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Little is known about broad patterns of variation and evolution of gene expression during any developmental
process. Here we investigate variation in genome-wide gene expression among Drosophila simulans, Drosophila
yakuba and four strains of Drosophila melanogaster during a major developmental transitionthe start of metamorphosis. Differences in gene activity between these lineages follow a phylogenetic pattern, and 27% of all of
the genes in these genomes differ in their developmental gene expression between at least two strains or
species. We identify, on a gene-by-gene basis, the evolutionary forces that shape this variation and show that,
both within the transcriptional network that controls metamorphosis and across the whole genome, the expression changes of transcription factor genes are relatively stable, whereas those of their downstream targets are
more likely to have evolved. Our results demonstrate extensive evolution of developmental gene expression
among closely related species.

Introduction
Although it was suggested nearly 30 years ago that differences in
gene regulation may be responsible for differences between
closely related species1, the extent and nature of variation in gene
expression and function during development remains a mystery.
Regulating gene expression is the key step by which an organism
activates the information encoded in its genome to effect developmental change, and differences in this regulation can cascade
through development, resulting in different morphological or
physiological character states2–4.
The mechanistic connections among levels of phenotypic variation, for example, between spatial or temporal patterns of gene
expression and morphology, determine how development constrains or channels evolution5,6. In some systems, developmental
processes in general and gene regulation in particular are more
conserved than are the phenotypes that they underlie7–9; in others, characters themselves are stable but development shifts
underneath10–12. Given this complexity, it is not clear how much
intra- and interspecific variation we should expect in gene
expression during development, which evolutionary forces
power gene expression change, or how the role of a gene in a
transcriptional network might relate to how it will evolve13.
Previous genomic studies of transcript levels during development have focused on single strains of model organisms
(reviewed in ref. 14), and genome-wide surveys of standing
variation in gene activity are rare15–18. Here we have investigated the stability of developmentally regulated gene expres-

sion during evolution in a comparative developmental context
by using DNA microarrays19 to assay the patterns of gene
expression variation for 12,866 individual genes (>95% of the
predicted genes in the D. melanogaster genome) during the
onset of metamorphosis in species of the D. melanogaster subgroup. We infer the modes by which gene expression evolves
and show that the evolution of expression varies depending on
the functions of the genes.

Results
Measuring developmental change and variation
in gene expression
During metamorphosis, Drosophila undergo substantial phenotypic changes and alterations in gene expression (T.-R. Li et al.,
unpublished data)20–22, but the transition itself is a conserved
process. We measured genome-wide developmental changes in
transcript levels at the onset of metamorphosisthat is, between
late third instar larvae (18 h before puparium formation) and
white prepupae (at puparium formation)for four inbred strains
of D. melanogaster (Canton S, Oregon R, Samarkand and Netherlands2) and one inbred strain each of D. simulans and D. yakuba.
We constructed custom DNA microarrays using D. melanogaster
coding sequences that were expected to differ on average by less
than 5% from their orthologs23 in D. simulans and D. yakuba (see
Web Note A online). D. yakuba split from the D. simulans and
D. melanogaster clade around 5.1 million years (Myr) ago, and
D. simulans and D. melanogaster diverged around 2.3 Myr ago24,25.
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Samples from all three species hybridized well to the arrays (Web
Fig. A online). Because our comparisons are between developmental stages of the same lineage, minor differences in hybridization
kinetics owing to sequence divergence of orthologs cancel out. We
measured the developmental change for each lineage four times (or
six times for Samarkand). For each gene in each lineage, we estimated the differential expression, as well as the confidence intervals
around these estimates, using a general linear model and a bootstrap randomization procedure (Methods)26.
If the estimate is significantly different from zero, the transcript shows ‘developmental change’ in that lineage (Fig. 1a). If
the amount of developmental change is significantly different for
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Evolutionary patterns of gene expression
Overall, transcripts from 6,742 genes (roughly half of the 12,866
genes assayed) change significantly between the time points in at
least one lineage (Fig. 1a), with very low variation in measurements
within a lineage (average s.e.m. 0.13). About half of these genes
(3,457; 27% across the genome) differ significantly in the extent of
developmental change between at least two lineages (Table 1).
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a gene between at least two lineages, the gene shows significant
(evolutionary) ‘variation’ in its expression (Fig. 1b). We carried
out a gene-by-gene analysis of this variation as a first step toward
understanding the evolution of genome-wide gene expression.
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Fig. 1 Developmental and evolutionary patterns of gene expression. a, Differential expression and significant developmental change. In each plot, the x axis
indicates the gene effect (Gg) for a particular gene and the y axis indicates developmental change: that is, the difference between the variety-by-gene effects
at puparium formation and at 18 h before puparium formation (Methods)40. Black dots mark transcripts that change significantly between the two stages;
gray dots mark transcripts that do not change significantly; red dots mark 1,069 transcripts that significantly change in all lineages (380 increase and 689
decrease during onset of metamorphosis in all lineages). b, Comparisons of the estimated developmental changes in the different species. Black dots mark
transcripts that show significant differences between the two lineages; gray dots mark transcripts that do not show significant differences (Table 1); red dots
mark (left to right) 58, 114 and 270 transcripts that change significantly in all lineages and also differ between the compared lineages. We averaged the values
for the D. melanogaster strains, and only transcripts that differ between D. simulans (D. yakuba) and all of the D. melanogaster strains are represented. c, Magnitude of the differences in changes in developmental gene expression between lineages. The average D. melanogaster values are the same as in b. d, A neighbor-joining tree49 of the lineages based on the gene count distances in Table 1. CS, Cantor S; OR, Oregon R; Sam, Samarkand; Neth2, Netherlands2.
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Table 1 • Distances between lineagesa
Samarkand
Canton S
Oregon R
Netherlands2
D. simulans

Canton S
355

Oregon R
753
549

Netherlands2
217
241
807

D. simulans
779
629
827
754

D. yakuba
1,472
1,023
1,348
1,286
1,162

aShown
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are the numbers of genes with significantly different changes in developmental expression between two lineages. For each pair-wise comparison, we
considered only genes that change developmentally in either lineage: 3,457 distinct genes differ in developmental changes between at least two lineages.

These differences in gene expression are consistent with phylogenetic relationships based on biogeography and sequence data:
roughly equal numbers of genes differ between D. yakuba and
both D. simulans and the D. melanogaster strains, whereas D. simulans is more diverged from the D. melanogaster strains than the
D. melanogaster strains are from each other (Table 1 and Fig. 1d).
The transcripts that differ between lineages are not the same in
all pair-wise comparisons; the transcript sets overlap but are not
nested. For example, the 1,162 transcripts that differ between
D. yakuba and D. simulans and the 1,023 transcripts that differ
between D. yakuba and Canton S have only 608 transcripts in common. On average, only 26% of the significantly different transcripts
of two pairs of lineages overlap. Of the 6,742 genes that change in
expression during onset of metamorphosis in at least one lineage,
expression for only 1,069 genes increases or decreases in all lineages;
most developmentally changing genes are not shared across all of
the strains and species that we examined.
The magnitude of variation in developmental gene expression
change is generally lower within the D. melanogaster strains than
between species (Fig. 1c). For example, about 38% of the interspecific differences in expression are more than twofold (involving 1,142 genes), whereas only 18% of the intraspecific
differences (involving 302 genes) are more than twofold. As
would be expected from the phylogenetic relationships among
these species, D. simulans is more like the D. melanogaster strains
than is D. yakuba. To identify the evolutionary processes generating these extensive gene expression differences among lineages,
we examined the variation in developmental changes in gene
expression across this clade in more detail.
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Categorization of transcripts into evolutionary modes
The developmental change in expression of a particular transcript is a polygenic quantitative character, and its variation
across a clade is the product of evolutionary forces experienced
during the history of the lineages. To determine whether changes
in gene expression during Drosophila development are evolving
primarily by stabilizing selection, by lineage-specific selection or
by drift, we examined their patterns of intra- and interspecific
variation (Methods).
Three broad patterns emerged. First, across all six lineages,
some genes are evolutionarily stable, showing little variation.
Such a pattern is consistent with stabilizing selection across the
whole clade (or very low mutational variance). Second, other
genes vary little within strains of D. melanogaster, but their
expression in D. simulans and D. yakuba differs, suggesting lineage-specific selection in the clade. Third, the developmental
changes in expression of some genes are variable within D.
melanogaster. This pattern could be consistent with either a
mutation-drift model for the evolution of gene expression or lineage-specific selection. We devised a sequence of three formal
tests to classify genes into these three evolutionary modes according to their intra- and interspecific variation.
We first tested each transcript for evidence of evolutionary stability. In the ideal case of no error in measurement, we would
expect the variation to be zero only under infinitely strong stabilizing selection (or zero mutation-drift variance). We devised a
test based on the actual measurement error, in which we assessed
whether the amounts of variation in the six lineages were greater
than that expected from a distribution that would be produced
by strong stabilizing selection (Methods). We found that 4,549 of
the 6,742 developmentally changing transcripts are evolutionarily stable, consistent with strong stabilizing selection or low
mutational variance (Fig. 2). Because this test examines the variation across the whole clade, it differs from the pair-wise comparisons above (1,330 of the 3,457 evolutionarily changing genes
identified by pair-wise comparison are under stabilizing selection across the clade).
The remaining 2,193 transcripts are too variable to be under
strong stabilizing selection. To determine the evolutionary forces
that produce this variation, we used the D. melanogaster intraspecific data to divide the genes into those that are polymorphic
within the species and those that are stable within D. melanogaster.
Fig. 2 Evolutionary modes. Transcripts from 6,742 of the 12,866 genes assayed
(52%) change developmentally in at least one lineage. We failed to reject evolutionary stability for 67% of these 6,742 genes. Of the remaining 2,193 genes,
1,666 (25% of the genes whose transcripts showed developmental change)
vary little within the four Drosophila melanogaster strains examined, implying
directional selection. We tested whether the patterns of variation for the
remaining 527 genes are consistent with a mutation-drift model for the evolution of differential gene expression. The patterns of variation for 63 genes
(0.9% of the developmentally changing genes) are inconsistent with drift, suggesting that they have been subject to lineage-specific selection. We grouped
these with the 1,666 genes identified above. Developmental changes in transcript levels of 464 genes (7% of the developmentally changing genes) have
evolved in a manner consistent with drift.
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Variation across the whole clade with maintenance of stability
within D. melanogaster implies that a gene’s variation comes
from species-specific differences. We applied the same test of stability as above, considering only the four D. melanogaster strains.
For 527 genes, we rejected the hypothesis that the gene expression levels in the D. melanogaster lineages are drawn from the
same distribution. The remaining 1,666 transcripts differ significantly across the six lineages but are consistent with low variation
within D. melanogaster. This pattern of variation indicates possible species-specific selection (Fig. 2).
If the developmental changes in transcript levels are in mutation-drift equilibrium, then we would expect the distance
between the mean D. melanogaster expression changes and the D.
yakuba and D. simulans expression changes to be a function of
the mutational variance and the time since divergence27–29.
Using the D. melanogaster variation to estimate the mutational
variance, we tested whether the distances between species conformed to these expectations (Methods). We rejected the null
hypothesis of neutral evolution for 63 genes (Fig. 2). These genes,
which are polymorphic within D. melanogaster, are presumably
subject to lineage-specific selection within the clade, and we
grouped them with the 1,666 genes identified in our second test
described above. The expression of the remaining 464 genes is
evolving in a pattern consistent with neutral evolution modeled
by a diffusion process (Fig. 2 and Methods).
Evolutionary modes of regulatory genes
and their targets
We examined evolution of gene expression in the network of
genes that controls metamorphosis. The release of the steroid
hormone 20-hydroxyecdysone (ecdysone) triggers the onset of
metamorphosis by activating a cascade of transcription factors, which in turn selectively activate target genes. More than
30 years ago, experiments showed that chromosomal puffing
patterns during metamorphosis differ between members of the
D. melanogaster subgroup in both the timing and size of
puffs30,31; however, these differences could not be linked to
individual genes before the advent of molecular cloning in
Drosophila32, and the relation between puff size and transcript
levels remains unclear33.
Our analysis shows that developmental changes in expression for several of the transcription factor genes activated early
in the ecdysone network, including the ecdysone receptor
(EcR), Eip75B, Eip74EF, Hr78 and crol, are stable across the
clade. By contrast, the developmental changes in transcript
levels of many of their targets show evolutionary change:
Eip63E, Sgs3, Sgs4, Sgs5, Sgs8, ng3, Eig71Ec–f, Eig71Eh–k and
Fbp2, are all under lineage-specific selection; and several
genes, including ng1, Uro, Hsp23, Eig71Ea, Eig71Eb and
Eig71Eg, are evolving neutrally (Fig. 3).
To determine whether these results apply generally, we tested
all genes for associations between the three evolutionary modes
identified above and functional categories defined by the Gene

EcR-USP
early and early-late
transcription factor genes
br-Z1
br-Z3, crol,
Hr78, Eip74EF,
Hr46
Eip75B, Eip78C,
Eip93F
target genes
Act5C, βTub60D,
Edg91, Eig82F,
Gld, ImpE1, ImpE3,
ImpL3, ng4, Pep,
Sgs7, Spn, yp1

globally stable

Edg78e, Eip71CD,
Adh, Ddc, E23,
Fbp1, Hsp23,
Eip55E, Fbp2,
Eig71Ea-b,
Hsp27, ImpE2,
ImpL2, Eig71E(d–f), Eig71Eg, Lsp1γ ,
ng1, Uro
Eig71E(h–k),
Eip63E, Lsp1α,
Lsp1β, Lsp2,
ng3, Pcp, Pig1,
Sb, Sgs3–5, Sgs8
lineage-specific selection

neutral

Fig. 3 Evolutionary modes of the ecdysone-regulated genes. Ecdysone binds to
the EcR-USP heterodimer, which activates a transcriptional cascade50. A group
of early transcription factor genes is activated directly by the ecdysone receptor complex, including Eip74EF, Eip75B, Eip93F, br, crol and Hr78. A small set of
early-late transcription factor genes, such as Eip78C and Hr46, is also activated
by ecdysone but slightly after the early genes. The coordinated actions of the
ecdysone receptor complex, the early genes and the early-late genes regulate
several late genes to control the progression of metamorphosis. As compared
with their target genes, three times as many early and early-late transcription
factor genes are evolutionarily stable.

Ontology project (Table 2)34. Across the whole clade, developmental changes in the expression of genes encoding transcription
factors and signal transducers are significantly more likely to be
stable than to vary. Conversely, developmental changes in the
transcript levels of enzymes and structural factors are significantly likely to have experienced neutral drift. On a genome-wide
scale, evolution of gene expression is most likely to occur
through changes in the regulation of target genes, owing to the
evolution of cis-regulatory regions, to the functional evolution of
the coding sequences of trans-acting factors, or to the evolution
of the expression levels of a few regulatory factors that broadly
affect the transcription of target genes.
We also investigated the evolution of gene expression in individual tissues using genomic transcriptional data from these
same two time points. We focused on the midgut, salivary glands
and epidermis with attached connective tissue, in which sufficient numbers of developmentally changing transcripts have
been identified to allow us to do adequate tests (T.-R. Li et al.,
unpublished data). At this stage of development, these tissues
express mainly non-overlapping sets of genes that reflect the

Table 2 • Associations between evolutionary modes and gene functiona
Transcription factor
Signal transducer
Enzyme
Structural protein

Stable
156/117****
232/190****
1,003/1,064**
94/112*

Lineage-specific
16/44 ****
44/72***
417/404 NS
48/43 NS

Neutral
1/12**
5/19**
157/109****
24/11**

Total
173
281
1577
166

aAssociations between Gene Ontology functional categories (http://www.godatabase.org) and evolutionary modes were assessed by 2 × 2 Fisher’s exact tests47.
Each cell records the number of genes observed over the number expected by random assortment. The results were significant at *α = 0.05 (with a Dunn-Sidak
multiple-test correction P-value of < 0.0043), **α = 0.01 (P < 0.00084), ***α = 0.001 (P < 8.4 × 10−5), ****α = 0.0001 (P < 8.4 × 10−6), *****α = 1.0 × 10−10 (P < 8.4 ×
10−12). NS, not significant.
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Table 3 • Evolutionary modes of developmentally changing transcripts in tissuesa
Stable
244/377*****
219/332*****
177/247*****

Epidermis
Midgut
Salivary gland

Lineage-specific
189/143****
168/126***
124/94**

Neutral
125/38*****
105/34*****
65/25*****

Total
558
492
366

aAssociations

© 2003 Nature Publishing Group http://www.nature.com/naturegenetics

between transcripts that significantly increased or decreased in three tissues (T.-R. Li et al., unpublished data) and evolutionary mode assignments
were assessed by 2 × 2 Fisher’s exact tests47. Each cell records the number of genes observed over the number expected by random assortment. To be considered,
each gene had to be developmentally changing in the Canton S data reported here: its dynamics had to be detectable in the whole animal. The results were significant at *α = 0.05 (with a Dunn-Sidak multiple test correction P-value of < 0.0057), **α = 0.01 (P < 0.0011), ***α = 0.001 (P < 0.00011), ****α = 0.0001 (P < 1.1
× 10−5), *****α = 1.0 × 10−10 (P < 1.1 × 10−11).

functional state of each tissue (T.-R. Li et al., unpublished data).
In all three tissues, larval cells will be replaced by adult cells as
metamorphosis proceeds, although this process occurs at different times in each of the tissues examined35.
We found that developmental changes in gene expression are
significantly likely to be drifting or under lineage-specific selection in these tissues (Table 3). In the midgut, 48 of 74 developmentally changing endopeptidase genes are changing
evolutionarily, whereas 7 of the 13 genes encoding cytochrome
P450s are drifting. Most genes encoding structural proteins of
the cuticle (17 of 23) show evolutionary changes in expression.
The extreme bias for certain classes of gene to show evolution of
gene expression in these tissues is associated with large changes
in expression during the onset of metamorphosis. We found that
the overall magnitude of developmental change is significantly
correlated with evolutionary mode (Web Fig. B online). Genes
with high absolute developmental changes are more likely to be
subject to lineage-specific selection and drift.
The direction of expression change and a given gene’s mode of
expression evolution are highly associated (Table 4). Transcripts
increasing during this period in these tissues are more likely to be
evolutionarily stable, whereas those declining during this period
are less stable. The association also holds across the whole dataset
(Table 4). We propose that this pattern reflects stabilization of the
induction of transcripts responsible for initiating metamorphosis, and weaker constraints on the temporal regulation of genes
that are no longer needed and that do not directly affect the
expression of others. In this light, the developmental changes of
transcription factor transcripts should be stableas they overwhelmingly areand those that vary across the clade merit further attention.
Finally, we considered the evolution of the 1,069 genes that
show similar developmental changes in expression across all lineages. Because these genes are developmentally regulated in a
conserved developmental process in the D. melanogaster subgroup, the dominant mode of evolution might be expected to be
stabilizing selection. Instead, we found that these genes are more
likely to be drifting or under lineage-specific selection than to be
stable. These 1,069 genes encode an excess of endopeptidases
(85 observed/35 expected), enzymes (348/250) and structural
proteins (56/26), and a paucity of transcription factors (5/27; all
observations are significant, with P < 0.001). Overall, we found

that the transcript levels of these genes are more likely to decline,
than to increase, from late larva to prepupa in all of the lineages,
and a quarter of those declining are drifting. By contrast, the
evolutionary modes of the upregulated transcripts from this set
of 1,069 developmentally changing genes are more representative of the whole dataset: we found that most upregulated genes
are evolutionarily stable, fewer show lineage-specific selection
and even fewer seem to be drifting. Changing developmental
expression across all lineages is itself not an indicator of evolutionary stability.

Discussion
Phenotypic evolution is both constrained and driven by variation in gene function during development. Because gene expression itself varies, it is an object of evolution in its own right36.
Determining the proximate causes of this variationthe interactions between trans-regulatory factors and cis-regulatory
sequenceswill be crucial for understanding how differences in
gene function drive the evolution of multigenic traits37,38. In the
D. melanogaster subgroup, developmental changes in gene
expression vary extensively both within and between species.
This variation provides abundant targets for selection and ample
fuel for evolution.
Much of the genome-wide variation in expression results from
changing developmental constraints, which shift the balance
between different evolutionary forces. There are stronger constraints on the activation of gene expression than on the downregulation or degradation of transcripts during development.
There are stronger constraints on the expression of genes that
encode regulatory molecules than on the expression of genes that
encode structural factors or enzymes. There are stronger constraints on genes with small changes in expression during development than on those with larger changes. Because of these
constraints, interpreting the biological significance of gene
expression variation and evolution will be difficult or impossible
outside its developmental context.
As more studies investigate variation in genomic regulatory
networks, we will be able to trace the impact of gene expression
variation on network output and stability to its developmental
consequences. Ultimately, genome-wide functional analyses will
help to delineate the relationships among molecular variation,
the organismal phenotype and specific evolutionary forces.

Table 4 • Evolution of upregulated and downregulated genesa

Increasing
Decreasing
Total

Stable
267
206
473

Tissues (P < < 1.0 ×10−10)
Lineage-specific
Neutral
159
55
220
192
379
247

Total
481
618
1,099

Stable
2,612
1,899
4,511

Whole animal (P < < 1.0 × 10−10)
Lineage-specific
Neutral
717
105
885
321
1,602
426

Total
3,434
3,085
6,519

aAssociations between the direction of developmental expression change and evolutionary stability were assessed by a G-test. The genes increasing in tissues are
increasing in at least one Canton S tissue and decreasing in none. Similarly, the genes increasing in whole animals were increasing in at least one lineage and
decreasing in none. Genes with decreasing transcript levels are more likely to be evolutionarily changing than those with increasing levels.
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Methods
Materials. We grew D. melanogaster strains Canton S, Oregon R,
Samarkand and the isofemale line Netherlands2, D. simulans strain 140210251.167, and D. yakuba strain 14021-0261.0 in uncrowded conditions on
standard corn meal medium with 0.05% bromophenol blue. All of these
lineages have been under laboratory conditions for at least 3 years (Netherlands2) and in some cases for decades (Oregon R, Canton S). At the darkblue gut stage39,40, on average 18 h before pupariation and at pupariation
(white prepupa), we collected roughly 60 flies for each sample in SDS lysis
buffer and subjected them to phenol-chloroform total RNA extraction and
mRNA extraction (Promega)40. The mRNA was reverse-transcribed in the
presence of fluorescently labeled dUTP, and the labeled cDNA was
hybridized at 65 °C to the whole-genome D. melanogaster microarrays
described below.
We printed poly-L-lysine-coated arrays on a Gene Machines arrayer
using PCR fragments of ∼300 bp of predicted genes from the D.
melanogaster genome. The fragments were selected to minimize intrafamily hybridization (see Web Note A online). We processed the arrays after
printing using 1-2-dichloroethane, N-methylimidazol and succinic anhydride41. We limited our analyses to the 12,866 genes common to each array.
For some genes, several different sequences were spotted on the arrays (see
Web Note A online). If preliminary t-tests indicated that the spots were not
behaving similarly, we treated the spots as separate genes (such as potential
splice variants) and have marked the 19 such cases in the data by ‘S’. Otherwise, the measurements were averaged in the following analysis.
Microarray analysis. After scanning the arrays with a confocal laser scanner (Axon), we analyzed the images using Spot42 without any background
correction (so as not to introduce additional variance), yielding log base-2
(log2) measurements for mean intensities for each channel in each spot on
the array. All subsequent analyses were coded in python with links to the R
statistical package (see URLs below). For each array, we fitted a loess curve
(span = 0.25) to the difference in intensities between dyes as a function of
the mean of the intensities of the two dyes. Other groups have shown that
such curves can differ between blocks on the array43. We did not find such
differences, but, because the intensity difference between the dyes overall
varied with mean spot intensity, we shifted the data by the deviation of the
loess curve from the mean line to account for this array-specific nonlinear
effect of dyes. The final data set consisted of this adjusted data for the four
(or six) replicates per population.
To estimate the differences in gene expression between the two conditions
while removing noise, we fitted the data to a general linear model of the form:
yijkg=µ+Ai+Dj+Gg+ADij+AGig+VGkg+εijkg
where yijkg is the log2 measurement for a particular gene (g) under a particular condition (k) labeled with a particular dye (j) on a particular array (i),
µ is the overall mean, A, D and G measure the effects of the single factors
array, dye and gene, AD measures the array-by-dye interaction, AG measures the array-by-gene effect, VG measures the variety-by-gene effect (the
effect of interest), and ε is the residual between the data and the model44.
For comparisons in which sequence divergence might be appreciable, it is
crucial to be able to separate hybridization variation caused by sequence
divergence from actual differences in mRNA abundances at particular
stages. In our model, sequence divergence would contribute to the G effect
and should not affect the VG estimate. To minimize the effects of outliers,
we estimated the effects µ, A, D and AD using the middle 80% of the measurements. We estimated missing values by filling them in with the mean
for that spot on the other arrays, fitting the model, and then iterating this
process using the model estimates to update the missing measurements
until the whole model converged.
To assign confidence intervals to the developmental changes in expression
between stages, we bootstrapped the data set by randomly swapping error
terms between measurements and re-estimating the general linear model
according to a described scheme26. A gene’s expression was taken to change
during development if zero did not fall within the 95% confidence interval.
The confidence intervals averaged around 0.73 units (average s.e.m. 0.13) in
width on a log2 scale. A gene was taken to change significantly during evolution if the confidence interval for neither lineage included the estimate of the
mean developmental change for the other (see Note online).
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Evolutionary mode analysis. The conventional null hypothesis for tests
of evolutionary mode is a mutation-drift model that requires either
extensive sampling of the patterns of divergence45,46 or a direct estimate
of mutational variance28. If we were to use the observed data to estimate
mutational variance, derived for example from the D. melanogaster variation, then we would fail to reject neutrality for several cases in which
stabilizing selection has limited the variation across the whole clade,
including within D. melanogaster, either by eliminating deleterious phenotypes or by favoring some optimal phenotype. If the measurements
were nearly identical, the noise variance would become the baseline for
rates of evolution. To limit such false negatives, we first used an independent criterion to test whether the variation across the lineages was
small. This formed the basis of our first two tests. For the remaining
genes, we attempted to reject a mutation-drift model on the basis of estimating the mutational variance from the observed data. Because these
lineages are laboratory strains, it is possible that the patterns of variation, especially low amounts of variation, do not wholly reflect the natural intra- and interspecific variation in this group.
Stabilizing and lineage-specific selection tests. If we could measure
developmental changes in gene expression in these lineages with infinite
precision, identical values would arise from either infinitely strong stabilizing selection or no mutational variance. Any deviation would indicate that stabilizing selection could not eliminate all of the variation
introduced by mutation. With imperfect data, however, measurement
error sets the limit for whether we can discriminate means and sets a
threshold (less than infinite in this case) for the strength of stabilizing
selection that we can detect. With a combination of strong stabilizing
selection and low mutational variance, the estimates of developmental
change across the various lineages would look as though they were six
random samples from some shared error distribution around a common mean. The null hypothesis for these tests was therefore the presence of selection, and thus the number of developmental expression
changes under selection might be overestimated. Estimates of mutational variance will help to overcome this caveat, enabling us to use more
standard tests for selection using neutrality as the null hypothesis. Given
the measurement error and the differences between this test and the
pair-wise test described above, the transcript levels for a gene in two of
these samples could differ from each other even if the gene were stable
when considering the whole clade (1,330 of 3,457 evolutionarily different genes were under stabilizing selection). It is also possible to reject a
common distribution even if the pair-wise test did not identify significant differences in a the change in expression of a gene (66 of the 1,729
genes under lineage-specific selection were not identified as different
evolutionarily in the pair-wise analysis).
We estimated the common standard deviation, σ̂, by averaging the confidence intervals (weighted by the sample size) for each gene across the lineages and assuming that the width of this average confidence interval
corresponded to 4σ̂.We then estimated the average change in developmental gene expression, x̄ 1–6, accounting for the tree structure, and constructed
the normal distribution N(x̄ 1–6 , σ̂). For each lineage estimate, we calculated the probability of picking it or a more extreme value from this distribution, and combined these probabilities to assess the overall significance
of the pattern of gene expression for that gene47. If the combined probability were less than 0.05, we rejected the null hypothesis of a common distribution for the estimates.
Mutation-drift test. Under mutation-drift equilibrium, the expected
squared difference between the phenotypes of two lineages is σm2t,
where t is the amount of time that separates them and σm2 is the mutational variance. For D. melanogaster and D. yakuba, t is roughly 10.2
Myr; and for D. melanogaster and D. simulans, t is roughly 4.6 Myr25,48.
The genetic variance within D. melanogaster is a function of the variance
introduced since the lineages diverged and the amount of variance in the
ancestral population. For an emigration from Africa about 15,000 years
ago25, ten generations per year and an effective population size of 3 million individuals48, the amount of intraspecific genetic variance for these
D. melanogaster strains can be approximated by their ancestral variance,
which is around 2Neσm2 or 6 × 106σm2 (with units scaled to generations)28. The ratio of the squared difference between the phenotype of
D. yakuba (D. simulans) and the mean phenotype of D. melanogaster to
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the variance within D. melanogaster scaled by the ratio of their expectations, 10.2 × 107 σm2/6 × 106 σm2 (4.6 × 107 σm2 / 6 ×106 σm2, should be
distributed as an F[1,3] distribution:
dist(yak–mel)2

F (yak–mel) ~

•
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varmel

F (sim–mel) ~

dist(sim

2
–mel)

varmel

•

2Neσm2
σm2t(yak–mel)

2Neσm2
σm2t(sim–mel)

⇒

dist(yak–mel)2
17 • varmel

⇒

3 • dist(sim–mel)2
23 • varmel

We rejected neutrality for test statistics that fell in the outer 2.5% tails for
either the D. yakuba or the D. simulans comparison.
URLs. Python, http://www.python.org; R statistical package, http://www.
r-project.org; GEO database, http://www.ncbi.nlm.nih.gov/geo/. For additional information about this study and access to the array data, see
http://flygenome.yale.edu/Comparative/.
Accession numbers. GEO microarray data, GSE129, GSE130, GSE131,
GSE132, GSE133, GSE134.

Note: Supplementary information is available on the Nature
Genetics website.
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