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ABSTRACT

Nearly one third of Saccharomyces cerevisiae protein
coding sequences correspond to duplicate genes,
equally split between small-scale duplicates (SSD)
and whole-genome duplicates (WGD). While dupli-
cate genes have distinct properties compared to sin-
gletons, to date, there has been no systematic anal-
ysis of their positional preferences. In this work,
we show that SSD and WGD genes are organized
in distinct gene clusters that occupy different ge-
nomic regions, with SSD being more peripheral and
WGD more centrally positioned close to centromeric
chromatin. Duplicate gene clusters differ from the
rest of the genome in terms of gene size and spac-
ing, gene expression variability and regulatory com-
plexity, properties that are also shared by singleton
genes residing within them. Singletons within du-
plicate gene clusters have longer promoters, more
complex structure and a higher number of protein—
protein interactions. Particular chromatin architec-
tures appear to be important for gene evolution, as
we find SSD gene-pair co-expression to be strongly
associated with the similarity of nucleosome posi-
tioning patterns. We propose that specific regions
of the yeast genome provide a favourable environ-
ment for the generation and maintenance of small-
scale gene duplicates, segregating them from WGD-
enriched genomic domains. Our findings provide a
valuable framework linking genomic innovation with
positional genomic preferences.

INTRODUCTION

Gene duplication is widely accepted to be a major source
of genomic innovation, occurring with relatively high fre-
quency, through various mechanisms and affecting large
proportions of chromosomes or even entire genomes (1,2).
Duplicated genes may be the result of either localized,
small-scale duplication (SSD), through replication slippage
or ectopic recombination (3), or of cataclysmic events of
whole-genome duplication (WGD) leading to temporary
polyploidy (4,5). Both phenomena are more common than
one might expect (6,7) but genomes are not replete with
multiple copies of genes. This is because once a gene is dupli-
cated, it becomes subject to strong evolutionary constraints
that vary in both type and extent. Functional redundancy
and the energy cost of maintaining two identical genes leads
to the most likely outcome, which is the subsequent erosion
and eventual loss of one of the two copies, through the ac-
cumulation of deleterious mutations (8-10). In some cases,
however, duplicated genes may diverge to the point of ac-
quiring diversified functions, which leads to the fixation of
both copies. This process also varies, depending on whether
the two copies both diverge to assume subsets of the orig-
inal functions of the ancestral gene (sub-functionalization)
or if one adopts a novel role, while the other preserves the
original (neo-functionalization) (11,12).

The way genomic and other constraints drive the fate of
gene duplicates has been investigated in great depth in the
case of the budding yeast Saccharomyces cerevisiae. Nearly
one third of S. cerevisiae genes are the result of gene du-
plication, roughly half of which originate from a massive
whole-genome duplication event that occurred ~100 mil-
lion years ago (13-15), while the rest are the result of con-
tinuously occurring, small-scale duplications. A number of
properties appear to be particular to yeast duplicated genes
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in general. Since relatively early, they were shown to be over-
represented among highly expressed genes (16), to reside in
early replicating chromatin (17), to have more complex pro-
moters (18,19) and, overall, fewer genetic interactions than
non-duplicated, singleton genes (20).

The gene duplication mechanism may also be associ-
ated with different properties between ‘ohnologues’, that is
whole-genome (WGD) and paralogs, which are small-scale
duplicate (SSD) (21). Knock-out studies showed WGD
genes to be less essential and genetic interaction profiling
suggested WGD pairs to be functionally more similar than
SSD ones (22). WGD are also s more likely to form part
of protein complexes (23). SSD genes, on the other hand,
were found to have greater expression divergence (19), to be
more prone to accumulate non-synonymous substitutions
(24), as well as new protein—protein interactions (25). To-
gether these observations draw associations with the evolu-
tionary fate of gene duplicates, with WGD being more likely
to be maintained due to subfunctionalization and the main-
tenance of dosage balance, while SSD through the adoption
of divergent expression patterns and the acquisition of novel
functions (26).

Until now, most of the analyses have treated the two
daughter genes as linked or entangled from their birth
through an ‘invisible thread’, regardless of their genomic
context. Nevertheless the genomic environment, in which a
gene is embedded, is an important determinant of its func-
tion and evolution, shaped by epigenectic factors and ac-
cess by transcriptional regulators in the 3D genomic land-
scape (27,28). Beyond sequence and functional conserva-
tion, the spatial organization of yeast genes has been the
subject of extensive research. The conservation of pre- and
post-WGD gene arrangement has been thoroughly docu-
mented in (29). The order of genes in linear chromosomes
has been associated with the length of their intergenic spac-
ers (30), as has the directionality of their transcription (31)
and their co-expression in conserved clusters (32), while it
has been suggested that large intergenic spacers may decou-
ple the transcriptional interference between adjacent genes
and thus increase their expression divergence (33). In the
context of gene duplication evolution, reports have shown
a strong tendency for WGD (but not SSD) to be located in
genomic areas with increased non-synonymous substitution
rate (mutational hotspots) (34). WGD genes are also docu-
mented to very rarely undergo small-scale duplication (35).
Experimental evidence for the evolutionary fate of gene du-
plication being context-dependent came from an innovative
approach (36), in which a duplicated copy of the IFA38 gene
was found to be more likely to escape deletion when posi-
tioned in tandem with the ancestral gene.

Itis, thus, quite plausible that the position in which a gene
is found and the overall genomic ‘context’ may shape not
only its regulatory and expression patterns, but also its evo-
lutionary fate. Even more so, one may hypothesize, that par-
ticular areas of the genome may represent more or less ‘per-
missive’ environments for the occurrence and maintenance
of gene duplicates. Having previously identified positional
preferences for genes associated with sequence composition
(37) gene regulation (28,38) and chromatin structure (39), in
this work we focus on such context-dependent properties for
gene duplicates. Starting from the observation of extensive

gene spatial clustering for both WGD and SSD genes, we go
on to define genomic domains of WGD/SSD enrichment
and to examine how the properties of these regions may
be affecting not only the duplicate but also the singleton
genes they harbour. We find SSD and WGD being largely
segregated in distinct parts of the yeast genome. We further
uncover a number of structural, regulatory and functional
properties of gene duplicates that are domain-specific and
which are, in addition, partially shared by neighbouring sin-
gleton genes. Our findings may support a model for the evo-
lution of gene duplication events, according to which, the
yeast genome may be divided in areas with differential ca-
pacity for genetic innovation, driven primarily by the diver-
gence of the genes’ regulatory sequences. We find that SSD
duplication preferentially occurs in confined areas of the
yeast genome that constitute genomic ‘niches’ favourable
for faster divergence, thus enabling the emergence of novel
functions.

MATERIALS AND METHODS
Genome segmentation into duplicate gene-enriched clusters

We obtained SSD and WGD lists and genomic coordinates,
as compiled by Fares et al. (25). Chromosomal coordinates
of yeast genes were obtained from UCSC using the sac-
Cer2 assembly (June 2008) to achieve maximum compati-
bility with all the datasets used. Out of these we were able
to compile a large number of structural, transcriptional and
regulatory properties for a subset of 5799 genes that pre-
cluded non-protein coding genes and most of S. cerevisiae’s
dubious ORFs.

We then proceeded to partition the yeast genome in three
major compartments consisting of: (a) SSD-enriched clus-
ters, (b) WGD-enriched clusters and (c) the remaining part
of the genome. SSD and WGD gene clusters were created
by extending the coordinates of each duplicate gene for 10
kb in both directions. These segments were merged with
adjacent segments containing the same type of genes to
form duplicate-enriched clusters. Mixed genomic regions,
in which SSD- and WGD-clusters overlapped, were then as-
signed to the status of the most prevalent gene type and con-
sequently merged to the adjacent cluster of the same type.
That is, for a region lying between clusters of different type,
we counted the number of SSD and WGD genes and con-
verted the segment to the type having the greatest number
of genes. Duplicate genes that were farther than 10kb from
a gene of the same type (SSD or WGD) were assigned as
solitary-gene clusters. These constituted less than 10% of
the total duplicate genes (94/1032 for SSD and 83,/1090 for
WGD). Gene clusters were thus defined on the basis of self-
containment prerequisite and each cluster extended in or-
der to contain the minimal amount of contiguous genes,
that allowed it to include all duplicate genes within a certain
distance threshold. Regions of the genome that were not
associated with either SSD or WGD genes, were assigned
as ‘Complement’ clusters, exclusively comprising singleton
genes.

The resulting segmentation partitions the genome in
three types of domains with comparable extent, with 29%
of the genome belonging to SSD Clusters, 32% to WGD
Clusters and the remaining 39% to Complement Clusters



(the percentages of contained genes were almost identical).
The spatial distribution, gene content and location in the
genome of these clusters is highly non-random and may be
summarized in Figures 1D-F.

Genomic coordinates in one and three dimensions

Distances to the centromeres and the chromosomal edges
were calculated as ratios over the entire chromosomal arm
length as described in (28). Coding density was calculated
as the percentage of coding sequences spanning a region of
eleven genes, symmetrically flanking the gene in question.

For the three dimensional coordinates we used the pub-
lished conformational model of the yeast genome (40)
which has been resampled at gene resolution. We obtained
gene positions by linearly interpolating the model’s control
points to approximate the center base pair of each gene,
which resulted in each gene being represented as a set of
three coordinates in arbitrary space. Assuming the mean
coordinates of all genes to correspond to the center of the
genome in 3D space, we calculated its euclidean distance
from each gene and then took quantiles of these distances
to assign genes into three sections: Central, bottom quar-
tile (lowest 25% of the distances), Intermediate, middle half
(>25% and < 75% of the distances) and Peripheral, top
quartile (highest 25% of the distances).

Enrichment analysis

Enrichments of genome coordinates and set overlaps were
calculated as described in (41). The positional overlaps
between gene coordinates were calculated with BedTools
(42) and the enrichment was defined as the observed-over-
expected ratio of the coordinates’ overlap. The expected
value was calculated as the product of the two independent
proportions of gene coordinates over the total genome size.
Significance was assessed with a permutation test, by shuf-
fling the smaller of the two coordinate sets, while keeping
the same number and size distribution of its segments. In
all cases, one thousand such shuffles were performed. The
reported P-values corresponded to the proportion of times
a random shuffle yielded a value more extreme than the one
observed.

Gene age

The phylogenetic age of S. cerevisiae genes was deter-
mined by phylostratigraphy. We performined BLASTP (43)
searches on all available Fungi proteomes in GenBank (794
unique species excluding S. cerevisiae, 1266 total proteomes,
downloaded December 2019) with an E-value cutoft of 1E-
3. Age was defined as the most recent common ancestor
of species that shared a homologue. The NCBI Taxonomy
common tree was used, resulting in genes classified in the
following phylogenetic ages: species-specific, genus (Sac-
charomyces), family (saccharomycetaceae), order (saccha-
romycetales), division (ascomycota) or kingdom (fungi).

Conservation, sequence divergence and structural constraint
data

Sequence conservation was measured using phastCons (44)
precalculated scores for an alignment of seven Saccha-
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romyces species. Divergence between duplicate gene pairs
was obtained from (25) and was calculated at the level of
amino acid sequence, taking into account the age of the du-
plicate (for SSD genes).

Structural constraints were assessed with the use of two
models: the deep learning model of Routhier and colleagues
(45) which attempts to capture the effect of nucleotide sub-
stitutions on nucleosome positioning and our ownab initio
model based on the variability of nucleosome positioning
predictive scores (46).

Aggregation of phastCons and structural constraint val-
ues was performed through the calculation of a mean score
over the segment under question, thus taking the average
of all single-nucleotide-resolution values over the complete
length of each gene. Average gene profiles were created as
vectors of binned averaged values for 1000-nucleotide re-
gions symmetrically flanking each gene’s transcription start
site, in bins of 10 nt.

Nucleosome positioning and gene regulation

Nucleosome positioning data were obtained from a genome
wide MNase profiling (47). Average gene profiles were cre-
ated as described above for conservation scores and for the
same regions and bin size. Nucleosome positioning similar-
ities for duplicate gene pairs were calculated as Pearson cor-
relation coefficients of the nucleosome positioning 10nt-bin
profiles.

We used a dataset of highly reliable conserved transcrip-
tion factor binding sites (48) to assign a set of transcrip-
tion factors (TF), to each gene in our duplicate dataset.
Transcriptional regulation similarity between gene dupli-
cate pairs was calculated as the Jaccard index of their cor-
responding TFs. The Jaccard similarity between two sets, is
defined as the ratio of the size of their intersection over that
of their union.

Co-expression scores and transcriptional variability

We obtained normalized expression data from a com-
pendium of ~2400 experimental conditions from the
SPELL database (49). We used SPELL’s pre-calculated Ad-
justed Co-expression Score (ACS) as a measure of gene
co-expression. In order to assess expression variability, we
calculated the standard deviation of gene expression levels
for each gene across all conditions and then normalized it
across genes with the use of a z-score.

Protein complexity, protein—protein interactions and func-
tional enrichment

We used the PFAM database (50) API to assign the pre-
dicted functional protein domains to the protein sequences
of the complete set of genes. For each protein we then
calculated the proportion of its sequence being attributed
to a PFAM domain as a proxy for protein complex-
ity. Protein-protein interactions were obtained from the
STRING database (51). Functional entanglement was as-
sessed as the number of GO terms associated with each
gene. Functional enrichments were assessed with the use of
gProfiler (52) and suitably adopted custom R functions.
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Figure 1. Duplicate genes segregate into different regions of the yeast genome. (A) Circos Plots joining gene duplicate pairs in the yeast genome. Left:
Whole Genome Duplicates (WGD), Right: Small-Scale Duplicates (SSD). Light blue lines join duplicate pairs on different chromosomes, while brown
lines join pairs located on the same chromosome. (B) Number of gene duplicate pairs found on the same or on different chromosomes. (C) Distribution
of linear distances (logjo-transformed) between gene duplicate pairs that are located on the same chromosomes. (D) Genome domainogram showing the
locations of gene duplicate clusters along the sixteen chromosomes of the yeast genome. For reasons of clarity, only clusters with length greater or equal
to 10kb are shown. (E) Ternary plot showing the gene content of duplicate and complement clusters. The scale on each side of the triangle is relative
and corresponds to the gene content in one of SSD, WGD and singleton gene categories. The colour of the dots corresponds to the cluster type. As all
Complement Clusters contain exclusively singleton genes they all converge to one point at the lower left vertex of the plot. Size of the points corresponds
to the size of the cluster in total number of genes. Notice how SSD and WGD clusters are occupying different parts of the plot, suggestive of their relative
purity in duplicate genes of a specific type. (F) Composite plot of actual and random duplicated gene clusters showing the average cluster size (in number
of genes) along a scaled distance from the chromosomal edge. Shaded bands correspond to standard error of the mean.

Association rules

Association rules were extracted from the sets of genes
against transcriptional regulators using the data by
Maclsacc and colleagues (48) (see above). We employed
the arules R package (53,54) through the Apriori algorithm
and extracted the top 10% most significant associations in
terms of lift values. Lift corresponds to the strength of the
association between regulator and gene target, controlling
for the prevalence of the regulator in the dataset. The
results were presented in the form of association networks
between regulators.

Additional methods

Compiled datasets and code used in this study, as well
as a description of the methodology may be found at the
accompanying github site: https://github.com/christoforos-
nikolaou/YeastSegmentationDuplicates.

RESULTS
Duplicate genes are segregated in the yeast genome

Because of their mode of duplication, which predominantly
takes place in tandem, small-scale duplicate (henceforth

SSD) gene pairs tend to be found in close proximity to each
other and are also more often located on the same chromo-
some (Figure 1A, B). As expected, SSD genes, when found
on the same chromosome, are very often juxtaposed to each
other (Figure 1C). On the other hand, whole-genome dupli-
cate (from now on WGD) genes are preferentially localized
in regions that maintain synteny and which conserve the an-
cestral juxtaposition (Figure 1A). Both types of genes are
therefore likely to cluster in linear genomic space. Our start-
ing hypothesis was that clusters of SSD and WGD genes
occupy distinct areas of the yeast genome.

In order to quantify this observation, we created clusters
of SSD and WGD genes by merging genomic regions con-
taining genes of the same type within a distance of 10kb (see
Methods). One first indication for the strong clustering of
duplicate genes was that the size distribution of the created,
extended regions was larger than the corresponding ones for
random selections of equal numbers of genes (P < 0.001
for 1000 random permutations). The created SSD/WGD-
clusters clearly occupy distinct genomic spaces in the yeast
genome (Figure 1D).

Even if this segregation is, to some extent, expected by the
way these clusters are constructed, one can see that the clus-
ters’ both relative and absolute positions on the genome, as
well as their gene content, strongly deviate from random-
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ness. The average number of SSD and WGD genes within
their clusters is 3.1 and 3.4, respectively, which is more than
3-fold increased compared to the expected values of 0.86
and 0.91, if one assumes a uniform distribution of genes
across the genome (P = 0.0017). Figure 1E shows a ternary
plot with the gene content for the three types of genes (SSD,
WGD and singletons) in each cluster type (Complement
clusters exclusively contain singletons and thus all coincide
in the low-left vertex of the plot). SSD and WGD clusters
are distributed along their corresponding axes, which sug-
gests increased ‘purity’ for genes of the same type (P =0.003
and P = 0.0012 compared to random clusters for SSD
and WGD respectively, Supplementary Figure S1). Their
sizes, in terms of gene number, are also significantly larger
from randomly created clusters, assuming the same number
of duplicates and total number of clusters (Supplementary
Figure S1).

The localization of SSD and WGD in different genomic
areas has already been documented for vertebrates through
the study of copy number variation (CNV), which may be
largely responsible for the creation of SSD but to which
WGD are largely refractory (35,55). In Figure 1F, we have
plotted the average cluster size against its scaled distance
from the corresponding chromosomal edge (see Methods)
for both real and random gene clusters. It is clear that SSD
clusters tend to occupy the edges of chromosomes, while
the opposite is true for WGD ones, which appear to be
enriched towards their centers. Complement clusters show
only a small preference for the overall gene-denser chromo-
somal centers. These preferences are not an artefact of ran-
dom gene content fluctuations as may be seen in a direct
comparison with random clusters, which are also consider-
ably smaller in size and are uniformly distributed along the
chromosomal arms.

Duplicate gene clusters occupy regions with different archi-
tectural preferences

The segregation of SSD and WGD, shown in Figures 1D
and F, effectively divides the genome in three domains, one
for each type of gene duplicate and the remaining comple-
mentary part of the genome, exclusively containing single-
ton, non-duplicated, genes. We went on to analyze partic-
ular spatial tendencies for these three compartments of the
yeast genome. The enrichment of SSD clusters towards the
chromosomal edges, when compared to WGD-clusters and
singletons is quantitatively supported by a comparison of
the distributions of scaled distances from the chromosomal
edges for genes residing in the three genomic domains (Sup-
plementary Figure S2). Interestingly this tendency is also
visible at the 3D level, with SSD clusters being preferentially
positioned in the most peripheral regions of the genome ac-
cording to the conformational model of (40) as opposed to
more central positions for WGD ones (Supplementary Fig-
ure S3).

Duplicate genes are also found to have particular prefer-
ences in terms of size in both genic (the part of the gene be-
tween transcription start and end site) and their associated
non-genic sequences. Gene length is directly associated with
functional complexity as longer genes may accommodate a
larger number of functional domains (56). In a similar way,
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the surrounding non-coding space may be associated with
regulatory complexity, as longer promoters and gene up-
stream regions may provide the platform for a greater num-
ber of transcription factor binding sites (57). A simple com-
parison of gene lengths shows duplicate genes to be signifi-
cantly longer than singletons (Figure 2A). This is partly ex-
plained by their enrichment in genes of greater age which are
generally longer (Supplementary Figure S4) but also on the
basis of the more complex evolutionary patterns of dupli-
cate genes, which are more prone to maintain a large num-
ber of functions and thus greater length (20,58,59). Single-
ton genes have, on average, shorter lengths, independently
of their position in the genome.

From an evolutionary viewpoint, the size of the proximal
non-coding sequences may be equally important for func-
tional divergence through the establishment of novel regu-
latory relationships. Adjacent genes that involve SSD du-
plicate pairs tend to have wider spacing (33) while dupli-
cate genes with small distances are more likely to be deleted
(9). Both SSD and WGD are generally flanked by longer
gene spacers (Supplementary Figure S5), but this is a fea-
ture that extends in duplicate gene clusters also affecting
singletons. We compared the coding sequence density (see
Materials and Methods) for the clusters of SSD, WGD and
singleton genes (Figure 2B) and found SSD clusters to be lo-
cated in regions of the genome with the largest proportion
of non-coding sequences. Moreover, both WGD and sin-
gleton genes were found to be embedded in areas of smaller
coding density when found in the SSD-type gene clusters.

An explanation for this observation is the proximity of
SSD gene clusters to the chromosomal edges. In the past, we
have reported coding density to drop near the ends of chro-
mosomes (28) and indeed there is trend for longer gene spac-
ers to be enriched towards the chromosomal edges (Fig-
ure 2C). These observations are suggestive of a general ten-
dency of the genomic environment that does not only af-
fect genes of one particular category. In all, we find that the
lengths of both coding and non-coding sequences, associ-
ated with gene duplicates, are dependent on the broader ge-
nomic area, in which these are embedded.

SSD genes diverge at the regulatory level in a spatially-
dependent manner

The increased size of non-coding spacers in gene duplicates
and in particular SSD, prompted us to look closer into
their gene upstream regions for possible sequence, struc-
tural and functional constraints. In order to assess sequence
constraint, we created aggregate phastCons plots along the
length of a region spanning 500bp either side of the tran-
scription start site of each gene. In all eukaryotes, sequence
conservation is, in general, lower in the gene upstream re-
gion because of relaxed sequence constraints in non-coding
DNA. In genomes with small non-coding spacers between
genes, such as yeast, a drop in sequence conservation is
relatively sharp but no differences in this pattern are ex-
pected between genes. We were thus surprised to find that,
the drop in conservation in the promoter region is sharper
for both SSD and WGD genes compared to singletons, es-
pecially in the region immediately upstream of the gene’s
transcription start site (Figure 3A). This reduction in pro-
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moter sequence conservation, somewhat more pronounced
in SSD compared to WGD, may be associated to more re-
laxed constraints in terms of gene regulation for duplicate
genes against singletons, which is compatible with the gen-
eral view of duplicate genes being more prone to diverge
into new functions. What is more interesting, while coding
sequence conservation appears to be independent from the
region in which the gene is located, this is not the case for
the reduced promoter conservation, which follows a strong
spatial pattern along the genome and is associated with the
surrounding duplicate gene environment (Figure 3B).
Singleton genes found in WGD clusters have less con-
served promoters and this is further reduced in SSD clus-
ters. It should be noted here that the estimated divergence
between the duplicate gene pairs (25) is smaller in SSD
genes compared to WGD ones, regardless of their position
in the genome. Thus the apparent, more relaxed constraints
in the promoter region are more likely to be associated with
gene regulation and not overall higher divergence rates. We
found support for this in the increased number of transcrip-
tion factor binding sites (TFBS) identified at the promoters
of different gene types. Both SSD and WGD have signifi-
cantly greater numbers of conserved TFBS in an equally-
sized gene upstream region (up to 300 bp upstream of the
TSS) when compared to singleton genes (Figure 3C).
Together, these observations suggest that, the combina-
tion of more extensive non-coding space in SSD clusters
and relaxed sequence constraints in the promoters of the
contained genes, may be the primary driving force for their
functional divergence, occurring primarily at the regulatory
level. Furthermore, there are strong indications of a spa-

tially dependent relaxation of promoter constraints that oc-
curs in areas enriched for SSD genes and which affects both
singletons and WGD genes as well.

Increased chromatin structural complexity for gene dupli-
cates extends in broad genomic regions

We have recently described the organization of the yeast
genome in extended regions with similar nucleosomal pat-
terns which are, in addition, associated with a number of
functional and regulatory characteristics (39). We used a
public dataset (47) to analyze the nucleosome occupancy
patterns around the transcription start sites of SSD, WGD
and singleton genes. The results showed marked differences
in the gene upstream regions with both types of dupli-
cate genes having more ‘shallow’ nucleosome free regions
(NFR), compared to a clear and deep NFR for singleton
genes (Figure 4A). Notably, this is not affected by the sam-
ple size, as the mean nucleosome occupancy at the promoter
remains significantly lower even for a random selection of
1000 singleton genes (Supplementary Figure S6). Moreover,
it appears to be position-independent as singleton genes
have strong NFRs, regardless of the cluster they are found
in.

Genes with strong NFR are generally subject to less com-
plex regulation, as they do not require chromatin remod-
elling to allow for transcriptional activation by regulators
(60,61). They are thus enriched among constitutively ex-
pressed genes with more stable expression levels. Indeed,
this is supported by our assessment of transcriptional vari-
ability on the basis of data collected by the SPELL database
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(48).

(49), which show significantly smaller variability in mRNA
levels for singleton genes compared to both SSD and WGD
ones (Figure 4B). As the variability in mRNA levels is here
measured between a broad spectrum of different conditions
it may be seen as a proxy for expression plasticity, which is
found to be increased in the case of duplicate genes. This
comes in agreement with the observation of lower TFBS
number in singletons.

The way sequence constraints may be affecting the posi-
tioning of nucleosomes has been the focal point of both ex-
perimental (60,62) as well as computational works (61,63).
In the past, we have suggested an ab initio method to as-
sess structural constraints on the primary DNA sequence
(46) based on our own model for nucleosome positioning
(64). A more recent work, using a deep learning model, has
presented evidence of strong sequence constraints affecting
nucleosome positioning in gene upstream regions (45). We
used both this deep learning model of mutation impact on
nucleosome positioning, as well as our own model of struc-
tural robustness (46) (see Materials and Methods) to assess
chromatin-related constraints around the TSS of duplicate
genes and singletons. Both analyses produced similar pat-
terns that show more elevated constraints in the gene up-
stream regions of duplicate genes compared to singletons.
(Figure 4C, Supplementary Figure S7).

In the case of duplicated genes the constraints were also
more extended upstream, which may be related to the over-
all larger size of their gene upstream regions (see above).
The increased structural constraints of gene duplicates are
also spatially associated, in a way similar to sequence con-
straints. What should be noted is that most of the constraint
observed for singletons is due to singleton genes found in
SSD and WGD clusters (Supplementary Figure S8), as the
mean structural conservation of singletons in SSD/WGD
clusters is significantly higher than the one of singletons
in the rest of the genome (Supplementary Figure S9). To-
gether, these observations point towards strong structural
constraints in the promoters of genes that are found in the
areas of the genome, where duplicate genes are preferen-
tially positioned.

Structural constraints at the promoter are independent of se-
quence conservation but may be shaping the gene expression
of gene duplicates

The existence of structural constraints in duplicate gene
clusters appears to contrast the relaxed sequence conser-
vation in their promoters. We went on to examine the as-
sociation between the two and were not surprised to ob-
serve a significant negative correlation (overall Spearman’s
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rho = —0.229, P < 107°7). This inverse relationship between
sequence conservation and structural constraint at the gene
promoters appears to be a general characteristic of all genes,
even though it is stronger for singletons and SSD compared
to WGD (Figure 5A). Thus, it appears that a relaxation at
the sequence level may be counteracted at the level of chro-
matin structure.

What is more, the inverse relationship between sequence
conservation and structural constraint in the gene upstream
regions, denotes two distinct promoter architectures. On
one hand there are more conserved, small promoters with
clear nucleosome-free regions pertaining to singleton genes,
which overall have less complex regulation and smaller ex-
pression variability. On the other, broader promoters with
stronger structural constraints and more complex nucleo-
somal patterns are representative of duplicate genes, which,
in turn, have more complex regulatory patterns and greater
transcriptional plasticity.

The co-regulation of gene duplicates has been shown to
be dependent on both their linear (65) and 3D proxim-
ity (66) but the role of chromatin structure in the modula-
tion of gene regulation has not been investigated. We an-
alyzed the effect of nucleosome positioning on gene du-
plicates by comparing the structural similarity of the se-
quence around the TSS with an adjusted co-expression

score for each duplicate gene pair. Structural similarity
was calculated as the Pearson correlation coefficient of
nucleosome positioning patterns for an area of 1000 bp
symmetrically flanking the TSS (see Materials and Meth-
ods). The adjusted co-expression score (ACS) was obtained
from the SPELL database (49) as a weighted correlation of
gene expression levels estimated for >2400 different exper-
imental conditions. We found a small, yet significant cor-
relation for both types of gene duplicates (all duplicates
Spearman’s rtho = 0.089, P = 0.0035), which was even
stronger for SSD (SSD Spearman’s rho = 0.109, P = 0.015)
(Figure 5B).

This correlation between structural similarity and gene
co-expression was independent of the sequence divergence
between the gene pair. A number of studies have suggested
that divergence is more pronounced at the level of regulation
than at that of gene sequence or function (18,33). In order
to assess this association, we performed the same analysis
comparing the adjusted co-expression score with the regu-
latory similarity, as assessed with the Jaccard similarity of
common TFs having a conserved binding site at the genes’
promoters (see Materials and Methods). The effect of reg-
ulatory similarity on co-expression is comparable (all du-
plicates Spearman’s rho = 0.096, P = 0.0017) but in this
case it is the WGD genes that show the stronger association
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(WGD Spearman’s rtho = 0.119, P = 0.0053) (Figure 5B).
Together, these results suggest that the local chromatin en-
vironment may shape the expression patterns of duplicate
genes in a way that is as strong as the one exhibited by tran-
scription factor binding. Moreover, they paint a complex
picture of the modulation of functional divergence. SSD
genes appear to be more dependent on structural properties
than TF binding, while the opposite is the case for WGD
ones (Figure 5B).

Singleton gene functional and regulatory properties are de-
pendent on their location in the genome

Combined, our observations suggest that a set of spatial,
structural and regulatory properties define different ge-
nomic ‘niches’ that are occupied preferentially by SSD and
WGD duplicates. Given that a number of these properties
affect the broader environment and are shared by proximal
singleton genes, one hypothesis is that singletons found in
duplicate gene clusters may partly share the evolutionary
history of nearby duplicate genes. This may be particularly
interesting for the case of singletons in SSD gene clusters,
as SSD genes occupy genomic regions which appear to be
more prone to complex regulation (longer non-coding re-
gions, stronger chromatin constraints and more relaxed se-
quence promoter conservation). We wanted to examine the
possibility that a set of singleton genes, sharing SSD-like
properties, may constitute remnants of a duplication event
and which may be, in part, maintaining some characteris-
tics that distinguish them from genes that have not recently
undergone gene duplication.

One way to examine this is by analyzing the similarity
of genomic sequences that contain some residual similar-
ity with existing genes and may thus represent gene ‘relics’,
products of a duplication event, which have acquired a suffi-
cient amount of substitutions to render them indistinguish-
able from intergenic DNA. We used a dataset of 124 such
relics from the yeast genome, bearing similarity with 149

distinct genes, identified through a stringent sequence simi-
larity analysis (67). Genes with similarity to gene relics were
preferentially positioned in SSD gene clusters. In addition,
they were enriched in both SSD and singletons, but not
WGD genes residing in these clusters (Figure 6A). This is
suggestive of more frequent duplication events in the areas
of the genome lying towards the chromosomal edges, with
longer intergenic spacers. It also indicates that a significant
proportion of singleton genes found in these regions con-
stitute remnants of small-scale duplications. This hypoth-
esis is further supported by the fact that the relics them-
selves are preferentially found in SSD gene clusters, with
an observed/expected ratio, o/e = 2.08 (P = 0.003), com-
pared to a clear depletion in WGD clusters (o/e = 0.51,
P =0.021).

Reflections of the evolutionary history of such ‘vestigial’
singleton genes may be found in their functional properties.
According to the definition of functional entanglement by
(59), functionalities associated to specific protein domains
may be structurally constrained and thus restrict the way
genes evolve. Entangled, constrained functions do not allow
for the evolutionary divergence and sub-functionalization
and a gene duplicate pair with highly constrained functions
is more likely to revert to a singleton state. We used the pre-
dicted PFAM domains as a proxy for protein functional do-
mains and assessed the percentage of the gene covered by a
known PFAM as a measure of its functional complexity. We
found that singletons in WGD and (even more) in SSD gene
clusters have significantly increased fractions of their length
assigned to a functional domain (Figure 6B) even though
they are of similar length (see Figure 2A).

Increased functional complexity for singletons from gene
duplicate clusters may suggest greater overall involvement
in protein—protein interactions (PPI). As already suggested
in (25), gene duplicates tend to have more PPIs. This may be
attributed to a number of characteristics already reported
in the literature and other that we have identified above,
such as increased protein sequence length, regulatory com-
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plexity, expression variability and functional entanglement.
It was thus interesting to see that singleton genes residing
in duplicate clusters also tend to have increased numbers
of PPIs (Figure 6C). Interaction preferences are not lim-
ited to protein—protein but extend to regulatory relation-
ships. We calculated the relative enrichments of transcrip-
tional regulator binding sites in genes belonging to each cat-
egory and found the profiles of singletons in SSD clusters
bearing stronger similarities with SSD genes than with sin-
gletons overall (Supplementary Figure S10), being enriched
in binding sites of XBP1, MET4, STP1 and STB4 among
others.

As enrichment values can also be biased towards over-
represented regulators in the dataset, we further explored
regulatory interactions through an association rules anal-
ysis, that aims to capture significant associations by bet-
ter controlling for very common regulators (see Materi-
als and Methods). By this point, we were not surprised to
see that the association rules learned, were also position-
specific, with singleton and SSD genes exhibiting regula-
tory associations largely defined by the region in which
they were located (Figure 6D). A number of regulators,
including PDR3, ARR1 and ZAPI1, were found to be
strongly associated with both singletons and SSD genes
when found in SSD clusters, suggesting the existence of per-
vasive, position-specific regulatory preferences.

DISCUSSION

Recent advances at both experimental and theoretical lev-
els have provided evidence for the structural organization
of eukaryote genomes (68-70). Even though, yeast has a
rather small and dense genome in comparison to multicel-
lular eukaryotes, a certain degree of organization exists at
both one (71-73) and three dimensions (74,75). The exis-
tence of an underlying conformational genome scaffold al-
ludes to the possibility of a concomitant functional com-
partmentalization, aspects of which may be seen at the lo-
calized chromatin structure of the genes’ promoters (39) as
well as at more generalized ‘architectural’ properties, such
as gene spacing and promoter complexity (28).

In this work, we show that a certain degree of func-
tional segmentation in the yeast genome is strongly asso-
ciated with the localized potential for genomic innovation.
We find gene duplicates to be concentrated in specific ar-
eas of the genome and, moreover, strongly segregating de-
pending on their mode of duplication. This is probably ex-
pected for Whole-Genome Duplicates as they largely main-
tain synteny. The fact however, that they show a tendency
to be more centrally positioned is unexpected. A plausible
explanation for this, is that the less dense genomic space
at the chromosomal edges constitutes a more dynamic en-
vironment, where rapid turnover of gene duplication has
gradually eroded the syntenic structure. In exchange, it is



these areas that preferentially host genes with stress-related
and condition-specific functions (28). Small-scale dupli-
cates, which are in general more prone to diverge into ac-
quiring such novel functions, are preferentially located to-
wards chromosomal edges. This is consistent with the view
of small-scale duplicates being intrinsically faster evolving,
which has been reported for primates (76). This positional
segregation offers likely explanations for the evolutionary
fate of both gene duplicates as well as the singleton genes
that are found in the same areas.

A sufficient amount of genome space is required for a
duplicate to emerge without interrupting nearby genes and
regulatory elements. In addition, it is more likely to be main-
tained, if it is long enough to accommodate a number of
functions that will allow its divergence (59). Both of these
conditions are met in the regions of the chromosomal edges
which are less gene-dense, with long non-coding spacers,
thus constituting a genomic ‘niche’ that is more permissive
for genomic innovation. Reflections of this may be seen in
the functional enrichment of genes found in SSD clusters,
with a strong over-representation of transmembrane pro-
teins and transporters. Genes found in WGD clusters are,
in contrast, primarily enriched in basal metabolic pathways
and functions (Supplementary Figure S11). A general as-
sociation of SSD genes with more specialized functions is
also supported by the transcriptional regulator enrichments
(Figure 6D, Supplementary Figure S10), with the majority
being related to stress response and the use of alternative
energy and nutrient resources. A plausible scenario for the
confinement of such genes into specific chromosomal areas
is that it may be conferring an advantageous genomic ‘di-
vision of labour’, whereby novel functions may be explored
in certain parts of the genome, minimizing the possibility
of interference with regions hosting more stably expressed,
constitutive genes. Stress response genes are known to be
more likely to revert to singleton state when duplicated (18).
In this sense SSD gene clusters, located at the chromosomal
edges, would correspond to dynamic regions of high dupli-
cate turnover, driving genomic innovation. An additional,
strong indication for this is the enrichment of gene ‘relics’
in these areas.

The mechanism, through which the exploration of ge-
nomic innovation takes place, is far from understood, but
our findings point to chromatin structure being an un-
expected, yet crucial property in this respect. Both SSD
and WGD genes have singular nucleosomal architectures
at their promoters, that are both quantitatively and qual-
itatively different from the ones of singleton genes, sug-
gesting that a structurally complex promoter is a primal
property of gene duplicates. This is reflected on the in-
creased and more extended structural constraints observed
not only for gene duplicates, but also, residually, for sin-
gletons found in duplicate clusters. This finding appears at
first counter-intuitive, especially when one sees its inverse
correlation with gene conservation at the promoters (Fig-
ure 5A). However, we should consider that the structural
constraints discussed herein are related to the maintenance
of nucleosome positioning, which is only loosely associated
with specific sequence signatures (46,61,77). This means
that a gene promoter’s structural profile may be modulated
with some minimal prerequisites of sequence constraint, in
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a way that is permissive for the exploratory process of ge-
nomic innovation. Expression and eventually functional di-
vergence may thus be achieved with a more complex pro-
moter structure with minimal changes at the level of gene
sequence, at least at the early stages of the divergence pro-
cess. This is supported by a number of observations includ-
ing the higher correlation of gene co-expression with nucle-
osome positioning similarity than with sequence divergence
(Figure 5B). Interestingly, the correlation between duplicate
pair gene co-expression and nucleosome positioning is al-
most 3-fold increased for duplicate genes lying close to the
chromosomal edges compared to those being more central
(cc =0.198 for duplicates lying within 10% of the length of a
chromosomal arm from the edge as opposed to cc = 0.068
for genes lying at the opposite 90%). Our findings, related
to nucleosome positioning structure, structural constraints
and their relationship with expression divergence are highly
indicative of local chromatin structure being a ‘soft’ con-
straint, which acts permissively for the exploration of novel
functionalities, without compromising the duplication and
reverting into singleton. Such events are obviously the ma-
jority even in the ‘permissive’ SSD niches as indicated by
the similarity of singletons in these areas with gene relics
(Figure 6A).

Overall, our observations regarding the properties of
singleton genes that co-localize with gene duplicates, are
supportive of our main hypothesis, that specific genomic
niches are more tolerant to gene duplicates. New duplica-
tion events are expected to be preferentially taking place in
genomic subcompartments with specific properties. These
properties are implicit in duplicate genes, regardless of
their clustering, as clusters of variable gene size show only
marginal differences (Supplementary Figure S12). Single-
tons found in these subcompartments residually carry many
of the attributes of gene duplicates and could be speculated
to constitute remnants of recent duplication events. In all,
our findings point towards an architectural segregation of
function, regulation and evolvability in the yeast genome,
which, buffered by chromatin structure, creates permissive
environments for both neo- and sub-functionalization and
thus creates preferential ‘niches’ for gene duplicates. This
apparent link of genome innovability with positional pref-
erences may shed new light to the evolutionary dynamics of
eukaryote genomes and provide a valuable framework for
more nuanced approaches in the field of synthetic biology.
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