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Abstract

Gene duplication is an important source of novelties and genome complexity. What genes are
preserved as duplicated through long evolutionary times can shape the evolution of innova-
tions. Identifying factors that influence gene duplicability is therefore an important aim in evolu-
tionary biology. Here, we show that in the yeast Saccharomyces cerevisiae the levels of gene
expression correlate with gene duplicability, its divergence, and transcriptional plasticity. Genes
that were highly expressed before duplication are more likely to be preserved as duplicates for
longer evolutionary times and wider phylogenetic ranges than genes that were lowly ex-
pressed. Duplicates with higher expression levels exhibit greater divergence between their gene
copies. Duplicates that exhibit higher expression divergence are those enriched for TATA-
containing promoters. These duplicates also show transcriptional plasticity, which seems to be
involved in the origin of adaptations to environmental stresses in yeast. While the expression
properties of genes strongly affect their duplicability, divergence and transcriptional plasticity
are enhanced after gene duplication. We conclude that highly expressed genes are more likely
to be preserved as duplicates due to their promoter architectures, their greater tolerance to ex-
pression noise, and their ability to reduce the noise-plasticity conflict.
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1. Introduction

Gene duplication is believed to be a rich source of novel functions
and adaptations.'” This belief is supported by evidence coming
from innovations following gene duplications in yeast, plants and an-
imals. Indeed, protein families expanded after whole genome and
small-scale duplications yielding an unprecedented morphological di-
versity in plants.*!! Other major innovations in animals have also
been achieved through gene duplication,'? including increased syn-
apse and behaviour complexity'? and the neural crest formation and
plasticity in vertebrates.'* In yeast, gene duplication has contributed
to metabolic innovation through the alteration of regulatory and
transcriptional networks'® or the increased glycolytic fluxes.'®
However, it remains unclear why certain duplicates have been pre-
ferred over others to persist in the genomes and be the source of
innovations.

Since duplication is immediately followed by relaxed selection
constraints on one or the two gene copies, the survival time of each
gene copy is a limiting factor in the determination of its functional
fate. In the majority of cases, duplication is resolved by the non-
functionalization of one of the gene copies and its subsequent erosion
from the genome." Accordingly, 92% of all genes that were dupli-
cated through whole-genome duplication (WGD)>100 MYA in
Saccharomyces returned to single copy genes ‘shortly’ after duplica-
tion.!” Nonetheless, in many species, including yeast, the number of
duplicated genes is larger than predicted by theory ranging between
30% of the genes in yeast'® and more than 50% in plants.%!
Determining what genes remain in the genome as duplicates, and
consequently lead to evolutionary leaps, is an important aim in evo-
lutionary biology. However, this objective remains to be achieved.

A number of hypotheses have been proposed to explain the persis-
tence of certain genes in duplicate. Rapid sequence divergence be-
tween gene copies can lead to their functional divergence followed by
strong selective constraints on each copy, which could contribute to
the preservation of duplicates in the genomes.?°~** Functional diver-
gence requires, nevertheless, long evolutionary times and given that
selection relaxes after gene duplication, selective pressures are un-
likely to retain both gene copies during the first million years follow-
ing duplication. Preservation of duplicates can also be selectively
favoured by the need to maintain gene-dosage balance,>*!>*2°
provide genetic robustness against deleterious mutations.
However, all these scenarios do not provide a general mechanistic

or
26,27

explanation for what makes duplicates persist or alternatively perish.

Recently, it has been proposed dosage sub-functionalization as a
plausible hypothesis to explain the fate of whole-genome dupli-
cates.”® According to this hypothesis, highly expressed genes are
more likely to be preserved as duplicates than lowly expressed genes.
This is because stochastic variations in the levels of expression of the
gene copies of highly expressed duplicates would not lead to copies
with a lower expression level than that required for purifying selec-
tion to act upon them. Therefore, highly expressed duplicates are less
likely to return to single copy genes by drift. Whether this hypothesis
could be applied to all duplicates regardless of the mechanism that
originated them and whether such dosage sub-functionalization
could also determine the patterns of divergence between gene copies
has not been explored before.

Here, we present evidence that the levels of gene expression are
correlated with the fates of whole-genome and small-scale duplicates,
with highly expressed genes being more likely to be retained in dou-
ble copy after duplication for longer periods of time than lowly ex-
pressed genes. Such duplicates are also more phylogenetically stable.
We also show that the ancestral levels of gene expression are
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correlated with the evolution of duplicates expression. Retained du-
plicated genes evolve strong patterns of transcriptional (also known
as phenotypic) plasticity, which are also correlated with the levels of
gene expression. Finally, while the levels of gene expression are cor-
related with the duplicability of genes, duplicates phenotypic plastic-
ity is manifested only after gene duplication; and this plasticity is
proportional to the expression divergence between the copies of du-
plicated genes.

2. Material and methods

2.1. Identification of duplicated genes

Paralogs pairs of duplicated genes were identified as the resulting
best reciprocal hits from all-against-all BLAST searches using
BLASTP with an E-value cutoff of 1E—5 and a 50bit score.”’
Paralogs were then divided into two groups according to the mecha-
nism of their origin: WGDs and SSDs. WGDs are those extracted
from the reconciled list provided by the Yeast Gene Order Browser
(YGOB, http://wolfe.gen.tcd.ie//ygob®®) (555 pairs of genes), and
these were not subjected to subsequent SSD. All other paralogs were
considered to belong to the category of SSDs (560 pairs of genes).

2.2. Growth of S. cerevisiae and gene expression
analyses

The transcriptomic profiling was performed in the S. cerevisiae
Y06240 haploid msh2 deletion strain (BY4741; Mata his3D1
leu2DO met15DO ura3DO msh2::kanMX4), with three technical
replicates for each biological stress condition (3% lactic acid (YPL),
3% ethanol (YPE), 3% glycerol (YPG), 0.25mM H,O; + 1.5% dex-
trose (YPOxD)) in comparison with the normal growth condition
(YPD media) (Fig. 1). Total RNA extractions were performed with
RNeasy kit (Qiagen) following manufacturer instructions.
Ribosomal RNA was removed by using Ribo-Zero Gold rRNA re-
moval yeast (Illumina) depletion kit. Stranded RNA libraries were
constructed using TruSeq stranded mRNA (Illumina) from oligo-dT
captured mRNAs from depleted samples. Libraries were run in
NextSeq 500 (Illumina) at 75nt single read by using High Output 75
cycles kit v2.0 (Illumina).

RNA libraries were sequenced at Genomic core facility at Servicio
Central de Soporte a la Investigacién Experimental (SCSIE) from
University of Valencia, Spain. Raw reads were analyzed using
FastQC report and cleaned with CutAdapt as implemented in
RobiNA software package v 1.2.4.>" Low-quality reads were filtered
and trimmed (Phred score inferior to 20 and size less than 40 nt were
discarded). The reads were then aligned with Bowtie (up to two mis-
matches accepted) to the reference transcriptome (PRJNA290217)
from the reference S288c strain. The normalization and statistical
evaluation of differential gene expression has been performed using
edgeR*> or DESeq®® with a P-value cut-off of 0.05, using the
Benjamini-Yekutieli** method for multiple testing correction of P-
value, and setting the Log-fold change at min =1 to determine differ-
ential expression. The raw data (reads counts) was normalized ac-
cording to the default procedure of the differential expression
analysis package used (edgeR or DESeq), being the dispersion esti-
mated using the pooled setting, and RPKM (Reads Per Billion) ex-
pression values estimated as implemented in RobiNA software.>! All
newly sequenced RNA sequences are available from the Sequence
Read Archive with the following accession number (SRP074821).
Expression data for each of the S. cerevisiae genes under YPD and
each of the four stress conditions as well as the adjusted probabilities
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S. cerevisiae Y06240

(BY4741; Mafa his3D1 lew2D0 met1 500 ura3D0 msh2:kanhX4)
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Figure 1. Growth experiments of S. cerevisiae under stress conditions. An initial isogenic population of S. cerevisiae (strain Y06240) was grown for 24 h in Yeast
extract, peptone, dextrose medium (YPD) at 28°C. This grown population was then subjected to four different stress conditions: ethanol, glycerol, lactate and
oxidative stress in a medium supplemented with dextrose (each stress in indicated in a different colour). Growth experiments were performed in triplicate.
Samples of each of the populations, in addition to the control population grown in YPD, were processed for RNA sequencing. The technical steps for the extrac-

tion and analysis of RNA sequences are also shown.

to identify significant fold changes are available in Supplementary
Tables S1-54.

2.3. Expression data for Lachancea kluyveri

Growth conditions, RNA extraction and sequencing are specified in
a previous study.>® Briefly, authors performed the analyses on L.
kluyveri reference strain CBS 3082_a (MATa). Transcriptomic data
were obtained from growth cultures at mid exponential phase and
for 20 different media, including YPD and 19 other stress conditions
(listed in Ref. [35]). RNA sequencing was performed using Illumina
HiSeq2000 platform with 50-base pair non-oriented single reads
(Supplementary Table S5).

2.4. Expression data for Candida glabrata

Candida glabrata ATC2001 strain expression data (in the form of
RPKMs) were obtained from a previous study.*® Briefly, authors
grown C. glabrata in normal YPD media and in the M199 medium
at different pH values for pH shift. Total RNA was isolated by hot
phenol—chlorophorm method. Libraries were subjected to ribosomal
RNA depletion, and sequenced using Illumina HiSeq2000 platform
with 100-bp paired-end strand-specific. Reads were mapped with
TOPHAT?2, and counted using htseq (-m union, -t exon conditions)
and normalized by the number of reads per kilobase of exon per mil-
lion mapped reads (Supplementary Table S6). Differentially

expressed genes were identified with raw counts by DeSeq and
EdgeR, using the same cut-off parameters than the ones used in this
study.

2.5. Software

Calculations and statistics were performed using MS Excel and R
3.2.1. Data management was possible using in-house built PERL
scripts.

3. Results

3.1. Duplicates preservation and phylogenetic stability
are correlated with the levels of gene expression

Highly expressed genes are more likely to be preserved as duplicates
after whole-genome duplication (WGD) than lowly expressed genes

37283841 We searched for the orthologs of S. cerevi-

in S. cerevisiae.
sige genes in L. kluyveri (strain CBS 3082; synonymous of
Saccharomyces kluyveri) and their expression in Yeast Extract
Peptone containing dextrose medium (YPD)*S (Supplementary Table
S5). Lachancea kluyveri is a respiratory yeast species pre-dating the
WGD that took place in S. cerevisiae > 100 million years ago.'” We
found L. kluyveri orthologs for 5643 S. cerevisiae genes. Of the
5643 genes, 1469 genes were orthologs of S. cerevisiae duplicates, in-
cluding WGDs and small-scale duplicates (SSDs), and 4174 were
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orthologs of S. cerevisiae singletons (Supplementary Table S5). The
expression of L. kluyveri orthologs of S. cerevisiae duplicates
(Median: 10.43; measured as the log,-transformed Reads Per billion,
RPKM) was significantly greater than that of L. kluyveri orthologs
of S. cerevisiae singletons (Median: 9.52) (Wilcoxon rank test:
P <2.2 x1071%). We compared the transcription levels of genes in S.
cerevisige obtained in our study with those from another study**
that used ribosomal profiling, a technique that measures ribosome
occupancy and translation genome wide and provides an accurate
measure of the translatable mRNA. RPKMs correlated strongly and
significantly with the data of ribosome profiling (Spearman’s correla-
tion: p=0.77, P <2.2 x 107, Supplementary Data S$1), indicating
that RPKMs are indicative of the levels of gene expression and also
the translatable mRNAs.

Previous studies concluded that highly expressed genes were more
likely to be preserved as duplicates after WGDs because of absolute
dosage constraints and constraints on dosage balance 83734346
Indeed, we found that this trend is true for L. kluyveri orthologs of
S. cerevisiae WGDs (N =561, Median expression: 10.64, Wilcoxon
rank test: P<2.2x107'°) and also for orthologs of S. cerevisiae
SSDs (N=908, Median expression: 10.28, Wilcoxon rank test:
P <2.2x 10 '%). The level of expression of orthologs of WGDs was,
nevertheless, higher than that for SSDs (Wilcoxon rank test:
P=7.79 x 1075).

The higher expression of duplicates compared to singletons can
be due to a greater presence of genes encoding protein-complex pro-
teins among duplicates than singletons. We extracted the list of pro-
tein complexes from a previous study, using the table of annotated
yeast high-throughput complexes available at (http://wodaklab.org/
cyc2008/downloads).*” Genes encoding proteins that are part of pro-
tein complexes (N= 1913) (Supplementary Table S7) do exhibit
greater expression (Median expression: 11.56) than genes encoding
complex-free proteins (N=3960) (Median expression: 10.61,
Wilcoxon rank test: P < 2.2 x 107'¢). However, neither WGDs were
more enriched for complex-encoding genes than singletons in S. cere-
visiae (Fishefs exact test: F=1.02, P=0.76) nor SSDs showed signif-
icant difference in terms of enrichment for complex-encoding genes
when compared to singletons (Fishefs exact test: F=1.11, P=0.15).

One caveat in this analysis is that gene expression in L. kluyveri
may not reflect gene expression immediately after WGD. Against this
prediction, gene expression in L. kluyveri, a species predating the
WGDs and SSDs used in this study, was strongly and significantly
correlated with gene expression in S. cerevisiae (Spearman correla-
tion: p=0.59, P <2.2 x 107'°, Fig. 2a).

Duplicated genes exhibit different patterns of gene retention and
phylogenetic stability in the different post-WGD Saccharomyces spe-
cies.*® We classified S. cerevisiae duplicated genes according to the
presence of the two copies in each of the twelve available species
post-dating the WGD (Fig. 2b). We first asked whether the expres-
sion of duplicates generated before Saccharomycetales speciation (in-
cluding WGDs and SSDs) correlates with their phylogenetic stability,
measured as the mean number of post-WGD species in which each
copy was present (Fig. 2b). To determine the number of species post-
dating WGD in which each gene copy is present we used the Pillars
information available from the Yeast Gene Order Information,*®
which provides gene order and annotation for 12 post-WGD yeast
species (Supplementary Table S8). For each gene copy, we counted
the number of species in which it is found and averaged this number
for the two sister gene copies in a duplicated pair (Fig. 2b). There
was a positive and significant correlation between the mean gene
copies expression in YPD and their phylogenetic stability (Spearman
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correlation: p=0.27, P < 2.2 x 107'°, Fig. 2c). We then repeated the
analysis for WGDs and SSDs separately. WGDs exhibited positive
weak but significant correlation between gene expression and phylo-
genetic stability (Spearman correlation: p=0.13, P=1.15x 1075,
Fig. 2d). In contrast, SSDs showed strong and significant correlation
between gene expression and phylogenetic stability (Spearman corre-
lation: p=0.40, P < 2.2 x 10~ '°, Fig. 2e).

3.2. The magnitude of divergence of duplicates
expression correlates with the level of gene expression
A pivotal hypothesis to the dosage sub-functionalization proposed by
Gout and Lynch?® is that highly expressed duplicates should exhibit
more expression variation despite the action of purifying selection
than lowly expressed genes. This is because noise in the expression of
highly expressed genes is unlikely to compromise the selective con-
straints on these genes. That is, genes with higher expression levels
should be more ‘noisy’ in their expression when duplicated, and thus
they should generate more expression polymorphism in the popula-
tion than lowly expressed genes. Accordingly, highly expressed dupli-
cates are more likely to yield gene copies with diverged expressions
than lowly expressed duplicates. To test this hypothesis, we first mea-
sured the fold expression difference (D) between the gene copies 7 and
j when S. cerevisiae was grown under YPD as

Di.j = 1—[M17Z(E,,El)]/[de(El,E,)]

with E referring to the expression of the gene under normal condi-
tions (Supplementary Table S9). D;; is normalized by the level of
gene expression (i.e. the value is 0 < D;;<1), and thus it is an unbi-
ased measure of the expression divergence between the gene copies.
In support of our hypothesis, there was a weak but very significant
correlation between the average expression of the gene copies of du-
plicates and D;; (Spearman correlation: p=0.18, P=4.23 x 1078).
This correlation was also maintained when we analyzed separately
WGDs (Spearman correlation: p=0.18, P=6.98 x 10™°) and SSDs
(Spearman correlation: p=0.17, P=2.89 x 1074.

3.3. The expression levels and promoter architecture
correlate with patterns of expression divergence of
duplicates and their transcriptional plasticity

Because higher expression can increase the chance for expression di-
vergence after gene duplication, we sought to investigate if genes with
higher expression can also evolve greater transcriptional plasticity un-
der stress. Transcriptional plasticity is defined here as the ability of
the gene to change its expression, while keeping its genotype, when
the environment changes. For all four stresses with which S. cerevisiae
was challenged (see section Material and methods), transcriptionally
altered duplicates belonged to a set of genes with significantly higher
expression in YPD growth media than transcriptionally unaltered du-
plicates (Fig. 3a—d). This was also true, with the exception of ethanol-
induced stress, for singletons, albeit the effect was more pronounced
in duplicates than it was in singletons. Noticeably, for all four-stress
conditions in S. cerevisiae, the levels of expression of duplicates with
no altered transcription under stress were significantly higher than
that for transcriptionally altered singletons (Fig. 3a—d).

We explored other mechanistic explanations for this expression
difference between unaltered duplicates and altered singletons. One
important factor that contributes to transcriptional plasticity is the
existence of the TATA-box motif in the gene promoter, with TATA-
containing genes being more sensitive to regulatory changes than
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Figure 2. The levels of gene expression determine gene duplicability. (a) Expression of genes in the pre-WGD species Lachancea kluyveri correlate positively

with genes expressions in the post-WGD species Saccharomyces cerevisiae. Axes represent the transcription levels of genes as the logarithmic transformation
of the Fraction of Reads Per billion. (b) Estimation of the phylogenetic stability (i.e. number of species) of duplicated genes after the whole genome duplication
in yeast. Black and gray circles refer to gene copies. A missing circle in one of the post-WGD species represent a gene copy loss, hence return of that duplicate
to single-copy gene in that species. The phylogenetic stability (PS) of that duplicate is calculated as the mean number of species in which gene copies are pre-
sent. (c) Phylogenetic stability correlates with the levels of gene expression of duplicates. (d) Correlation of PS of WGDs and their expression levels.

(e) Correlation of PS of SSDs and their expression levels.

TATA-less genes.*” Importantly, the level of expression of TATA-
containing genes was higher than that of TATA-less genes, and this
was true for duplicates and singletons in S. cerevisiae (Fig. 4a). The
set of transcriptionally altered genes under stress conditions was en-
riched for TATA-containing genes when compared to the set of genes
with no transcriptional plasticity, being this true for duplicates
(Fig. 4b) and singletons (Fig. 4c). Generally, TATA-containing genes
also exhibit expression noise, which can be coupled with transcrip-
tional plasticity provided that noise and plasticity are not in con-
flict.>® Since gene duplication relaxes noise-plasticity conflict,’® we
expected duplicated genes to be enriched for TATA motifs when
compared to singletons. Of the 1090 genes containing TATA-motifs,
558 belonged to duplicates (281 were WGDs and 277 were SSDs)
(25% of all duplicates) and 532 to singletons (12% of all singletons)
(Supplementary Table S10). Indeed, duplicated genes were more en-
riched for TATA-containing genes than singletons (Fishefs exact test:
F=2.52, P<2.2x107'%), and this was the case for both transcrip-
tionally plastic genes and genes with no transcriptional plasticity
(Supplementary Fig. S1a). Remarkably, duplicates with no transcrip-
tional plasticity were slightly more enriched for TATA-containing

Sydney user

genes than singletons with transcriptional plasticity, with the differ-
ence being significant in the case of S. cerevisiae grown under oxida-
tive stress (Supplementary Fig. S1b).

Finally, the magnitude of expression divergence between dupli-
cates gene copies was correlated with the magnitude of transcrip-
tional plasticity (measured as the fold change in expression of the
most altered gene copy between YPD and stress) (Table 1), both of
which are in turn correlated with the levels of gene expression.

3.4. The levels of gene expression correlate with the
patterns of duplicates transcriptional plasticity

A prediction of the dosage sub-functionalization hypothesis is that
the patterns of duplicates transcriptional plasticity should be depen-
dent on the levels of gene expression. For instance, transcriptionally
plastic genes that are lowly expressed under normal conditions
should only be able to over-express under stress because a decline in
their expression could drive one of the gene copies to non-
functionalization due to relaxed selective constraints. Because plas-
ticity is often correlated with expression noise®® and, since surviving
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tons (white boxes) without altered expressions when S. cerevisiae is faced with four different stress conditions (a) Ethanol, (b) glycerol, (c) lactate and (d) oxida-
tive stress in a medium supplemented with dextrose. Significant differences in the expression levels of sets of genes are indicated as *, **, *** when the
probabilities are P< 0.05, P<0.01 and P< 1075, respectively, using a Wilcoxon rank test.

(a

—

20

. TATA-containing duplicates

i
1
A
l . TATA-less duplicates
3

I P —
o0
oo e

15
|

- TATA-containing singletons

[:] TATA-less singletons

Transcription[log,(RPKM)]
10

-
|
i

(b} . . ;::;:riptinnally (c) ;{::;:"WD"EIW
l_‘ - D el # e D Non-altered
Eaid Eai
]

=
20—+

15

10

5

Q
=

3

Figure 4. TATA-containing genes exhibit greater expression levels and transcriptional plasticity than TATA-less genes. (a) Comparison of the expression levels
(measured as the logarithmic transformation of the Fragment Reads Per billion) between TATA-containing and TATA-less genes for duplicates (red and orange
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plastic and transcriptionally unaltered genes when S. cerevisiae is growing under four different stress conditions (ethanol, glycerol, lactate and oxidative stress
in a medium supplemented with dextrose) was compared for duplicates (b) and for singletons (c). Significant differences between plastic and unaltered genes
were identified using Fishefs exact test and are identified as ***, to indicate a probability of P< 2.2 x 1076,

% Genes with TATA
c w2 3 R 8

i antats _I 3
=1

Lactate _I

Ethanol
Glycerol
Ethanol

Glycerol

duplicates are those whose expression noise falls within the range of when S. cerevisiae is grown under stress: (i) up-regulated: when the
expression detectable by selection, expression noise should depend two gene copies were up-regulated under stress; (ii) down-regulated:
on the levels of duplicates expression. We divided duplicated genes when the two gene copies were down-regulated under stress; (iii) dis-
according to the patterns of transcriptional plasticity they show cordant: when one copy was up-regulated and the other was
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down-regulated under stress; and (iv) one-altered: when one copy
was not altered but its paralogous copy was either up-regulated or
down-regulated under stress (Supplementary Tables S$11-526). In all
four stress conditions, duplicates that were down-regulated were also
those that exhibited the highest expression levels under normal con-
ditions, being these followed by duplicates in which only one copy
exhibits transcriptional plasticity, then discordant duplicates and fi-
nally up-regulated duplicates (Fig. S5a—d).

Interestingly, the mean level of expression under normal condi-
tions of duplicates gene copies was correlated with the level of ex-
pression divergence of the gene copies under normal conditions in
those duplicates that belong to the category discordant and one-
altered, those categories with the highest expression divergence be-
tween gene copies, but not in those pairs in which both copies were
either up-regulated or down-regulated (Fig. 6).

3.5. Gene duplication has contributed to increased
transcriptional plasticity in yeast

We examined the link between gene duplication and phenotypic plastic-
ity by comparing the transcriptomes of S. cerevisiae grown under a
number of key stress conditions that this species faces in nature to those

Table 1. Expression divergence between gene copies correlates
with transcriptional plasticity of duplicates

Stress source Correlation (Spearman) Probability
Ethanol 0.17 422 x 107"
Glycerol 0.20 1.78 x 10710
Lactate 0.16 413 x 1077
Oxidative + dextrose 0.15 7.11 x 1077

(a) |—|" i

ek

5 . T _9.'—'

3 0 B3 |

& |

g = =

=] - -l

E oo ° s 5

= o

1

- Down-regulated

- One-Altered

—
) , I—| ﬁl_'

°=*EE
ol 1)

o o

—_—
(1)

15

Transcription[log,(RPKM)]
1

transcriptomes of S. cerevisiae grown under normal YPD media (section
Material and methods). Transcriptionally altered genes were more en-
riched for duplicates than for singleton genes over all stress conditions
(Fig. 7). This trend was also true when we compared WGDs to single-
tons and SSDs to singletons (Fig. 7). To determine whether transcrip-
tional plasticity is directly linked to gene duplication, we examined the
transcriptional plasticity of S. cerevisiae duplicates and singletons ortho-
logs in the pre-WGD species L. kluyveri. The transcription of L. kluy-
veri genes was previously assessed in 19 different stress conditions.*
For each condition, we sought the percentage of genes that were ortho-
logs to S. cerevisiae duplicates (N=1469) and singletons (N=4174)
that exhibited transcriptional alteration. In 18 of the 19 conditions,
there was no significant difference in the percentage of transcriptionally
altered genes under stress between the orthologs of S. cerevisiae dupli-
cates and those of singleton (Table 2). The only exception was SDS
stress, in which the percentage of transcriptionally altered orthologs for
S. cerevisiae duplicates was higher than that for transcriptionally altered
singleton orthologs  (Fishefs odds ratio F=1.22,
P=5x1073, Table 2). In all other stresses that were equivalent to the

exact test:

ones used in our experiments (e.g. glycerol, ethanol), there was no sig-
nificant difference in the number of transcriptionally altered genes be-
tween orthologs of S. cerevisiae duplicates and singletons (Table 2).
These data indicate that the high transcriptional plasticity of duplicates
in S. cerevisiae was acquired after gene duplication.

To shed more light on the role of gene duplication in the acquisition
of transcriptional plasticity, we examined the transcriptional patterns
of a post-WGD species, Candida glabrata, in which some orthologs of
S. cerevisiae duplicates are in single gene copy in C. glabrata, while
others are preserved as duplicates and for which we had transcrip-
tional information under acidic stress similar to our lactate stress data-
set.’®  Saccharomyces cerevisiae orthologs in C. glabrata were
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Figure 5. The expression level of duplicates correlated with their patterns of expression divergence. Expression was measured as the logarithmic transforma-
tion of the Reads Per billion (RPKM). Significant differences in the expression levels of gene sets are indicated as *, ** and ***, referring to probabilities of
P<0.05, P<0.01 and P<107%, using a Wilcoxon rank test. (a) Expression under ethanol stress, (b) expression under glycerol stress, (c) expression under lactate

stress and (d) expression under oxidative stress.
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Figure 6. The levels of gene expression correlate with the level of expression divergence in duplicates in which gene copies are either discordant (one copy up-
regulated and the other copy down-regulated) or one copy only altered under stress. Transcriptional alteration patterns of duplicates were measured in four
stress conditions (ethanol, glycerol, lactate and oxidative stress in a medium supplemented with dextrose). Expression divergence of duplicates was measured
as 1 - (the expression of the lowest expressed copy divided by the expression of the highest expressed copy). Spearman correlation (p) between the levels of
gene expression (measured as the logarithmic transformation of the Reads Per billion (RPKM)) and the levels of expression divergence was tested for signifi-
cance. Significant plots are indicated in bold. We found significant associations between the levels of gene expression and the expression divergence between
gene copies of discordant duplicates and those with one copy altered but not for up-regulated or down-regulated duplicates.

identified using synteny information available in the Pillars of the
Yeast Gene Order Browser (YGOB).?° In total, we identified 4844 reli-
able S. cerevisiae: C. glabrata orthologs. Of these 4844 genes, 788
genes were duplicated in C. glabrata, of which 123 were orthologs of
S. cerevisiae singletons. These 4844 genes included 1659 out of the
2240 duplicated S. cerevisiae genes and 3185 singletons. Of the 2240
S. cerevisiae duplicates, orthologs for 1019 of them were in single gene
copy in C. glabrata (Fig. 7b). Importantly, these 1019 genes exhibited
as much transcriptional plasticity under acidic stress in C. glabrata
(N=3599, 58.7% of the C. glabrata singletons) as C. glabrata single-
tons that had no duplicates orthologs in S. cerevisiae (1725 out of
3062 singletons, 56.3%) (Fisher’s exact test: odd’s ratio F=1.10,
P=0.17). In conclusion, transcriptional plasticity seem to have been
acquired after gene duplication because orthologs of duplicates that
are in single copy genes in other species exhibit no evidence for tran-
scriptional plasticity in these species.
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3.6. Transcriptionally plastic duplicates contribute to
the response of S. cerevisiae to stress

Among the transcriptionally plastic duplicates, many had a signifi-
cant biological role in the response to stress. For instance, analyses of
duplicated genes up-regulated when S. cerevisiae is grown in ethanol
identified a number of genes as largely up-regulated that are involved
in ethanol metabolism (Supplementary Table S27). Heading the list
of up-regulated duplicates is the one encoding the alcohol dehydro-
genase ADH2 and ADH1, directly involved in the quick metabolism
of ethanol inside the cell into acetaldehyde (Fig. 8). A number of
other duplicated genes that are essential in the metabolism of
Ethanol, including transmembrane transporters such as YAT1 to
start the tricarboxylic cycle or the enzyme MSL1 that is essential for
malate production, among others (Fig. 8), they are all listed as dupli-
cates with the highest up-regulation. This also applies to other stress
conditions used in this study (Fig. 8).
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4. Discussion

A number of factors have been considered key players in determining
the fates of duplicated genes. However, an explanation that provides
a general and inherent mechanism that strongly determines the
duplicability of genes has been poorly investigated. Here, we present
strong evidence that the levels of gene expression determine the likeli-
hood of a gene to persist duplicated in the genome. We find that
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Figure 7. Duplicates are more enriched for transcriptional plasticity than sin-
gletons, regardless of the mechanism of duplication. (a) Transcriptional plas-
ticity of duplicates and singletons in S. cerevisiae. Y-axis represents the
mean percentage of genes with altered transcription across four stress con-
ditions (ethanol, glycerol, lactate and oxidative stress in a medium supple-
mented with dextrose). We also compared WGDs and SSDs to singletons.
Significant differences were found using Fisher’s exact test, with *** indicat-
ing a probability of P<2.2 x 107 "%, (b) Venn diagram representing the over-
lap in the number of duplicates and singletons between C. glabrata and
S. cerevisiae.

genes that are highly expressed in species pre-dating the whole-
genome duplication event in Saccharomyces are more likely to be
preserved in duplicate in species originated after duplication. This
observation is in agreement with the dosage sub-functionalization
hypothesis (DSH), as high levels of gene expression would ensure pu-
rifying selection on the gene copies despite the stochastic variation in
their expression levels.”® We, nevertheless, show that this is not a
link exclusively seen in WGDs because the preservation of SSDs is
also dependent on the expression levels of genes, however to a lesser
extent than WGDs.

We also show that highly expressed genes exhibit greater phyloge-
netic stability (i.e. they are preserved in greater number of post-
duplication species) than lowly expressed genes, perhaps due to the
higher likelihood of functional divergence between gene copies of
highly expressed duplicates, and thus emergence of purifying selec-
tion to maintain the functions of gene copies. Therefore, we conclude
that the levels of gene expression determine the survival of duplicates
across long evolutionary times. Our observations are not con-
founded by other factors such as dosage balance, mainly an issue in
the case of genes encoding proteins that are part of protein complex-
es, 2839434596 45 neither WGDs nor SSDs are enriched for complex-
encoding genes when compared to singletons in S. cerevisiae.

A pivotal conclusion derived from the link between gene expres-
sion and duplicability is that gene copies with higher expression lev-
els can be noisier in terms of expression without undergoing an
imbalance in their selective pressures. This noise could eventually
lead to higher divergence between the gene copies of these duplicates
when such divergence becomes adaptive. Our results are in agree-
ment with this prediction and show that the magnitude of expression
divergence, and perhaps functional divergence, is dependent on the
levels of gene expression. Therefore, duplicates with higher expres-
sion are more likely to lead to higher divergence between the gene
copies. This higher divergence between gene copies has been likely
important for the origin of novel adaptations to stressful environ-
ments in the yeast Saccharomyces cerevisiae.*>*”>'=33 In agreement
with this hypothesis, when S. cerevisiae was faced with a number of
stress conditions, the levels of expression divergence between gene
copies was positively correlated with their expression plasticity.

Table 2. Transcriptional alterations of L. kluyveri genes orthologs of S. cerevisiae under nineteen different stress conditions

Stress # duplicates orthologs (%) # singletons orthologs (%) Odds’ ratio F P
Galactose 588 (40.1) 1586 (37.6) 0.93 0.24
Glycerol 865 (58.8) 2378 (56.9) 1.08 0.21
23°C 178 (12.1) 540 (12.9) 0.92 0.44
37°C 458 (31.2) 1282 (30.7) 1.02 0.74
YNB 487 (33.2) 1366 (32.7) 1.02 0.77
Ethanol 609 (41.5) 1645 (39.4) 1.09 0.17
Methanol 291 (19.8) 865 (20.7) 0.95 0.49
SDS 410 (27.9) 1008 (24.1) 1.22 0.005
DMSO 654 (44.5) 1758 (42.1) 1.10 0.11
NaCl 234 (15.9) 757 (18.1) 0.86 0.06
CaCl, 874 (59.5) 2499 (59.9) 0.98 0.80
NiSOy4 129 (8.8) 332(7.9) 1.11 0.32
Licl 253 (17.2) 737 (17.7) 0.97 0.72
CoSOy4 825 (56.2) 2362 (56.6) 0.99 0.85
BME 375 (25.6) 1102 (26.4) 0.96 0.53
SFU 298 (20.3) 922 (22.1) 0.89 0.15
Arsenic 127 (8.6) 343 (8.2) 1.06 0.62
6AU 230 (15.7) 674 (16.1) 0.96 0.68
Fluconazole 437 (29.7) 1195 (28.6) 1.06 0.42
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Figure 8. Schematic representation of S. cerevisiae central metabolic pathways for the utilization of non-fermentable carbon sources (glycerol, lactate and etha-
nol). Solid arrows correspond to enzymatic reactions while dashed arrows correspond to regulatory steps. Proteins encoded by duplicated genes that are tran-
scriptionally altered and are involved in each process are indicated (transporters are shown with a can form, and enzymes exhibit heptagonal forms).

Importantly, we show that the levels of gene expression also influ-
ence the patterns of transcriptional divergence between the gene cop-
ies of duplicates. Those duplicates with copies exhibiting discordant
expression patterns or with only one copy altered under stress are
likely those in which each copy encodes a function under different
conditions compared to the other copy.

Expression noise is generally coupled with plasticity if noise and
plasticity do not present a cost-benefit conflict (i.e. a conflict emerges
when plasticity is important for adaptation but noisy expression can
be detrimental).’®***5 We show that duplicates are both more en-
riched for transcriptionally plastic genes and for genes with TATA
motifs in their promoters when compared with singletons. TATA-
motifs have been shown to be associated with higher noise and plas-
ticity in TATA-containing genes.*>>®>” The expression properties of
genes that have been preserved as duplicates are, therefore, remark-
ably different from those that returned to single copy genes.
Noticeably, non-plastic duplicates that showed higher expression lev-
els than transcriptionally plastic singletons also exhibited greater en-
richment for TATA-containing genes than plastic singletons, linking

TATA-containing genes to higher levels of gene expression. The
question that remains is then whether it is the expression properties
or duplication itself that have determined the fate of duplicates and
the origin of adaptations. Our results lead to the conclusion that du-
plicated genes exhibit significantly different expression properties
than singleton genes but also that gene duplication is mainly respon-
sible for the origin of plasticity, as the transcriptional plasticity
observed in S. cerevisiae originated after the duplication of genes
which were not transcriptionally more plastic before duplication
than other non-duplicable genes. Therefore, gene duplication pro-
vides the appropriate genetic and selective opportunity for the evolu-
tion of transcriptional plasticity. A remarkable result is that the
percentage of singletons transcriptionally altered in S. cerevisiae was
significantly lower than that of their orthologs altered in L. kluyveri.
However, the absolute percentages of altered genes cannot be com-
pared between L. kluyveri and S. cerevisiae as both species represent
completely different metabolisms and the conditions of stress under
which they were subjected were different. It is, therefore, likely that
duplication itself may relax the cost-benefit conflict between noise
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and plasticity, as previously suggested,’® allowing for the emergence
of plasticity and adaptation to environmental perturbations. In con-
clusion, our result point to a strong correlation between the expres-
sion properties of genes, their duplicability, transcriptional plasticity,
and ability to give rise to novel adaptations.
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