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Letter

Comparison of diverse developmental transcriptomes
reveals that coexpression of gene neighbors
is not evolutionarily conserved

ltai Yanai'? and Craig P. Hunter

Department of Molecular and Cellular Biology, Harvard University, Cambridge, Massachusetts 02138, USA

Genomic analyses have shown that adjacent genes are often coexpressed. However, it remains unclear whether the ob-
served coexpression is a result of functional organization or a consequence of adjacent active chromatin or transcriptional
read-through, which may be free of selective biases. Here, we compare temporal expression profiles of one-to-one
orthologs in conserved or divergent genomic positions in two genetically distant nematode species—Caenorhabditis elegans
and C. briggsae—that share a near-identical developmental program. We find, for all major patterns of temporal expression,
a substantive amount of gene expression divergence. However, this divergence is not random: Genes that function in
essential developmental processes show less divergence than genes whose functions are not required for viability. Coex-
pression of gene neighbors in either species is highly divergent in the other, in particular when the neighborhood is not
conserved. Interestingly, essential genes appear to maintain their expression profiles despite changes in neighborhoods
suggesting exposure to stronger selection. Our results suggest that a significant fraction of the coexpression observed
among gene neighbors may be accounted for by neutral processes, and further that these may be distinguished by
comparative gene expression analyses.

[Supplemental material is available online at http:// www.genome.org. The microarray data from this study have been

submitted to the Gene Expression Omnibus (http:// www.ncbi.nlm.nih.gov/geo) under accession no. GSE15551.]

Gene regulation is central to embryonic developmental programs
and their evolution (Carroll et al. 2001; Davidson 2006). In ex-
perimental developmental systems as diverse as sea urchins, fruit
flies, and amphibians, precise temporal and spatial gene regulation
is encoded in transcriptional gene networks (Davidson et al. 2002;
Loose and Patient 2004; Stathopoulos and Levine 2005). Changes
to these networks often lead to the evolution of the developmental
processes, further emphasizing their importance (Davidson 2006;
Prud’homme et al. 2007). For example, evidence suggests that
regulatory evolution of Hox transcription factors are the key
modifications leading to the relative difference in body plans of
mouse, chicken, and python (Belting et al. 1998; Cohn and Tickle
1999; Carroll 2000). Evidence also suggests that the variation in
the beak morphology of Darwin’s finches results from changes in
the relative expressions of BMP4 and calmodulin (Abzhanov et al.
2004, 2006; Wu et al. 2004). Such insights into gene expression
regulation and its effect on development highlight the importance
of studying the organization of the genome to unravel the prin-
ciples by which regulation is encoded.

Analyses in yeast, plants, nematodes, fruit flies, and mammals
show that chromosomal gene neighbors tend to be coexpressed
(Cohen et al. 2000; Blumenthal et al. 2002; Reymond et al. 2002;
Roy et al. 2002; Spellman and Rubin 2002; Hurst et al. 2002, 2004;
Lercher et al. 2003; Khaitovich et al. 2004; Stolc et al. 2004;
Williams and Bowles 2004; Denver et al. 2005). In Saccharomyces
cerevisiae, for example, stress-induced genes tend to cluster together
on chromosomes (Burhans et al. 2006), as well as transcription
factors with their target genes (Janga et al. 2008). Notably, house-
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keeping genes tend to form gene clusters (Lercher et al. 2002).
Gene clusters are conserved across genomes (Singer et al. 2005),
with the distance being the best predictor (Poyatos and Hurst
2007). This may indicate a structural or functional organization to
simplify regulation, as in bacterial operons. However, because
a clear functional association between the gene neighbors is often
not apparent, the functional nature of this coexpression has been
questioned (Spellman and Rubin 2002; Yanai et al. 2006; Batada
et al. 2007; Purmann et al. 2007).

Recent work has suggested that a significant degree of coex-
pression concomitant with physical proximity may be spurious
(Batada et al. 2007). Thus, mechanisms such as chromatin
remodeling and transcriptional read-through may better account
for the coexpression of gene neighbors instead of coregulation by
transcription factors (Yanai et al. 2006; Babu et al. 2008). Further
support comes from a report identifying a “ripple effect” by which
intensive transcription at one genetic locus spills over to the
neighboring loci (Ebisuya et al. 2008). At another level, it has been
shown that changes to a gene’s expression profile tend to correlate
with changes to its genomic neighborhood (Yanai et al. 2006; Xiao
et al. 2008; De et al. 2009). Thus, the selective pressures impinging
upon gene expression of coexpressed genes remain unclear, as well
as the general mode of evolution of the transcriptome.

To study the evolution of gene expression and its relationship
to genome evolution, we selected a pair of species with a vast dis-
crepancy between their phenotypic and genomic similarities. The
nematodes Caenorhabditis elegans and C. briggsae are morphologi-
cally nearly indistinguishable (Nigon and Dougherty 1949), shar-
ing the same pattern of embryonic cell divisions (Zhao et al. 2008;
Fig. 1A). However, these organisms are genetically very distant,
suggesting >100 million years (Myr) of independent evolution
(Stein et al. 2003). Analysis of the sequenced genomes of C. elegans
and C. briggsae (Stein et al. 2003) showed that there are ~800 genes
present in C. briggsae that are absent in C. elegans and vice versa,
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Figure 1. C elegansand C. briggsae development is indistinguishable despite a large genetic distance.
(A) Micrographs showing C. elegans and C. briggsae embryos at the embryonic developmental stages
examined in this study. The cell division patterns are remarkably similar in terms of cell deaths, relative
division times, and cell locations within the embryo (Zhao et al. 2008). (B) Dot plot showing the ge-
nomic locations of one-to-one orthologs between the C. elegans and C. briggsae genomes, indicating

numerous genomic rearrangements.

with a myriad of chromosomal rearrangements (Fig. 1B). Such
a pair of species enabled us to correlate gene expression changes
with genomic rearrangements and other tractable genomic traits.

Results

To identify differences in gene expression profiles between C. ele-
gans and C. briggsae, we designed whole-genome species-specific
microarrays. We then used these to measure transcript abundances
in precisely staged embryos that span the first quarter of embry-
onic development (Fig. 1A). The time course included a stage of
almost exclusively maternal transcripts (four-cell), the transition
to zygotic transcription (28-cell), and the presumptive commit-
ment to the major cell fates (55-, 95-, and 190-cell stages). For 9619
C. elegans genes and 7104 C. briggsae genes, we found statistically
significant variation of transcript abundance across the de-
velopmental stages (see Methods; Supplemental Fig. S1).

To estimate the reproducibility of the microarray data, we
invoked the following controls. First, five probes on one of the
designed microarrays were dedicated to each of 795 C. briggsae
genes. Of the 390 genes, in which both the predefined best probe
and at least one other associated probe passed our expression
profile thresholds (Supplemental Fig. S1), only three (0.1%) had
a probe that was not supported (Supplemental Fig. S2). Second, we
compared our C. elegans data set with a previously reported micro-
array data set that used a commercially defined platform. Exam-
ining two comparable time points, we found that only 1.6% of the
genes differ (Supplemental Fig. S3). To control against a general
bias in our comparisons, we also examined the similarities among
the transcriptomes (expression values of all genes) of the examined
cell stages. We found that the correlations between cell stages in
both the C. elegans and C. briggsae data sets are nearly identical,
suggesting that observed changes are gene specific and do not
disturb the overall pattern of the transcriptome (Supplemental Fig.
S4). From these controls we concluded that our data set accurately
captures temporal expression profiles across the two species.

We limited our detailed analysis to 3658 one-to-one ortho-
logous gene pairs with high-confidence expression profiles for
both genes (see Methods). One-to-one orthologs are pairs of
C. elegans and C. briggsae genes that do not have a recent (post-
speciation) duplicate in their respective genome and consequently
are among the most evolutionarily stable genes in the genomes
(Lynch 2007). Figure 2A shows six C. elegans gene expression
profile clusters enriched for expression in each developmental

that within each cluster, a sizeable frac-
tion of the genes show expression di-
vergence. Interestingly, significant gene-
expression divergence is readily detected
even among the earliest embryonically
transcribed genes (cluster 2). For exam-
ple, genes nhr-7, ins-1, and tra-3 each
shows a different profile in C. briggsae
(Fig. 2). Similar results were obtained
when the analysis was initiated with C. briggsae generated clusters
(Supplemental Fig. SS5).

To quantify expression similarity, we computed Pearson’s
correlation coefficient (R) on pairs of expression profiles (Fig. 3A).
We found that one-third of the one-to-one orthologs have di-
verged beyond a correlation of 0.5 (Fig. 3B). This sizeable fraction
of change in gene regulation is likely an underestimate of the true
change in gene regulation because we excluded ortholog pairs
whose expression was not detected in both species and examined
only expression during early embryonic development, a stage
thought to be refractory to evolutionary change (Cutter and Ward
2005; Davis et al. 2005). Further, while we are cautious to extrap-
olate from the one-to-one expressed orthologs to the entire tran-
scriptome, we note that since gene duplicates tend to exhibit sig-
nificantly higher rates of gene expression evolution (Castillo-Davis
and Hartl 2002), the actual degree of gene expression divergence
between the C. elegans and C. briggsae transcriptomes is also likely
to be higher than this analysis of one-to-one orthologs suggests.

We next asked how the distributions of expression correla-
tions (R) compare among different functional gene categories (Fig.
3B). Genes whose functional perturbation by RNAi leads to le-
thality (henceforth “essential genes,” see Methods regarding iden-
tification of gene sets used in this analysis) and thus are enriched for
developmental regulators are significantly enriched for high cor-
relations (P < 1073, Kolmogorov-Smirnov test, with respect to the
one-to-one orthologs from which they are drawn). Further, genes
that play known roles in the patterning of the embryo show re-
markable expression similarity between orthologs (median R=0.9,
P < 0.005). In contrast, we find significantly lower levels of expres-
sion similarity among groups of genes not expected to function in
early embryogenesis: olfactory receptors, spermiogenesis-enriched
genes, and male-enriched genes (P < 107>, P< 107%, and P < 1073,
respectively). While the genes comprising these three gene sets are
likely functional in other developmental stages, the divergence ob-
served in their expression profiles between these near-identical
nematodes may be the result of relaxed selective constraints.

To further explore the relationship between functional rele-
vance and expression similarity, we compared the C. elegans ma-
ternal transcriptome (four-cell stage) of the Bristol N2 strain to the
Hawaiian CB4856 strain. Again, among these geographic isolates
that share ~98.8% genomic identity (Wicks et al. 2001; Swan et al.
2002; Denver et al. 2003), we find that gene categories related more
(less) to embryogenesis are depleted (enriched) in expression var-
iation, respectively (Supplemental Fig. S6). For example, essential
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Figure 2. Comparative transcriptomics of nematode embryonic de-
velopment. (A) For 3658 C. elegans genes, the temporal gene expression
profiles cluster by K-means (on correlation coefficients) into six general
patterns. (B) Expression profiles of C. briggsae orthologs of the C. elegans
genes shown in A. (C) C. briggsae orthologs are reordered within the
C. elegans defined clusters. To the right, a few specific genes are indicated.
The K-means cluster of each C. elegans and C. briggsae gene is provided in
Supplemental Table S3.

genes show a twofold reduction in the occurrence of variation in
expression between the strains, while male-enriched genes show
a twofold increase (P < 10~*and P < 1073, respectively). Thus, ex-
amining gene expression divergences between C. elegans and C.
briggsae and between two C. elegans strains revealed that genes
likely subject to increased purifying selection exhibit more evolu-
tionarily stable gene expression profiles.

Our gene expression data set allows us to test whether coreg-
ulation between gene neighbors is dependent on conserved
chromosomal proximity. To examine expression divergence of
gene neighbors we identified pairs of coexpressed gene neighbors
in C. briggsae and asked whether the C. elegans orthologs are also
coexpressed. We found that the general level of expression simi-
larity was dramatically lower, despite examining only C. elegans
orthologs within conserved gene neighborhoods (Fig. 4A). We
next examined those C. elegans orthologs that are not neighbors.
Interestingly, these pairs show significant divergence beyond

that shown by the conserved neighborhood pairs (P < 107,
Kolmogorov-Smirnov test, Fig. 4A). In fact, the expression similar-
ity among these is only marginally statistically different than that
of randomly selected gene pairs (P = 0.04, Fig. 4A). These results
indicate that the coexpression of gene neighbors is generally not
observed for those orthologs where proximity is not conserved.

Three lines of evidence further support divergence in ex-
pression between orthologs of coexpressed gene neighbors. First,
we performed the inverse analysis starting with the C. elegans
coexpressed gene neighbors and examining coexpression in the
C. briggsae orthologs. Again, we found comparable results (Fig. 4A),
even when C. elegans genes contained in operons are excluded
(Supplemental Fig. S7). In this analysis we examined gene neigh-
bors without setting a threshold for genomic distance. However,
when restricting to only those gene neighbors within 1 kb, we
found a greater divergence between orthologs of coexpressed
neighbors relative to the divergence observed in more distant
genes (Supplemental Fig. S8).

Second, we found evidence that non-neighboring C. briggsae
gene pairs, whose C. elegans orthologs are coexpressed gene
neighbors, are more similar in expression to their neighbor than
expected at random (P < 10~*, see Supplemental Fig. $9). Figure 4B
shows an example involving two coexpressed C. elegans gene
neighbors (eri-5 and Y38F2AR.10) whose C. briggsae orthologs are
neither neighbors nor coexpressed. Instead, the C. briggsae eri-5
ortholog exhibits a conserved expression profile while the
Y38F2AR.10 ortholog is coexpressed with its specific neighbor as
in C. elegans. Figure 4C shows another example of this scenario.

Third, analysis of a compendium of human and mouse tissue-
specific gene expression data showed a similar correlation between
changes in gene order and divergence in gene expression. In this
data set we identified a common set of 26 tissues across a set of
15,025 one-to-one orthologs. We found that mouse orthologs of
coexpressed human gene neighbors are significantly divergent in
those instances where the neighborhood is not conserved (Sup-
plemental Fig. S10). Collectively, these analyses support a signifi-
cant correlation between chromosomal rearrangements and ex-
pression divergence.

The analysis of divergence of expression in gene pairs does
not indicate which partner of each pair is more likely to have di-
verged in expression. Thus, we asked whether gene expression
conservation between orthologs correlates with changes to gene
neighborhoods. For this we compared for each ortholog pair the
gene neighborhoods (five genes both upstream and downstream)
and looked for conservation. We defined two gene sets: (1) those
with a high level of ortholog conservation (Fig. 5C); and (2) genes
with no ortholog neighbors in common (Fig. 5D). For nonessential
genes, orthologs with different neighborhoods show significantly
more expression divergence than those with conserved order (P <
1075, Fig. 5A). Interestingly, the trend is opposite for essential
genes (P < 0.05, Fig. 5B), indicating that natural selection acts to
constrain gene expression divergence among essential genes, in-
dependent of gene neighbor effects.

Finally, we asked whether differences in promoter sequences
for orthologs in different neighborhoods may account for the
observed enrichment of expression divergences. Indeed, for non-
essential genes we found that promoters in nonconserved neigh-
borhoods diverged significantly more than promoters in con-
served neighborhoods (P < 10~°, Supplemental Fig. S11). Similar
differences in promoter conservation were found for the essential
orthologs (P < 1073, Supplemental Fig. S11). This suggests that
changes to the promoter sequence are concomitant with changes
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looms even larger given the absence of
morphological change. It is highly plau-
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sible that natural selection, perhaps due
to limited population sizes, cannot opti-
mize gene expression regulation across
time, space, and conditions (Yanai et al.
2004, 2006). Consequently, gene expres-
sion that is neither strongly deleterious
nor advantageous—previously termed
"gratuitous expression” (Gerhart and
Kirschner 1997)—may not be under se-
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Figure 3. Conservation of expression similarity by gene function. (A) Normalized temporal gene
expression (exp) profiles for three pairs of one-to-one orthologs. For each pair, the correlation coefficient
(R) is indicated. (B) Distributions of expression similarities (R) between C. elegans and C. briggsae gene
profiles for six gene categories and for all of the one-to-one orthologs in boxplot format. The middle
vertical, notch, circle, and left and right boxes, respectively, indicate the median, 95% confidence in-
terval, mean, and second and third quartiles. Shown to the right is the number of genes in each category
and the associated P-value with respect to the set of all orthologs (*P < 0.05; **P < 0.005; ***P < 0.0005,

Kolmogorov-Smirnov test).

to gene neighborhoods, perhaps representing an adaptation to the
local DNA composition. Since expression similarity for essential
orthologs remained high irrespective of genomic neighborhood
(Fig. 5), promoter divergence does not necessarily lead to gene
expression evolution. Together, these results show that, irre-
spective of gene expression divergences, promoters evolve signif-
icantly when the genomic location of the gene changes and sug-
gest that the gene expression changes correlated with genomic
rearrangements may be generally independent of changes to the
proximal promoter. We conclude that the substantial amount of
observed expression changes between C. elegans and C. briggsae can
be interpreted according to the principles of gene essentiality and
genomic location.

Discussion

We have shown here that two species with near-identical de-
velopment have a highly divergent set of gene expression profiles.
Thus, the rapid rate of genomic evolution is reflected in the tran-
scriptome. While the level of expression divergence we observe
between C. elegans and C. briggsae is difficult to relate to other
studied systems (Rifkin et al. 2003; Yanai et al. 2004; Khaitovich
et al. 2005; Davidson and Erwin 2006), its apparent significance

1 These transgenes often lack enhancers
and detection of their expression may be
largely dependent upon co-option of
nearby regulatory elements. Thus, the
features of enhancers that enable modu-
lar combinatorial evolution of gene ex-
pression appear to also enable un-
intended and nonoptimized expression
for gene neighbors. Overall, the hierar-
chical manner by which the eukaryotic
genomes are organized provides many
levels of gene expression regulation (Felsenfeld and Groudine
2003; Wray et al. 2003), where nonoptimality at any of these may
be propagated and amplified while remaining mostly invisible to
natural selection.

Our results indicate that, even in the absence of morpholog-
ical change, organisms undergo extensive changes in gene ex-
pression thereby providing genome-wide molecular evidence for
the "developmental systems drift” hypothesis (True and Haag
2001). This extensive and putatively unselected variation suggests
that, similar to sequence analysis methods that identify un-
changing and thereby functional components of coding regions,
comparative transcriptomic methods may be able to distinguish
functional from nonfunctional components of gene expression.

Methods

Sample preparation

C. elegans (N2 strain) and C. briggsae (AF16 strain) embryos were
isolated and staged as described previously (Baugh et al. 2003).
The five embryonic stages assayed—the four-, 28-, 55-, 95-, and
190-cell stages—were determined for each organism by DAPI (4',
6-diamidino-2-phenylindole) staining and differential interference
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Figure 4. The effect of gene-neighbor conservation on coexpression. (A) Boxplots indicating expression similarity among orthologs of coexpressed
gene neighbors. The orthologs were parsed into two sets: Conserved neighbors are those orthologs that are also proximate (within four genes) and non-
neighbors are orthologs beyond 100 genes apart. The last group is pairs of genes selected at random. Shown to the right are the number of genes in each
category and the associated P-value of the difference among the indicated distributions (***P < 1075 **P < 10~3, Kolmogorov-Smirnov test). For each set of
coexpressed gene neighbors, thresholds for expression were applied (Supplemental Fig. S1) on the starting set, and correlation coefficients were ex-
amined for all orthologs. (B,C) The horizontal lines indicate C. elegans and C. briggsae chromosomes, and the vertical bars indicate genes; orthologs are
linked by black lines. The expression profile for each gene is shown in the profiles to the right. Additional properties of coexpressed gene neighbors are

given in Supplemental Tables S4 and S5.

contrast microscopy. For C. elegans and C. briggsae, the minutes
following the four-cell stage for the four later stages are 80’, 115/,
155', and 200" and 55', 80’, 120’, and 160’, respectively. Fifty
embryos were isolated for each sample, and the total RNA was
extracted as described previously (Baugh et al. 2003). To obtain
sufficient RNA for microarray analysis, RNA was amplified by two
rounds of in vitro transcription using the MessageAmpll kit
(Ambion) with the following modifications designed to increase
the average lengths of the aRNA populations (Baugh et al. 2001).
First-round cDNA construction from total RNA was carried out at
one-fifth of the recommended quantities and total volume, while
in vitro transcription was carried out at one-half of the recom-
mended volume. One hundred nano-
grams of aRNA from the first round was
used as input for the second round of

the presumptive 3’ UTR, up to 150 bp downstream from the
stop codon. Probes 50-60 mer were determined using OligoWiz
(Wernersson and Nielsen 2005), which selects oligos based upon
their cross-hybridization to other coding sequences, Tm, position
along the transcript, folding potential, and low complexity in the
sequence. The probes were also restricted against spanning splice
junctions to avoid missing transcripts due to errors in gene struc-
ture predictions. Each gene was assigned between one and five
probes, where the probe with the best overall score was selected as
the ”A-probe,” and the remaining ranked B through E. The hy-
bridization and washing of the microarrays were performed fol-
lowing the Agilent protocol for single-channel arrays. The arrays

non-essential genes
amplification following the manufac- é premsEEs——  C & 2 T
turer’s protocol for amino-allyl modified g conserved [ o ] |2eee dpy-22
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erentially near the 3’ end, as well as in
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Figure 5. Correlation between conservation of gene location and gene expression similarity. (A)
Boxplots of expression divergences among nonessential orthologs with highly conserved and divergent
genomic neighborhoods (***P < 107°). (B) Same as A for essential genes. Interestingly, the trend is
opposite for essential genes (*P < 0.05). (C) A gene with an overall conserved gene order; (D) a gene
whose orthologs are situated in divergent neighborhoods. The horizontal lines indicate the C. elegans
and C. briggsae chromosomes, and the vertical gray bars indicate neighboring genes. Black lines indicate
aone-to-one orthologous relationship. The plots to the right show the standardized temporal expression
profile for the one-to-one orthologs.
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were scanned at 10% laser power to avoid signal saturation. Agi-
lent’s Feature Extraction software was used to extract the data,
which were then mean-normalized. The data are provided in
Supplemental Tables S1 and S2.

Statistical analyses

Temporal gene expression profiles were standardized by subtract-
ing the mean from each expression value and then dividing by the
standard deviation, such that the final mean and standard de-
viation are 0 and 1. Each gene’s expression profile was assigned
a confidence based upon an error model (see Supplemental Fig. S1).
Distributions of correlation coefficients were compared for signif-
icant differences using the Kolmogorov-Smirnov nonparametric
two-sided test.

Bioinformatics

Predicted one-to-one orthologs were delineated using the Inpar-
anoid algorithm (Remm et al. 2001), which uses sequence analysis
comparisons among the two species. Synteny calculations are
based upon the two genome sequences (Bieri et al. 2007). The gene
sets used in the analyses were compiled as follows and are listed in
Supplemental Table S3. Homeodomains were identified as genes
annotated with Pfam domain PFO0046 (Reece-Hoyes et al. 2005).
Essential genes are those annotated as such by genome-wide RNAi
screens (Kamath et al. 2003; Bieri et al. 2007). Early patterning
genes are those genes reviewed in three publications (Schnabel and
Priess 1997; Maduro and Rothman 2002; Baugh et al. 2005). Genes
with transcripts enriched during spermatogenesis and in males
were retrieved from a published microarray analysis (Kim et al.
2001). Olfactory receptor genes were identified using WormBase
(Bieri et al. 2007). For each gene set only those that were one-to-
one orthologs were examined. Coexpression among gene neigh-
bors was defined as R = 0.8, selected as the mean R (expression
similarity) of the early patterning genes (Fig. 3). Gene neighbors
were defined as separated in the genome by up to four genes.
Identical trends are observed for adjacent genes and separation of
up to four genes.
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