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Abstract

We investigated how the two rounds of whole-genome duplication that occurred at the base of the vertebrate lineage
have impacted ancient microsyntenic associations involving developmental regulators (known as genomic regulatory
blocks, GRBs). We showed that the majority of GRBs identified in the last common ancestor of chordates have been
maintained as a single copy in humans. We found evidence that dismantling of the duplicated GRB copies occurred early
in vertebrate evolution often through the differential retention of the regulatory gene but loss of the bystander gene’s
exonic sequences. Despite the large evolutionary scale, the presence of duplicated highly conserved noncoding regions
provided unambiguous proof for this scenario for multiple ancient GRBs. Remarkably, the dismantling of ancient GRB
duplicates has contributed to the creation of large gene deserts associated with regulatory genes in vertebrates, providing

a potentially widespread mechanism for the origin of these enigmatic genomic traits.
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Complex spatiotemporal regulation of transcription is crucial
for animal embryonic development. This regulation relies
heavily on long-range distal enhancers, which are a hallmark
of metazoans (Irimia et al. 2013; Sebe-Pedros et al. 2016) and
are particularly widespread in vertebrates (Marlétaz et al.
2018). Long-range enhancers engage in precise physical inter-
actions with their target promoters, which can be located
hundreds of kbs away. These enhancers are particularly prev-
alent in the case of developmental transcription factors (here-
after trans-dev genes; Woolfe et al. 2005), and create complex
cis-regulatory landscapes that leave distinctive signatures on
how the genome is organized around these genes. Among
these signatures, the massive size of the intergenic regions
associated with trans-dev genes is probably the most conspic-
uous (Nelson et al. 2004). In the most extreme cases, these
gene-free regions can be longer than 1 Mb, and are commonly
known as gene deserts (Nobrega et al. 2003). These
regulatory-rich gene deserts associated with trans-dev genes
constitute ~30% of all human gene deserts (Ovcharenko
et al. 2005). Moreover, whereas the majority of gene deserts
have a higher proportion of repetitive regions and are of
relatively recent evolutionary origin, gene deserts associated
with trans-dev genes are much more ancient and stable, con-
taining numerous transcriptional enhancers and a high den-
sity of highly conserved noncoding regions (HCNRs) shared

across bony vertebrates (Ovcharenko et al. 2005). However,
the origin of vertebrate regulatory gene deserts remains a
mystery. One of the challenges of studying the evolution of
gene desserts is the difficulty to discriminate homologous
gene deserts from those that could have independently
evolved around the same genes in different lineages. Thus,
the presence of conserved syntenic reference points such as
HCNRs and/or conserved neighboring genes is necessary to
unambiguously establish gene desert homology, something
that becomes increasingly challenging with evolutionary dis-
tance. Therefore, given the nearly complete absence of non-
coding sequences conserved between vertebrates and
nonvertebrates (Royo et al. 2011; Clarke et al. 2012), not
much can be said about the origin of regulatory gene deserts
except that many of them date back to at least the last
common ancestor of vertebrates.

In addition to intergenic regions, distal enhancers from
trans-dev genes can also constrain genomic organization
when they are located within the introns of neighboring
genes. This creates microsyntenic associations between
trans-dev and non-trans-dev (bystander) genes, known as ge-
nomic regulatory blocks (GRBs; fig. 1A) (Kikuta et al. 2007).
GRBs are thus the expanded regulatory landscapes of the
trans-dev genes, and closely coincide with topological-
associated domains (TADs) (Harmston et al. 2017).
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Fic. 1. Fates of ancient GRBs after the two WGDs in vertebrates. (A) Genetic redundancy allows the dismantling of GRBs after WGD. Two scenarios
are depicted: (i) The GRB microsyntenic association is disrupted by a break point, in which both the trans-dev and the bystander genes may be
maintained, but in different genomic locations; This scenario would impact the regulation of the trans-dev gene. (ii) The GRB microsyntenic
association is dismantled by the differential loss of either the trans-dev or the bystander gene. The loss can occur by a large deletion of the genomic
locus or by pseudogenization and “exon erosion.” Although the former would impact the regulation of the trans-dev when the bystander is lost, the
latter would not. (B) Summary of the fates of the 156 studied ancient GRB pairs present by the last common ancestor of chordates. Human
conservation, whether the human genome has conserved at least one linked copy or not of the ancient GRB associations; #GRB pair copies, for
those conserved, the number of copies of GRB pairs maintained in human (1-4); Multiple gene copies, for those GRB pairs in single copy, in how
many cases, there are multiple ohnologs for both the trans-dev and bystander genes (i.e., not linked), only for the trans-dev or bystander gene, or for
none. (C) Percent of trans-dev (T) genes of different types that have at least one intergenic region (N1-T and/or T-B [for ancient GRB pairs] or T-N2
[for other trans-dev genes]) within the first, second, third, or another decile of intergenic region lengths genome-wide (i.e., trans-dev genes in decile
1 have at least one intergenic region whose length is among the top 10% of all intergenic regions). All td, all trans-dev genes linked to at least one
non-trans-dev gene (n = 745); GRB td, trans-dev genes that are part of conserved ancient GRB pairs (n = 103); Unlinked td, trans-dev ohnologs
from ancient GRBs that are not linked to the ancient bystander gene (n = 171); Unlinked td (max/min), the unlinked trans-dev ohnolog with the
largest/smallest intergenic region (n = 107); GRB td (T-N2), for these cases, the distance from the trans-dev gene in a conserved ancient GRB pair to
the gene after the bystander (gene N2) is considered as the only intergenic distance (n = 103). Genes are only counted once in each category and
cases for which the two downstream neighbors (N1 and N2) are not present are not considered. All lengths for each category are provided in
supplementary table S3, Supplementary Material online. The use of N1 and N2 to label gene neighbors does not imply that these genes are the
ohnologs of the neighboring genes flanking a trans-dev gene before WGDs. (D) For each type of trans-dev gene, number of ATAC-seq peaks found
in the intergenic region with the highest number of peaks, except for “GRB td (T-N2),” where only the number of peaks between the trans-dev and
the gene N2 is considered (as in G; n = 655, 82, 131, 78, 78, and 82, respectively).

Importantly, as the disruption of GRBs would separate
enhancers from their target trans-dev genes, these microsyn-
tenic associations are often highly conserved in evolution
(Engstrom et al. 2007; Kikuta et al. 2007; Dong et al. 2009;
Irimia, Tena et al. 2012). Furthermore, double-strand breaks
have been shown to occur preferentially at TAD borders in
human and mouse, reinforcing the idea that TADs (and
GRBs) are particularly resistant to genomic rearrangements

2858

(Canela et al. 2017). In fact, many of these microsyntenic pairs
are among the most ancient features of animal genomes,
dating back at least to the last common ancestor of bilaterian
animals (Irimia, Tena et al. 2012; Simakov et al. 2013). This is
especially important because, with a few notable exceptions
(Royo et al. 2017; Clarke et al. 2012), orthologous cis-regula-
tory elements have not been identified across phyla. Thus,
ancient GRBs are often the only source of information to gain
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insight into the evolution of homologous gene regulatory
landscapes in deep evolutionary times. However, despite their
remarkable evolutionary conservation, GRBs can also be
modified under certain circumstances. In particular, the ge-
netic redundancy created by the whole-genome duplication
(WGD) of teleosts was shown to have triggered a wholesale
dismantling of GRB duplicates (Kikuta et al. 2007; Dong et al.
2009). In this lineage, the most common outcome of the
dismantling was the preservation of the trans-dev gene and
associated enhancers accompanied by the loss of the by-
stander copy’s exonic sequences (fig. 1A, scenario [ii]).

In the case of the two rounds of WGD that occurred at the
base of vertebrates (Dehal and Boore 2005; Putnam et al.
2008), it is unknown how they have impacted the evolution
of ancient GRBs. Furthermore, except in the case of a few
isolated loci (Irimia, Royo et al. 2012; Maeso et al. 2012;
Acemel et al. 2016), the mechanisms leading to the disman-
tling of ancient GRB are poorly understood. Here, we identi-
fied GRBs that were present in the last common ancestor of
chordates and investigated their fates after the vertebrate
WGDs. We found that the microsyntenic associations of
most ancient GRBs have been maintained in single copy,
and that the majority of additional duplicate copies disman-
tled these associations very early in vertebrate evolution, likely
by the differential loss of the bystanders and retention of the
trans-dev genes. Interestingly, we observed that such loss of
bystanders have substantially contributed to create multiple
human gene deserts, and propose that this has been an im-
portant source for regulatory gene desert formation at the
origin of vertebrates.

Results

Evolutionary History of Ancient GRBs in the Human
Genome

To investigate gene desert and GRB evolution before the or-
igin of vertebrates and their subsequent fate after the verte-
brate WGDs, we first defined a list of 745 developmental
transcription factor (trans-dev) genes in the human genome
belonging to 363 families that were already present in the last
common ancestor of chordates (see Materials and Methods
for details). Of these 745 trans-dev genes, 236 (31.7%) are
flanked by at least one intergenic region that falls within
the 10% largest intergenic regions of the human genome,
or 143 (19.2%) and 94 (12.6%) if the top 5% or 3% intergenic
regions are used to define gene deserts, respectively. Next, we
assessed which of these trans-dev genes were in GRBs that
were likely present in the last common ancestor of chordates.
For this purpose, we compiled a list of previously reported
microsyntenic nonparalogous gene pairs detected using 13
metazoan species dating back to the last common ancestor of
Eumetazoans (Irimia, Tena et al. 2012), and also performed a
de novo search for gene pairs with conserved microsynteny
employing more recently published genomes from slow-
evolving nonvertebrate species (see Materials and Methods
for details; both analyses included the human genome). From
the union of these ancient microsyntenic associations, we
then identified those gene pairs containing a trans-dev gene

and a non-trans-dev (bystander) gene. This resulted in a list of
116 ancient putative GRBs, thus involving 32.0% of the 363
ancient trans-dev families. The majority of these GRBs (85/
116, 73.3%) contained only one microsyntenic association
between a trans-dev and a bystander gene, but in the remain-
ing 31 cases the trans-dev gene was linked to two or more
bystander genes (supplementary table S1, Supplementary
Material online). Therefore, these 116 ancient GRBs corre-
sponded to a total of 156 unique trans-dev-bystander ancient
syntenic pairs, hereafter GRB pairs. For simplicity, we here
studied the evolution of these GRB pairs independently. For
specific comparisons, we also compiled a list of 52 ancient
human non-trans-dev gene pairs whose expression is highly
correlated across thousands of transcriptomic data sets and
that are in head-to-head orientation (likely sharing a bidirec-
tional promoter) (Irimia, Tena et al. 2012) (supplementary
table S2, Supplementary Material online).

The human genome has retained at least one copy of 131
out of 156 (84.0%) ancient GRB pairs (fig. 1B and supplemen-
tary table S1, Supplementary Material online). However, the
microsyntenic association between trans-dev and bystander
was maintained in more than one copy for only 14/131
(10.7%) of those ancestral GRB pairs (eg, ONECUT1/
WDR?72 on chromosome 15 and ONECUT2/WDR? on chro-
mosome 18), whereas the vast majority of ancestral syntenic
pairs were present in a single copy (117 out of 131) (fig. 1Band
supplementary table S1, Supplementary Material online). A
similar percentage of the ancient gene pairs with coregulated
expression (3/52, 5.8%) were also maintained in multiple cop-
ies (P = 0.41, two-sided Fisher’s exact test between GRB and
coregulated pairs) (supplementary table S2, Supplementary
Material online). The large fraction of single-copy associations
after WGD could be due to several reasons. First, even if
multiple ohnologs (i.e, paralogs derived from WGDs) are
maintained for both the trans-dev and the bystander genes,
their microsyntenic association may be lost by genomic rear-
rangements (fig. 1A, scenario [i]). Second, trans-dev and non-
trans-dev genes are known to be retained at different rates
after WGD (Putnam et al. 2008; Canestro et al. 2013), which
could also result in the loss of the GRB syntenic association
(fig. 1A, scenario [ii]). Consistent with the second scenario,
only 17/117 (14.5%) of single-copy GRB pairs have retained
multiple copies of both the trans-dev and the bystander genes
(fig. 1B and supplementary table S1, Supplementary Material
online). In the vast majority of cases, only the trans-dev gene
has been retained in multiple copies (82/117, 70.1%), which is
significantly more than the seven cases (6.0%) observed for
the bystander gene (P=857e-12, proportion test). These
differences are due to higher retention rates of the trans-
dev genes, because the bystander genes were retained in mul-
tiple copies at rates similar to those of genes in coregulated
pairs (24/117 [20.5%)] vs. 26/104 [25%]; P = 0.54, two-sided
Fisher’s exact test). The differential loss of bystander genes is
illustrated by the cases of ancestral multibystander GRBs in
which different trans-dev ohnologs have remained associated
with only one of the original bystander families (supplemen-
tary figs. S1-S3 and table S1, Supplementary Material online).
In these cases, it is likely that specific bystanders were
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differentially lost in each vertebrate GRB copy, similar to what
has been reported in teleosts (Kikuta et al. 2007; Dong et al.
2009).

To approximate the relative timing at which the loss of the
GRB syntenic associations occurred, we next studied ancestral
GRB pair evolution in two slow-evolving basal-branching ver-
tebrate species, the elephant shark Callorhinchus milii and the
spotted gar Lepisosteus oculatus, and in chicken. We could
find evidence of linkage for additional pairs of trans-dev and
bystander ohnologs that are not linked in the human genome
for only 2/131 (1.5%) ancestral GRB pairs: FOXP3/GPR173 in
L. oculatus, and PBX4/MVB12A in L. oculatus, C. milii as well as
in chicken (supplementary table S1, Supplementary Material
online). A similar pattern was found for the 25 ancestral GRB
pairs that have not been conserved in human, for which only
two (8%) gene pairs were linked in any of the other vertebrate
genomes: MKL2/DCUN1D3 in C. milii,and KDM1A/TMEM30B
in C. milii and L. oculatus. Therefore, these data indicate that
the majority of losses of GRB syntenic associations likely oc-
curred before the last common ancestor of gnathostomes,
soon after the two rounds of WGD.

Dismantlement of Ancient GRB Pairs Often
Contributes to Regulatory Gene Deserts in the Human
Genome
Our results thus far show that the majority of ancient GRB
pair associations have been conserved in a single copy and
that most losses seemingly occurred early in vertebrate evo-
lution, likely involving the differential loss of the bystander
copies and preservation of trans-dev ohnologs (scenario [ii] in
fig. 1A). The differential loss of the bystander gene could occur
by a large deletion of the locus or by pseudogenization of the
exonic sequence (exon erosion), with dramatically different
effects on the conservation of the regulatory landscape of the
trans-dev gene: whereas a large deletion would remove puta-
tive regulatory elements of the trans-dev gene, erosion of the
bystander exons would allow essential regulatory elements to
be maintained. Interestingly, considering that many bystand-
ers are unusually large genes with very long introns (Kikuta
et al. 2007; Irimia, Tena et al. 2012), the latter could result in
the creation of a large gene-free region in the formerly by-
stander locus, that is, a “gene desertification” of the GRB.
To evaluate the predictions made by this hypothesis, we
first calculated the length of the intergenic regions around
different sets of the 745 ancient trans-dev genes in the human
genome (supplementary table S3, Supplementary Material
online). As expected for genes with complex regulation
(Nelson et al. 2004), trans-dev genes that are part of GRBs
with conserved ancient synteny (GRB td) were enriched for
large intergenic regions, but to an extent similar to that of the
whole set of ancient human trans-dev genes associated with
at least one non-trans-dev gene (fig. 1G 33.0% of “GRB td”
have at least one intergenic region that is among the 10%
largest [decile 1] intergenic regions genome-wide [>229 kb],
compared with 31.7% for all ancient trans-dev genes [All td];
P =0.822, two-sided Fisher’s exact test). The fraction of genes
with at least one intergenic region in the top decile was
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significantly increased for the 171 trans-dev ohnologs from
ancient GRB pairs that are no longer linked to the original
bystander genes (Unlinked td; 44.4%, P = 0.0017, two-sided
Fisher's exact test compared with all trans-dev genes).
Interestingly, this enrichment was much stronger when
only the unlinked trans-dev ohnolog with the largest inter-
genic region was considered (Unlinked td (max), 57.9%,
P =2.31e-07, two-sided Fisher’s exact test). This is consistent
with the asymmetric evolution of gene regulatory landscapes
reported for vertebrate ohnologs, in which some ohnologous
copies have much larger intergenic regions than others
(Marlétaz et al. 2018). Furthermore, these patterns were
stronger in the case of GRBs ancestrally associated with a
single bystander compared with those GRB pairs from multi-
bystander GRBs (supplementary fig. S5, Supplementary
Material online), in line with the differential bystander reten-
tion observed for the latter set (supplementary fig. S1,
Supplementary Material online). Remarkably, the distribution
of deciles for the ohnologs of unlinked trans-dev genes with
the largest intergenic regions (Unlinked td (max)) closely
matched that of the trans-dev genes in conserved ancestral
GRB pairs when the distance to the neighboring gene after the
bystander (i.e, including also the gene body of the bystander)
is used as its intergenic distance (GRB td (T-N2); fig. 1C). In fact,
most (58.3%) of these distances including the gene body of the
bystander are longer than 229 kb, which is the lower size limit
of the top 10% largest intergenic distances in human. This
means that, in all these cases, the erosion of the bystander
genes would immediately qualify the resultant intergenic
regions as gene deserts. Importantly, these patterns, especially
the enrichment on decile 1 intergenic lengths, were not
observed for a set of ancestral microsyntenic pairs of non-
developmental genes (supplementary fig. S4 and table S3,
Supplementary Material online).

Similar patterns were observed when comparing the com-
plexity of regulatory landscapes among sets of trans-dev
genes, measured as the number of ATAC-seq peaks found
in the different intergenic regions (fig. 1D). For this, we first
obtained the corresponding mouse orthologous regions, and
then used ATAC-seq data for multiple stages from 12 devel-
oping mouse tissues from the ENCODE project to count the
number of significant ATAC-seq peaks detected in at least
two tissues (see Materials and Methods for details).
Consistent with the differences in intergenic region lengths,
unlinked trans-dev genes from conserved ancestral GRB pairs
have higher numbers of associated ATAC-seq peaks com-
pared with linked (and all) trans-dev genes (fig. 1D). This is
even higher for the unlinked ohnolog with the largest number
of peaks (Unlinked td (max)), whose distribution is again
similar to that observed for linked trans-dev genes when
the bystander loci are considered as part of the trans-dev
gene’s intergenic region (GRB td (T-N2)). In addition, by using
single-cell RNA-seq data from mouse E9.5 embryos, we did
not observe any significant difference in the number of cell
types in which linked and unlinked trans-dev genes are
expressed (supplementary fig. S6A, Supplementary Material
online), or in the similarity of expression patterns between
ohnologs from ancient GRBs versus the rest of trans-dev genes
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(supplementary fig. S6B and C, Supplementary Material on-
line), suggesting that retention or loss of bystander genes does
not seem to play a major role in the evolution of gene ex-
pression after WGDs.

In summary, the unlinked ohnologs we identified corre-
spond to 76/236 (32.2%) of the ancient human trans-dev
genes that have at least one intergenic region that falls within
the 10% largest of the human genome. Moreover, this fraction
increases up to 36.3% (52/143) or 44.7% (42/94) if the top 5%
or 3% intergenic regions are used to define gene deserts, re-
spectively, suggesting that bystander erosion could have con-
tributed to the origin of gene deserts in a substantial number
of cases. However, the erosion of bystander exons in dupli-
cated GRBs can only be unequivocally demonstrated by
detecting bystander pseudogenic exon remnants or by the
presence of duplicated HCNRs that were originally located
within the introns of the bystander gene before the two
WGDs (McEwen et al. 2006; Wang et al. 2007; Maeso et al.
2012; Acemel et al. 2016). To investigate these possibilities, we
used a set of duplicated HCNRs in which one of the copies is
present within the intron of a bystander gene of an ancient
GRB pair and the other in a gene-free region surrounding the
unlinked paralogous trans-dev gene, which we compiled from
a previous report (McEwen et al. 2006) and from a de novo
search using mouse embryonic ATAC-seq peaks (see
Materials and Methods). In total, we identified 23 pairs of
HCNRs that were ancestrally located in bystander introns
associated with 16/99 (16.2%) ancestral GRB pairs in which
at least one linked and one unlinked trans-dev genes have
been retained in human (supplementary table S4,
Supplementary Material online). In addition, we performed
a systematic search for exon remnants from bystanders in the
intergenic regions of unlinked trans-dev genes, which resulted
in the discovery of a high-confidence exon remnant from a
paralog of FAM172A associated with NR2F2 (supplementary
table S4, Supplementary Material online).

One example of bystander erosion is provided by the GRB
pair formed by Islet/Scaper, conserved from human to
sponges (Irimia, Tena et al. 2012, Wong et al. 2019).
McEwen et al. identified a duplicated HCNR in mammals,
with one copy in the intron of Scaper, near Isl2, and another
in a gene desert of 1.4 Mb near IslT (McEwen et al. 2006). In
both cases, IsIT and Isl2, along with the conserved duplicated
elements, were located within the borders of single mouse
TAD:s (fig. 2A). These two sequences were conserved across
multiple vertebrates, including zebrafish (fig. 2B). To assess if
the duplicated HCNRs interacted with the respective Islet
promoters, we generated circular chromosome conformation
capture sequencing (4C-seq) using zebrafish isl1 and isl2a
promoters as viewpoints. In both cases, the pattern of inter-
actions indicates that the HCNRs are included within the
gene regulatory landscape of the respective Islet promoters
(fig. 2B and supplementary fig. S7, Supplementary Material
online). The same situation was observed in mouse, where
both duplicated HCNRs interact with the promoters of their
corresponding Isl paralogs as shown with our 4C-seq data and
available HiC experiments (Bonev et al. 2017) (supplementary
figs. S8 and S9, Supplementary Material online). Furthermore,

we generated 4C-seq data in amphioxus embryos using the
promoter of its single Is/ gene as viewpoint, and also found it
to interact with the orthologous Scaper locus (fig. 2B and
supplementary fig. S7, Supplementary Material online).
Next, to probe the potential enhancer activity of these ele-
ments, we generated stable zebrafish lines using the ZED
vector (Bessa et al. 2009). Both HCNRs drove expression in
the nervous system in overlapping, but also distinct domains,
consistent with the expression of their target genes (fig. 2B
and C). A similar scenario was observed for other trans-dev
genes with large gene deserts that were originally involved in
ancestral GRBs, such as Otx1/2-Ehbp1, for which we could also
show interaction between duplicated HCNRs and their re-
spective promoters in zebrafish and mouse and between Otx
and the orthologous Ehbp1 locus in amphioxus (supplemen-
tary figs. S10-S13, Supplementary Material online).

Discussion

We found that most ancient GRB pairs have been retained in
a single copy in the vertebrate lineage after two rounds of
WGD. Only a small subset of GRB pairs have been maintained
in multiple copies, a fraction similar to that observed for
ancient pairs of coregulated genes in a head-to-head orienta-
tion, suggesting no bias for or against retention of GRB syn-
tenic associations in multiple copies after WGD. Moreover,
data from slow-evolving, basal-branching gnathostomes sug-
gest that the dismantlement of most extra duplicates likely
occurred shortly after the two WGDs (although it should be
noted that the exact fraction of inferred early losses might
decrease by looking at a larger number of vertebrate species).
Although it is difficult to assess it confidently, given the
amount of evolutionary time involved and the scarcity of
duplicated HCNRs present in vertebrate genomes (McEwen
et al. 2006), we also found evidence that a substantial fraction
of the dismantled GRB syntenic associations happened by
differential loss of the bystander gene by pseudogenization
(bystander exon erosion). This pattern is similar to that
reported for the more recent teleost-specific WGD (Kikuta
et al. 2007; Dong et al. 2009), for which a larger number of
HCNRs within bystander genes could be used to unequivo-
cally prove this fate. In the case of the vertebrate WGDs, a few
preduplicative HCNRs provided such proof for ~16% of the
ancient GRB pairs. Given that sequence conservation of an-
cient HCNRs is extremely rare (Holland et al. 2008; Royo et al.
2011), it is possible that similar processes have occurred with
many other ancient GRBs in vertebrates despite the lack of
conservation of duplicated and ancient HCNRs, as suggested
by the analysis of intergenic length distributions. Remarkably,
for many cases in which a trans-dev ohnolog has been
retained without the association with a bystander copy, we
could observe a large associated gene-free region, including
for those with HCNR-based evidence for bystander erosion.
This highlights a mechanism for gene desert creation after
WGD (fig. 2C), by which the already-large intergenic regions of
trans-dev genes can be massively increased by the addition of
the genomic sequences corresponding to the bystander loci.
This is in contrast to a gradual increase of gene-free regions
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through evolutionary time as the major path for gene desert
formation, although both scenarios are certainly not mutually
exclusive and likely occur together.

In summary, we show that in 32.2-44.7% of human trans-
dev genes associated with gene deserts, erosion of ancient
bystanders could have contributed to the formation of their
gene deserts. Importantly, these numbers are based only on
the data from GRB pairs present in the last common ancestor
of chordates, and it should be noted that we do not know the
actual repertoire of GRB syntenic associations present imme-
diately before the vertebrate WGDs. Therefore, desertification
of preduplicative GRBs may have contributed to origin of
many or even most vertebrate regulatory gene deserts.
Whatever the extent, erosion of bystanders from duplicated
GRBs certainly contributed to explain the origin of this enig-
matic genomic trait, which is particularly prevalent in
vertebrates.

Materials and Methods

We assembled a comprehensive catalog of ancient GRBs (pre-
sent in the last common ancestor of chordates) using three
main sources: 1) gene pairs with ancient microsyntenic asso-
ciations identified by comparing 13 metazoan genomes
(Irimia, Tena et al. 2012) (595 pairs); 2) gene pairs containing
duplicated HCNRs identified by McEwen et al. (2006) (18
pairs); and 3) a de novo search for ancient microsyntenic
associations (1,538  pairs; supplementary table S5,
Supplementary Material online; see supplementary materials
and methods, Supplementary Material online, for details).
Gene pairs from the three sources were then combined
into a nonredundant set of pairs, and we defined ancient
GRB pairs as gene pairs formed by a trans-dev and a non-
trans-dev gene. trans-dev genes were defined as “transcription
factors involved in the regulation of developmental proc-
esses” based on Gene Ontology information (see supplemen-
tary methods, Supplementary Material online, for details).

To investigate the evolution of GRB pairs after WGDs, we
first defined a consensus set of ohnologs based on different
sources (Makino and McLysaght 2010; Singh et al. 2015;
Ensembl Paralogs) (supplementary table S6, Supplementary
Material online). Based on this ohnology information, for each
tested ancestral GRB, we counted the number of trans-dev
and bystander ohnologs conserved in the human genome
and reassessed which pairwise combinations were linked to-
gether and separated by no more than two intervening genes.
Genes that had no ohnolog were assumed to have gone back
to single copy after the two WGDs.

To obtain pairs of ohnologous regulatory elements that
were differentially associated with ohnologous trans-dev
genes (one within a bystander and another one in an inter-
genic region), we collected putative ancient duplicated
enhancers from two sources: 1) duplicated HCNRs identified
by McEwen et al. (2006) and reported to be within a neigh-
boring gene and an intergenic region; and 2) a de novo search
for duplicated ATAC-seq-defined regulatory elements. For
the latter, we downloaded 132 ATAC-seq experiments corre-
sponding to several stages from 12 mouse developing tissues

(biosamples) from the ENCODE portal (supplementary table
S7, Supplementary Material online; see supplementary mate-
rials and methods, Supplementary Material online, for
details).

The length of the intergenic region between each gene pair
was calculated for the human hg38 genome, using only one
representative transcript per gene, and considering only
protein-coding genes that were included in the
OrthoFinder homology clusters. Telomere and centromere
regions (downloaded from the UCSC Table function) were
discarded. Intergenic regions were then ranked and deciles
were made (the top decile corresponded to regions of at least
228,558 bp, and the first three deciles to 54,957 bp; the me-
dian intergenic region was 19,949 bp).

4C-seq experiments were performed and analyzed as de-
scribed earlier (Acemel et al. 2016) (primers provided in sup-
plementary table S8, Supplementary Material online).
Significant 4C-seq contacts were defined as those regions
displaying interaction frequencies higher than the expected
interaction frequency obtained by fitting a monotonic regres-
sion to each individual 4C-seq experiment as proposed before
(de Wit et al. 2015; further details provided in supplementary
materials and methods, Supplementary Material online, code
available in GitLab: https://gitlab.com/rdacemel/grb_4c-seq).
To probe the conservation of HCNRs associated with isl2a
and islT in zebrafish, and the open chromatin region located
between hey2 and hddc2 (hey2-E1), the sequences were
cloned into the Zebrafish Enhancer Detection (ZED) vector
and transgenic lines were generated and screened as previ-
ously described (Bessa et al. 2009). Single-cell RNA-seq data
for mouse E9.5 embryos were obtained from Cao et al. (2019);
normalized expression values for the studied trans-dev ohno-
logs are provided in supplementary table S9, Supplementary
Material online.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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