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Abstract
Programmed cell death involves complex molecular pathways in both eukaryotes and prokaryotes. In Escherichia coli,
the toxin–antitoxin system (TA-system) has been described as a programmed cell death pathway in which mRNA and
ribosome organizations are modified, favoring the production of specific death-related proteins, but also of a minor
portion of survival proteins, determining the destiny of the cell population. In the eukaryote Saccharomyces cerevisiae,
the ribosome was shown to change its stoichiometry in terms of ribosomal protein content during stress response,
affecting the relative proportion between ohnologs, i.e., the couple of paralogs derived by a whole genome
duplication event. Here, we confirm the differential expression of ribosomal proteins in yeast also during programmed
cell death induced by acetic acid, and we highlight that also in this case pairs of ohnologs are involved. We also show
that there are different trends in cytosolic and mitochondrial ribosomal proteins gene expression during the process.
Moreover, we show that the exposure to acetic acid induces the differential expression of further genes coding for
products related to translation processes and to rRNA post-transcriptional maturation, involving mRNA decapping,
affecting translation accuracy, and snoRNA synthesis. Our results suggest that the reprogramming of the overall
translation apparatus, including the cytosolic ribosome reorganization, are relevant events in yeast programmed cell
death induced by acetic acid.

Introduction
Programmed cell deaths (PCDs) are a group of diver-

sified processes that are triggered by stress or develop-
mental events, occurring in both prokaryotes and
eukaryotes1–4. The main phenomenon are associated to
the activation of complex molecular pathways that lead to
membrane depolarization, DNA fragmentation and
breakdown of the plasma membrane1. Specific events
involving translation processes during PCD have also
been reported. In Homo sapiens, it has been shown that,
during apoptosis, there is a reduction in cap-dependent
translation, because of the cap cleavage by caspase 3, or by
changes in the phosphorylation state of canonical

initiation factors (including eIF4G, eIF4B, eIF4EBP1, and
eIF2α)5,6. In addition, certain mRNAs, coding for proteins
that are essential to the apoptotic process (including
Apaf-15 and c-Myc7), are translated by the recognition of
the internal ribosome entry site (IRES). In Caenorhabditis
elegans changes in protein synthesis act as a physiological
signal to initiate cell death in germ cells. In particular, a
modification of the balance between the two eIF4G iso-
forms (the long and the short ones) disrupts cap-
dependent mRNA translation in favor of a cap-
independent mechanism. Indeed, the depletion of the
long eIF4G isoform promotes the cap-independent
translation, inducing the translation of pro-apoptotic
proteins8. Lastly, in Drosophila melanogaster, the pro-
apoptotic protein Reaper binds specifically the 40S sub-
unit, affecting the AUG recognition, thereby inhibiting
cap-dependent translation9, and facilitating the selective
translation of specific pro-apoptotic mRNAs thanks to the
recognition of IRES segments10. Interestingly, the

© The Author(s) 2021
OpenAccessThis article is licensedunder aCreativeCommonsAttribution 4.0 International License,whichpermits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changesweremade. The images or other third partymaterial in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to thematerial. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

Correspondence: Maria Luisa Chiusano (chiusano@unina.it)
1Department of Agricultural Sciences, Università degli Studi di Napoli Federico
II, Via Università 100, 80055 Portici, NA, Italy
2Department of Research Infrastructures for Marine Biological Resources
(RIMAR), Stazione Zoologica “Anton Dohrn”, Villa Comunale, 80121 Napoli, Italy
Edited by: Inna Lavrik

Official journal of the Cell Death Differentiation Association

12
34

56
78

90
()
:,;

12
34

56
78

90
()
:,;

1
2
3
4
5
6
7
8
9
0
()
:,;

12
34

56
78

90
()
:,;

http://creativecommons.org/licenses/by/4.0/
mailto:chiusano@unina.it


involvement of the translational machinery in Escherichia
coli PCD has been clearly described by the MazEF mod-
ule11, in the toxin–antitoxin system. Stress conditions
(like amino acid starvation, exposure to antibiotics, DNA
damage and phage infection, overproduction of ppGpp12)
reduce MazE levels in the cell, favoring the release of the
MazF toxin13. This endoribonuclease can produce lea-
derless mRNAs14 and modify 16S rRNA structure in the
ribosomes, producing the “stress ribosomes”15–17. These
events dramatically affect the overall translational pro-
cess18, determining the parallel production of “death”
(ClpP, SlyD, YfiD, ElaC, YgcR, and YfbU) and of “survival”
(YajQ, RsuA, and DeoC) proteins, promoting a higher
propensity to cell death19.
Saccharomyces cerevisiae (yeast) can undergo PCD

triggered by aging, drugs, heat stress, UV radiation, het-
erologous expression of pro-apoptotic human genes, and
acetic acid20,21. The process shows the canonical apop-
tosis hallmarks, such as phosphatidylserine externaliza-
tion, chromatin condensation and DNA fragmentation,
cytochrome c release from mitochondria, and dissipation
of the mitochondrial transmembrane potential22.
The ribosome structure organization in yeast requires a

fine-tuning in the gene expression of many of its com-
ponents, involving ∼200 assembly factors. The 60S ribo-
somal subunit contains three rRNAs (25S, 5.8S, and 5S)
and ∼46 ribosomal proteins, while the 40S subunit is
composed of a single rRNA (18S) and ∼33 proteins23. The
yeast genome is reported to encode 137 ribosomal protein
genes (RPGs), ∼150 rDNA repeats, and 76 small nucleolar
RNAs (snoRNAs), that are mainly involved in the post-
transcriptional modifications of the rRNAs24,25. Changes
in the expression of each single components participating
in the overall process may affect the ribosome biogen-
esis25–27. RPGs in yeast are characterized by couples of
paralogs28. In particular, among the 137 RPGs annotated
in the S. cerevisiae genome, 116 were identified to be
ohnologs, i.e., duplicated genes, or paralogs, originated by
a whole genome duplication29. In 2019, Ghulam et al.30.
demonstrated that the stoichiometry of ohnolog RPGs
changes in response to variations of environmental con-
ditions. In particular, under physiological conditions, the
ribosome population is dominated by the presence of one
of the two paralogs that was defined as the major paralog.
When cells are exposed to stress conditions, decreased
expression of the major paralog and/or overexpression of
the minor one, in ohnolog pairs of ribosomal proteins,
reduce the relative proportion of the major versus the
minor paralog content in the cell30.
We exploited RNA-seq data of yeast undergoing PCD

when treated with acetic acid. The experiment considers
three different time points after exposure (45, 120, and
200min)31. Our results show changes in the gene
expression of RPGs, with differential patterns between

pairs of ohnologs when compared to control conditions.
Moreover, snoRNA genes are also differentially expressed,
revealing additional changes in contributors to ribosomal
biogenesis. We show also a differential expression of
genes coding for mitochondrial ribosomal proteins
(MRPGs). A different trend, moreover, characterizes the
expression of the proteins of the mitoribosome versus the
ones of the cytosolic ribosome.
This is the first time that changes in ribosome organi-

zation are described in yeast PCD, and these events,
accompanied by the differential expression of genes
involved in the post-transcriptional maturation of the
rRNAs and in mRNA translation accuracy, suggest an
overall reprogramming of the translation machinery as a
hallmark of the early stage of the process.

Results
Differentially expressed genes and Gene ontologies
The processing of the RNA-seq reads concerning the

experiments on S. cerevisiae exposed to acetic acid31

resulted in the list of significant differential expressed
genes (DEGs) (Supplemental Table S1) corresponding to
1118 genes at 45 min, 974 at 120 min, and 1061 after
200min, respectively (Fig. 1). Up and downregulated
genes are also indicated, highlighting that among the 435
DEGs in common with the three treatments, 156 resulted
always upregulated and 278 were always downregulated in
the three experimental time points, whereas one gene
(RPL9B) resulted to be upregulated at 45 min, and
downregulated at 120 and 200 min (Fig. 1).

Fig. 1 Significant differential expressed genes number per
exposure time. Total number of differentially expressed genes (DEGs)
and Venn diagram with values at the three time points. In red number
of upregulated genes, in blue number of downregulated gene, and in
green number of contra-regulated genes.
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The Gene Ontology (GO) enrichment at each time
point is in the Supplemental Table S2. In parallel, in Fig. 2
we reported all the enriched GOs related to ribosome
organization per time point. The figure shows enrichment
by upregulated genes exclusively at 45 min. This occurs
for GOs related to rRNA processing and ribosome bio-
genesis (Fig. 2, Supplemental Table S2). GOs related to
cytosolic ribosome and translation are enriched by
downregulated genes since 120 min (Fig. 2, Supplemental
Table S2). They are accompanied by GO terms related to
ribosome biogenesis, rRNA processing, and translation at
200min (Fig. 2, Supplemental Table S2).

Functional enrichment
The list of pathways enriched during the three treat-

ments is in the Supplemental Table S3. The pathways
enriched with DEGs upregulated at 45 min correspond to
cell response to stress and external stimuli. At 120 and
200 min, the enrichment of pathways related to degra-
dation of proteins by the proteasome is evident. The
pathways enriched by downregulated DEGs are amino
acid metabolism and biosynthesis at 45 min, while ribo-
somal biosynthesis, ribosomal scanning and start codon
recognition and cap-dependent translation initiation

pathways are reported at 120 and 200 min (Supplemental
Table S3).

Differential expression of genes involved in mRNA
decapping and translation
Considering nuclear encoded genes, it is worthy to note

that EDC1 (YGL222C), that is involved in mRNA dec-
apping32,33, is upregulated at 200 min (Supplemental
Table S1). Moreover, ASC1 (YMR116C), that has been
described for its involvement in the control and in the
fidelity of the mRNA translational activity34, is down-
regulated at 120 and 200min (Supplemental Table S1).

Differential expression of genes involved in ribosome
biogenesis
Among the differentially expressed genes, 127 RPGs

over 137 total RPGs resulted to be DEGs in at least one
stage of the treatments by acetic acid. In particular, at
45 min there are 6 RPGs downregulated and 12 RPGs
upregulated. At 120min and at 200 min there are only
downregulated genes, 60 and 122 per stage, respectively
(Supplemental Table S1). Interestingly, at 45 min RPL1A
(YPL220W) is upregulated whereas its paralog RPL1B
(YGL135W) is downregulated. In 2018, Segev et al.35

Fig. 2 Gene Ontology (GO) enrichment results. List of enriched GOs related to ribosome per exposure time. Colored cells per GO indicate
significant enrichment (red for GOs related to upregulated DEGs; blue for GOs related to downregulated DEGs).
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focused on the role of RPL1A and B paralogs. They found
that ribosomes containing RPL1B are more efficient in
translation of respiration-related proteins, and that this
specific form is required for proper mitochondrial func-
tion, morphology, and for cell wall integrity. Moreover,
they also showed that the upregulation of RPL1A did not
replace the functionalities of RPL1B.
A deeper investigation on the differential expression

of the RPGs was performed considering all the 137
yeast genes (Supplemental Table S4), where ohnologs29

are indicated as consecutive couples. Focusing on gene
expression in non-treated samples, an increment in
the three-time point of the ribosomal protein gene
expression is evident in 134 RPGs (Supplemental Table
S4, Supplemental Fig. S1). Only three genes (RPL15A,
RPL15B, and RPS14B) slightly decrease their expression
at 200 min. The RPGs expression in treated samples
shows a completely different pattern. A general
decrease of expression is indeed reported in 115 RPGs
along the three time points (Supplemental Fig. S1,
Supplemental Table S4). Moreover, comparing the
expression levels at 45 min, 56 RPGs show a higher
expression in treated samples than in non-treated
samples (Supplemental Table S4: “yes” in the column
log2 CPM Treated/Control >1). It is worth to note that
for 30 RPGs the higher expression concerns only one of
the two paralogs. At 120 min, in 6 RPGs the expression
is higher in treated samples than in non-treated ones
and, in all the cases, only one of the two paralogs is
involved. At 200 min, in 3 RPGs the expression is still
higher in treated samples than in non-treated ones, and,
again, all the 3 RPGs involve only one of the two
paralogs (Supplemental Table S4). In summary, among
the 137 RPGs, 56 have a higher expression in the
treatment compared with the relative control experi-
ment, and in 30 out of 38 couples of ohnologs, only one
of the two paralogs shows this behavior.
In 2019, Ghulam et al.30 classified major and minor

paralogs in 20 couples of ohnologs (first 20 couples
listed in Supplemental Table S4), among the 58 couples
of RPGs ohnologs reported in the yeast genome anno-
tation. Interestingly, they showed that, in general, when
cells are exposed to stress, the ratio between the major
and the minor paralogs gene expression decreases,
because of the downregulation of the major paralog and/
or the upregulation of the minor one. In Supplemental
Table S4, we highlighted a change in paralogs ratio of 3
of the annotated couples30 (“yes” in Paralog couple shift
column). Moreover, considering the remaining couples
of paralogs, that were not classified in ref. 30, the ratio
changes also in 8 additional couples. In particular, at
45 min the ratio is changed in 3 couples, at 120 minutes
in 4, and at 200 min in 6 couples, respectively (Supple-
mental Table S4).

Differential expression of genes involved in mitoribosome
biogenesis
Considering the 74 annotated MRPGs, 16 were DEGs in

at least one of the treatments using acetic acid (Supple-
mental Table S1). All these genes are upregulated at
45 min. Whereas, 5 genes (all upregulated) are DEGs after
120min (Supplemental Table S1). In particular, among
the genes upregulated at 45 min, RSM23 (YGL129C) is
known to be involved in yeast programmed cell death36.
Focusing on all MRPGs expression in non-treated

samples, the increment in the three-time points is evi-
dent in 61 genes (Supplemental Table S5, Supplemental
Fig. S2). Interestingly, in contrast with the general trend
reported for cytosolic RPGs (Supplemental Table S4), the
MRPGs expression in treated samples shows an increase
also in the three stages. Indeed, an increment is reported
in 66 genes comparing 120 to 45min, and in 54 genes
comparing 200 to 120min (Supplemental Table S5). This
highlights a peculiar behavior of MRPGs during the
exposures to acetic acid.

Differential expression of snoRNAs
Because of their relevance in rRNA post-transcriptional

maturation, we analyzed the expression patterns of
snoRNAs. Twenty-nine over 77 snoRNAs annotated in
the yeast genome are DEGs in at least one treatment. In
particular, at 45 minutes, 3 snoRNAs are downregulated
and 8 snoRNAs are upregulated; at 120 min, 17 snoRNAs
are all downregulated and, at 200min, 8 snoRNAs are
downregulated and 2 snoRNAs are upregulated (Supple-
mental Table S1).
The snoRNAs are involved in different biological pro-

cesses including rRNA modifications, maturation, and
splicing. Interestingly, although all of them are known to
be involved in the ribosome biogenesis, specific roles for
some of them have been reported. snR17B, that is revealed
upregulated at 45 min, is one of the two box C/D snoR-
NAs U3 (snR17A, snR17B) that are required for cleavage
of the primary rRNA transcript37. Moreover, the snR10,
snR30 (box H/ACA), and snR128 (box C/D), that are all
downregulated at 120min, are also involved in the clea-
vage of the primary rRNA transcript37–39. Furthermore,
loss of snR10 results in slow growth, impaired production
of ribosomal small subunits, loss of pseudouridylation at
positions 2919 (which occurs in the A loop), and a
reduced rate of protein synthesis26. This gene is also
associated to cells with higher susceptibility to osmotic
and cold stresses25. In addition, also snR191 is down-
regulated at 120min. This H/ACA snoRNA guides
pseudouridylation at positions 2258 and 2260 in the large
subunit rRNAs. These two modified bases are the most
conserved pseudouridines from bacteria to human
rRNAs. In yeast, the presence of this snoRNAs and of the
conserved pseudouridines is not essential for viability, but
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it is discussed to provide a small growth advantage in cells
placed in competition with cells that lack these features40.
Finally, also snR5, that is upregulated at 200min, is
reported to be a guide for rRNAs pseudouridylation in
eukaryotes41. It is assembled with the core domain of
Cbf5p, Gar1p, Nop10p, and Nhp2p proteins42, and is
known to be involved in modifications of uridines, with a
relevant role in the process42,43.

Discussion
Acetic acid induces transcriptomic changes31 and PCD

in yeast20. Here we show that transcriptomic changes
extensively involve genes associated with ribosome bio-
genesis and rRNA maturation, also inducing mRNA
decapping and affecting translation accuracy, indicating a
reprogramming of the cell translational apparatus during
the exposure. Indeed, the upregulation of EDC1
(YGL222C), a gene involved in mRNA decapping, high-
lights the possible role of this mechanism in response to
exposure to acetic acid, a phenomena associated also to
the yeast response to heat stress32,33. In addition, the
downregulation of ASC1 (YMR116C), that causes higher
translational activity44, but favors frameshifting34, sug-
gests that the response affects the rate and the quality of
the protein synthesis during the response.
We here also show that the exposure to acetic acid

induces the differential expression of 127 over 137 RPGs
(Supplemental Table S1). Moreover, we highlight that the
relative ratio of 11 couples of ribosomal protein ohnologs
is changed during acetic acid treatments. This is in
agreement with the results of Ghulam et al.30, that
demonstrated that RPGs ohnologs relative content
changes in cells that are exposed to stress. They also show
that the repression of the major paralogs and/or the
upregulation of the minor paralogs reduce the ratio of
the major versus the corresponding minor ohnolog in the
cells, increasing the frequency of the minor paralogs in
the overall ribosome population. Our results confirm the
overexpression of the minor paralogs in 3 of the couples
of ohnologs described also in ref. 30. This highlights that
the changes of the ratios in favor of the minor paralogs
occur also in the response to acetic acid (Supplemental
Table S4) and suggests that the patterns of changes may
be specific of specific responses. Among these, also the
two paralogs RPL1A and RPL1B (YPL220W and
YGL135W, respectively) have an opposite trend in gene
expression at 45 min, with the downregulation of RPL1B
and the upregulation of RPL1A, respectively. It is also
known that RPL1B is involved in proper mitochondrial
function and morphology, roles that cannot be com-
pensated by the paralog RPL1A, when RPL1B is not
present in the cell35. These effects suggest that the
changes in the relative proportion of ribosomal protein
ohnologs, that determine the re-organization of the

ribosome stoichiometry, and occurring also during acetic
acid treatments, may be dramatic for cellular organiza-
tion and functioning.
Interestingly, also the MRPGs expression is affected by

acetic acid treatments (Supplemental Table S1). The gene
RSM23 (YGL129C) is upregulated. RSM23 is an ortholog
of the human gene DAP-345. DAP-3 was demonstrated to
recruit the adaptor protein FADD to the death receptors
DR4 and DR546, with its overexpression causing apoptosis
in mouse47. RSM23 is also involved in yeast programmed
cell death. In fact, Madeo et al.36 demonstrated that the
absence of RSM23 completely prevented induction of
apoptosis36. This suggests the involvement of the upre-
gulation of a MRP also in acetic acid programmed cell
death. Moreover, we here highlight that a typical
expression pattern involves other mitoribosomal protein
genes when compared with cytosolic ones. The expression
of MRPGs does not dramatically change levels when
compared with the control, since only 17 of 71 genes
resulted significantly upregulated in the first two time
points. However, 66 genes over 71 increase their expres-
sion levels in the three experimental time points, showing
an opposite pattern compared with the one highlighted
for cytosolic ribosomal proteins. Indeed, the cytosolic
RPGs have a general decrease in gene expression in
treated samples when compared with the control. This is
also associated with the decrease of expression levels
along the three time points after the treatments, in con-
trast with the constant increase shown in the control
experiments.
Our results highlight that transcriptomic changes

involve also snoRNAs expression (Table 1). SnoRNAs are
involved in the cleavage and in the editing of the primary
rRNA transcripts, mainly involving pseudouridylation and
methylation37–39,42,43. Therefore, the changes in snoRNAs
expression levels suggest different patterns of rRNAs
structure organization during exposure to acetic acid.
Changes in the translational machinery are known to

occur during stress response or PCD in several species
from prokaryotes to eukaryotes. In E. coli, the
toxin–antitoxin system (mazEF) induces the activation of
the toxin MazF under stress response. MazF cleaves
single-stranded mRNAs, near the AUG start codon,
generating leaderless mRNAs and 16S rRNA at the
decoding center. These events lead to the formation of a
subpopulation of ribosomes able to translate leaderless
mRNAs18. In mycobacteria, ribosomes containing the
alternative small ribosomal subunit protein RpsR2 gen-
erate distinct translational landscapes compared to
canonical ribosomes. Moreover, this alternative small
ribosomal subunit protein is necessary for growth in iron-
depleted medium, highlighting that alternative bacterial
ribosomes may play a crucial role during nutrient deple-
tion stress48.
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In yeast, the formation of a “stress ribosomes” was
demonstrated in stress responses, with the involvement of
the differential usage of paralogs30.
Interestingly, preferential expression of paralogs among

ribosomal proteins have also been described in plants. In

Arabidopsis thaliana, RPS5A is highly expressed in
dividing cells, whereas RPS5B is expressed in cells
undergoing differentiation10. Furthermore, the ribosomal
protein RPL11B is highly expressed in all actively dividing
cells, whereas the expression of its paralog, RPL11A, is

Table 1 List of significant differentially expressed snoRNAs.

Differential expression (log2 FC)

Gene ID 45min 120min 200min Class Modification Target Position

snR5 1.580 - 1.094 H/ACA box Pseudouridine LSU; LSU 1004; 1124

snR8 - -1.435 - H/ACA box Pseudouridine LSU; LSU 960; 986

snR9 - -1.780 -1.395 H/ACA box Pseudouridine LSU 2340

snR10 - -2.982 - H/ACA box Pseudouridine LSU 2923

snR11 - -1.642 -1.277 H/ACA box Pseudouridine

snR13 1.049 - - C/D box 2′-O-methyladenosine LSU; LSU 2280; 2281

snR17b 1.180 - - Part of small ribosomal subunit

processosome

snR19 - - -1.142 U1 spliceosomal RNA

snR24 -1.106 - - C/D box 2′-O-methyladenosine; 2′-O-

methylcytidine; 2′-O-methylguanosine

LSU; LSU; LSU 1437;

1449; 1450

snR30 - -1.769 - H/ACA box Pseudouridine LSU 1109

snR31 - -1.745 -1.384 H/ACA box Pseudouridine SSU 999

snR34 - -2.254 - H/ACA box Pseudouridine LSU; LSU 2826; 2880

snR36 - -1.587 - H/ACA box Pseudouridine SSU 1187

snR37 1.351 - - H/ACA box Pseudouridine LSU 2944

snR39 - - -1.528 C/D box 2′-O-methyladenosine LSU 807

snR42 - -1.339 - H/ACA box Pseudouridine LSU 2975

snR44 - -1.438 -1.684 H/ACA box Pseudouridine SSUL; SU 106; 1056

snR45 1.345 -2.395 - C/D box

snR54 - - -1.233 C/D box 2′-O-methyladenosine SSU 974

snR64 -1.048 -1.936 - C/D box 2′-O-methylcytidine LSU 2337

snR67 1.725 - - C/D box 2′-O-methylguanosine; 2′-O-

methyluridine

LSU; LSU 2619; 2724

snR70 - -2.586 -1.171 C/D box 2′-O-methylcytidine SSU 1639

snR81 - -2.628 - H/ACA box Pseudouridine snRNAU2;

snRNAU2

42; 93

snR82 1.612 - 1.559 H/ACA box Pseudouridine LSU; LSU; LSU 1110;

2349; 2351

snR86 1.151 - - H/ACA box Pseudouridine LSU 2314

snR87 - -1.464 - C/D box 2′-O-methyladenosine SSU 436

snR128 - -1.977 - C/D box 2′-O-methylcytidine SSU 414

snR161 -1.102 - - H/ACA box Pseudouridine SSU; SSU 632; 766

snR191 - -1.813 - H/ACA box Pseudouridine LSU; LSU 2258; 2260

The log2 fold change (log2FC) of significant differentially expressed snoRNAs are reported per time after exposure (45 min, 120 min, and 200min). The class (Class),
the modification type (Modification), the target (Target), and the position (Position) of each modified rRNA nucleotide are also included.
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tissue-specific10. Moreover, deletion of RPL23AA, but not
of RPL23AB, impedes growth and leads to morphological
abnormalities49.
In D. melanogaster two genes encode the ribosomal

protein S5, RpS5a and RpS5b. In 2019, Kong et al.50

demonstrated that females lacking RpS5b produce ovaries
which undergo apoptosis during oogenesis, whereas
females lacking RpS5a are fully fertile. This suggested that
RpS5b-containing ribosomes are specifically essential
during oogenesis50.
In H. sapiens, ribosomal proteins changes have been

demonstrated to be involved in ribosome dysfunctions,
leading to ribosomopathies, including Diamond-Blackfan
anemia51, 5q-syndrome52, dyskeratosis congenita, carti-
lage hair hypoplasia, Treacher Collins syndrome53,54, and
Shwachman-Diamond syndrome55. Moreover, alterations
of RPL5, RPL10, RPS15, RPL11, and RPL22 ribosomal
proteins have been described in 10 to 40% of tumor types.
This highlights that the somatic ribosomal proteins
mutations influence the ribosomal functioning, resulting
in what is called an oncogenic rewiring of the protein
expression mechanisms56. In addition, changes in trans-
lation mechanisms favoring IRES-dependent protein
synthesis where shown in human apoptosis, promoting
apoptotic proteins formation57–60.
In conclusions, studies from animals, plants and prokar-

yotes suggest that ribosomal proteins asset plays a crucial
role in stress and dysfunctions61. Moreover, differential
usage of ribosomal protein paralogs resulted to be a
remarkable event in stress or dysfunctions, as shown in
plants49, in D. melanogaster50, in bacteria19,48 and in yeast30.

Here we show that the exposure to acetic acid in yeast
determines a differential usage of ribosomal protein
paralogs, with an overexpression of mitoribosomal pro-
teins. Although more in-depth analyses are required to
confirm the compositional modifications at ribosome
level, also to shed further light on the molecular
mechanisms inducing the differential expression patterns
among ohnologs, our analysis highlights that this phe-
nomenon is also accompanied by rRNA modifications,
mRNA decapping, affecting translation accuracy and
putatively, triggering the synthesis of proteins involved in
PCD (Fig. 3). This scenario, here shown for the first time
in yeast programmed cell death induced by acetic acid,
suggests a possible overall translation reprogramming in
eukaryotes cell death.

Materials and methods
RNA-seq data (fastq files) from S. cerevisiae exposed to

acetic acid at three different time points (45, 120, and
200min) plus control data at each stage31 were down-
loaded from sequence read archive (SRA)62 (SRP075510).
Raw reads were trimmed with Trimmomatic (release
0.38)63 and aligned to the S. cerevisiae strain S288c gen-
ome (version R64-1-1) using STAR (release 2.6.0)64 (set-
tings: outFilterScoreMinOverLread=0, outFilterMatch
NminOverLread=0, outFilterMatchNmin=0, alignIn-
tronMax=10000, and other parameters as default values).
Reads counting was performed using FeatureCounts
(release 1.6.3)65 (settings: t= “exon”, g= “gene_id”,
s= “0”, with the overlapping option and other parameters
as default values). Read counts were normalized by counts

Fig. 3 Summary of intracellular changes in protein synthesis machinery induced by acetic acid treatments. Changes after exposure of 45
(light yellow background), of 120 (pink background), and of 200 (gray background) min determine: differential expression of the cytosolic ribosomal
protein couples of ohnologs, altering their relative content in the ribosomes (altered ribosomal protein genes (RPGs) ohnologs ratio); differential
expression of snoRNAs and of mitochondrial ribosomal protein genes (MRPGs); upregulation of EDC1, encoding an mRNA decapping protein, the
downregulation of ASC1, affecting translation rate and frameshifting; enrichment of ribosomal and translation related gene ontologies (GOs). These
phenomena are also associated to a general decrease of cytosolic RPGs expression and to the increase of the mitochondrial RPGs expression.
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per million (CPM), filtering genes with CPM ≥ 1 in each
replicate per treatment and control. The differential
expression analysis was done using edgeR66. Only genes
with |log2Fold change | ≥1 and FDR < 0.05 were con-
sidered as significant DEGs.
GO enrichment analysis was performed using YeastMine

(https://yeastmine.yeastgenome.org/yeastmine/begin.do)67,
filtering enriched GOs at p-value < 1 × 10−4.
Enriched biochemical pathways were obtained by

ConsensusPathDB-yeast (http://cpdb.molgen.mpg.de/
YCPDB)68, filtering enriched pathways at p-value <
1 × 10−4.
Ohnolog genes in S. cerevisiae were downloaded from

the Saccharomyces Genome Database (https://www.
yeastgenome.org/)69 and cross-confirmed by Byrne et al.29.
The classification of major and minor paralogs in

ohnolog ribosomal protein genes is from Ghulam et al.30.
List of snoRNAs and their action (site and type of

modification) were downloaded from Modomics (http://
genesilico.pl/modomics/)70.
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