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ABSTRACT

Understanding the genetic basis for changes in transcriptional regulation is an important
aspect of understanding phenotypic evolution. Using interspecific introgression lines, we
infer the mechanisms of divergence in genome-wide patterns of gene expression between
the nightshades Solanum pennellii and S. lycopersicum (domesticated tomato). We find that
cis- and trans-regulatory changes have had qualitatively similar contributions to divergence
in this clade, unlike results from other systems. Additionally, expression data from four
tissues (shoot apex, ripe fruit, pollen, and seed) suggest that introgressed regions in these
hybrid lines tend to be down-regulated, while background (non-introgressed) genes tend
to be up-regulated. Finally, we find no evidence for an association between the magnitude
of differential expression in NILs and previously determined sterility phenotypes. Our
results contradict previous predictions of the predominant role of cis- over trans-regulatory
divergence between species, and do not support a major role for gross genome-wide
misregulation in reproductive isolation between these species.

Keywords: Gene expression, cis-regulation, trans-regulation, hybrid misregulation,
Solanum lycopersicum, Solanum pennellii

INTRODUCTION

Transcriptional regulation plays an important role in evolution (reviewed in Wray
et al. 2003; Wittkopp 2013). Changes in the timing and level of gene expression,
resulting from the evolution of cis-regulatory DNA sequences and trans-acting factors,
underlie many phenotypic changes and can contribute to reproductive isolation
between species (e.g., Jones et al. 2012; Scarpino et al. 2013; Turner et al. 2014). While
the molecular basis for cis- and trans-acting changes is fairly well understood (e.g.,
Gibson and Weir 2005), the relative contribution of these mutations to the evolution
of gene expression remains unknown. Because cis-regulatory regions are thought
to be more robust to mutation (Ludwig et al. 2005) and less prone to deleterious
pleiotropic effects (Prud’homme et al. 2007), cis-acting mutations have been predicted
to accumulate at a faster rate than their trans counterparts (Wray 2007; Wittkopp et al.
2008). As a result of their faster fixation rate, cis-regulatory differences may compose
a larger fraction of regulatory divergence. However, this prediction has received
conflicting support: while some studies have found that most regulatory differences
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between species involve cis-acting mutations (Tirosh et al. 2009), others have found
the opposite pattern (McManus et al. 2010; Meiklejohn et al. 2014). Moreover, in one
case the contribution of cis-mutations did not seem to increase with divergence time
(Coolon et al. 2014).

In order to infer the genetic basis of changes in gene expression, researchers
have largely used two complementary approaches. One approach treats expression
levels as quantitative traits, and then carries out standard QTL mapping in the
context of a recombinant population (e.g., Schadt et al. 2003). These experiments
are often referred to as “expression QTL” or “eQTL” studies. An advantage of this
approach is that single loci can be identified that affect expression at multiple genes,
thus helping to uncover the number of targeted genes for trans-acting factors, and
possibly also the degree of pleiotropy of each. A disadvantage is that eQTLs that
co-localize with their targets could be due to either cis-acting mutations or nearby
trans-acting regulators (Rockman and Kruglyak 2006), and it is therefore difficult
to estimate the exact contribution of cis-regulatory changes in these studies. The
second approach to exploring regulatory divergence is to study gene expression
patterns of inter-population or inter-specific hybrids. In F; hybrids, inferences of cis
and trans divergence can be made by contrasting allelic expression levels to those of
the parental species (Wittkopp et al. 2004). This approach explicitly allows researchers
to disentangle the effects of cis- and trans-acting changes on a single locus, though no
inferences can be made concerning the number or identity of targets of trans-acting
factors.

Interspecific hybrids, such as the ones generated by these experimental approaches,
might also reveal the buildup of genetic incompatibilities in their genome-wide pat-
terns of gene expression (Landry et al. 2007). Hybrids frequently show transgressive
expression (i.e., outside the range of the parents), potentially as the result of incompat-
ibilities in regulatory elements (e.g., faulty interactions between a transcription factor
from one parent and a regulatory sequence from the other). Some studies have sug-
gested, after finding increased levels of transgression in sterile hybrids, that pervasive
misregulation contributes to hybrid sterility (Michalak and Noor 2003; Moehring et al.
2007; Ortiz-Barrientos et al. 2007; Rottscheidt and Harr 2007). However, while this
association has been found in some systems (Mus, (Good et al. 2010; Turner et al. 2014);
Xenopus, (Malone et al. 2007)), a relationship between misregulation and sterility is
absent in others (Drosophila, (Barbash and Lorigan 2007); Arabidopsis, (Walia et al.
2009)). To generate a more general picture of regulatory divergence, and its potential
role in hybrid sterility, data from a broader range of species and hybrid genotypes is
needed.

An alternative to comparing expression patterns in parental genotypes to early-
generation hybrids is to systematically assess gene expression in more targeted hybrid
regions, using nearly isogenic lines (NILs; also known as introgression lines) between
divergent genotypes (as in Meiklejohn et al. 2014). Such lines carry a short, often
homozygous, chromosomal region from one genotype (species) on the background
of a second genotype (species). Compared to F; hybrids or F, mapping populations,
examining gene expression in NILs allows us to observe the regulatory machinery of
the genotypic background acting on a limited number of genes from a second geno-
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type (i.e., those contained within the introgressed region), as well as the downstream
effects of those introgressed loci on the background genotype (Fig. 1A). For genes
that are differentially expressed between parental genotypes, introgressed loci can
be examined for whether expression levels resemble either parent, are intermediate
(not significantly different from either), or are transgressive. In introgressed genes,
expression resembling the donor parent suggests a stronger effect of cis-acting (or
tightly linked) elements. In contrast, expression levels similar to those of the recipient
parent indicate the action of trans-regulatory factors, while intermediate or transgres-
sive expression levels imply the interaction of both mechanisms. When NILs are
available for the majority of a genome, there is the opportunity to broadly examine
the prevalence of each class of interactions genome-wide. Therefore, NILs represent
an opportunity to gain a comprehensive view of the genome-wide prevalence of cis-
versus trans-regulation, as well as potential regulatory incompatibilities when crosses
are made between species.

The domesticated tomato (Solanum lycopersicum) and its wild relative, S. pennellii,
present an excellent pair of species in which to study the evolution of regulatory
divergence. These two South American nightshades are close relatives (about 1.5%
sequence divergence; Pease et al. 2016), but show considerable differences in their gene
expression profiles (Koenig et al. 2013). Although the two species are differentiated
by loci that cause partial pollen and seed sterility ((Nakazato et al. 2008), and see
below), they can produce hybrids, which has allowed for the development of nearly
80 NILs. Each of these hybrid lines carries, in homozygous form, an introgression
of S. pennellii on a S. lycopersicum background (Eshed and Zamir 1994, 1995). The
average introgressed region comprises about 700 genes (~2% of the S. lycopersicum
genome), and 97% of known genes have been introgressed in at least one NIL.

Genome-wide expression levels of these NILs have not been examined in the
context of understanding the genome-wide prevalence of cis- and trans-regulation.
Here, we use gene expression profiles of NILs to study the mechanisms underlying
regulatory evolution. We infer the relative roles of cis- and trans-regulatory diver-
gence, and find that comparable fractions of genes are predominantly influenced
by each mechanism. Additionally, because we are interested in the potential rela-
tionship between high levels of misregulation and hybrid sterility, we characterize
gene expression levels of seven NILs that have previously shown to have sterility
phenotypes (Moyle and Nakazato 2008). In contrast to some previous studies, we find
no evidence of increased magnitude of misregulation in sterile tissues, suggesting
that sterility in this system is not related to detectable regulatory incompatibilities.

METHODS

To describe the patterns of gene expression in tomato NILs and the relative contribu-
tions of cis and trans divergence, we analyzed publicly available RNA-seq libraries
from vegetative tissue (Chitwood et al. 2013). To explore the correlation between levels
of misregulation and sterility, we carried out a microarray hybridization experiment
on sterile pollen and seed tissues. Additionally, we used publicly available data from
fruit tissue to confirm some of our inferences. The analysis of this third, more limited,
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dataset is reported in the Supplement.

To describe the genome-wide regulatory effects of introgression, we counted genes
with significant differences in expression level with respect to the recipient parent, S.
lycopersicum. We refer to this count as the differential expression level, and to these
genes as “differentially expressed.” We use the amount of differential expression
in the background as a proxy for hybrid misregulation (sensu Barbash and Lorigan
2007). We quantified levels of differential expression in introgressed and background
regions of each NIL. To determine which genes reside in introgressed regions, we
used the described genomic boundaries of introgressions (from Chitwood et al. 2013)
and gene models in the ITAG 2.3 tomato genome (available from the SOL Genomics
Network, solgenomics.net; Mueller et al. 2005). We assessed whether introgressed
regions had significantly more differentially expressed genes by evaluating whether
they were overrepresented in the genome-wide counts of differentially expressed
genes per NIL, using Fisher’s exact tests.

We used the vegetative tissue gene expression levels to infer underlying regulatory
mechanisms. We classify NIL gene expression as “donor-like” (i.e., resembling donor
parent S. pennellii), “recipient-like” (i.e., resembling recipient parent S. lycopersicum),
“intermediate,” or “transgressive” based on three pairwise contrasts between donor,
recipient, and NIL. For “divergent” genes (i.e., those with significant differences
between the parental lines), expression in NILs is considered donor-like if it differed
significantly from the recipient but not the donor. If the opposite is true, expression is
classified as recipient-like. Genes are classified as intermediate if their expression is
not significantly different from either parent, or if it is significantly different from both
parents but occurs within the parental range. A gene is classified as transgressive if
its expression level is outside the parental range and is differentially expressed with
respect to both parents.

To compare downstream effects of introgressions across NILs we used a negative
binomial linear model Dy ~ D; + N + S + €, where Dj, is the differential expression
level in the background, D; is the differential expression level in the introgressed
region, N is the total number of introgressed genes, and S is a sterility state. Lines
were categorized as “sterile” if they carry sterility QTL (18 NILs; Moyle and Nakazato
2008), or “non-sterile” otherwise (see Supplemental Table 8). This allowed us to
evaluate the relationship between misregulation and sterility while controlling for
NIL size.

All analyses were done in R (R Core Team 2015), and the scripts used are included
in the Supplement.

Expression in vegetative tissue

We analyzed gene expression in shoot apices (including young leaves) from RNA-seq
libraries published in Chitwood et al. (2013). In that study, the two parental lines and
76 NILs were exposed to two experimental conditions. Here we limit our analyses to
the libraries from the “sun” treatment, as this is the more standard growth condition
(we also ran the analysis using the “shade” subset and found similar patterns; results
not shown). We analyzed five biological replicates per genotype (i.e., parent or
NIL), for a total of 390 libraries. We use the counts of reads obtained by Chitwood
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et al. (2013), who mapped each NIL to a custom reference genome based on the S.
lycopersicum genome (ITAG version 2.3; 34727 gene models) but included the sequence
of S. pennellii at the corresponding introgressed region. This approach minimizes the
possibility of mapping bias due to sequence divergence. In particular, this approach
allows us to exclude the possibility of apparent down-regulation of S. pennellii alleles
as a result of transcript sequence differences between species (which could lead
to a failure to map S. pennellii reads onto a S. lycopersicum reference genome). We
tiltered out genes with low expression levels, keeping those that show more than two
read-counts per million in at least five libraries (using the edgeR package; (Robinson
et al. 2010)). A total of 20110 genes were analyzed in this tissue, of which 19460 are
introgressed at least once (96.8%). Genes may be introgressed in multiple NILs: in this
dataset, 7755 genes are introgressed in only one of the 76 NILs, 9233 are introgressed
in two different NILs, 2121 genes in three NILs, and 351 in four NILs.

We carried out a voom transformation of the raw counts (Law et al. 2014) and fit a
linear model using the ImFit function (Smyth 2004) from the limma package (Ritchie
et al. 2015). We used the linear model Y ~ A + €, where Y is the normalized expression
level, and A is the accession of the sample (A has 78 levels: 76 NILs and two parents).
We computed t-statistics with empirical Bayes adjustment of standard errors using
the eBayes function (Law et al. 2014). In order to get the significance of the pairwise
comparisons between parents and each NIL, we used the decideTests function from
the same package to get the significance of the contrasts of interest, controlling for a
false discovery rate of 5%.

Expression in sterile tissues

We selected three NILs with reduced seed set (IL1.1, IL1.4, and IL2.3) and four with
reduced pollen fertility (IL1.1.3,1L4.2, IL7.2, and IL8.1.1), based on known QTL for
these sterility phenotypes (Moyle and Nakazato 2008). Eight individuals per NIL and
twelve individuals of S. lycopersicum were grown in a randomized common garden
experiment to flowering. We quantified gene expression using an Affymetrix tomato
GeneChip®. We analyzed a total of 38 microarray hybridizations: six biological
replicates for each tissue in S. Iycopersicum, and four replicates per NIL [with the
exception of IL1.1.3 (pollen) and IL1.4 (seed) for which we used three replicates per
NIL].

Plant material: All plants were propagated under the same conditions, following
standard greenhouse cultivation protocols (Moyle and Graham 2005). Seeds were
germinated and transplanted as seedlings into flats. Three weeks after transplant,
seedlings were transferred to individual 3.75L pots and grown in a climate-controlled
greenhouse at the Indiana University Biology Greenhouse facility. Plants were wa-
tered daily, fertilized weekly, and staked prior to flowering. Collected tissue was
frozen in liquid nitrogen and stored at -80°C until RNA was extracted. Anthers were
collected from the third flower on an inflorescence at preanthesis (i.e., the day before
the flower opened), when normally developing pollen is known to be mature but
not yet dehisced. Carpels were collected seven days after pollination. To do so, the
third flower on an inflorescence was emasculated prior to anthesis and immediately

5/18


https://doi.org/10.1101/037333
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/037333; this version posted January 19, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Regulatory evolution in wild tomatoes

pollinated with pollen freshly collected from another flower on the same individual.
Hand-pollinated flowers were tagged prior to collection.

RNA isolation: We used a Trizol (Invitrogen) extraction followed by RNeasy purifica-
tion (Qiagen). Anthers and carpels from each sample were individually homogenized
in liquid nitrogen and dissolved in Trizol at a ratio of 1 mL/100 mg Trizol to tis-
sue. After the addition of chloroform (1/5 TRIzol volume) and centrifugation for
phase separation, the aqueous phase containing RNA was removed, the volume
was recorded, and 0.53X volumes of 100% ethanol was added. The mixture was
then applied to an RNeasy mini column (QIAGEN) and purified RNA was obtained
following the manufacturer’s instructions. For the seed sterility experiment, 2 carpels
were pooled per biological replicate. For the pollen sterility experiment, 1-3 anthers
were pooled per biological replicate. For some biological replicates, tissue was pooled
from multiple individuals to obtain sufficient RNA yield (no individuals were used
in more than one pool). Samples were pooled following individual extractions and
RNA was quantified prior to pooling using a Nanodrop ND-1000 as well as preparing
a gel. We used 6 ug (for seed samples) and 7.5 ug (for pollen samples) of RNA for
sample preparation and hybridizations.

Microarray sample preparation and hybridization: The Affymetrix tomato GeneChip was
designed based on tomato Unigene Build #20, and GenBank mRNAs up to November
5,2004. Sample preparation and hybridization was performed at the CMG (Center
for Medical Genomics), IUPUI (Indianapolis). For each sample, single cycle labeling
was performed followed by product purification, quantitation, and fragmentation.
After adding control oligonucleotides, 200 uL of hybridization cocktail was applied
to an array and incubated. Following incubation, washing and staining steps were
performed in an Affymetrix Fluidics Station. To reduce non-random error, balanced
groups of samples were handled in parallel. Arrays were scanned using a dedicated
scanner, controlled by Affymetrix GCOS software, and images examined for defects.
Microarray intensities (CEL files) were processed using the Affy package (Gautier
et al. 2004) in R (R Core Team 2015).

Differential gene expression analysis: We include a total of 5228 singly-mapping probe-
sets that target an equal number of genes. Mapping annotation of probesets to
ITAG2.3 genes was downloaded from the SOL Genomics Network (Mueller et al.
2005). As in the vegetative tissue analysis, we carried out a voom transformation and
tit a model using the limma package. For each tissue, we fit a linear model Y ~ A + ¢,
where Y is the normalized expression level and A is the accession variable. In the
pollen model, A has 5 levels (4 NILs and the recipient parent), while in the seed model
it has 4 levels (3 NILs and the recipient parent). To account for multiple testing, we
control the false discovery (FDR) at a 5% level in each tissue.
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RESULTS

Expression in vegetative tissue

We found that introgressed regions are over-represented for differentially expressed
genes. Each NIL has on average 135 differentially expressed genes (ranging from
62 genes in lines IL4.1.1 and IL7.1, to 470 genes in 1L4.4). Relative to their size,
introgressed regions carry a large fraction of all differentially expressed genes in each
NIL: about 30% of differentially expressed genes in NILs are located in introgressions,
even though each individual introgression makes up on average 2% of the tomato
genome. In fact, all NILs show a significant overrepresentation of differentially
expressed genes in introgressed regions (Fisher’s exact test, p < 0.01 in all cases;
Supplemental Table 8). In turn, this implies a relatively smaller effect of introgressed
genes on the expression of background genes. On average, we estimate that each
introgressed gene has downstream effects on the expression of about 0.4 genes outside
the introgressed region. As a result, genome-wide expression profiles of NILs fall
roughly within the range of the recipient parent (Fig. 1B). Seven NILs show profiles
slightly more similar to the donor parent, falling outside of the 95% confidence
interval of the estimated distribution across all NILs (labelled in Fig. 1B).

In contrast, the parents show substantial differences in their expression profiles:
we find 4251 divergent genes (FDR=5%), representing 21% of genes expressed in
vegetative tissue. The observed divergence in gene expression has been reported
previously (Koenig et al. 2013), and implies that low levels of differential expression
in the NILs are unlikely to be due to lack of differences in the parents. We also found
that the donor parent, the wild species S. pennellii, displays much more variation than
the recipient parent, domesticated S. lycopersicum. This difference is consistent with
higher levels of genome-wide heterozygosity in S. pennellii (Pease et al. 2016) and
larger phenotypic variance in S. pennellii (Muir et al. 2014).

We found that differential expression of genes in background and introgressed
regions differs not only in magnitude, but also in direction (Fig. 2). While introgressed
regions show a trend towards down-regulation, differentially expressed genes in
background regions of NILs tend to be up-regulated. As mentioned in the Methods,
the mapping approach implemented ensures that down-regulation in introgressed
regions is unlikely to be an artifact of interspecific sequence mismatch. Moreover,
most differentially expressed genes in introgressed regions vary in the direction of
the donor (i.e., are donor-like or intermediate), while very few are transgressive.
In contrast, a larger fraction of differentially expressed genes in the background
is transgressive. This large fraction of genes with expression levels outside of the
parental range is likely the result of the joint effects of the compensatory mutations
underlying cis-by-trans interactions (as in Landry et al. 2005) and/or the indirect
effects of the introgression (e.g., the down-regulation of an introgressed gene leads to
failed repression of another gene in the network).

Relative contributions of cis and trans divergence
Overall, expression patterns suggest that cis- and trans-regulatory changes have con-
tributed equally to divergence between S. lycopersicum (the recipient parent) and
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S. pennellii (the donor parent) (Fig. 3). A total of 4277 introgressed genes show
differences in expression that allow us to make inferences about the predominant
regulatory mechanisms. First we restrict our inferences to 3366 genes (79% of those
differentially expressed) that have consistent expression patterns across NILs—i.e.,
those that can be classified in the same category every time they appear in intro-
gressions (Fig. 3). We find that a considerable fraction (36%) of divergent genes
show donor-like expression levels. Comparable fractions of introgressed genes show
intermediate (30%) or recipient-like expression (28%). Additionally, we find evidence
of transgressive expression for 6% of examined genes. Of the 911 introgressed genes
that show inconsistent expression patterns across NILs, 79% vary between resembling
either parent (i.e., donor- or recipient-like expression) and showing intermediate lev-
els, while 18% vary between donor-like and recipient-like expression (Supplemental
Table 2).

These results imply that there is an approximately equal contribution of cis-
and trans-regulatory mutations to the observed divergence in expression levels. In
introgressed regions, cis-regulatory donor alleles interact with the recipient trans-
regulatory network from the background genome. Therefore, donor-like expression
of genes inside the introgression suggests that the causal mutation for expression
divergence is linked to the introgressed gene. Conversely, recipient-like expression
of introgressed alleles indicates a more prominent role of trans-acting elements in
the regulatory divergence of those genes. The large fraction of genes with intermedi-
ate or transgressive levels suggests that linked (putatively cis-acting) and unlinked
(trans-acting) elements contribute significantly to the resulting expression profile.
Interestingly, we find a trend towards down-regulation of introgressed alleles, both
in donor-like and recipient-like genes (Fig. 3), suggesting that interaction of regu-
latory elements in hybrids is more likely to result in failure to express rather than
overexpression, regardless of the nature of the causal mutation.

Expression in sterile tissues
Differential expression patterns in sterile pollen and seeds are similar to those found
in vegetative tissue (and fruits, see Supplement). Specifically, we observe an excess of
differentially expressed genes in introgressed regions (Fisher’s exact, p < 0.01 in all
cases). Again, we see a trend towards down-regulation in introgressed regions and
up-regulation in background genes (Fig. 4). These qualitative similarities suggest
that increased differential expression is not a distinctive feature of sterile hybrid
genotypes, and therefore imply that gross misregulation patterns in hybrids do not
play a major role in reproductive incompatibility in these species. The observed
over-representation of differential expression in introgressions is unlikely to be the
product of differential hybridization to the microarray due to sequence divergence,
since we find that the result is still significant if we consider only up-regulated genes
(Fisher’s exact, p < 0.05 in all but one NIL; Supplemental Table 7). Moreover, we
observe similar results if we limit the analysis to probes with identical sequences in
the two parents (not shown).

Consistent—albeit indirectly—with this result, NILs that carry sterility QTLs do
not show increased differential expression in vegetative tissue (Fig. 4). Despite sub-
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stantial variation between NILs in the amount of background differential expression
(ranging from 49 genes in introgression line IL1.2 to 397 genes IL4.4), there is no
evidence that differential expression is correlated with sterility phenotypes. In par-
ticular, the differential expression levels in eighteen NILs associated with sterility
phenotypes are not significantly greater than in other NILs (in vegetative tissue or
fruits; Supplemental Tables 1, 5). One NIL linked to seed infertility (IL4.4), however,
does show the highest number of differentially expressed background genes in vege-
tative tissue (but it is not an outlier in fruit; see Supplement). Although we originally
included IL4.4 in our microarray experiment, we were unable to generate sufficient
post-fertilization material so we cannot determine whether the sterility QTL in it has
a large effect on seed gene expression.

DISCUSSION

The expression profiles of NILs can be used to reveal the mechanisms behind the
evolution of gene regulation in their parental species. In Solanum, the most common
pattern was for genes to show donor-like expression, suggesting an important role of
cis-regulatory divergence in this system. However, substantial fractions of genes also
show evidence of trans- (recipient-like, 28%) or cis-by-trans regulatory divergence
(intermediate or transgressive, together 36%). Moreover, not all genes that show
donor-like expression are necessarily cis-regulated, as some of them could be targets
of trans-regulatory elements residing in the same NIL (Rockman and Kruglyak 2006).
These linked (but trans-acting) elements may inflate our estimate of the contribution
of cis-regulatory divergence. Given these results, we conclude that cis and trans
mechanisms participate approximately equally in this species comparison.

Our results are consistent with previous findings in Coffea (Combes et al. 2015)
and Arabidopsis (Shi et al. 2012), where divergence between species is only slightly
biased towards cis-acting mutations. By contrast, most studies in Drosophila suggest
a stronger role of cis-regulation, but there is considerable variation in the results
(reviewed in Coolon and Wittkopp 2013). In fact, divergence between D. mauritiana
and D. simulans is mostly trans-regulatory (Meiklejohn et al. 2014). Interestingly, in
that system Meiklejohn ef al. 2014 found that the effect of introgression on background
differential expression (which they interpret as trans-regulation) is biased towards
up-regulation. Our results are consistent with their findings, and together they allow
us to speculate that a large fraction of trans-regulatory divergence involves disrupted
interactions between negative regulators and their targets.

Our results (as well as others; Shi et al. 2012; Meiklejohn et al. 2014; Combes et al.
2015), disagree with the proposed prevalence of cis- over trans-regulatory divergence
between species (Wray et al. 2003; Wray 2007; Wittkopp et al. 2008). The basis of this
prediction is intuitive: mutations in trans-acting elements should be, on average, more
deleterious than those in cis-regulatory sequences because they are more likely to have
negative pleiotropic effects. Therefore, natural selection should fix a higher proportion
of cis- relative to trans-regulatory mutations. Over time, the different evolutionary
dynamics of the two types of mutations lead to a proportional increase of cis-acting
mutations contributing to regulatory divergence. Thus, an underlying assumption

9/18


https://doi.org/10.1101/037333
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/037333; this version posted January 19, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Regulatory evolution in wild tomatoes

made when studying regulatory differences between species is that enough time has
passed to allow for detectable over-accumulation of cis divergence, but this need not
be the case. Moreover, the proportions of cis- and trans- variants segregating in the
ancestral population are unknown. Elevated trans variation in the ancestor (as in
Emerson et al. 2010; Goncalves et al. 2012) will increase trans divergence, and more
time would be necessary to fix enough cis- regulatory mutations to observe a bias
towards cis divergence.

The expectation of increase in cis divergence through time may not hold due
to at least three other factors. First, cis- and trans-acting mutations may be equally
constrained if cis-acting mutations have trans-acting consequences downstream in
the gene network, resulting in similar pleiotropic constraints on both mutation types.
Second, the prediction assumes equal opportunity for cis and trans mutations; how-
ever, gene regulation is commonly polygenic, and in species with complex regulatory
networks the increased opportunity for trans-regulatory mutations (as in (Gruber
et al. 2012)) may outweigh the negative skew in the distribution of their fitness effects.
Greater opportunities for trans-acting mutations could mean that we observe more of
them, even if on average they are more deleterious than cis-acting mutations. Third,
the deleterious pleiotropic effects of trans mutations may be somewhat reduced in sys-
tems with redundant or context-dependent regulation. Further study of the molecular
basis behind trans-regulation in this system (e.g., the role of chromatin modification,
small RNAs) will be necessary to understand the causes underlying the genome-wide
regulatory patterns we observe.

We found no relationship between the magnitude of misregulation and hybrid
sterility, consistent with previous findings in Drosophila (Barbash and Lorigan 2007). In
contrast, mouse trans-eQTLs of large effect co-localize with sterility QTL, suggesting
that quantitative misregulation plays a role in hybrid incompatibility in that system
(Turner et al. 2014). In tomatoes, introgressed regions act as trans-acting factors for the
differentially expressed genes in the background (i.e., they are trans-eQTLs), and some
of these introgressions carry sterility QTL (Moyle and Nakazato 2008). However,
expression levels in sterile tissues of these NILs do not show dramatic differences
with respect to those of non-sterile tissues. Moreover, we find no co-localization of
trans-eQTL and sterility loci, as sterile NILs show similar levels of misregulation as
other lines in vegetative tissue (Fig. 4). This result does not imply that regulatory
incompatibilities do not play a role in reproductive isolation between these two
species. Rather, our results indicate that the high number of misregulated genes per se
is not the cause of low fitness in hybrids.

Here, we contribute to an expanding body of literature that, taken together, does
not support a difference in the evolutionary dynamics of cis- and trans-regulatory
mechanisms. While multiple factors—such as demography (McManus et al. 2010),
natural history of the species (Combes et al. 2015), or methodological issues (Meikle-
john et al. 2014)—may be invoked to explain why previous studies have not found the
predicted excess of cis over trans divergence, we believe that we now have enough
evidence to question the generality of such expectations.
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Figure 1. A) Expression of introgressed genes in NILs is the result of the interaction be-
tween (1) trans-regulatory factors from the recipient parent and (2) putatively cis-regulatory
elements in the introgressed region. The introgression, in turn, may affect background
expression (3). For genes with divergent expression between parents (bars, labeled ‘d” for
donor and ‘r’ for recipient), we expect expression in introgressions to be recipient-like (1,
middle bar) if divergence has been predominantly trans. On the other hand, cis-regulatory
divergence is expected to result in donor-like expression in introgressed regions. B)
Genome-wide regulatory divergence between the recipient (S. lycopersicum; triangles)
and the donor parent (S. pennellii; squares) summarized in the first two eigenvectors of
a principal components analysis. Expression profiles of NILs (open circles) projected on
to these principal components show that introgression lines have expression patterns
closer to the recipient parent. Only the mean for each NIL is shown, and the dashed
ellipse represents the 95% confidence interval of the distribution of all NILs (assuming a
multivariate ¢-distribution). The shaded areas representing the expression range of the
parents are drawn for clarity only.
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Figure 2. The number of differentially expressed genes by NIL, and the fraction of those
genes that are up-regulated, varies between regions of the genome. Transgressive genes
compose a large fraction of the differentially expressed genes in background regions, but
not in introgressed regions. Down-regulated genes are more common in introgressed
donor-like genes, but more transgressive genes in the background show up-regulation
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Figure 3. Normalized expression levels for 3366 introgressed genes expressed in vegeta-
tive tissue, relative to both parents. Many introgressed genes show donor-like expression
(36%; green points), but comparable fractions of genes are observed for intermediate
(30%; blue points) and recipient-like expression (28%; red points). The distribution of
expression levels relative to the recipient parent for donor-like genes (green histogram,
top) shows a bias towards down-regulation. On the right (red histogram), a similar pattern
for expression levels relative to the donor parent in recipient-like genes.
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Figure 4. A) Genomic location of differentially expressed genes (vertical bars) in sterile
tissue of seven NILs. Most differential expression accumulates in introgressed regions
(black area in horizontal lines). B) No qualitative difference in the differential expression
patterns of sterile compared to non-sterile tissue of NILs that carry sterility QTL, as
described by the percent of total number of genes queried in each tissue (5228 genes in
sterile tissue, 20110 in vegetative tissue). The gray vertical bars represent the 95% CI for 61
NILS that do not carry known sterility QTL.
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