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Abstract

Convergent gene pairs can produce transcripts with complementary sequences. We had shown that mRNA duplexes
form in vivo in Saccharomyces cerevisiae via interactions of mRNA overlapping 30-ends and can lead to posttranscrip-
tional regulatory events. Here we show that mRNA duplex formation is restricted to convergent genes separated by short
intergenic distance, independently of their 30-untranslated region (UTR) length. We disclose an enrichment in genes
involved in biological processes related to stress among these convergent genes. They are markedly conserved in con-
vergent orientation in budding yeasts, meaning that this mode of posttranscriptional regulation could be shared in these
organisms, conferring an additional level for modulating stress response. We thus investigated the mechanistic advan-
tages potentially conferred by 30-UTR mRNA interactions. Analysis of genome-wide transcriptome data revealed that
Pat1 and Lsm1 factors, having 30-UTR binding preference and participating to the remodeling of messenger ribonucleo-
protein particles, bind differently these messenger-interacting mRNAs forming duplexes in comparison to mRNAs that do
not interact (solo mRNAs). Functionally, messenger-interacting mRNAs show limited translational repression upon
stress. We thus propose that mRNA duplex formation modulates the regulation of mRNA expression by limiting their
access to translational repressors. Our results thus show that posttranscriptional regulation is an additional factor that
determines the order of coding genes.
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Introduction
The transcriptional orientation of genes relative to their ad-
jacent gene neighbors along the chromosome can be either
coorientation (!!), divergence ( !), or convergence
(! ) (fig. 1A). This genomic neighborhood may reveal func-
tional constraints. In eukaryotes, neighboring genes are likely
to be coexpressed, independently of their relative orientation
(Cohen et al. 2000; Hurst et al. 2004; Michalak 2008). To date,
most attention has been devoted to the link between geno-
mic neighborhood and cotranscriptional regulation.
Coorientation can allow coregulation of transcription of the
two genes by a single promoter in an operon-like fashion
(Osbourn and Field 2009), and divergence can allow
coregulation of transcription by means of a bidirectional pro-
moter (Wei et al. 2011). In the case of convergent gene pairs
that do not share any promoter region, cotranscription could
be mediated by chromatin effects rather than by direct inter-
actions (Chen et al. 2010). Most importantly, there is increas-
ing evidence that convergent gene orientation can also
mediate regulation at the posttranscriptional level.
Transcriptome analyses have shown that convergent gene

pairs can produce tail-to-tail 30-overlapping mRNA pairs
that can theoretically form mRNA duplexes in
Saccharomyces cerevisiae (Pelechano and Steinmetz 2013;
Wilkening et al. 2013) and in other eukaryotes (Jen et al.
2005; Makalowska et al. 2005; Sanna et al. 2008). We previ-
ously demonstrated that such mRNA duplexes exist exten-
sively and can interact in the cytoplasm in S. cerevisiae
(Sinturel et al. 2015). Some of these mRNA–mRNA interac-
tions are apparently strong enough to promote posttran-
scriptional regulatory events by blocking ribosome
elongation, as illustrated by mRNA duplex formation be-
tween OCA2 and POR1 messenger-interacting mRNAs
(mimRNAs). Indeed, OCA2 mRNA was previously shown to
overlap the protein-coding sequence of POR1 mRNA, block
ribosome elongation, and trigger the no-go decay pathway
(Doma and Parker 2006; Passos et al. 2009; Sinturel et al.
2015).

We thus hypothesize that mRNA duplex formation can
modulate interactions with RNA-binding proteins (RBPs)
that preferentially bind at mRNA 30-end, like Pat1 and
Lsm1. Pat1 and Lsm1 are considered as main translation
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repressors activated during stress and also as key players in 50

to 30 mRNA decay, linking deadenylation to decapping
(Tharun et al. 2000; Tharun and Parker 2001; Chowdhury
and Tharun 2009). Pat1 and Lsm1 are components of mes-
senger ribonucleoprotein particles (mRNP), named P-bodies,
which contain translational repressors and the mRNA decay
machinery (Mitchell and Parker 2014).

If genomic neighborhood plays some critical role in gene
expression, these should be conserved when under selection
and detected as conservation of microsynteny. In addition,

favorable new genomic neighborhoods, obtained by chromo-
somal rearrangements, should also appear and be selected for
during evolution. Although there is evidence for cis-regulatory
constraints on gene order, our understanding of the determi-
nants of the evolution of gene order in eukaryotes is still
limited. Globally, gene pair conservation decreases as inter-
genic distance increases (Hurst et al. 2002; Poyatos and Hurst
2007). In yeasts, gene pairs that are highly coexpressed are
more conserved than gene pairs that are not coexpressed and
it has been reported that only divergent gene pairs are under

FIG. 1. mRNA duplexes form at small intergenic distances, independently of their lengths. (A) Schematic representation of relative orientation of
adjacent genes. Intergenes are delimited by dashed blue lines and their distances indicated by double arrows. conv_mim: convergent gene pairs
producing mimRNAs forming experimentally validated mRNA duplexes; conv_solo: convergent gene pairs with no experimentally validated RNA
duplexes; divergent: genes in divergent orientation; cooriented: genes in coorientation. (B) mRNA 30-UTR lengths (logarithmic scale) for different
gene groups in Saccharomyces cerevisiae taken from Nagalakshmi et al. (2008). Median values are indicated for each group. (C) Gene pair frequency
distribution in function of their intergenic distance for conv_mim (dot-tick black line), conv_solo (black line), cooriented (gray line), and divergent
(black dotted line) gene pairs in S. cerevisiae. (D) Gene pair frequency distribution in function of the intergenic distance for convergent pairs (black
line), cooriented pairs (gray line), and divergent pairs (black dotted line) in the 45 species studied. Species are named with a four-letter code
available in supplementary table S2, Supplementary Material online, and ordered according to their evolutionary distance from S. cerevisiae. The
dashed horizontal line indicates 200 bp, the distance below which a majority of conv_mim are found, in contrast to conv_solo in S. cerevisiae.
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selection for high coexpression (Kensche et al. 2008; Wang,
Chen, et al. 2011; Yan et al. 2016). However, the coexpression
of linked genes persists long after their separation by chro-
mosomal rearrangements whatever their original relative ori-
entation, and natural selection often favors chromosomal
rearrangements in which coexpressed genes become neigh-
bors. Thus, selectively favorable coexpression appears not to
be restricted to bidirectional promoters (Wang, Chen, et al.
2011).

In order to determine the possible role of mRNA duplex
formation in gene regulation, we performed a genomic anal-
ysis of genes producing mimRNAs on an evolutionary per-
spective to determine 1) the extent to which mRNA duplexes
could form in 45 budding yeasts (Saccharomycotina subphy-
lum), covering an evolutionary distance of�300 Ma (Marcet-
Houben and Gabald�on 2015); 2) the functional properties of
genes producing mimRNAs by a Gene Ontology (GO) en-
richment analysis; and 3) the conservation of convergent ori-
entation among yeasts as a proxy for their functional
significance. We also compared the properties of mimRNAs
and solo mRNAs that do not form duplexes: first by analyzing
crosslinking immunoprecipitation (CLIP) data used to map
the interaction sites of Pat1 and Lsm1 on mRNAs (Mitchell
et al. 2013) in condition of glucose deprivation, a condition
triggering the formations of P-bodies, particularly requiring
Pat1 and Lsm1; and secondly by analyzing ribosome loading
data used to determine the ability of Pat1 and Lsm1 factors to
repress translation of mRNAs in stress conditions (Garre et al.
2018).

Our results show that mRNA duplexes form between
mimRNAs of genes that are <200 bp apart, independently
of the length of their 30-untranslated region (UTR). They are
functionally enriched in biological processes occurring during
response to stress in S. cerevisiae and provided orthology–
function relationships are preserved, it is also the case in many
yeasts for convergent genes <200 bp, theoretically able to
form mRNA duplexes. We propose that mRNA–mRNA inter-
actions can interfere with solo mRNP remodelers such as Pat1
and Lsm1, contributing to limit the translational repression
on mRNA duplexes and thus participating in modulating
gene expression upon stress. Furthermore, convergent orien-
tation between neighboring genes is in general more con-
served at short intergenic distances than cooriented or
divergent orientation in all 45 studied genomes, which sug-
gests that convergent orientation allowing posttranslation
regulation of mRNA of genes involved in stress response is
widely shared.

Results

RNA Duplexes in S. cerevisiae Occur between Genes
Separated by Short Intergenic Distances
In S. cerevisiae, 281 pairs of mRNA duplexes have been deter-
mined experimentally (see Materials and Methods, supple-
mentary table S1, Supplementary Material online, and
Sinturel et al. 2015). The distribution of 30-UTR length of
the 562 corresponding mimRNAs is not statistically
different from the distributions of the other solo mRNAs

(Mann–Whitney U test, P-value > 0.05, fig. 1B). Conversely,
the intergenic distances, defined as the distance between
coding sequence regions of adjacent genes (fig. 1A), are
shorter between convergent genes producing mimRNAs
(median 155 bp) than between convergent genes producing
solo mRNAs (median 236 bp) (Mann–Whitney U test, P-
value <10�13, fig. 1C). We thus chose 200 bp as an appropri-
ate distance cut off for which a majority of experimentally
validated mimRNAs are found (63.2%) in contrast with con-
vergent genes producing solo mRNAs which are only 40.3%
(supplementary fig. S1A, Supplementary Material online).
Note that 18% of the convergent gene pairs with intergenic
distances below 200 bp correspond to validated mimRNAs
and only 7% correspond to validate solo mRNAs. This sug-
gests that the short intergenic distances between convergent
genes are the major determinant for mRNA duplex forma-
tion. We note that the bimodal distribution of intergenic
lengths among divergent gene pairs is in agreement with
previous reports (Hermsen et al. 2008).

The reconstructed phylogenetic tree of the 45 yeasts we
studied, congruent with the backbone of the
Saccharomycotina phylogeny (Shen et al. 2016), is presented
in figure 2. Within these genomes, convergent gene pairs are
separated by the smallest intergenic distances, with a median
of 158 bp, compared with cooriented gene pairs (median of
405 bp) or divergent gene pairs (median of 517 bp) (supple-
mentary table S2, Supplementary Material online), a trend
previously observed (Chen et al. 2011). Within 31 out of
the 45 studied genomes, the 51st percentile of the intergenic
distances between convergent genes is below 200 bp. In ad-
dition, a comparative transcriptomic analysis in different
yeasts revealed that 30-UTR lengths are also broadly similar
(Moqtaderi et al. 2013), demonstrating that most of conver-
gent transcripts overlap and are theoretically able to form
mRNA duplexes. In 36 out of 45 genomes, the proportion
of cooriented gene pairs is significantly smaller than expected
under a neutral model of gene order evolution, where genes
would be equally distributed among the two DNA strands
(50% of cooriented, 25% of divergent and convergent) (sup-
plementary table S3, Supplementary Material online).
Neighboring genes are then more often encoded on opposite
strands, probably due to a greater impact of bidirectional
promoters and of chromatin context for transcriptional reg-
ulation, or a greater impact of mRNA duplex formation for
posttranscriptional regulation. Interestingly, in 27 of these 36
genomes, the proportion of convergent pairs is higher than
those of divergent pairs.

GO Analysis of Convergent Genes
According to the Yeast GO Slim annotation (see Materials
and Methods), the 365 genes producing experimentally val-
idated mimRNAs in S. cerevisiae are significantly enriched
(more than 2-fold enrichment, hypergeometric test, adjusted
P-values< 0.01) into cellular response to DNA damage stim-
ulus, DNA metabolism (repair, recombination, and replica-
tion) together with mRNA processing and RNA splicing
(table 1). We found the same results by estimating the prob-
ability of occurrence of each GO Slim term among 365
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randomly selected genes (permutation P-values< 0.01) (sup-
plementary table S4, Supplementary Material online). Among
the 919 convergent genes <200 bp apart in S. cerevisiae,
which are theoretically able to produce mimRNAs but not
experimentally validated by Sinturel et al. (2015), there is also
an enrichment for DNA repair and cellular response to DNA
damage stimulus (permutation P-value < 0.05) (supplemen-
tary table S4, Supplementary Material online). On the con-
trary, there is no such enrichment among genes producing
solo mRNAs whether being 1) the 248 convergent genes that
were experimentally validated as producing only solo mRNAs,
2) the convergent genes more than 200 bp apart and not
experimentally validated, and 3) the genes in cooriented
and divergent relative orientation that are <200 bp apart
(supplementary table S4, Supplementary Material online).

For each of the other Saccharomycotina species, we deter-
mined the functional distribution of GO Slim terms among
the total number of convergent genes with an identified
ortholog in S. cerevisiae (Nconv)—assuming they share the
same function as their S. cerevisiae ortholog—that are
<200 bp apart and thus theoretically able to produce
mimRNAs that form mRNA duplexes (see previous section).

We next calculated the probability of occurrence of each GO
Slim term among Nconv randomly selected genes with an
identified S. cerevisiae ortholog (fig. 3 and supplementary ta-
ble S5, Supplementary Material online). As is the case in
S. cerevisiae, there is a significant enrichment (permutation
P-value < 0.05) for cellular response to DNA damage stimu-
lus, DNA repair, and RNA splicing in at least 18 other yeast
genomes. In addition, mRNA modification, tRNA processing,
chromosome segregation, and protein complex biogenesis
are also enriched in more than one-third of the yeast species.
Such functional enrichment of terms that could be linked to
stress response among convergent genes theoretically able to
form RNA duplexes indicates that their mode of posttran-
scriptional regulation could be shared in most of these
species.

Convergent Relative Orientation Is More Conserved
Than Divergent and Cooriented Relative Orientations
at Short Intergenic Distances
A further insight at the potential importance of convergent
orientation is its conservation during evolution. We defined
the orthologs between each pair of the 45 yeast genomes (see
Materials and Methods) and determined their relative orien-
tation to their gene neighbors in the two considered species.

We first considered a conserved gene orientation when
two orthologs share the same relative orientation with re-
spect to their 30 neighbor in both genomes, independently of
the orthology relationship of the neighboring genes (genomic
context). It allows one to estimate the extent at which the
relative orientation is functionally important in itself, whether
it being acquired from the ancestor or by chromosomal rear-
rangements. On average, without considering intergenic dis-
tances, coorientation is the most conserved gene orientation
(78%) followed by convergence (75%) and divergence (72%)
(supplementary table S6, Supplementary Material online). In
all cases, conservation decreases as the evolutionary distance
between species increases (fig. 4A, left panel). We then esti-
mated the expected conservation levels under a null model

FIG. 2. Phylogenetic relationships of the 45 Saccharomycotina yeasts
species studied. Phylogeny of 45 Saccharomycotina species inferred
from a maximum likelihood analysis based on the concatenated
alignment of 224 groups of syntenic homologs present in every ge-
nome (see Materials and Methods).

Table 1. GO Slim Terms of Biological Processes Significantly Enriched
(P-value < 0.01) More Than 2-Fold in Saccharomyces cerevisiae
mimRNAs Validated Experimentally.

GO Slim term No. All
Genesa

No. conv_
mimRNAb

Fold
Enrich.

Adj.
P-valuec

DNA repair 245 32 2.4 3.03E-04
Cellular response to

DNA damage stimulus
299 33 2 2.12E-03

DNA replication 152 18 2.2 8.73E-03
DNA recombination 174 20 2.1 8.73E-03
mRNA processing 167 19 2.1 8.73E-03
RNA splicing 134 17 2.3 8.73E-03

NOTE.—Fold Enrich., fold-enrichment (frequency ratio in conv_mimRNA and in all
genes).
aNumber of GO slim terms in all S. cerevisiae genes (total number of annotated
genes: 6,320).
bNumber of GO slim terms in S. cerevisiae genes producing mimRNAs (total num-
ber of annotated genes producing mimRNAs: 341).
cP-value of the hypergeometric test adjusted with the Benjamini–Hochberg pro-
cedure for multiple testing (see Materials and Methods).
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by randomly assigning orthologous pairs between each spe-
cies in 500 simulation rounds (fig. 4A, right panel). These data
clearly show that the observed levels are higher than expected
by chance.

At three large pairwise evolutionary distances (1, 1.13, and
1.5, see supplementary table S9, Supplementary Material on-
line), coorientation is the less conserved orientation and con-
vergence the most conserved one (fig. 4A, left). These
distances always involve the species that are the most isolated
from all the other studied species: Cyberlindnera fabianii, the
only species from the Phaffomycetaceae clade studied
(Kurtzman et al. 2008), and Yarrowia lipolytica and
Blastobotrys adeninivorans belonging to the most distant
clade from all the others (fig. 2). These three species also share
the lowest numbers of ortholog with all other species: 804,
1,273, and 1,722 orthologs shared with another species for
Y. lipolytica, A. adeninivorans, and Cyberlindnera fabiani re-
spectively, for an average of 2,874 for the 45 species studied.
This particular trend could reflect either a sampling bias or
that the most conserved gene orientation between different
yeast clades is the convergent one. For microsynteny, conver-
gent orientation is the most conserved one at each evolu-
tionary distance, which is also expected to a much lower
extent under the null model (fig. 4B).

As convergent genes are separated by smaller intergenic
regions than divergent and cooriented genes, we looked
whether the physical proximity of convergent genes was
the main explanation to their preferential conservation. To
that end, we estimated the proportion of conserved gene
relative orientation in windows of nonoverlapping intergenic

distances ranging from 0 to 1,000 bp (supplementary table
S10, Supplementary Material online). Strikingly, for intergenic
distances lower than 200 bp, convergent gene orientation,
thus theoretically able to produce mimRNAs that form
mRNA duplexes, is more conserved than divergent and
cooriented gene orientations (Mann–Whitney U test, P-
values < 10�200) (fig. 5A, panels 1 and 3). This higher con-
servation of convergent gene pairs is not due to their lower
intergenic distances compared with cooriented and divergent
pairs (average distance of 120, 142, and 147, respectively) as it
holds also for intergenic distances between 144 and 200 bp
(Mann–Whitney U test, P-values < 10�200) (fig. 5C, left).
Above 200 bp, there is an opposite trend, the convergent
gene orientation being less conserved (Mann–Whitney U
test, P-values < 10�6). It is of note that the above observa-
tions hold when considering species pairs that diverged be-
fore or after the whole-genome duplication event that
occurred during yeast evolution (pre-WGD species or post-
WGD species) and is much higher than expected by chance
alone (fig. 5A). Similar observations are made when grouping
species pairs by evolutionary distances, thus reducing the bias
that can be introduced when considering extant species pairs
(supplementary fig. S2, Supplementary Material online).

We next considered a conserved microsynteny, when two
orthologs share the same relative orientation with respect to
their 30 neighbor in both genomes, and when the neighboring
genes are also orthologs, which corresponds to the conserva-
tion of the genomic context from their common ancestor
only (see Materials and Methods). The conservation of micro-
synteny for convergent orientation remains the highest

FIG. 3. Functional enrichment in convergent genes. Biological process GO Slim terms with a significant enrichment (>2-fold with a P-value<0.05)
among convergent genes compared with the whole gene population. Saccharomyces cerevisiae GO slim terms have been attributed to orthologs in
the 44 other species. Species are named with a four-letter code available in supplementary table S2, Supplementary Material online, and ordered
according to their evolutionary distance from S. cerevisiae.
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(fig. 5B) but to a lower extent than in the case of conservation
of the genomic context (fig. 5A), for both pre-WGD and post-
WGD species pairs. This holds as well between pairs of species
at similar evolutionary distance (supplementary fig. S3,
Supplementary Material online). This holds also for intergenic
distances between 144 and 200 bp (Mann–Whitney U test, P-
values < 10�200) (fig. 5C, right). As expected under a neutral
model of evolution of gene order, the probability of gene pair
conservation decreases with the length of the intergenic re-
gion between the genes for all types of pairs because the
probability of recombination between two genes increases
with their spacing. It has been shown indeed that intergenic
distance is the major determinant of gene pair conservation
in yeasts (Poyatos and Hurst 2007). However, at small inter-
genic distances, the convergent pairs are less prone to recom-
bination than cooriented and divergent ones. This either
reflects a selective pressure to maintain convergent pairs at
small intergenic distances allowing RNA duplexes formation,
and/or a counterselection of cooriented and divergent pairs.

In summary, at small intergenic distances which allow for
mRNA duplex formation, the conservation of microsynteny
in convergent orientation appears not neutral, and the con-
servation of the genomic context in convergent orientation is
even more important, suggesting that convergent gene pairs
are both conserved and recruited by chromosomal rearrange-
ments for functional constraints. At such intergenic distances,

genes producing validated solo mRNAs show no conserva-
tion, in contrast to genes producing validated mimRNAs
(supplementary fig. S1A and B, Supplementary Material on-
line), which argues for mRNA duplex formation being deter-
mined not only by small intergenic distances but also by a
selection pressure on a subset of genes found in this
configuration.

mRNA Duplexes Limit Lsm1 and Pat1 Interactions in
30-UTRs
The enrichment of convergent genes in functions related to
stress and their conservation in Saccharomycotina species
encouraged us to question how these mRNA–mRNA inter-
actions could confer an advantage along evolution. One hy-
pothesis is that 30-end RNA interactions affect mRNA access
to mRNP remodeling proteins known to preferentially bind
to the 30-ends of mRNAs, such as the Pat1 and Lsm1 trans-
lational repressors comprised in P-bodies that participate in
stress response (He and Parker 2001; Chowdhury et al. 2007).
We analyzed CLIP data (see Materials and Methods; Mitchell
et al. 2013) used to map the interaction sites of different P-
body components, including Pat1, Lsm1, Dhh1—that has no
clear RNA sequence binding preferences—and Sbp1 that is
involved in enhancing the decapping of mRNA that binds
preferentially to 50-UTR presumably resulting from its affinity

FIG. 4. The conservation of relative orientation of orthologs decreases with the evolutionary distance between the species. (A) Frequency
distributions of conserved relative orientation between two species as a function of their evolutionary distance (supplementary table S9,
Supplementary Material online). (B) Frequency distribution of conserved microsynteny between two species as a function of their evolutionary
distance. Green: genes in convergent orientation (conv); orange: cooriented genes (coor); and blue: divergent genes (div). Left panels: distributions
in the real genomes. Right panels: distributions in the 500 simulations experiment in which orthology relationships are at random (see Materials
and Methods). (See supplementary table S6, Supplementary Material online, for the total number of conserved pairwise orthologs over the 990
pairs of species at each evolutionary range.) Observed distributions of convergent pairs are different compared with distributions of cooriented
and divergent pairs at any given evolutionary interval (Mann–Whitney U test, P-value < 10�3).
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to eIF4G (Sheth and Parker 2003; Rajyaguru et al. 2012;
Mitchell et al. 2013).

A metagene representation of specific protein interactions
has been computed for mRNA duplexes and solo mRNAs
from normalized reads (in RPKM), corresponding to protein
interaction sites. For solo mRNAs, as previously observed
(Mitchell et al. 2013), Pat1 and Lsm1 preferentially bind the
30-end of mRNA, Dhh1 has no positional bias and Sbp1 posi-
tions are biased toward the 50-UTR region (fig. 6). In contrast,
a significant shift in binding peaks of Pat1 and Lsm1 is ob-
served in the 30-UTR region of mRNA duplexes (Mann–
Whitney U test, P-value < 0.001) (fig. 6) suggesting that 30-
RNA interactions might limit Pat1 and Lsm1 access. Spb1 also
shows a decrease in the preferential binding on the 50-UTR of
mRNAs duplexes (Mann–Whitney U test, P-value < 0.001),
which is consistent with the fact that Sbp1 binds 50-UTR
mRNA only after the binding of Pat1 and Lsm1 at their
30-UTR, in addition to a mild decrease in their 30-UTRs

(Mann–Whitney U test, P-value < 0.001). The peak distribu-
tion associated with Dhh1 is not significantly different for solo
and mRNA duplexes, in accordance with the fact that Dhh1
has no clear RNA sequence binding preferences (Mitchell
et al. 2013). Taken together these observations argue for sig-
nificant altered associations of mRNA duplexes, with Pat1 and
Lsm1 leading to mRNP differing from those assembled from
solo RNAs. Therefore, the fate of mRNA duplexes should
differ from the fate of solo mRNAs upon stress.

The Ribosome Access Control Governed by Pat1 upon
Stress Is Limited on mRNA Duplexes
In order to further examine how the decrease in interactions
of Lsm1 and Pat1 on 30-UTR regions of mRNA duplexes can
affect ribosome dynamics, that is, translation initiation, we
took advantage of a published genome-wide analysis per-
formed in condition of osmotic stress, during which P-bodies,
involving Pat1 and Lsm1, are formed. These were used to

FIG. 5. The conservation of relative orientation is higher for convergent pairs <200 bp apart. (A) Frequency distribution of conserved relative
orientation in function of the length of the intergenic distance separating the genes in a pair. (B) Frequency distribution of conserved microsynteny
as a function of the length of the intergenic distance separating the genes in a pair; same color legend as in figure 4. Distributions for species pairs
that diverge before and after the whole-genome duplication event (pre-WGD and post-WGD) are given in first and third panels, respectively.
Distributions for the 500 simulations experiment for pre-WGD and post-WGD species pairs are given in second and fourth panels, respectively.
Number of species pairs are given in parenthesis above panels. For each intergenic distance interval, the distribution for the convergent pairs is
significantly different from the one of cooriented and divergent pairs (Mann–Whitney U test, P-value< 0.05). (See supplementary tables S7 and S8,
Supplementary Material online, for numbers of conserved orthologs at each intergenic distance intervals.) (C) Frequency distribution of conserved
relative orientation (left) and conserved microsynteny (left) of gene pairs separated by intergenic distances ranging from 144 to 200 bp, among
orthologs conserved in same relative orientation/in microsynteny in this interval. The distribution of convergent pairs is different compared with
distributions of cooriented and divergent pairs (Mann–Whitney U test, P-value < 10�200).
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determine ribosome mRNA associations in wild type (WT),
lsm1 and pat1 mutant strains (Garre et al. 2018). We thus
compared the ribosome accumulation at 50-UTR of
mimRNAs and solo mRNAs as identified by Sinturel et al.
(2015) in WT and pat1 and lsm1 mutants (supplementary
table S11, Supplementary Material online). The ribosome
loading (i.e., log2 ratio of 50 sequencing reads obtained up-
stream vs downstream of the mRNA translation start site
[Garre et al. 2018]) in WT, lsm1, and pat1 mutants for each
mRNA category in normal growth condition and osmotic
stress is presented in figure 7. A positive shift of ribosome
loading for a given mRNA between two genetic backgrounds
will reflect an increase in ribosome access, thus revealing a
decreased translational repression (Garre et al. 2018). A pos-
itive shift of ribosome loading in pat1 and lsm1 mutants was
observed when all mRNAs are globally computed, as previ-
ously reported (Garre et al. 2018). We observed a similar shift
for solo mRNAs and mimRNAs, which confirms the general
role of Lsm1 and Pat1 in limiting ribosome access on mRNAs
in normal growth conditions, (left panels, fig. 7). In stress
conditions, this positive shift in ribosome loading in mutants
versus WT was almost lost for mimRNAs in pat1 mutants

only (right panels, fig. 7) and also between WT and both lsm1
and pat1 strains for the nine genes producing mimRNAs
involved in stress response (supplementary table S12,
Supplementary Material online), but not for the 42 genes
producing solo RNAs involved in stress. The probability of
observing the profile of mimRNA by chance is 0.011 and
of observing the profile of mimRNA involved in stress is
0.0101 (permutation tests, see Materials and Methods).
The seemingly paradoxical higher translation of these
nine genes in WT versus pat1 could result from the higher
competition for translation in the mutant, in which a
number of genes show de-repressed expression in stress
conditions. Taken together, the above results suggest that
the ribosome accumulation on mimRNAs is less depen-
dent on the presence of Pat1 upon stress. Pat1 being
considered a main translation repressor, mRNPs formed
by mimRNAs would differ from mRNPs formed by solo
mRNAs and be differently controlled at the translational
level. We thus propose that mRNA–mRNA interactions
shown to limit Pat1 mRNA binding in the 30-region of
mimRNAs (fig. 6) contribute to posttranscriptional regu-
lations upon stress.

FIG. 6. mRNA in duplexes have a marked loss of Pat1 and Lsm1 binding in their 30-UTR. Metagene representation of sequence reads enriched using
CLIP over the control sequence data for individual mRNAs. Normalized reads for solo mRNAs and mRNAs forming duplexes are represented for
Pat1, Lsm1, Dhh1, and Spb1 proteins (see Materials and Methods, Mitchell et al. 2013). 50-UTR, ORF, and 30-UTR regions are indicated. Lengths are
scaled to the average 50-UTR, ORF, and 30-UTR lengths over the entire genome. Green: mimRNAs, gray: solo mRNAs, dark green: overlay observed
in regions equivalently bent within the two mRNA classes. Mann–Whitney U test P-values for comparison of the distributions between the two
mRNA classes are indicated. ***P< 1.0e-3; n.s.: P� 0.05.
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Discussion
In this study, we showed that convergent genes separated by
short intergenic spaces are likely to produce mimRNAs that
can form mRNA duplexes, independently of their 30-UTR
length. Given that the median length of intergenes separating
convergent gene pairs in Saccharomycotina genomes is of
158 bp, we propose that mimRNAs can form mRNA duplexes
in most of these yeasts. Indeed, intergenes between conver-
gent pairs are the smallest ones, whereas those between di-
vergent pairs are the longest ones, as previously observed
among fungi (Kensche et al. 2008).

As intergenic distances is the major determinant of gene
pair conservation (Poyatos and Hurst 2007), one could argue
that convergent pairs, having smaller intergenic regions, will
inherently be more conserved, independently of selection.
However, we have shown that at short intergenic distances
(<200 bp), microsynteny in convergent orientation is more
conserved than in divergent and cooriented ones. Thus, the
close proximity between convergent genes can also be con-
sidered as strongly beneficial, because of tightening their link-
age. A trend already observed between Arabidopsis, Populus,
and Rice genomes in which at distances below 250 bp there is
a higher conservation of microsynteny in convergent orien-
tation than divergent ones (Krom and Ramakrishna 2008).
One could also argue that the microsynteny conservation in
divergent and cooriented orientation is counterselected at

the smallest intergenic distances that can barely contain a
promoter region ranging from �115 6 50 bp in yeasts
(Venters and Pugh 2009; Chen et al. 2011; Lubliner et al.
2013) that helps the anchoring of the transcription machin-
ery. The bimodal distribution of intergenic distances between
divergent pairs most probably reflects additional cis-regula-
tory constraints, as previously reported (Hermsen et al. 2008).
In line with this view, among recently formed gene pairs in
yeasts, divergent ones are counterselected and are separated
by very long intergenic regions (978 bp on average) (Chen
et al. 2011; Sugino and Innan 2012). However, when consid-
ering the conservation of a gene relative orientation with
respect to its neighbor, the same trend holds, that is, conser-
vation of gene orientation is higher for convergent genes than
for the other orientations at small intergenic distances and we
showed that the decreased conservation as the intergenic
distance increases has not the same behavior for genes in
convergent orientation than genes in the two other orienta-
tions. Thus, the selective pressure would be exerted on the
genomic neighborhood, either conserved from a common
ancestor or created by chromosomal rearrangements.
Importantly, the higher conservation of convergent orienta-
tion is also observed among species that diverged after the
WGD event that occurred in the yeast lineage, but to a lower
extent due to the massive gene losses that occurred after the
WGD, thus creating new genomic neighborhoods.

FIG. 7. Impact of lsm1 or pat1 deletion on the overaccumulation of ribosomes in the 50-UTR regions of solo mRNAs or mRNA duplexes in both
control and stress conditions. Ribosome loadings are calculated as a log2 ratio between ribosome profiling reads upstream of the start codon
versus downstream of the start codon for each mRNA in WT, pat1, and lsm1 strains, as previously determined by (Garre et al. 2018). Each mRNA is
ranked along the Y axis according to its ribosome loading (X axis) calculated in different genetic backgrounds: WT (blue), pat1 (green), lsm1 (red).
Individual panel represents ribosome loading of all mRNAs, solo mRNAs, or mimRNAs in both control (no stress, left) and stress (right) conditions.
For each pair of strains, the differences of the median distributions and the Wilcoxon signed-rank test P-values for comparison of the distributions
are given. ****P< 1.0e-4, ***P< 1.0e-3; *P< 0.05. n.s.: P� 0.05.
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This could reflect a functional advantage of convergent
genes with small intergenic spacers, related to their ability
to produce mimRNAs forming mRNA duplexes and its pos-
sible influence on the posttranscriptional regulation of their
expression. This is in agreement with previous analyses posing
that selectively favorable coexpression appears not to be re-
stricted to bidirectional promoters (Wang, Chen, et al. 2011).
This is further supported by our observation that genes in
convergent orientation present an enrichment in functions
related to stress in all studied genomes. In our conservation
analysis, we chose not to infer relative orientations at internal
nodes of the tree and therefore some branches were consid-
ered multiple times in our estimates. However, this limitation
does not weaken our conclusions since they hold true when
considering species pairs at similar evolutionary distances,
thus reducing the bias of considering branches multiple times
(supplementary figs. S2 and S3, Supplementary Material
online).

To investigate the structure of mRNPs produced by mRNA
duplexes, we reconsidered CLIP data previously used to map
the distribution of different mRNA-binding proteins, Lsm1,
Pat1, Dhh1, and Sbp1 on mRNAs in conditions of stress
(Mitchell et al. 2013). Lsm1, Pat1, Dhh1, and Sbp1 are com-
ponents of P-bodies, foci formed by stress. Interestingly, Lsm1
and Pat1 were found less frequently associated with the 30-
UTR of mimRNAs than with the 30-UTR of other solo
mRNAs. Previous analysis did not determine a particular con-
sensus explaining why these factors bind preferentially 30-UTR
regions of solo mRNAs (Mitchell et al. 2013), but we found
that 30-end mRNA–mRNA interactions significantly counter-
act Lsm1 and Pat1 associations. Here we demonstrated that
Dhh1–mRNA association is not affected by mRNA–mRNA
interactions, confirming that Dhh1 interaction with mRNA is
not region specific. Then, the less frequent associations of
both factors and the moderate altered association with
Sbp1 reflect a particular assembly of mRNPs. We cannot ex-
clude that the limited Lsm1/Pat1 association also reflects a
preference for other mRNA-binding proteins whose access
will be facilitated by the existence of double-stranded RNA
sequences. In this regard, mRNP structures are complex and a
multitude of other mRNA-binding proteins might participate
in structure assemblies of mRNA duplexes (Mitchell et al.
2013; Garre et al. 2018).

It was thus critical to assess the role of an apparent de-
crease in 30-UTR associations for Lsm1 or Pat1 in the func-
tionality of mRNA duplexes. From analysis of a genome-wide
functional assay investigating the impact of Lsm1 and Pat1 on
ribosome access on mRNAs (Garre et al. 2018), we found that
ribosome access on mimRNAs is not modulated by Pat1, in
contrast to that observed for solo mRNAs. However, we
found that Lsm1 still modulates the ribosome access on
mimRNAs, suggesting that Lsm1 and Pat1 have different roles
for this mRNA category although their association deduced
from CLIP data is similar. We thus propose that Pat1 and
Lsm1 protein networks may not completely overlap and
thus differently impact mRNP assemblies. In this regard,
Pat1 has been proposed as a key component in promoting
the formation of P-bodies (Sachdev et al. 2019). We thus

propose that mimRNAs forming mRNA duplexes escape to
the Pat1-dependent translation repression upon stress. The
fact that stress-related genes, in general, tend to be in non-
divergent relative orientation has been shown by Wang,
Lercher, et al. (2011). According to these authors, stress-
related genes avoid bipromoter architecture, because they
are under selection for higher noise. In our study, we provide
an additional selection criterium with the demonstration that
an enrichment toward stress-related processes is observed
only for convergent genes forming mimRNAs, and not for
genes producing solo mRNAs, whether convergent genes sep-
arated from more than 200 bp or cooriented and divergent
genes, even when they are <200 bp apart.

In conclusion, we showed that the conservation of the
convergent orientation of genes separated by short intergenic
distances is important in budding yeasts and that those con-
vergent genes are functionally associated with stress response.
Convergent genes can produce mimRNAs forming duplexes
in vivo and our results argue for a remodeling of mRNP by
those mRNA–mRNA interactions, thus providing a selective
advantage for modulating gene expression upon stress, di-
rectly into the cytosol, even before any modulation of the
transcription program (fig. 8). Such a posttranslational regu-
lation process is most probably conserved among budding
yeasts and should be considered as a possible part of the
stress response in other living cells. Thus, it should be consid-
ered as an additional factor that determines the order of
coding genes.

Materials and Methods

Data Collection
The genome annotation of the S. cerevisiae, as well as GO Slim
terms for S. cerevisiae genes (version 08/01/2015) were re-
trieved at SGD (www.yeastgenome.org; last accessed June
2017). Accession numbers and address retrieval for the other
44 genomes are given in supplementary table S2,
Supplementary Material online.

The mimRNAs experimentally validated are those 365
mRNAs that have been sequenced with a fold coverage >2
in an RNAi competent S. cerevisiae WT strain (Dicerþ) versus
a WT strain without Dicer (Dicer-), whereas the 248 mRNAs
that have been sequenced with a fold coverage lower than
one are considered as experimentally validated solo mRNAs
(Sinturel et al. 2015) (supplementary table S1, Supplementary
Material online).

Orthology Relationships
Pairwise orthology relationships among all 45 genomes were
defined between syntenic homologs retrieved with the
SynCHro algorithm (Drillon et al. 2014), with the version
available in June 2015. For the simulation experiment, for
each species pair with N observed pairwise orthologs, we
chose N pairs at random, while preserving the genome orga-
nization. The average frequencies over the 500 rounds of
simulation were computed.
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Conservation of Relative Orientation
Between two species, we estimated the proportion of ortho-
logs that are in the same relative orientation with respect to
their gene neighbor in the two genomes. We consider the
relative orientation of a gene XA in genome A and its neigh-
boring gene YA in genome A, compared with the relative
orientation of XB in genome B, the ortholog of XA and its
neighboring gene ZB in genome B. If YA and ZB are orthologs
and the relative orientation (XA, YA) is the same as the relative
orientation (XB, ZB), the relative orientation is supposed to
have been present in the common ancestor, and the micro-
synteny between the orthologs (XA, XB) and the orthologs
(YA, ZB) is conserved. If YA and ZB have no orthologous re-
lationship and the relative orientation (XA, YA) is the same as
the relative orientation (XB, ZB), the relative orientation is
conserved and has been acquired independently in the two
genomes.

Phylogenetic Analyses
By transitivity, we inferred 224 groups of syntenic homologs
composed of only one gene per species in the 45 yeasts stud-
ied. A multiple alignment of each group of orthologs was
generated at the amino acid level with the MAFFT algorithm
(v7.310, auto implementation, default parameters) (Katoh
and Toh 2008). Concatenation of the 224 alignments was
used to estimate a concatenation tree with IQtree v1.6.7
(Nguyen et al. 2015; Kalyaanamoorthy et al. 2017). The
best-fit estimated model is LGþFþIþG4. Maximum likeli-
hood distances between each species pair were estimated
from the concatenated alignment and used as the evolution-
ary distance between species. The pairs of species were split
into bins, each bin corresponding to 1/12 of the maximum

evolutionary distance (1.50871) observed among all species
pairs. This criterion has been chosen in order to have at least
five species in each bin (supplementary table S9,
Supplementary Material online).

Mapping of Protein RNA-Binding Sites
Analysis are based on the CLIP sequencing (CLIP-seq) data
sets for the RBPs Dhh1, Lsm1, Pat1, and Sbp1 from Mitchell
et al. (2013), downloaded at www.ncbi.nlm.nih.gov/geo/.
Adapter sequences were excluded from the reads with
Cutadapt v1.1 (Martin 2011), and sequences<22 nucleotides
long were removed. Bowtie2 v2.2.3 in end-to-end mode
(Langmead and Salzberg 2012) was used to align CLIP-seq
data (22–40 bp long) against 50-UTR, open reading frame
(ORF), and 30-UTR from 4,415 coding transcripts of the ref-
erence genome (version R57-1-1, downloaded from http://-
www.yeastgenome.org; last accessed June 2017) and
(Nagalakshmi et al. 2008) for UTR coordinates. Aligned reads
received a penalty score of�6 per mismatch,�5þ (�3*gap
length) per gap and were excluded if penalty score was less
than the default threshold (between�13.8 and�24.6 for 22-
and 40-bp reads, respectively). Thus, aligned reads were
allowed for less than a mismatch per 10 bp, (1 mismatch
per 9.52 to 9.75 bp, respectively) dynamically taking into ac-
count UV-light induced mutations consecutive to the sample
processing. Duplicated polymerase chain reaction reads as
well as reads mapping to noncoding RNAs were excluded
with samtools v1.2 (Li et al. 2009), and uniquely mapped
sequenced reads with a MAPQ score>20 were kept (average
MAPQ¼ 33.26).

For each RBP-associated data, mapping of the peak inter-
actions was constructed from a metagene aggregation

Pat1 Pat1

Stress

Stress
Respons

e

P-body

Stress

3’

3’

3’
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3’
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FIG. 8. Model of the posttranscriptional regulation mediated by mRNA duplex formation. Upon stress, the translational repressor Pat1 binds
preferentially to the 30-UTR of solo mRNAs, limits ribosome access on mRNA 50-UTRs, and promotes their aggregation into P-bodies, composed by
a variety of mRNA-processing factors and translational repressors. mimRNAs forming mRNA duplexes escape Pat1 repression by masking 30-UTR
access and then fully participate in stress response.
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procedure. The alignment depth for each gene at each nu-
cleotide position has been determined with samtools (Li et al.
2009). In order to compensate control values without any
sequencing signal, enrichment in the depth of sequencing
signal per nucleotide coordinate Sn was defined as:

Sn ¼
SnRPKMCLIPseq þ 1

SnCTRLseq þ 1
;

where SnRPKMCLIPseq is the sequencing signal at position n in
the CLIP-seq experiment and SnCTRLseq is the sequencing signal
at position n in the control experiment (RNA library without
crosslinking and immunoprecipitation) of (Mitchell et al.
2013). Signal Sn has been normalized to the total number
of aligned reads per experiment (i.e., per CLIP file) and to
the length of each gene (reads per kilobase of transcript per
millions of aligned reads, aka. RPKM).

In order to compare the relative binding sites of each
protein along the transcripts, we performed a metagene anal-
ysis. Each single gene nucleotide coordinates n

0
have been

adjusted to the longest sequence of either 50-UTR, ORF, or
30-UTR regions to prevent any loss of information according
the formula:

n
0 ¼ n

N
� L;

with n the position within the gene, N the gene length, and L
the longest nucleotide sequence in a defined region (50-UTR,
ORF, and 30-UTR) per CLIP experiment. Information com-
puted for each region of a single gene was then concatenated
to construct the final metagene of final length:

M ¼ L50UTR þ LORF þ L30UTR:

A direct interpolation was then conducted to compute
the normalized depth of sequencing at each nucleotide po-
sition for the whole metagene length. Finally, the summed
signal from each Sn0 has been normalized according to the
number of transcripts interacting with the RBP, in sort that in
the final metagene representation:

XM

n¼1

Sn0 ¼ 1:

Analysis of Ribosome 50-UTR Protection
Analysis of cotranslational mRNA decay by global 5’P se-
quencing which allows the determination of ribosome
mRNA protection was previously described (Garre et al.
2018). We selected from this study only those 960 genes
having a minimum of 20 sequencing reads passing in
each experiments (WT and mutant strains, in normal
and stress conditions) supplementary tables S11 and S12,
Supplementary Material online. Data were analyzed using
python in-house scripts.

Analysis of Functional Annotations
GO enrichment analyses among the genes forming RNA
duplexes in S. cerevisiae with respect to the entire gene set

of S. cerevisiae were performed with the hypergeometric test.
The probability of occurrence of GO Slim terms at random in
the subset of convergent genes in a given species has been
computed over 1,000 simulation trials. GO Slim terms for
S. cerevisiae (go_slim_mapping.20130518.tab.gz) were re-
trieved at SGD’s downloads site (https://www.yeastgenome.
org/search? category¼download; last accessed June 2017). For
species other than S. cerevisiae, the simulations were per-
formed by considering all genes that have orthologs in
S. cerevisiae and that are annotated with a GO Slim term.

Statistical Analysis
Mann–Whitney U tests were performed to compare distri-
butions of 30-UTR length, intergenic distance, and normalized
CLIP-seq signal along metagenes. Wilcoxon signed-rank tests
were performed to compare distributions of ribosome 50-UTR
protection. Hypergeometric tests were performed to deter-
mine the enrichment of GO Slim terms for genes forming
RNA duplexes in S. cerevisiae, compared with the entire
S. cerevisiae gene set. The expected probability of observing
GO Slim terms for convergent genes in the other yeast
genomes was performed as described in the paragraph above.

A false positive risk of a¼ 0.05 was chosen as a significance
threshold for all tests. P-values were adjusted with the
Benjamini–Hochberg false discovery rate (Benjamini and
Hochberg 1995) for GO Slim enrichment and with the
Holm correction in the other cases (Holm 1979).

All statistical calculations were performed with R functions
and with functions from the Python scipy module.

A permutation test for the ribosome loading analysis of
solos and mimRNAs was performed by randomly picking 75
mRNAs among all mimRNAs and solo mRNAs (75þ 466)
and counting the number of times a random profile is similar
to the one observed for mimRNAs. The profile is defined by 1)
a median difference between WT and pat1 lower or equal to
�0.09 in stress condition and greater or equal to �0.35 in
normal condition, and 2) a median difference between lsm1
and pat1 greater or equal to 0.16 in stress condition and lower
or equal to 0.11 in normal condition. A similar test was
performed for the ribosome loading analysis of solos and
mimRNAs involved in stress biological processes. Nine
mRNAs were randomly picked among all mimRNAs and
solo mRNAs involved in stress (9þ 42), and we counted
the number of times a random profile is similar to the one
observed for mimRNAs. The profile is defined by a median
difference between WT and pat1/lsm1 lower or equal to
�0.23/0.06 in stress condition and greater or equal to 0.19/
0.49 in normal condition.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.

Acknowledgments
This study was supported by basic funding from CNRS and
Sorbonne Universit�e, by the “Initiative d’Excellence” program
from the French State (Grant “DYNAMO,” ANR-11-LABX-

Gilet et al. . doi:10.1093/molbev/msz221 MBE

376

Deleted Text: ,
Deleted Text: '
Deleted Text: '
Deleted Text: '
Deleted Text: '
Deleted Text: ere
Deleted Text: r
Deleted Text: '
Deleted Text: p
Deleted Text: -
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz221#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz221#supplementary-data
Deleted Text: f
Deleted Text: a
Deleted Text: ve
https://www.yeastgenome.org/search? category=download
https://www.yeastgenome.org/search? category=download
https://www.yeastgenome.org/search? category=download
Deleted Text: s
Deleted Text: a
Deleted Text: -
Deleted Text: '
Deleted Text:  
Deleted Text: '
Deleted Text: to
Deleted Text: ere
Deleted Text: -
Deleted Text: (i
Deleted Text: -
Deleted Text: -
Deleted Text: (ii
Deleted Text: 9 
Deleted Text: -
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz221#supplementary-data


0011-01) and the AAP Emergence Sorbonne Universit�e (SU-
16-R-EMR-03). J.G. was supported by a fellowship from the
Edmond de Rotschild Foundation. We thank B. Laurent for
technical support and B. Billoud, M. Cavaiulo, and F.A.
Wollman for fruitful discussions and critical reading of the
manuscript.

References
Benjamini Y, Hochberg Y. 1995. Controlling the false discovery rate: a

practical and powerful approach to multiple testing. J. Royal Stat.
Soc 57:289–300.

Chen W-H, de Meaux J, Lercher MJ. 2010. Co-expression of neighbouring
genes in Arabidopsis: separating chromatin effects from direct inter-
actions. BMC Genomics 11(1):178.

Chen W-H, Wei W, Lercher MJ. 2011. Minimal regulatory spaces in yeast
genomes. BMC Genomics 12(1):320.

Chowdhury A, Mukhopadhyay J, Tharun S. 2007. The decapping activa-
tor Lsm1p-7p-Pat1p complex has the intrinsic ability to distinguish
between oligoadenylated and polyadenylated RNAs. RNA
13(7):998–1016.

Chowdhury A, Tharun S. 2009. Activation of decapping involves binding
of the mRNA and facilitation of the post-binding steps by the Lsm1-
7-Pat1 complex. RNA 15(10):1837–1848.

Cohen BA, Mitra RD, Hughes JD, Church GM. 2000. A computational
analysis of whole-genome expression data reveals chromosomal
domains of gene expression. Nat Genet. 26(2):183–186.

Doma MK, Parker R. 2006. Endonucleolytic cleavage of eukaryotic
mRNAs with stalls in translation elongation. Nature
440(7083):561–564.

Drillon G, Carbone A, Fischer G. 2014. SynChro: a fast and easy tool to
reconstruct and visualize synteny blocks along eukaryotic chromo-
somes. PLoS One 9(3):e92621.

Garre E, Pelechano V, Pino MS, del Alepuz P, Sunnerhagen P. 2018. The
Lsm1-7/Pat1 complex binds to stress-activated mRNAs and modu-
lates the response to hyperosmotic shock. PLoS Genet.
14(7):e1007563.

He W, Parker R. 2001. The yeast cytoplasmic LsmI/Pat1p complex pro-
tects mRNA 30 termini from partial degradation. Genetics
158(4):1445–1455.

Hermsen R, ten Wolde PR, Teichmann S. 2008. Chance and necessity in
chromosomal gene distributions. Trends Genet. 24(5):216–219.

Holm S. 1979. A simple sequentially rejective multiple test procedure.
Scand J Stat. 6:65–70.

Hurst LD, Pal C, Lercher MJ. 2004. The evolutionary dynamics of eukary-
otic gene order. Nat Rev Genet. 5(4):299–310.

Hurst LD, Williams EJB, P�al C. 2002. Natural selection promotes the
conservation of linkage of co-expressed genes. Trends Genet.
18(12):604–606.

Jen CH, Michalopoulos I, Westhead DR, Meyer P. 2005. Natural antisense
transcripts with coding capacity in Arabidopsis may have a regula-
tory role that is not linked to double-stranded RNA degradation.
Genome Biol. 6(6):R51.

Kalyaanamoorthy S, Minh BQ, Wong TKF, Haeseler AV, Jermiin LS. 2017.
ModelFinder: fast model selection for accurate phylogenetic esti-
mates. Nat Methods. 14(6):587–589.

Katoh K, Toh H. 2008. Recent developments in the MAFFT
multiple sequence alignment program. Brief Bioinformatics 9(4):
286–298.

Kensche PR, Oti M, Dutilh BE, Huynen MA. 2008. Conservation of di-
vergent transcription in fungi. Trends Genet. 24(5):207–211.

Krom N, Ramakrishna W. 2008. Comparative analysis of divergent and
convergent gene pairs and their expression patterns in rice,
Arabidopsis, and Populus. Plant Physiol. 147(4):1763–1773.

Kurtzman CP, Robnett CJ, Basehoar-Powers E. 2008. Phylogenetic rela-
tionships among species of Pichia, Issatchenkia and Williopsis deter-
mined from multigene sequence analysis, and the proposal of

Barnettozyma gen. nov., Lindnera gen. nov. and Wickerhamomyces
gen. nov. FEMS Yeast Res. 8(6):939–954.

Langmead B, Salzberg SL. 2012. Fast gapped-read alignment with Bowtie
2. Nat Methods. 9(4):357–359.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G,
Abecasis G, Durbin R. 2009. The Sequence Alignment/Map format
and SAMtools. Bioinformatics 25(16):2078–2079.

Lubliner S, Keren L, Segal E. 2013. Sequence features of yeast and human
core promoters that are predictive of maximal promoter activity.
Nucleic Acids Res. 41(11):5569–5581.

Makalowska I, Lin CF, Makalowski W. 2005. Overlapping genes in ver-
tebrate genomes. Comput Biol Chem. 29(1):1–12.

Marcet-Houben M, Gabald�on T. 2015. Beyond the whole-genome du-
plication: phylogenetic evidence for an ancient interspecies hybrid-
ization in the baker’s yeast lineage. PLoS Biol. 13(8):e1002220.

Martin M. 2011. Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnet J. 17(1):10–12.

Michalak P. 2008. Coexpression, coregulation, and cofunctionality of
neighboring genes in eukaryotic genomes. Genomics 91(3):243–248.

Mitchell SF, Jain S, She M, Parker R. 2013. Global analysis of yeast mRNPs.
Nat Struct Mol Biol. 20(1):127–133.

Mitchell SF, Parker R. 2014. Principles and properties of eukaryotic
mRNPs. Mol Cell. 54(4):547–558.

Moqtaderi Z, Geisberg JV, Jin Y, Fan X, Struhl K. 2013. Species-specific
factors mediate extensive heterogeneity of mRNA 30 ends in yeasts.
Proc Natl Acad Sci U S A. 110(27):11073–11078.

Nagalakshmi U, Wang Z, Waern K, Shou C, Raha D, Gerstein M, Snyder
M. 2008. The transcriptional landscape of the yeast genome defined
by RNA sequencing. Science 320(5881):1344–1349.

Nguyen L-T, Schmidt HA, von Haeseler A, Minh BQ. 2015. IQ-TREE: a fast
and effective stochastic algorithm for estimating maximum-
likelihood phylogenies. Mol Biol Evol. 32(1):268–274.

Osbourn AE, Field B. 2009. Operons. Cell Mol Life Sci. 66(23):3755–3775.
Passos DO, Doma MK, Shoemaker CJ, Muhlrad D, Green R, Weissman J,

Hollien J, Parker R. 2009. Analysis of Dom34 and its function in no-go
decay. Mol Biol Cell. 20(13):3025–3032.

Pelechano V, Steinmetz LM. 2013. Gene regulation by antisense tran-
scription. Nat Rev Genet. 14(12):880–893.

Poyatos JF, Hurst LD. 2007. The determinants of gene order conservation
in yeasts. Genome Biol. 8(11):R233.

Rajyaguru P, She M, Parker R. 2012. Scd6 targets eIF4G to repress trans-
lation: rGG motif proteins as a class of eIF4G-binding proteins. Mol
Cell. 45(2):244–254.

Sachdev R, Hondele M, Linsenmeier M, Vallotton P, Mugler CF, Arosio P,
Weis K. 2019. Pat1 promotes processing body assembly by enhanc-
ing the phase separation of the DEAD-box ATPase Dhh1 and RNA.
eLife 8:e41415.

Sanna CR, Li WH, Zhang L. 2008. Overlapping genes in the human and
mouse genomes. BMC Genomics 9(1):169.

Shen X-X, Zhou X, Kominek J, Kurtzman CP, Hittinger CT, Rokas A. 2016.
Reconstructing the backbone of the Saccharomycotina yeast phy-
logeny using genome-scale data. G3 6:3927–3939.

Sheth U, Parker R. 2003. Decapping and decay of messenger RNA occur
in cytoplasmic processing bodies. Science 300(5620):805–808.

Sinturel F, Navickas A, Wery M, Descrimes M, Morillon A, Torchet C,
Benard L. 2015. Cytoplasmic control of sense-antisense mRNA pairs.
Cell Rep. 12(11):1853–1864.

Sugino RP, Innan H. 2012. Natural selection on gene order in the genome
reorganization process after whole-genome duplication of yeast. Mol
Biol Evol. 29(1):71–79.

Tharun S, He W, Mayes AE, Lennertz P, Beggs JD, Parker R. 2000. Yeast
Sm-like proteins function in mRNA decapping and decay. Nature
404(6777):515–518.

Tharun S, Parker R. 2001. Targeting an mRNA for decapping: displace-
ment of translation factors and association of the Lsm1p-7p com-
plex on deadenylated yeast mRNAs. Mol Cell. 8(5):1075–1083.

Venters BJ, Pugh BF. 2009. A solo promoter organization of the tran-
scription machinery and its regulators in the Saccharomyces ge-
nome. Genome Res. 19(3):360–371.

Additional Layer of Regulation in Yeasts . doi:10.1093/molbev/msz221 MBE

377



Wang G-Z, Chen W-H, Lercher MJ. 2011. Coexpression of linked gene
pairs persists long after their separation. Genome Biol Evol. 3:565–570.

Wang G-Z, Lercher MJ, Hurst LD. 2011. Transcriptional coupling of
neighboring genes and gene expression noise: evidence that gene
orientation and noncoding transcripts are modulators of noise.
Genome Biol Evol. 3:320–331.

Wei W, Pelechano V, J€arvelin AI, Steinmetz LM. 2011. Functional con-
sequences of bidirectional promoters. Trends Genet. 27(7):267–276.

Wilkening S, Pelechano V, Jarvelin AI, Tekkedil MM, Anders S, Benes V,
Steinmetz LM. 2013. An efficient method for genome-wide polya-
denylation site mapping and RNA quantification. Nucleic Acids Res.
41(5):e65.

Yan C, Wu S, Pocetti C, Bai L. 2016. Regulation of cell-to-cell variability in
divergent gene expression. Nat Commun. 7(1):11099.

Gilet et al. . doi:10.1093/molbev/msz221 MBE

378


	msz221-TF1
	msz221-TF2
	msz221-TF3
	msz221-TF4

