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Abstract

Mutation accumulation (MA) experiments are conventionally employed to study spontaneous germline mutations. However, MA
experiments can also shed light on somatic genome plasticity in a habitual and genetic drift-maximizing environment. Here, we revisit
an MA experiment that uncovered extraordinary germline genome stability in Paramecium tetraurelia, a single-celled eukaryote with
nuclear dimorphism. Our re-examination of isogenic P. tetraurelia MA lines propagated in nutrient-rich medium for >40 sexual cycles
reveals that their polyploid somatic genome accrued hundreds of intervening DNA segments (IESs), which are normally eliminated
during germline-soma differentiation. These IESs frequently occupy a fraction of the somatic DNA copies of a given locus, producing
IES excision/retention polymorphisms, and preferentially fall into a class of epigenetically controlled sequences. Relative to control
lines, retained IESs are flanked by stronger cis-acting signals and interrupt an excess of highly expressed coding exons. These findings
suggest that P. tetraurelia’s elevated germline DNA replication fidelity is associated with pervasive somatic genome plasticity. They
show that MA regimes are powerful tools for investigating the role that developmental plasticity, somatic mutations, and epimu-
tations have in ecology and evolution.

Key words: mutation accumulation, germline-soma differentiation, programmed DNA elimination, developmental plas-
ticity, epigenetics.

Significance

Mutation accumulation (MA) experiments are conventionally used to study de novo germline mutations. Here, how-
ever, we use an MA experiment to investigate developmental variation. We find that genetically identical Paramecium
lines, which are independently cultured for tens of sexual generations under conditions that minimize the power of
selection, accrue hundreds of developmental variants in their somatic nucleus. Two models, one based on random
(epigenetic) drift and one of evolutionary adaptation that does not require positive Darwinian selection, explain our
observations equally well. This study shows that functional specialization of nuclei in Paramecium is accompanied by
vastly different levels of genome stability.

Introduction mutation rates and the significance of mutations still warrant
further attention. Four of these questions are considered
below.

First, how stable are somatic (nuclear) genomes? Although
much is known about the variation in germline mutation rates
across species (Lynch et al. 2016 and references therein),

Mutations are critical for life. They fuel evolutionary change
(Loewe and Hill 2010), affect disease susceptibility (Pritchard
2001; Veltman and Brunner 2012; Poduri et al. 2013), and
contribute to ecosystem functioning (Reusch et al. 2005;
Whitham et al. 2006). Yet, several important questions about
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somatic mutation rates are considerably less investigated.
Previous observations indicate that somatic genomes are
less stable than germline genomes in a few animal species
(Lynch 2010; Milholland et al. 2017; Garcia-Nieto et al. 2019;
Yizhak et al. 2019), an instability that may be cell division
independent (Krasovec et al. 2014, 2017; Abascal et al.
2021). Whether this disparity holds for most animals and,
more generally, for eukaryotes with nuclear dimorphism
such as microbial ciliates remains unknown.

Second, what are the implications (if any) of somatic ge-
nome instability? Although somatic mutations are often
regarded as a hallmark of aging (Martincorena and
Campbell 2015) and are expected to be largely lost upon
sexual reproduction, a rapid somatic mutation rate could be
an enduring source of variation in organisms where trans-
generational somatic inheritance is at play.

Third, how do external changes affect the emergence of
mutations? In multicellular species such as Drosophila, in-
creased environmental temperature activates transposon mo-
bilization in germ cells (Cappucci et al. 2019). In bacteria,
yeast, and cancer cells, adverse conditions raise the frequency
of mutations, via a mechanism known as stress-induced mu-
tagenesis (Bjedov et al. 2003; Foster 2007; Heidenreich 2007;
Shor et al. 2013; Eisen 2014; Fitzgerald et al. 2017; Russo
et al. 2019). Furthermore, mutation rate increases as the de-
gree of cell—cell interaction decreases (Krasovec et al. 2014).
Together, these observations align with the hypothesis that
stress-induced mutagenesis may be a conserved program that
operates in unicellular organisms and in cells that have “lost
tissue-imposed homeostasis” within a multicellular system
(Russo et al. 2019). The validity of this hypothesis requires
further investigation.

Fourth, and last, what environmental conditions affect ge-
nome stability? Mutations rates may increase in response to a
number of adverse, presumably stressful conditions, such as
high temperatures (Belfield et al. 2021). However, little is
known about whether exposure to new environmental con-
ditions that an experimenter may perceive as benign (e.q.,
nutrient enrichment) can also induce mutations.

The free-living single-celled Paramecium tetraurelia is an
ideal system to gain insights into these questions. In nature,
P. tetraurelia often lives in ephemeral aquatic environments
(e.g., temporary natural ponds). The occurrence of genetically
similar con-specific strains in geographically distant and dis-
tinct locations (Catania et al. 2009; Johri et al. 2017) suggests
that this ciliate may move frequently between water bodies,
possibly via migrating birds that transport ciliates in water
drops (Sonneborn 1975; Foissner et al. 2008). Given its low
levels of intra-specific genetic diversity (and its elevated germ-
line genome stability, see below), it is unclear how
P. tetraurelia manages to colonize different environments
with presumably varying physical properties. Differently put,
where does the variation through which P. tetraurelia copes
with new environments come from? A close look into this

ciliate's biology might help uncover an answer to this
question.

P. tetraurelia contains a germline and a somatic nucleus
within a single cell. At each sexual event, a new somatic ge-
nome regenerates from the zygotic genome through a pro-
cess that can yield somatic genome variation (Duret et al.
2008; Catania et al. 2013). More specifically, during the pro-
cess of germ-soma differentiation, P. tetraurelia’s newly de-
veloping somatic genome experiences a number of changes
that fall under the name of programmed DNA elimination
(PDE) (Chalker et al. 2013; Betermier and Duharcourt 2014).
These changes include genome amplification via endoreplica-
tion (from 2n to ~860n, Woodard et al. 1961), chromosome
fragmentation, transposon elimination, and de novo telomere
addition. Moreover, ~45,000 intervening DNA segments,
which are known as internal eliminated sequences (IESs)
and occupy inter- and intragenic positions (~80% in exons,
a nearly random distribution of IESs with respect to genes), are
eliminated at a genome-wide level (Arnaiz et al. 2012; Vitali
et al. 2019). IES elimination is not foolproof, however. At
hundreds of loci, IESs can be retained in one or more copies
of the polyploid somatic genome (Duret et al. 2008; Catania
et al. 2013). Besides, when P. tetraurelia is exposed to envi-
ronmental (temperature) changes during vegetative life and/
or development, a considerable number of IESs that are ex-
cised at standard culture conditions are retained in the so-
matic nucleus, often to a non-trivial extent (e.g., >10% of
the somatic DNA copies) (Vitali et al. 2019; Hagen et al.
2020). Retained IESs may be considered developmental var-
iants in that they are present in the germline genome and
their incorporation into the somatic genome does not require
de novo mutations. However, they may also be regarded as
de novo somatic mutations because they are novel somatic
insertions. Either way, somatic [ESs may alter gene expression
levels, and give rise to phenotypic effects that are detrimental
and thus selected against (Arnaiz et al. 2012; Ferro et al.
2015; Vitali et al. 2019). Importantly, retained IESs may also
be passed down to sexual offspring via conserved RNA-
mediated epigenetic mechanisms (Duharcourt et al. 1995,
1998, 2009), the same mechanisms that contribute to the
trans-generational transmission of parental phenotypic
responses in animals, fungi, and plants (Duempelmann et al.
2020) and that regulate cellular genes in the absence of germ-
line mutations enabling the inheritance of mating types in
Paramecium (Singh et al. 2014). More specifically, retained
IESs can be inherited beyond the vegetative stage through a
form of non-Mendelian inheritance termed homology-
dependent inheritance, which allows cells to inherit retained
[ESs across sexual generations despite the replacement of the
somatic nucleus (Meyer and Garnier 2002). In sum, current
observations suggest that per-locus alternative DNA splicing
(IES* and IES™) variants in P. tetraurelia can arise during so-
matic development, especially upon exposure to a new envi-
ronment. Furthermore, some of those variants that are under
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epigenetic control may persist and accumulate across sexual
generations. By greatly increasing variability, it is possible that
these alternative DNA splicing variants may help P. tetraurelia
cope with new environmental conditions.

To begin to assess the plausibility of this hypothesis, we
revisited a published mutation accumulation (MA) study where
multiple P. tetraurelia lines were propagated from an isogenic
state for ~3,300 asexual generations at room temperature and
in a nutrient-rich and antibiotic-free culture medium (Sung
et al. 2012) (supplementary fig. S1, Supplementary Material
online). Importantly, these culture conditions were new to
the MA lines at the beginning of the experiment. For one,
the MA lines originated from a progenitor P. tetraurelia stock
(d4-2) that was normally kept at <18 °C (rather than at room
temperature), constantly at dark (rather than partly at light),
and fed moderately once every few weeks (rather than copi-
ously, daily). For another, the progenitor P. tetraurelia d4-2
stock was kept at low/moderate cell density—the isogenic
MA lines originated from one of these cells—whereas the
MA lines were systematically propagated via daily single-cell
transfers to maximize the efficacy of random genetic drift. In
the MA study, cell density was only allowed to increase once
during the vegetative stage to trigger starvation-induced self-
fertilization. The ~3,300 asexual generations in the MA exper-
iment were intercalated with >40 episodes of self-fertilization,
each of which is expected to give rise to sexual offspring that
are completely homozygous and genetically identical to its par-
ent (Sonneborn 1957). Based on these experimental condi-
tions, which the MA lines experienced for ~4years, the
authors reported no more than 29 putative germline mutations
across seven MA lines (Sung et al. 2012).

Here, we examined the somatic genomes of these MA
lines (with a particular focus on those MA lines with the high-
est levels of genome-wide sequencing coverage). We find
that these somatic genomes possess considerably more
retained IESs compared with con-specific stocks and
P. tetraurelia lines that were cultured at various environmental
temperatures. A relative excess of these retained IESs is under
epigenetic control and occur in coding sequences. Further, in
each of the independently evolved MA lines, retained IESs
preferentially disrupt genes that are highly expressed in the
parental stock. These observations suggest that the MA ex-
perimental regime promotes substantial, potentially heritable,
and nonrandom developmental/somatic genome plasticity in
Paramecium lines with otherwise virtually uniform germline
DNA sequences.

Results

An Excess of IESs Accrues in the Somatic Nucleus of
P. tetraurelia MA Lines

In a typical deep-sequencing study, IES retention in
P. tetraurelia is limited to a few hundred somatic loci and mainly

involves <5% of the ~860 copies per locus when the ciliate is
cultured under standard conditions (supplementary table ST,
Supplementary Material online). Because exposure to a new
cultivation environment can significantly perturb PDE in
P. tetraurelia, generating potentially heritable DNA variation
(Vitali et al. 2019; Hagen et al. 2020), we asked whether the
long-term exposure of P. tetraurelia cells to the MA experimen-
tal regime is coupled with an enhanced accrual of IESs in the
somatic genome. After filtering out somatic loci with a trivial
fraction of IES-retaining mapping reads (arbitrarily set to <5%
or with IES retention Score [IRS] < 0.05), we found that the
surveyed MA lines (the five lines with adequate median IES
coverage, supplementary table S1, Supplementary Material on-
line) exhibit between 2 and 4 times more IES-containing loci
than the three control P. tetraurelia stocks including d4-2, the
stock used for the MA experiment (supplementary table S1,
Supplementary Material online and fig. 14). The increase in IES-
containing loci is relative to the overall number of analyzable
IES loci (i.e., loci covered by >20 reads) in each sample and thus
accounts for differences in genome coverage. Four additional
and independent somatic genomes of P. tetraurelia lines cul-
tured at standard temperatures (25 °C/27 °C, AR, EV, ND7
[stock 51] and 25 °C F1 [stock d12]; supplementary table S1,
Supplementary Material online), display an amount of retained
IESs (with IRS > 0.05) that is comparable to that of the three
control stocks (fig. 14). In contrast, increased counts of
retained IESs were observed for F1 lines that originate from
the same parental somatic genome, that is, Ctrl d12, but
were exposed to 18 °C or 32 °C during macronuclear devel-
opment, or 40 °C (daily, for 30s) during vegetative life and
cultured at 25 °C during development (Vitali et al. 2019; Hagen
et al. 2020) (these lines are henceforth referred to as
“environmental lines”; fig. 1A and supplementary fig. S1
and table S1, Supplementary Material online). The relative ex-
cess of retained IESs in the MA lines and environmental lines
raises the possibility that the MA lines’ parental culture acquired
many retained IESs soon upon exposure to the MA experimen-
tal conditions. Unfortunately, this hypothesis cannot be tested
because the parental culture is no longer available.
Alternatively, or additionally, the independently evolved MA
lines may have accrued retained IESs during the long-term
(~4-year) experiment.

IES Retention Levels across MA Lines and Con-Specific
Stocks

A matching number of samples in MA, control, and environ-
mental lines makes comparisons between these lines easier,
therefore for the rest of our analyses we decided to focus on
the three MA lines with the highest median coverage (MA25,
MA70, MA30) (supplementary table S1, Supplementary
Material online; Sung et al. 2012). Similarly, the set of control
lines was reduced to one control per P. tetraurelia strain (Ctrl
d4-2, Ctrl 51, and Ctrl d12).
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Fic. 1.—IES retention profile in MA, control (Ctrl), and environmental (Env) lines. (A) MA lines contain a higher percentage of retained IESs with IES
retention score (IRS) > 0.05 compared with control P. tetraurelia stocks d4-2, 51, and d12 cultured at standard conditions. Ctrl d4-2 is the same stock used as
progenitor of the MA lines. Stock 51 includes four independent experiments: Ctrl 51, AR, EV, and ND7 (more details in Materials and Methods). Stock d12
includes four co-experimental lines derived from isogenic parental cells (Ctrl d12) and exposed to 1) 25°C during vegetative life and self-fertilization
(25°CF1); 2) 25°C intercalated with 40°C per 305 daily during vegetative life and 25 °C during self-fertilization (25°C * F1); 3) 25°C during vegetative
life and 18°C during self-fertilization (18 °CF1); and 4) 25 °C during vegetative life and 32 °C during self-fertilization (32 °CF1) (more details in Materials and
Methods). (B) MA lines display a relatively higher count (log2) of retained IESs with 0.05 < IRS < 0.2. (C) At tens of loci (counts in italics), the IRSs in the MA
lines are significantly elevated or (D) significantly reduced compared with reference control stocks. Statistical significance was estimated through a binomial
test after taking the upper and lower bound of the 95% confidence interval around the retention score of the reference stock. For all the analyses, only

retained IESs with >20x sequence coverage were considered.

When we consider the MA lines, we note that the enrich-
ment of retained IESs is largely confined to IESs with 0.05 < IRS
< 0.2 (P< 2.2e-16, proportion test; fig. 18 and supplementary
table S1, Supplementary Material online). Furthermore, we
detected differences in the magnitude of IES retention at
tens of loci. More specifically, IES retention can either increase
(fig. 1C) or decrease (fig. 1D) significantly in the MA lines com-
pared with the control stocks as well as among the control
stocks (fig. 1C and D). These findings suggest that the somatic
nucleus of P. tetraurelia undergoes recurrent and pronounced
seesaw IES retention dynamics, extending previous across-
species observations (Catania et al. 2013).

Recurrence of Developmental IES-Related Changes in MA
Lines and Control Stocks

We next observed that numerous retained IESs co-occur in the
MA lines (fig. 2). The degree of this overlap is greater for the
MA lines than for both control stocks and environmental lines
when we focus on IESs with IRS >0.2. More explicitly, an
excess of three-way shared IESs with IRS>0.2 is detected
for the MA lines (25.3%) compared with control stocks
(18.5%) and environmental lines (18.8%) (Bonferroni

corrected P < 0.01, proportion test). Instead, the MA lines
exhibit a less marked intersection of retained IESs relative to
the control stocks when we consider the range 0.05 < IRS <
0.2. About 4.6% and 2.7% of IESs with 0.05 < IRS < 0.2 are
shared among the three control stocks and the three environ-
mental lines, respectively, versus 2.5% in the three MA lines
(MA lines vs control lines: P=0.001; MA lines vs environmen-
tal lines: P=0.55; Proportion test). Thus, if retained IESs oc-
curred in the MA lines’ parental cells (i.e., before the MA lines
were allowed to evolve independently), then only a subset of
IESs with 0.05 < IRS < 0.2 were inherited/recurred across >40
sexual cycles. Alternatively, or in addition, retained IESs with
0.05 < IRS < 0.2 may have accrued in parallel in the MA lines’
somatic nucleus during the MA experiment. Either way, our
observations suggest that P. tetraurelia contains a subset of
[ESs that are particularly prone to incomplete excision.

An Excess of Retained IESs in Paramecium Falls into a Class
of Epigenetically Controlled IESs

Although the excision of all P. tetraurelia IESs relies on the
domesticated piggyBac transposase PiggyMac (Baudry et al.
2009; Bischerour et al. 2018), a subset of IESs also rely on
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Fic. 2.—Unigue and shared retained IESs in MA, Ctrl, and Env lines. Retained IESs are grouped according to their IRS, that is, 0.05 < IRS < 0.2 and IRS
>0.2. Counts and corresponding proportions (%) relative to the total number of IESs per IRS interval and group are shown. Only IESs supported by >20 reads

simultaneously in all lines of each group were considered.

epigenetic mechanisms. More specifically, the excision of a
few thousands IESs (~6% of the total) further requires the
intervention of piRNA-like small RNAs, known as scnRNAs,
that are generated in the germline nucleus during meiosis
via the Dicer-like proteins Dcl2 and Dcl3 (Lepere et al. 2008,
2009; Duharcourt et al. 2009; Lhuillier-Akakpo et al. 2014;
Sandoval et al. 2014; Maliszewska-Olejniczak et al. 2015).
After silencing of Dcl2 and Dcl3, epigenetically controlled
IESs (epi-IESs hereinafter) show a level of retention that is
significantly  higher than the nonsilenced  control.
Furthermore, IESs that are retained in the somatic nucleus
and whose excision is epigenetically controlled may be passed
down to the next sexual generation(s) (Duharcourt et al.
1995, 1998).

We found that a significant excess of retained IESs in the
cultures under study falls into a class of IESs that are under the
control of scnRNAs in stock 51 (Lhuillier-Akakpo et al. 2014).
The excess of these epi-IESs can be detected regardless of the

level of IES retention. However, whereas the MA lines and the
control lines exhibit comparable fractions of epi-IESs when we
consider the set of IESs with IRS > 0.2 (22.5 + 1.0% [n= 193]
vs 19.5+5.3% [n=143], P=0.27), the MA lines exhibit a
relative deficit of epi-IESs in the set of IESs with 0.05 < IRS <
02 (124+26% [n=548] vs 182+4.4% [n=202],
P=2.1e-06; proportion test after summing counts across
lines per set). The environmental lines, on the other hand,
exhibit fractions of epi-IESs that are statistically indistinguish-
able from those estimated for the MA lines (14+ 1.6%
[n=420] and 21 £ 1.1% [n=237] in the set of IESs with
0.05<IRS < 0.2 (P=0.07) and IRS > 0.2 (P=0.48), respec-
tively, proportion test).

Finally, we examined the putative epigenetic regulation of
the MA lines’ IESs with significantly higher or lower IRS values
compared with the counterpart in the parental stock (fig. 1C
and D). We found that the control stock 51 and the MA lines
exhibit comparable fractions of epi-IESs in the sets of IESs with
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significantly reduced IRS values (10/17 [58.8%] vs overall 12/
23 [56.0 = 16.9%], respectively; P=0.733, proportion test).
In contrast, the fraction of epi-IESs in the MA lines’ set of IESs
with significantly increased IRS values (overall 52/156
[32.8 = 2.6%]) is three times higher than that recorded for
the control stock 51 (5/45 [~11%]) (P=0.031, proportion
test).

Collectively, these findings suggest that a subset of the
retained IESs in the MA lines may be under the control of
scNRNAs. This epigenetic control may be more pronounced
for IESs with particularly elevated retention scores.

Retained IESs in MA Lines Are Associated with Strong Cis-
Acting Regulatory Signals and Unique Domains-Encoding
Genes

We previously described a quality measure for cis-acting IES
recognition/excision signals called C;,-score. Shaped by natu-
ral selection, this score corresponds to the degree of comple-
mentary base pairing between [ESs’ subterminal sites (Ferro
et al. 2015). We found that IESs with 0.05 < IRS < 0.2 exhibit
stronger cis-acting signals in the MA lines compared with the
counterpart in control stocks (respective Cj,-scores: 0.598
[n=3,819] vs 0.556 [n=864], P=0.00019, Wilcoxon rank
sum test). In contrast, the cis-acting signals of IESs with IRS >
0.2 are comparably weak in the MA lines and the control
stocks (respective Cj,-scores: 0.518 [n=431] vs 0.520
[n=410], P=0.897, Wilcoxon rank sum test).

Next, we examined the relationship between retained IESs
and repetitive sequences, such as the extremely abundant
Tetratricopeptide repeat domain, within P. tetraurelia genes.
After filtering out retained IESs in genes without annotated
protein domains (see Materials and Methods), we found that
a similar average proportion of retained IESs with IRS > 0.2
map to genes encoding repeat domains in the MA lines and
the control stocks (39 9.6% vs 42+ 7.2%, respectively;
P=0.707, proportion test). In contrast, [ESs with 0.05 < IRS
< 0.2 in the MA lines map considerably less often to repeat
domains-encoding genes compared with the control lines
(25 7.6% vs 37 = 4.5%, respectively; P=1.835e-10, pro-
portion test) (supplementary table S2, Supplementary
Material online). When we focus on retained IESs that fall
within protein domains, a comparable proportion of IESs
with IRS > 0.2 interrupt repeat protein domains in the MA
lines and the control stocks (49% and 48%, respectively,
P=1, proportion test). Instead, the IESs with 0.05<IRS <
0.2 in the MA lines interrupt repeat protein domains consid-
erably less (23%) than the control stocks (38%) (P=1.913e-
05, proportion test; supplementary table S2, Supplementary
Material online).

Overall, these findings suggest that the IESs that are pref-
erentially retained in the MA lines (i.e., IESs with 0.05 < IRS <
0.2) are subject to substantial selective pressure in the envi-
ronment to which control stocks are normally exposed.

Retained IESs in the MA Lines Map Preferentially within
Coding Exons and May Impact Gene Expression Levels

We investigated the genomic distribution of the retained IESs.
We found that the IESs with 0.05 < IRS < 0.2 in the MA lines
reside most frequently within coding exons (MA25, n=628
[58%]; MA70, n=1399 [67%]; MA30, n=732 [71%]), an
unexpected finding. Because exon-mapping IESs have, on av-
erage, stronger cis-acting recognition/excision signals com-
pared with intergenic IESs (Ferro et al. 2015), intergenic IESs
should be at least as or more likely to undergo incomplete
excision. Indeed, retained IESs with comparable IRSs in the
control stocks are distributed evenly across intergenic and ex-
onic regions, a significantly different configuration compared
with that recorded for the MA lines (P < 2.2e-16; proportion
test after summing across lines per set per genomic position;
fig. 3A). As for retained IESs with IRS > 0.2, they reside pref-
erentially in intergenic regions to a similar extent in the MA
lines and in the control stocks (P> 0.05; proportion test after
summing across lines per set per genomic position; fig. 3B).
Notably, many retained IESs with 0.05 < IRS < 0.2 in the MA
lines introduce premature termination codons (PTCs) in the
nascent transcript: 77% of the ORFs acquire PTCs upon these
IESs" retention. These transcripts may be targeted for degra-
dation by the cellular surveillance systems.

Next, we found that genes with reduced expression levels
preferentially accumulate retained IESs, an unsurprising obser-
vation (Arnaiz et al. 2012; Ferro et al. 2015; Vitali et al. 2019).
More specifically, an excess of exon-mapping retained IESs in
the MA lines or in the control stocks maps to genes that are
weakly expressed during the vegetative life of the control
stocks 51 and/or d12 (fig. 3C and D). Surprising, however,
is that retained IESs with 0.05<IRS < 0.2 (but not with
IRS > 0.2) in the MA lines map to highly expressed genes sig-
nificantly more often than in the control stocks (P< 0.0001,
proportion test after summing across lines per set per gene
expression category). Thus, loci that are highly expressed dur-
ing the vegetative life of Paramecium may preferentially ex-
perience reduced allele dosage in the MA lines.

IESs with Divergent Levels of Retention between the MA
Lines and the Parental Stock

Finally, we considered those IESs that show divergent reten-
tion levels between the MA lines and the parental stock d4-2.
We found two IESs that are under-represented in the somatic
genome of all the MA lines relative to the parental stock (sup-
plementary fig. S2, Supplementary Material online). The only
intragenic IES maps to a P. tetraurelia gene with currently
unknown function (PTET.51.1.G1120131). This single-copy
gene is predicted to contain a trans-membrane helix that
spans the differentially retained 45nt-long exon-mapping
[ES. The pronounced IES retention in the parental stock is
predicted to perturb the topology of the encoded trans-
membrane protein (supplementary fig. S3, Supplementary
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Fic. 3.—Positional profile of retained IESs in MA lines and Ctrl stocks. (4) Genomic distribution of retained IESs with IRS ranging between >0.05 and
<0.2 and (B) >0.2 in MA lines and Ctrl stocks. (C) In the MA lines, highly expressed genes (HEGs) accumulate a higher fraction of incompletely excised IESs
(IRS > 0.05 and <0.2) compared with the control stocks d4-2, 51, and d12. (Cand D) Overall, an excess of retained exon-mapping IESs (regardless of their
IRS) maps to weakly expressed genes (WEGS) at standard culture conditions (i.e., these genes’ log2-transformed vegetative expression values fall in the first
quartile of an underlying distribution of gene expression levels) in stock 51 and stock d12. The transcriptome of the control stock 51 (Arnaiz et al. 2017) was
used as reference for the MA lines, stock d4-2 and stock 51, whereas the transcriptome of the control stock d12 (Vitali et al. 2019) was used as reference for

stock d12. Only IESs supported by >20 reads were considered.

Material online). It follows that PTET.51.1.G1120137 in the
MA lines might generate relatively larger amounts of a trans-
membrane protein whose function remains to be character-
ized. The other (intergenic) IES flanks a gene
(PTET.51.1.G1590064) also with unknown function, which
has a predicted trans-membrane domain (supplementary ta-
ble S3, Supplementary Material online).

Twenty-one IESs are fully or largely absent from the so-
matic DNA of the parental stock d4-2 but have high levels
of somatic retention in all the MA lines (supplementary fig. S4,
Supplementary Material online). Thirteen IESs are intergenic
and most often flank gene 3’ ends with unknown implications
(supplementary table S4, Supplementary Material online).
Three maps to noncoding genes with unknown function.
The remaining five IESs interrupt five genes, three with a pu-
tative description (supplementary fig. S4, Supplementary
Material online): 1) PTET.51.1.G0280259 is single-copy and
encodes a WD repeat-containing protein that is involved in

ribosome biogenesis in yeast; 2) PTET.51.1.G0310293 enco-
des a guanine nucleotide exchange factor that is involved in
signaling pathways such as cell proliferation; and last, 3)
PTET.51.1.G0480149 is a CYClin PHO80-like gene that is
highly conserved from unicellular to muilticellular species.
PTET.51.1.G0480149 is interrupted in the MA lines but nei-
ther in the parental stock nor in the other control stocks (see
[ESPGM.PTET51.1.48.253167 in supplementary fig. S4,
Supplementary Material online). The cyclin PHO80-like do-
main (IPRO13922) breaks down upon the retention of the
76nt-long IES (Arnaiz and Sperling 2011). In other eukar-
yotes, the gene PHOS80 is a key effector of the so-called
PHO pathway—by which phosphate availability is sensed—
and a positive regulator of the insulin-signaling pathway. This
gene has three presumably functional ohnologs in
P. tetraurelia (stock 51). Thus, the disruption of
PTET.51.1.G0480149 in the MA lines might contribute to re-
ducing—rather than fully abolishing—CYClin" s activity,
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possibly blunting nutrient signaling sensors and slowing down
cell growth.

Discussion

In an experimental setting where the power of random ge-
netic drift is maximized (Katju and Bergthorsson 2019) and
new germline DNA variation is negligible (Sung et al. 2012),
we found that replicate MA lines of P. tetraurelia accrue a
multitude of developmental/somatic variants over the course
of ~4-year exposure to the same culture conditions (fig. 1A
and supplementary table S1, Supplementary Material online).
An excess of these molecular variants corresponds to somat-
ically retained IESs with 0.05 < IRS < 0.2 (fig. 1B), a retention
interval that implies that IESs preferentially interrupt a modest
fraction of somatic DNA copies at a given locus. A similar
pattern of increased IES retention was previously recorded
for F1 lines (here referred to as environmental lines) that orig-
inate from P. tetraurelia cells exposed to presumably stressful
thermal changes during vegetative life or self-fertilization
(Vitali et al. 2019; Hagen et al. 2020). Thus, as in the case
of the environmental lines, the MA lines may have experi-
enced elevated levels of IES retention in response to environ-
mental stress. But what is the origin of this stress?

As the MA lines’ progenitor stock (P. tetraurelia d4-2) was
kept at conditions that differ substantially from the MA con-
ditions (see Introduction), it is possible that the impact of the
MA lines’ parental cells with the new MA experimental con-
ditions generated sufficient stress to promote incomplete IES
excision. That noted, Paramecium stock cells are often, if not
routinely, exposed to standard, MA-like environmental con-
ditions across laboratories (albeit not for as many sexual gen-
erations as in the case of the MA lines), and never have to our
knowledge particularly increased levels of IES retention been
detected/reported (e.g., see control stocks in fig. 1B).
Therefore, it is also possible that stressful circumstances,
which affect the process of IES excision, may have occurred
during the MA study.

And when and how might these retained IESs have ac-
crued in the MA lines? The Paramecium cells that Sung
et al. (2012) used to start the MA study are no longer avail-
able, as the MA lines are no longer living, so we can only
speculate about the dynamics that unfolded during the MA
experiment. That noted, retained IESs might have occurred in
the MA lines” progenitor cells, in the independently evolving
MA lines, or both. To begin, it is unlikely that most of the IES
retention occurred from the time of the most recent new
macronucleus formation: there is no evidence of increased
[ES retention under experimental conditions that overlap
with those of the MA lines (Vitali et al. 2019; Hagen et al.
2020). Furthermore, the significantly reduced intersection of
retained IESs with 0.05 < IRS < 0.2 in the MA lines compared
with the control stocks (fig. 2) may be interpreted as indicat-
ing that these IESs were first retained in the MA lines’

progenitor cells and later partially “lost” (e.g., reverted to
complete excision) in the independently evolving MA lines.
However, the narrow overlap among retained IESs with
0.05 < IRS < 0.2 in the MA lines may also result from parallel
[ES retentions occurred during the MA study. Either way,
retained IESs may have been trans-generationally inherited
due to heritable small RNA-mediated epimutations, consistent
with the excess of scnRNA-controlled IESs detected among
the MA lines’ retained IESs. The alternative explanation that
retained IESs in the MA lines are transmitted subsequent to
genetic mutations is less plausible. Given the low germline
mutation rate in Paramecium (Sung et al. 2012; Long et al.
2018), it is unlikely that bona fide germline mutations in cis
(i.e., in the IES itself) or in trans (i.e., in genes encoding factors
affecting IES excision) can explain the hundreds of retained
IESs reported here.

Regardless of when exactly IESs populated the MA lines’
somatic genome, additional observations suggest that
retained IESs in the MA lines accumulated nonrandomly
with regard to location and gene expression levels. More spe-
cifically, IESs with 0.05 < IRS < 0.2 in each of the MA lines
(but not in the control stocks) preferentially reside in coding
exons and genes that are highly expressed at standard culture
conditions (fig. 3). If we postulate that IESs with 0.05 < IRS <
0.2 were already present in the MA lines’ progenitor and that
this initially shared set of retained IESs narrowed down in the
evolving MA lines (fig. 2), then the peculiar positional distri-
bution of remaining retained IESs in the MA lines suggest that
these IESs were maintained nonrandomly. Alternatively, if we
postulate that retained IESs in the MA lines accrued in parallel
over the course of the experiment, then the peculiar distribu-
tion of these retained IESs suggests once again nonrandom
dynamics. This begs the question: what dynamics gave rise to
this nonrandom pattern?

It is difficult to explain our observations by leveraging biases
in chromosome segregation. Amitosis might have favored a
stochastic increase (and/or decrease) of IES retention levels
during asexual divisions, although somatic assortment in
P. tetraurelia is expected to proceed at a very slow pace
(Vitali et al. 2021). Instead, two models provide plausible
explanations for our observations. In the erroneous excision
model, the excess of IESs with 0.05 < IRS < 0.2 observed in
MA lines corresponds to retained IESs that would be counter-
selected in normal cultivation conditions—because their re-
tention, even at a moderate level, impacts fitness—but persist
in the MA experiment where selection is much less efficient.
These “fitness-impacting” IESs are expected to accumulate
more epimutations (and hence to have a higher IRS) in MA
lines compared with control stocks.

In the regulated retention model, IESs with 0.05 < IRS <
0.2 in the MA lines serve a regulatory purpose. They may help
downregulate (and/or stabilize the downregulation of) path-
ways that underlie disfavored phenotypes in the MA environ-
ment. They may also stimulate/stabilize the expression of
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favorable alternative pathways/phenotypes. For example, un-
der the MA experimental regime—where the supply of
nutrients is rich and constant and population density is min-
imized—IES-coupled developmental changes might both
slow cell growth and increase stress resistance. This specula-
tive regulated retention model links previous findings in
Paramecium, such as the trade-off between cell growth and
stress resistance (Thind et al. 2020) and the increase in IES
retention upon exposure to stressful cultivation regimes (Vitali
et al. 2019; Hagen et al. 2020). It predicts that during evolu-
tionary times some IESs were co-opted to help maintain cel-
lular homeostasis, and is consistent with a previously
proposed non-Darwinian model of adaptive evolution
(Hughes 2012; Catania et al. 2021). The erroneous excision
and the regulated retention models are not mutually exclu-
sive: some retained IESs might correspond to errors, whereas
others might perform a regulatory function. Moreover, the
accumulation of incorrectly excised IESs could itself modulate
biological functions.

In conclusion, we leveraged a classical MA experiment to
investigate the source, the amount, and the possible conse-
quences of somatic variation in the single-celled Paramecium.
Our observations align with previous findings in species such
as humans and mice where somatic genomes are less stable
than germline genomes. They also indicate that a sufficiently
lengthy exposure of genetically narrow/homogeneous cell
populations to a new environment can induce potentially last-
ing somatic variation, which may result from small RNA-
mediated epimutations. At present, two models—one non-
adaptive and one adaptive—can be leveraged to explain our
results. Further work is needed to evaluate them.

Materials and Methods

Paramecium Stocks

Details concerning the culture conditions, the macronuclear
DNA isolation and the whole-genome sequencing of the MA
Paramecium tetraurelia lines were previously reported (Sung
et al. 2012). MA lines’ DNA sequences are deposited in the
National Center for Biotechnology Information Short Read
Archive (Sung et al. 2012). Three P. tetraurelia MA lines
(MA25 [run SRR652989], MA70, and MA30 [run
SRR652988]) were selected for this study based on the high
analyzable percentage of the total genome (Sung et al. 2012)
and their relatively higher median coverage of IESs (supple-
mentary table S1, Supplementary Material online). The un-
evolved P. tetraurelia stocks d4-2, 51, and d12 were used as
control. Stock d4-2 (the same stock as the MA lines) and stock
d12 are derivatives of stock 51 (Sonneborn 1974; Rudman
etal. 1991).

Reads used to quantify IES retention in the control stocks
were obtained from Arnaiz et al. (2012): (stock d4-2;
ERR138952 [Ctrl d4-2]) (Arnaiz et al. 2012; Lhuillier-Akakpo

et al. 2014; Swart et al. 2017), (stock 51, cultured at 27 °C;
ERR138450 [AR], ERR501376 [Ctrl 51], ERR1212640 [ND7],
ERR1212635 [EV]), and (Vitali et al. 2019) (stock d12, FO line
cultured at 25 °C; ERR2807204 [Ctrl d12)).

Last, data relative to the “environmental lines” was pub-
lished in Vitali et al. (2019): (stock d12, F1 lines cultured at 25
°C, but whose macronuclear genome developed at 18 °C;
ERR2807205 or 32 °C; ERR2807207) and (Hagen et al. 2020)
(stock d12, F1 line cultured and developed at 25 °C with FO
exposed to daily heat shocks of 30s at 40 °C during vegeta-
tive life; ERR4179861). Somatic genomes for these lines were
obtained from cells that had undergone more than 10 (and in
any case less than 30) fissions postautogamy to avoid carry-
over of parental somatic DNA.

I[ES Data Sets

For each of the above-mentioned samples, bowtie2 (with the
option —very-sensitive-local) was used to map reads against
the reference somatic genome of strain 51 (MAC) (Arnaiz
et al. 2017), as well as a pseudo-germline version of it, in
which the full reference set of 44,928 known IESs (Arnaiz
et al. 2012) was inserted (MAC + IES). IES retention scores
(IRSs), that is the per-locus ratio between IES-containing reads
and the total number of mapping reads, were calculated with
ParTIES (Denby Wilkes et al. 2016) using the IES score method
and allowing for a single mismatch. IES loci with significantly
different retention levels in an MA line compared with a con-
trol stock or between control stocks were designated as de-
scribed in Vitali et al. (2019) using a 95% confidence interval
around the IRS value of the control stock. IES loci supported by
<20 sequence reads were excluded. Only IESs with a size
larger than 25 nucleotides are considered for this study.

Identification of IESs Disrupting Protein Domains

We use the results of a previous scan of Paramecium proteins
for known domains ((Arnaiz et al. 2017), Supplementary
Material online). Interpro domains and their relative positions
within genes were extracted and checked against IES coordi-
nates. When an overlap was detected the IES was tagged as
domain disrupting.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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