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Genetic variation in gene regulation is an
important source of phenotypic variation,
contributing to human phenotypes and
diseases [1,2] as well as evolution within
and between species [3,4]. Expression
variation between two individuals can
be partitioned into diffusible/trans ele-
ments (e.g., transcription factors) or
non-diffusible/cis elements (e.g., linked
regulatory sequences such as promoters
or enhancers) [4]. By taking advantage of
genetic crosses, we can gain insight into
the mechanistic basis of expression vari-
ation that differentiates individuals [5,6].
Because parental genotypes share a sin-
gle cellular compartment in F1 hybrids,
they also share all diffusible regulatory
factors. Thus, expression variation
between alleles in an F1 hybrid reflects
the portion of variation between the
parents due to cis factors alone. The
remaining portion of variation between
parents not explained by variation in the
F1 hybrids is due to variation in trans
factors. Conceptually, this leads to the
mechanistic perspective that allele-spe-
cific expression (ASE) variation in F1
hybrids is equivalent to variation in cis
elements, whereas ASE variation in
parents is a combination of variation in
cis+trans factors [5]. By measuring the
expression variation in both parents and
their F1 hybrids, we can estimate the
contribution of cis elements and trans
factors to expression variation.

This ASE perspective facilitates estima-
tion of important expression parameters

on a genome scale [7,8], providing abun-
dant fodder for making mechanistic infer-
ences on the genetic basis of expression
variation within and between species.
However, an article in this issue of Trends
in Genetics points out that, when cis and
trans estimates share common F1 hybrid
samples, they will be negatively correlated
via error shared from the hybrid data [9].
One important consequence of this
observation is that spurious inferences
of compensatory evolution between cis
and trans factors will occur when corre-
lated error is not accounted for. This is
because this type of compensatory evo-
lution is defined as a negative relationship
between cis and trans variation. As [9]
points out, many studies continue to
make precisely this error regarding com-
pensatory evolution; consequently, a
solution is urgently needed. Fraser [9]
argues that the simplest solution to this
problem is to estimate cis and trans
parameters from independent replicates
of hybrid data so that error is no longer
correlated. Indeed, an ASE inference
framework formulated by Emerson et al.
[8] recommends correcting for error in just
this way (cf. Figures 2 and S2 from [8]). To
demonstrate the utility of this approach,
we investigate two ASE data sets. The
first is an artificial data set designed to
be devoid of genetic variation in gene
expression and is constructed purely from
biological replicates of the same strain
from [10] (for methods, see the supple-
mental information online). The second
involves genetically distinct strains from
the study by Emerson et al. [8] and there-
fore potentially exhibits compensatory
variation in gene regulation.

Figure 1A,B illustrates the estimation of
cis and trans expression parameters both
with and without correcting for correlated
error in a representative random partition
of the ASE data set constructed to have
no genetic variation between the parents
[cf. (A) to (B)]. The negative correlation in

Figure 1A is large in magnitude and highly
significant (r = �0.48, P < 0.0001), while
that of Figure 1B is small and marginally
significant (r = �0.02, P = 0.02). Overall,
when full biological replication is used,
correlations cluster around zero
(Figure 1C). In addition, given that the
approach in the study by Emerson et al.
[8] places cis and trans expression
parameters in a likelihood testing frame-
work, it can address questions of com-
pensatory evolution on a gene-by-gene
basis in a way purely correlative
approaches cannot. For example, in the
study by Emerson et al. [8], the overall
correlation between cis and trans was
near zero in the independent estimates,
offering no evidence for compensatory
evolution (r = �0.028, P = 0.076), com-
pensating for a spurious conclusion of
rampant compensatory evolution sug-
gested by the correlated estimates
(r = –0.46, P < 10�15). However, by using
independent estimates of cis and trans,
individual genes with evidence for differ-
ential expression can be identified. Of the
850 genes significant for cis and/or trans
in the independent data set of the study
by Emerson et al. [8], 55% (466/850 with
a 95% binomial confidence interval on the
proportion 51–58%) fall into the compen-
satory category at a significance thresh-
old of 1%. Under a model of random
expression variation, only 50% (425) are
expected to fall in compensatory catego-
ries, quadrants II and IV, by chance (16
genes were excluded that have a cis esti-
mate of zero and cannot be classified as
compensatory or reinforcing). Thus, while
no evidence for a negative correlation
between cis and trans is apparent at
the genome level, the statistical evidence
might support the action of compensa-
tory evolution above the background
expectation for at most a small number
of genes (�41). Alternatively, because of
the nature of replication in the study by
Emerson et al. [8] (replicate cultures were
pooled before library preparation and
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subsequent replicates came from the
same library), the variation associated
with library preparation was not con-
trolled, perhaps explaining the remaining

small magnitude of excess compensatory
evolution observed in the study. Clearly,
however, a substantial proportion of the
signal of compensatory variation was

caused by correlated error arising from
sequencing, as the method of the study
by Emerson et al. [8] reduced the corre-
lation from �0.46 to �0.028.
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Figure 1. Effect of Correlated Error on Estimation of cis and trans Expression Variation Ratios. The data considered in the figure were compiled from
partitions of a highly replicated expression data set in yeast [10]. (A) Both cis and trans parameter estimates share a common sample of 11 hybrid individuals. (B) The cis
parameters are estimated from one set of seven hybrid individuals, and the trans parameters are estimated from a different set of seven individuals. (C) Summary of
Kendall rank correlation coefficient (t) for 500 randomly chosen partitions of both the correlated and independent estimation schemes. (A) and (B) are representative
instances of these random partitions.
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This approach illustrates the utility of
accounting for correlated error in a sta-
tistical inference framework. The ability
to make inferences on individual genes
is an important advantage in carefully
measuring the extent of compensatory
evolution. Indeed, any time estimates
of cis and trans are considered jointly to
make biological conclusions, corre-
lated error should be considered, not
just in cases of compensatory evolu-
tion. Modern data sets should be even
better suited to addressing such ques-
tions, as lower sequencing costs allow
us to achieve higher and higher repli-
cation, not only eliminating the corre-
lated error problem but also improving
statistical power. Indeed, it would be
irresponsible not to replicate parental
and hybrid treatments in future ASE
studies.

Acknowledgments
J.J.E. thanks Daniel Rokhsar for thoughtful

comments. This work was supported by National

Institutes of Health grant R01GM123303-1 (J.J.E.)

and University of California, Irvine, setup funds (J.J.E).

Supplemental Information
Supplemental information associated with this article

can be found [63_TD$DIFF]online at https://doi.org/10.1016/j.tig.

2018.11.003.

1Department of Ecology and Evolutionary Biology,

University of California, Irvine, CA, USA
2Center for Complex Biological Systems, University of

California, Irvine, CA, USA
@Twitter: @JJ_Emerson

*Correspondence: jje@uci.edu (J.J. Emerson).

https://doi.org/10.1016/j.tig.2018.11.003

References
1. Lee, T.I. and Young, R.A. (2013) Transcriptional regulation

and its misregulation in disease. Cell 152, 1237–1251

2. Lappalainen, T. et al. (2013) Transcriptome and genome
sequencing uncovers functional variation in humans.
Nature 501, 506–511

3. Carroll, S.B. (2008) Evo-devo and an expanding evolution-
ary synthesis: a genetic theory of morphological evolution.
Cell 134, 25–36

4. Emerson, J.J. and Li, W.-H. (2010) The genetic basis of
evolutionary change in gene expression levels. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 365, 2581–2590

5. Wittkopp, P.J. et al. (2004) Evolutionary changes in [64_TD$DIFF]cis and
trans gene regulation. Nature 430, 85–88

6. Wittkopp, P.J. et al. (2008) Regulatory changes underlying
expression differences within and between Drosophila
species. Nat. Genet. 40, 346–350

7. McManus, C.J. et al. (2010) Regulatory divergence in
Drosophila revealed by mRNA-seq. Genome Res. 20,
816–825

8. Emerson, J.J. et al. (2010) Natural selection on [65_TD$DIFF]cis and
trans regulation in yeasts. Genome Res. 20, 826–836

9. Fraser, H.B. (2018) Improving estimates of compensatory
[61_TD$DIFF]cis-trans regulatory divergence. Trends Genet. Published
online September 27, 2018. http://dx.doi.org/10.1016/j.
tig.2018.09.003

10. Gierli�nski, M. et al. (2015) Statistical models for RNA-seq
data derived from a two-condition 48-replicate experi-
ment. Bioinformatics 31, 3625–3630

Forum
Improving Estimates of
Compensatory
cis–trans Regulatory
Divergence
Hunter B. Fraser1,2,*,@

Interspecific hybrids have played a
key role in researchongeneexpres-
sion regulation. A growing number
of studies havemeasured genome-
wide allele-specific expression in
hybrids and observed that cis-reg-
ulatory changes often oppose
trans-acting changes affecting
the same genes, suggesting stabi-
lizing selection for compensatory
changes. However, the most com-
mon method for estimating these
effects is biased, producing artifac-
tual patterns of compensatory evo-
lution. Here I introduce a simple
modification leveraging biological
replicates that ameliorates thebias.

First-generation hybrids between diver-
gent lineages have been an invaluable
model to study allele-specific expression
(ASE), where one allele of a gene is more
highly expressed than the other. Hybrid
ASE specifically reflects cis-acting differ-
ences between alleles, since the two

alleles of each gene are exposed to the
same trans-acting regulatory environ-
ment. Quantifying cis-regulatory diver-
gence can help pinpoint genes and
pathways underlying adaptive traits, as
well as reveal large-scale patterns of reg-
ulatory evolution [1,2].

Using high-throughput RNA-sequencing
(RNA-seq), genome-wide ASE has been
measured in a diverse menagerie of
hybrids [1]. A popular analysis of these
data compares hybrid ASE to expression
differences between the two parental
species; since the parental difference
reflects both cis- and trans-acting diver-
gence, the trans effects impacting each
gene can be estimated as the parental
difference minus the cis effect
(Figure 1A). A surprisingly consistent
result of these comparisons has been
that compensatory changes, where cis
and trans effects on a specific gene differ
in sign, are far more common than rein-
forcing changes [3–11]. Indeed, a recent
review highlighted this as a major
unsolved puzzle, suggesting mecha-
nisms such as stabilizing selection, feed-
back, or transvection to explain its
ubiquity [1].

My colleagues and I previously noted that
this approach is intrinsically biased: any
error in estimating cis effects will intro-
duce an artifactual negative correlation
with trans effects [12] (Figure 1B). In a
hybrid between parental species A and
B, any error that overestimates the A/B
ASE ratio will lead to underestimation of
the A/B trans ratio. This leads to the unde-
sirable situation where greater error in
ASE estimates will lead to stronger cis–
trans correlations. For example, if ASE
ratios are estimated with 50% error, then
even with no true correlation between cis
and trans divergence, the observed (arti-
factual) cis–trans correlation will be
r � �0.5 (Box 1). Although this concern
has been reiterated by others [13], no
solution has yet been proposed.
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