.1134/S0006350909060013
https://doi.org/10.1093/bioinformatics/bti173
https://doi.org/10.1093/bioinformatics/btr064
https://doi.org/10.1093/nar/gkn048
http://www.ncbi.nlm.nih.gov/pubmed/18332042
https://doi.org/10.1038/nprot.2009.55
http://www.ncbi.nlm.nih.gov/pubmed/19360017
https://doi.org/10.1093/bioinformatics/bth456
https://doi.org/10.1093/bioinformatics/bth456
https://doi.org/10.1371/journal.pgen.1007631

