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Environmentally induced plasticity of programmed
DNA elimination boosts somatic variability

in Paramecium tetraurelia

Valerio Vitali, Rebecca Hagen, and Francesco Catania

Institute for Evolution and Biodiversity, University of Miinster, 48149 Miinster, Germany

Can ecological changes impact somatic genome development? Efforts to resolve this question could reveal a direct link
between environmental changes and somatic variability, potentially illuminating our understanding of how variation can
surface from a single genotype under stress. Here, we tackle this question by leveraging the biological properties of ciliates.
When Paramecium tetraurelia reproduces sexually, its polyploid somatic genome regenerates from the germline genome
through a developmental process that involves the removal of thousands of ORF-interrupting sequences known as internal
eliminated sequences (IESs). We show that exposure to nonstandard culture temperatures impacts the efficiency of this pro-
cess of programmed DNA elimination, prompting the emergence of hundreds of incompletely excised IESs in the newly
developed somatic genome. These alternative DNA isoforms display a patterned genomic topography, impact gene expres-
sion, and might be inherited transgenerationally. On this basis, we conclude that environmentally induced developmental
thermoplasticity contributes to genotypic diversification in Paramecium.

[Supplemental material is available for this article.]

The DNA that is perpetuated by the germline is not always carried
over to the soma in its entirety. In a broad range of eukaryotes,
germline DNA sequences are reproducibly discarded at each round
of sexual generation, and an abridged version of the genome is al-
located to the soma (Jung et al. 2006; Wang and Davis 2014;
Biederman et al. 2018; Smith et al. 2018). This process of DNA
elimination is commonly regarded as highly efficient and is ex-
pected to be largely robust to environmental perturbations.
However, the extent to which this expectation is well founded re-
mains unknown. Any evidence of direct effects that ecological
changes may have on somatic variability would have important
implications for current understanding of evolutionary dynamics
in systems for which transgenerational inheritance is at play.

In ciliates such as Paramecium tetraurelia, the process of germ-
line-soma differentiation unfolds within a single cell and occurs at
each event of sexual reproduction when P. tetraurelia undergoes
meiosis and nuclear replacement (Sonneborn 1977; Prescott
1994). During sexual development, the maternal (preexisting)
somatic macronucleus (MAC) is degraded, and new macronuclei
are produced through the amplification (from 2n to ~800n) and
extensive rearrangement of the germline genome that is housed
in mitotic copies of the zygotic micronucleus (Bétermier and
Duharcourt 2015). Approximately 25% of the ~98 Mb P. tetraurelia
germline genome is eliminated during nuclear development
through a highly reproducible process known as programmed
DNA elimination (PDE) (Guérin et al. 2017). The characterized
fraction of this germline-restricted DNA consists of some 45,000
mainly unique sequences known as internal eliminated sequences
(IESs) (Arnaiz et al. 2012) and other DNA elements such as transpo-
sons and tandem repeats (Guérin et al. 2017). IESs are flanked on
both sides by weak inverted terminal repeat consensus sequences
with an invariable 5'-TA-3’ dinucleotide essential for their excision
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(Mayer and Forney 1999). IESs can be found in both noncoding
and coding regions, often interrupting open reading frames
(ORFs) (Arnaiz et al. 2012).

To ensure correct functioning of the somatic genome and
hence production of viable sexual offspring, IESs must be precisely
and reproducibly eliminated from the germline template (Arnaiz
et al. 2012). Lethal developmental defects result when a domesti-
cated PiggyBac transposase required for the excision of virtually
all IESs, PiggyMac (Pgm), is silenced (Baudry et al. 2009; Dubois
etal. 2012). Pgm operates within a molecular complex in conjunc-
tion with five additional Pgm-like proteins, all catalytically inac-
tive yet also necessary for accurate IES excision (Bischerour et al.
2018). Nonetheless, two classes of developmentally specific small
RNAs are also required to efficiently excise a subset of P. tetraurelia
IESs: scnRNAs that mediate the cross talk between the parental and
the developing nuclei (Lepére et al. 2009), and iesRNAs that relay a
secondary excision signal to the developing nuclei (Sandoval et al.
2014). Besides facilitating IES excision, these sexually restricted
small RNAs allow at least part of the genetic variability in the pa-
rental somatic nucleus to be inherited transgenerationally
(Coyne et al. 2012; Allen and Nowacki 2017). The biogenesis of
scnRNAs and iesRNAs requires, among other factors, the expres-
sion of dicer-like proteins: Dcl2/3 and Dcl5, respectively (Lepere
et al. 2009; Sandoval et al. 2014; Hoehener et al. 2018). Unlike
Pgm knockdown, independent DCL2, DCL3, and DCLS silencing
yields viable sexual offspring (Sandoval et al. 2014), demonstrating
that inefficient IES excision can be tolerated to some degree.

In addition to variable chromosome fragmentation (Caron
1992), two types of erroneous DNA elimination under spon-
taneous conditions were described even before IESs were com-
prehensively cataloged: erroneous IES excision and “cryptic IES
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recognition” (Duret et al. 2008; Catania et al. 2013). The former
consists largely of inefficient excision, in which IESs are excised
from only a fraction of the ~800 macronuclear copies, and to a less-
er extent, of alternative or nested boundaries usage. The latter
prompts the elimination of IES-like sections of somatic DNA,
akin to an “off-target” effect. Therefore, inaccurate DNA elimina-
tion may take place during nuclear differentiation and prompt
the production of alternatively rearranged versions of the genome.
The rate of inefficient IES excision across different developmental
environments has not been characterized. Equally unknown is the
extent to which IES retention occurs in genes and whether it is suf-
ficient to alter gene expression.

The somatic variability that PDE introduces to otherwise ge-
netically identical Paramecium cells might explain at least part of
the phenotypic differentiation observed in identical clones. Early
studies in Paramecium have shown that exposure to different envi-
ronmental conditions during nuclear differentiation, the so-called
“sensitive period,” leads to phenotypic variations in genetically
identical cells (Jollos 1921; Sonneborn 1977; Sonneborn and
Schneller 1979). For example, the ability of homozygous clones
of P. tetraurelia to discharge defensive organelles called trichocysts
greatly depends on the temperature levels and food availability dur-
ing the sensitive period (Sonneborn and Schneller 1979). However,
itwas notuntil recently that the mechanistic basis for developmen-
tally regulated phenotypic differentiation in Paramecium was dis-
covered. In P. tetraurelia and P. octaurelia, an IES-like somatic
region (cryptic IES) containing the promoter and the transcription
start site of the mtA gene (transmembrane protein) is variably
spliced during development, resulting in complementary mating
type determination (Singh et al. 2014). A similar mechanism is
found in P. septaurelia, a closely related species, in which a cryptic
IES is removed from the coding region of mtB, a putative transcrip-
tion factor required for the expression of mtA, leading to mating
type switch (Singh et al. 2014). Thus, PDE in Paramecium has
been repeatedly co-opted for the regulation of gene expression
through alternative DNA splicing (Orias et al. 2017). Although
cryptic IES recognition has thus far received more attention as a reg-
ulated mechanism of PDE-dependent phenotypic diversification,
other sources of somatic variability such as inefficient IES excision
could contribute to the emergence of genetic novelties (Catania
et al. 2013) or underlie adaptive phenotypic plasticity (Noto and
Mochizuki 2017, 2018). DNA-splicing-controlled phenotypes
may have evolved through the selection of heritable alternative
DNA splicing variants, as would be expected under previously pro-
posed models of epigenetic evolution (Coyne et al. 2012; Catania
and Schmitz 2015; Allen and Nowacki 2017). The first step toward
substantiating these hypothetical evolutionary scenarios is to
quantify the rate of erroneous DNA elimination and establish the
extent to which PDE is affected by environmental perturbations.

Here, we leverage the small somatic genome of P. tetraurelia,
and the ease with which external conditions can be manipulated
during development in this system, to investigate the tempera-
ture-performance response of [ES elimination and its impact on ge-
nome constitution and gene expression.

Results
Temperature affects the rate of incomplete IES excision and
cryptic IES recognition

After allowing isogenic lines of P. tetraurelia (strain d12) to undergo
self-fertilization at three different temperatures, 18°C, 25°C, and

32°C, we inspected the independently rearranged somatic ge-
nomes of these lines (18°Cg;, 25°Cy;, and 32°Cyy) and their pro-
genitor (25°Cpo) for incomplete IES excision. We also screened
four additional somatic genomes that developed at 27°C and
were previously sequenced for P. tetraurelia strain 51 (Arnaiz et al.
2012; Lhuillier-Akakpo et al. 2014; Swart et al. 2017). The
~45,000 IES loci that we surveyed were identified in strain 51
through the knockdown of the PGM gene (Arnaiz et al. 2012)
and will be hereinafter referred to as PGM-IESs. As a proxy for
the level of IES retention, we used the IES retention score (IRS)
(Denby Wilkes et al. 2016), a measure that ranges between zero
and one, for fully excised or fully retained IESs, respectively. We ar-
bitrarily define IES retention scores (IRSs) > 0.1 as nontrivial and la-
bel IES loci with IRS>0.1 “somatic IESs.”

Compared to the control genomes rearranged at 25°C and
27°C, macronuclear genomes developed at 18°C and 32°C show
an increase in incompletely excised IESs across a range of IRS classes
(Fig. 1A). We detect an average of ~400 somatic IESs in the line
25°Cpg, its descendant 25°Cy;, and the four additional strain
51 lines cultured at 27°C (Fig. 1A). In these six samples, the count
of somatic IESs is comparable across the IRS thresholds applied
(note that the IRS is unaffected by between-sample variation in
read coverage). In contrast, the count of somatic IESs is higher in
the macronuclear genomes that developed at 18°C and 32°C (non-
standard culture temperatures hereinafter also referred to as subop-
timal temperatures), in which we detect up to about 800 somatic
IESs. This roughly twofold increase is statistically significant
when the suboptimal temperatures are grouped together (0.1<
IRS <0.5; one-sided Wilcoxon rank-sum test, P < 0.05). The vast ma-
jority of the detected somatic IESs have scores in the range of 0.1-
0.3 (Fig. 1A), potentially altering gene expression when occurring
within genes (see below).

Suboptimal temperatures also affect the rate of cryptic IES rec-
ognition (TA-bounded somatic deletions) (Fig. 1B) as measured by
the deletion score (DS). Similar to the IRS, the DS is a proxy for the
level of somatic DNA deletion, which ranges from zero for fully re-
tained regions, to one for fully deleted regions. We detect up to an
approximate twofold increase when comparing the number of par-
tially excised cryptic IESs unique to 18°C and 32°C with those
unique to the 25°C samples (Supplemental Fig. S1). Many TA-
bounded somatic deletions lead to partial or even complete gene
ablation and occasionally span multiple genes at once (Supplemen-
tal Table S1). Among the 18 somatic deletions consistently re-
trieved across all temperatures, we found the 195-bp DNA
segment containing the promoter and transcription start site of
mtA, a DNA-splicing-regulated gene (Singh et al. 2014; Orias et al.
2017). We also report a set of IES-like somatic regions that are var-
iably spliced at different temperatures, which might represent tem-
perature-sensitive cryptic IESs. The surge in cryptic IES deletions
with temperature is less pronounced compared to that in the anno-
tated IESs and mostly limited to DSs that tend to be smaller than
0.1. As a consequence, we decided to focus the presentation of
our results on true IESs.

PDE efficiency is reduced at nonconventional culture
temperatures

We asked how extensively temperature changes affect the magni-
tude of IES retention in the polyploid somatic genomes of the ex-
perimental lines. Supplemental Table S2 reports the full set of
PGM-IESs with their corresponding retention scores (IRS) and
the statistical significance of the FO-to-F1 IRS transitions.
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The rate of incomplete IES excision and somatic DNA deletion is temperature dependent. (A) The percentage of incompletely excised IESs is

larger at 18°C and 32°C in comparison with the control lines grown at 25°C-27°C for several IRS classes. The pie chart shows the relative proportions of
somatic IESs (IRS > 0.1; black), the fraction of incompletely excised IESs with 0 <IRS < 0.1 (dark gray), and the fraction of completely excised IESs (light gray).
IES counts (reported in percentages, log scale) for the control group (n=6 genomes) are averages + the standard error of the mean. (B) TA-bounded
somatic deletions (Cryptic IESs) tend to be relatively more frequent (absolute numbers, log scale) when PDE occurs at suboptimal temperatures. (IESs) in-

ternal eliminated sequences; (IRS) IES retention score; (DS) deletion score.

We detect a reduction in PDE efficiency at 18°C and 32°C rel-
ative to the control temperature of 25°C (Fig. 2). Specifically, the
number of IESs with a greatly intensified retention in the F1 somatic
nuclei (IRSg; >IRSgo, binomial test, P,4;<0.05) ranges from 183 to
271 at suboptimal temperatures, compared with 43 at 25°C. Fur-
ther, most of the significantly retained IESs detected at 18°C and
32°Care unique to suboptimal temperatures, with a treatment-con-
trol ratio of ~12-fold (151:13) and ~17-
fold (225:13) for 18°C and 32°C, respec-

Supplemental Table S3 contains the genes that harbor four-way-
shared IESs). In addition, we found that four-way-shared incom-
pletely excised IESs (IRS>0) show elevated median retention
scores relative to the full set of incompletely excised IESs, more
so at suboptimal temperatures (Fig. 3B). This indicates that subop-
timal temperatures affect the epigenetic machinery and/or the bio-
chemical efficiency of the DNA elimination machinery.
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Leveraging 1000 simulated data sets
based on random draws from the set of
PGM-IESs, we estimated that the expect-
ed maximum number of IESs shared by
chance between four genomes is about
158. We observe an overlap of 844 IESs,

roughly a fivefold increase (Fig. 3A; respectively.

displaying the Log; fold change of IRSs from FO to F1 for 25°C, 32°C, and 18°C. Statistically significant IRS
transitions (binomial test, P,q;< 0.05) are shown as filled colored circles: 25°C (dark and light blue circles);
32°C (red and orange circles); 18°C (dark and light green circles) (dark color: IRSg; > IRSgo; light color:
IRSg1 <IRSgo). Position on the x-axis reflects the log-transformed initial (FO) state of the IRSs (x-axis labels
are IRSs before log transformation). (D) Counts of statistically significant IRS transitions (P,qj< 0.05) after
nuclear differentiation at 18°C (green), 25°C (blue), and 32°C (red). The number of somatic IESs expe-
riencing an upward or downward IRS transition is shown above and below the horizontal dashed line,
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Figure 3. Incompletely excised IESs show elevated retention scores and might be transgenerationally
inherited. (A) Venn diagram depicting sets of incompletely excised IESs (IRS > 0) shared between three F1
somatic genomes and their parental FO genome. A large excess of incompletely excised IESs are shared
across all four genomes (P<0.001), indicating that most of the IESs in the four-way set may have been
inherited transgenerationally from FO to F1. The expected maximum number of IESs shared across all
four genomes (158) (Methods) is shown under the observed value, and 229 of the observed 844
four-way-shared IESs are somatic IESs (IRS>0.1): (blue ellipse) 25°C (FO); (green ellipse) 18°C (F1); (light
blue ellipse) 25°C (F1); (red ellipse) 32°C (F1). IESs with read coverage >20 and length >26 base pairs
were used. (B) Box plot showing the IRS distributions for the full set and the four-way set (4way) of incom-
pletely excised IESs (IRS > 0) at all investigated temperatures. Pairwise comparisons between groups were
performed using a Wilcoxon rank-sum test with correction for multiple testing (Benjamini-Hochberg).
Statistical significance is indicated for each comparison: (****) P<0.001; (ns) nonsignificant. Outliers

ginal overrepresentation of Ezll-sensi-
tive somatic (and four-way-shared) IESs
at 18°C or 32°C (P=0.037 and P=0.276,
respectively).

Collectively, these observations in-
dicate that perturbations of the small
RNA-guided DNA excision machinery
may contribute to the overrepresenta-
tion of somatic IESs at suboptimal
temperatures.

Genomic distribution of somatic IESs

To deepen our understanding of the bio-
logical significance of somatic IESs, we
performed a systematic analysis of their
genomic distribution.

We found that somatic IESs prefer-
entially occupy intergenic regions (Fig.
5A). Furthermore, somatic IESs are more
likely to occur in genes that in the P. tet-
raurelia strain d12 are weakly expressed

are omitted for clarity.

The set of four-way-shared IESs may reflect a systematic fail-
ure to correctly excise IESs with particularly weak cis-acting recog-
nition/excision signals. To test this hypothesis, we estimated a
predictor of splicing signal quality, the Cj,-score (Ferro et al.
2015). We found that four-way-shared IESs have a smaller mean
Cin-score compared to the full set of PGM-IESs (IESs4.yay Vs.
IESspGm; 0.54 vs. 0.62; Mann-Whitney U test, P<0.001). This dif-
ference holds true when we control for size class and genomic lo-
cation and applies also to the overall set of somatic IESs (e.g.,
somatic IESs3zec vs. IESspgn; 0.51 vs. 0.62; Mann-Whitney U
test, P<0.001).

A perturbation of the small RNAs guiding IES excision might
also explain the observed excess of IESs shared between the FO
and the F1 genomes. We explored this hypothesis using published
knockdown studies of PDE-associated epigenetic components
(Dcl2/3 and DclS) in the P. tetraurelia strain 51 (Arnaiz and
Sperling 2011; Sandoval et al. 2014). We found an excess of Dcl2/
3- and Dcl5-sensitive IESs in the four-way-shared set relative to
the PGM-set (46% vs. ~10%; two-proportions Z-test, P<0.01) un-
der the assumption that the epigenetic regulation of IESs in the
strain 51 is largely conserved in its derivative strain d12 (Rudman
etal. 1991). We also found an enrichment of Dcl2/3 and Dcl5-con-
trolled IESs in both somatic IESs (Fig. 4) and significantly retained
IESs (Supplemental Fig. S3). The overrepresentation of Dcl2/3
and DclS-controlled IESs in the somatic sets remains largely
unchanged when controlling for Cj,-score and other variables
such as size and expression level of somatic IES-containing genes
(Supplemental Fig. $4).

To complement these observations, we further investigated
how extensively the transcription elongation factor TFIIS4
(Maliszewska-Olejniczak et al. 2015) and the chromatin remodel-
ing protein Ez11 (Lhuillier-Akakpo et al. 2014) control the excision
of somatic IESs. TFIIS4 is a putative component of the small RNA-
guided DNA excision machinery in P. tetraurelia, whereas Ezl1
might operate in a small-RNA-independent fashion (Swart et al.
2017). We found that a significant excess of somatic IESs is
TFIIS4-sensitive (P <0.001). Conversely, we detect no or only mar-

in the vegetative stage (Fig. 5B). A closer

examination of the data reveals that the

intergenic to intragenic ratio of somatic

IESs changes with the magnitude of IES
retention. The proportion of intergenic somatic IESs increases
abruptly as the IRS crosses 0.1 and plateaus at ~70% beyond an
IRS threshold of ~0.25. This is true at all the investigated tempera-
tures (Fig. SA). Also, the reduced efficiency of IES excision at subop-
timal temperatures is not limited to intergenic IESs (Fig. 5C). When
we compare the subset of IESs that are significantly retained against
the set of PGM-IESs, we once again detect an excess of intergenic
loci. Nevertheless, a cross-sample comparison reveals an enrich-
ment of somatic IESs within exons at 32°C relative to 25°C (two-
sided two-proportions Z-test, P<0.05) (Fig. 5C). In particular,
83 and 158 genes show significant levels of IES retention at 18°C

Observed

Expected

32°C
DCL
M Dcl2/37 I Del5™
W D273 1 Dels*
25°C W Dcl2/3" 1 Dels ™
W D123t 1 Dels
18°C

350 300 250 200 150 100 50 0 50 100 150 200 250 300 350
Count

Figure4. Alarge excess of somatic IESs is epigenetically regulated. Back-
to-back stacked bar chart showing the number of intra-exonic somatic IESs
for all investigated temperatures. For each temperature, IES counts are bro-
ken down into Dcl2/3-controlled IESs (Dcl2/3* | Dcl5~, purple), Dcl5-con-
trolled IESs (Dcl2/3™ | Dcl5*, orange), Dcl2/3-Dcl5-co-controlled IESs
(Dcl2/3* | Dcl5™, fuchsia), and Dcl-independent IESs (Dcl2/3™ | Dcl57,
green). Expected proportion of Dcl-dependent IESs for random samples
of the same size (left) are shown back to back with the observed data
(right). Two-proportions Z-test returns P<0.01 for all expected/observed
contrasts.

1696 Genome Research
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.245332.118/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.245332.118/-/DC1

Developmental plasticity in Paramecium

A B Overrepresentation of somatic pression levels of IES-containing WGD1

+18°C (F1)=25°C (FO) - 25°C (F1)~32°C (F1) IESs in weakly expressed genes ohnolog pairs with discordant levels of

1.00 25 IES retention. Under the assumption

= i = that the incompletely excised IESs that

2 075 Intergenic F_; 20 — are shared between the 25°Cy, and

g | T 5 25°Cg; DNA-seq lines are also incom-

A 050 ﬁ pletely excised in the RNA-seq lines, we
L . .

S S 10 found that genes with incompletely ex-

‘g 0.25 g s cised ¥ESS (IRS>0) display ref:luced

3 5 expression levels compared to their IES-

000 ol free ohnologs (IRS=0) (Fig. 6; Supple-

000 025 050 075 1.00 Geneswith Al genes mental Table S5).
IRS somatic [ESs We also screened the RNA reads for

Exons Mintrons MncRNAs

43%
/

PGM-SET 25°C (F1) 18°C (F1)
n=44928 n=43 n=183

C Mintergenic

Figure 5. Purifying selection shapes the positional distribution of incompletely excised IESs. (A) IRS-de-
pendent changes of genomic distribution for incompletely excised IESs. (B) Expression levels of genes af-
fected by IES retention (805 genes; IRS>0.1, red box) and the full set of macronuclear coding genes
(cyan box). The expression data are from P. tetraurelia strain d12 (two replicates, cultured at 25°C; this
study). Pairwise comparison was performed with a Mann-Whitney U test. Statistical significance is indi-
cated: (***) P<0.01. (C) Genomic distribution of significantly retained IESs at all investigated tempera-
tures. Distribution of PGM-IESs is shown for reference (leftmost pie chart, boxed). Sample size is

indicated below each set. Percentages <5% are excluded.

and 32°C compared to only 17 genes at 25°C, respectively (Supple-
mental Fig. S5).

Overall, the pronounced bias in the distribution of somatic
IESs in regions that typically evolve under reduced levels of selec-
tive constraints (Gout et al. 2010; Ferro et al. 2015) suggests that
purifying selection antagonizes severe IES retention.

Genes hit by IES retention often lack a WGDI ohnolog

P. tetraurelia has undergone a relatively recent event of whole-ge-
nome duplication (WGD1) (Aury et al. 2006). To gain further in-
sights into the evolutionary constraints that shape the genomic
distribution of IES retention, we asked whether homologous IESs
in WGD1 ohnolog pairs are retained to a similar extent. We found
that the excision of homologous IESs from WGD1 ohnologs is
largely unlinked—most of the IESs with IRS >0 have homologous
IESs with IRS=0 (F1 lines; 32°C=74%, 18°C=78%, and 25°C=
81%).

We also noticed that P. tetraurelia genes affected by IES reten-
tion in the F1 lines have significantly fewer recent WGD1 ohno-
logs than expected by chance (based on the total number of IES-
containing genes with WGD1 ohnologs in P. tetraurelia; hypergeo-
metric distribution, P<0.0001). This deficit holds regardless of the
selected IRS threshold or the environmental temperature at the
time of nuclear development (Supplemental Table S4).

IES retention is coupled with reduced gene expression levels

To explore the potential impact of incomplete IES excision on
gene expression, we collected RNA from two independent lines
of P. tetraurelia strain d12 cultured at 25°C. We examined the ex-

the presence of IES sequences (hence-
forth, referred to as IES™ transcripts). In
the two replicates, we found 246 and
378 IES™ transcripts (211 and 326 loci, re-
spectively); many of the IES retention
reads contain spliced-out introns, sug-
gesting no or minimal DNA contamina-
tion. Of the detected IES* transcripts, 87
are shared between replicates. This is a

32°C (F1)

n=271 significant overlap, considering that the
RNA replicates derive from two inde-
pendently rearranged somatic nuclei.
Furthermore, 157 IES™ transcripts, on av-
erage, have their corresponding somatic
[ESsin the 25°C FO and F1 lines. This con-

siderable overlap further strengthens our
proposition that incomplete IES excision
is partly nonrandom. Finally, the average
IRS of these 157 somatic IESs is ~0.29 for
the 25°C FO and F1 lines. This relatively large IRS indicates that
more I[ES* transcripts may occur in our RNA samples, but remain
under the radar because IRS (or sequence coverage) is too low.

IES retention in exons primarily disrupts ORFs

Within genes, somatic IESs could give rise to functional alternative
isoforms. To assess the impact of incomplete IES excision on pro-
tein sequence diversity, we calculated the fraction of PGM-IESs
that, if retained, could prompt the introduction of premature ter-
mination codons (PTCs). We then compared such a fraction
against our actual observations for the 32°C line. Approximately
21% of all PGM-IESs would lead to productive alternative DNA
splicing variants through extension of the open reading frame, if
retained (Fig. 7A). Roughly 16% is the counterpart in the experi-
mental set (Fig. 7B). Thus, incomplete IES excisions may contrib-
ute rarely to protein sequence diversity, and exposure to a
suboptimal temperature does not increase this tendency.

To gain some insights into the possible phenotypic conse-
quences of IES retention, we analyzed the location of productive
[ESs (CDS-mapping and ORF-preserving) relative to encoded pro-
tein domains. We found that the observed fractions of productive
IES retention (evidence at the DNA level) within functionally an-
notated domains are comparable to what is expected by chance, ei-
ther before or after partitioning IESs in Dcl2/3-5-sensitive and
Dcl2/3-5-insensitive (Supplemental Fig. S6).

Finally, we examined the distribution of incompletely excised
IESs along genes. It was previously shown that the positional dis-
tribution of P. tetraurelia 1ESs is skewed toward the gene 5’ end
(Ferro et al. 2015) and that incompletely excised IESs that
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Figure 6. The magnitude of IES retention scales negatively with the gene expression level. The average expression level of IES-containing ohnologs (de-
rived from the most recent whole-genome duplication) varies in an IES retention score (IRS)-dependent manner. The expression levels are based on reads
mapping to the somatic genome; that is, reads from |IES-containing transcripts did not go into the final estimate. Average gene expression levels were com-
pared against one another using a one-tailed Wilcoxon rank-sum test: (ns) P>0.05; (*) P<0.05; (**) P<0.01. The numbers within parentheses above the

bars refer to the population size of the surveyed pairs of ohnologs.

introduce PTCs accumulate at the gene 5’ end (in lines cultured at
standard temperatures) (Catania et al. 2013). We found that in-
completely excised IESs accumulate at either end of genes in
the 32°C line; the distribution of PTC-inducing IESs along genes
becomes bimodal as the IRS increases (Supplemental Fig. S7). IES
retention at the 3’ end of genes might have phenotypic conse-
quences, because transcript degradation via nonsense-mediated
mRNA decay (NMD) may be more effi-
cient when PTC-inducing IESs are re-
tained at the 5’ end of genes (van Hoof
and Green 1996; Longman et al. 2007).

A Truncated

FIA
E §/ PTC-IES
Nonrandom distribution of IESs with 2 (;;_162,,2)

respect to protein families and molecular
function

Finally, we examined the molecular

function of genes with significant IES

retention in coding sequences. The func-

tional categorization of these genes is

given in Supplemental Figure S5. The
full set of genes, their expression values,
20.6%

as in strain d12 (this study) and 51
(Arnaiz et al. 2017), and annotations, Ff:ﬂé)s

along with parameters related to the re-
tained IESs are presented in Supplemen-
tal Table S2.

A Gene Ontology (GO) term enrich-
ment analysis reveals a single molecular
function term, protein binding, enriched
at both 18°C and 32°C (Fisher’s exact
test, P<0.0001), but not at 25°C (P=
0.05). Two sets of proteins, the tetratrico
peptide repeat region (TPR; IPR019734)
and growth factor receptor cysteine-rich
domain (GFR; IPR009030) containing

Extended

Figure 7.

next to each class.

proteins contribute largely to this functional enrichment. More
specifically, TPR and GFR-genes together account for ~21% and
~24% of the genes affected at 32°C and 18°C, respectively.
Intrigued by this finding, we wondered whether P. tetraurelia
genes hit by IES retention in general, and the gene families identi-
fied above in particular, are unusually IES-rich genes. We found
that genes with significant IES retention at 18°C and 32°C show
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IES insertion within the coding sequence (CDS) potentially diversifies protein sequences. (A)
Theoretical diversification potential of PGM-IESs. Pro-IES (green): fraction of 3n, non-PTC-inducing IESs
(“productive” IESs). Tail-IES (crimson red): fraction of IESs that do not introduce a premature termination
codon (PTC) but lead to the ablation of the true stop codon. FS-IES (orange): fraction of IESs that disrupt
the open reading frame by introducing a downstream PTC owing to frameshift (FS). PTC-IES (red): frac-
tion of IESs that introduces a PTC within the insertion. (B) Classification of the 146 within-CDS IES inser-
tions observed at 32°C based on the predicted transcriptional outcome. The mean excision score (1-
pIRS), mean IRS (uIRS), and maximum IRS (M) are indicated beside each category. The number of IESs
is indicated within parentheses. The predicted effect on the protein products is depicted schematically

1698 Genome Research
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.245332.118/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.245332.118/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.245332.118/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.245332.118/-/DC1

Developmental plasticity in Paramecium

A =Random - 25°C18°C£32°C B =Random - 25°C&118°C&32°C IES retention can be expected by chance
55 13 . ' alone, both at 32°C and 18°C (binomial
50 ; - ‘ 11 P test, P>0.05). Conversely, TPR-genes
o 45 ns 10 — are highly overrepresented at either sub-
o) 40 7 > 9 . . .
W 35 = 8 optimal temperature (binomial test, P<
5 30 5 & 0.0001).
g gg . T g 5 Lastly, we wondered whether P. tet-
£ 15 e + L g - raurelia genes that are interrupted by
3 10 gﬁb 2 .,:- IESs in the germline nucleus (IES genes)
g i (1) &5 =k are enriched in specific molecular func-
Random 25°C 18°C Random 25°C  18°C  32°C tions or biological processes. Indeed, we
found that P. tetraurelia genes involved
Cc & Random = GFR=TPR D - Random = GFR=TPR in ion transport, signal transduction,
‘ . 12 and  microtubule-based movement,
o P - 11 ! among others, are relatively more likely
ﬂ gg ' > 18 to be IES genes (Table 1). Conversely,
S 30 2 g IES genes are less likely to encode transla-
5 25 e 3 Z tion-associated factors (Table 1).
-E 20 ) @ 5
S 15 = 4 . .
Z 10 3 Discussion
g - 0 e The driving question of this work was,

Random GFR TPR

scaffoldst_150:1. .6350

how extensively can ecological changes
affect somatic genome development?
The answer may extend our view on

ok 1k % 3k 4k

Gene annotation (v2.8)
PTET.51.1.61500001
DT

5k 6k

how the cross talk between genes and en-
vironment affects organismal constitu-

IES PGM
e

InterPro protein donains

L T T T L T T e T T T T T O T O T T I Y I O I 1 B 1

tion and evolution. One possibility is
that environmental changes may have

Rfan prediction

Transferred gene annotation strain da-2 (v1.8)

GSPATG00035193001 GSPATG00035194001  BSPATG00035195001
I

Figure 8. TPR-motif and GFR Cys-rich domain-containing proteins are IES-rich gene families suscepti-
ble to inefficient IES excision in response to temperature changes during autogamy. (A) Genes affected by
IES retention at 18°C and 32°C have a significantly greater than average number of IESs. (B) Across all the
investigated temperatures, genes hit by significant IES retention are IES dense. (C) TPR and GFR proteins
show extraordinary per-gene IES counts. (D) TPR but not GFR proteins are characterized by elevated IES
density (Wilcoxon rank-sum test: [ns] P>0.05; [*] P<0.05; [**] P<0.01; [***] P<0.001). (E) A TPR-motif
gene (PTET.51.1.G1500001) showing a characteristic pattern of IES distribution. This gene is hit by mul-
tiple IES retention at 32°C. IESs are positioned almost invariably at the 5" end of the TPR coding exons.
According to the v2.0 annotation of macronuclear gene models, PTET.51.1.G1500001 is the gene
with the greatest number of IESs to be found in the P. tetraurelia genome. (TPR) Tetratricopeptide repeat
region motif (IPRO19734); (GFR-Cys-rich) growth factor receptor cysteine-rich domain (IPRO09030); (IES

density) number of IESs per kb.

elevated mean IESs count (Fig. 8A) and IES density (Fig. 8B). Both
TPR-motif-containing proteins and GFR cysteine-rich domain-
containing proteins show significantly elevated numbers of IESs
per gene, being among the most IES-rich genes in the P. tetraurelia
genome (Fig. 8C). However, only TPR-genes show unusually high
IES densities (Fig. 8D): With IES densities up to 10 IES/kb, the TPR-
motif family of proteins alone accounts for almost 2.5% (1135
IESs) of the 44,928 PGM-IESs (an example of TPR-motif gene is
in Fig. 8E).

We then asked whether the pronounced representation of
large gene families such as GFR- and TPR-containing proteins in
our data set could be expected by chance. To address this point,
we partitioned P. tetraurelia genes into three InterPro domain
groups, TPR, GFR, and protein kinase-like domain (PKD) genes
(with the latter group serving as a control) and performed an en-
richment analysis on the experimental sets. We found that the
number of GFR-genes (as well as PKD-genes) hit by significant

generally little to no impact on this
developmental process. Alternatively,
environmentally induced perturbations
might introduce de novo molecular vari-
ation into the freshly processed somatic
DNA. Our results provide support for
this latter perspective.

Studying the process of pro-
grammed DNA elimination (PDE) in the
ciliate P. tetraurelia, we found that the
rate of IES retention during nuclear dif-
ferentiation is enhanced at nonstandard
culture temperatures (18°C and 32°C)
(Fig. 1A). Likewise, the efficiency of IES
elimination peaks at 25°C, but is reduced
atboth 18°C and 32°C (Fig. 2). In as little
as one sexual generation, the thermoplasticity of IES excision pro-
motes the introduction of hundreds of IESs into the somatic ge-
nome and enhances the nuclear prevalence (to varying degrees)
of IESs retained from previous sexual generations (Fig. 3B). These
results suggest that IES excision, although overall highly efficient
and reproducible, is to some degree sensitive to changes in the en-
vironmental temperature. This finding challenges expectations
about the general robustness of somatic genome development. It
may also be surprising, given that Paramecium is continuously ex-
posed to daily and seasonal temperature fluctuations in naturally
occurring conditions, and thrives along latitudinal temperature
clines (Krenek et al. 2011, 2012).

Does the observed increment in somatic genetic variation
have some biological relevance? The tendency of severely retained
[ESs to localize in intergenic regions and genes that are often under
low levels of selective constraints (Fig. 5) indicates that purifying
selection typically opposes IES retention. This implies that IES

GSPATG00035196001
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Table 1. IES-containing genes are enriched in specific molecular functions and biological processes

GO term IDs Molecular function Annotated Obs Exp FDR
G0:0016849 Phosphorus-oxygen lyase activity 63 56 29.96 1.25x1072
GO:0008081 Phosphoric diester hydrolase activity 73 59 34.72 3.97x1072
G0:0005249 Voltage-gated potassium channel activity 78 63 37.10 3.02x1072
GO0:0000155 Phosphorelay sensor kinase activity 177 142 84.18 1.12x107*
G0:0042626 ATPase activity, coupled to transmembrane movement of substances 144 104 68.49 2.03x1072
G0:0003777 Microtubule motor activity 245 174 116.52 1.34x1073
GO:0005524 ATP binding 3777 2300 1796.37 3.14x1072°
G0:0008270 Zinc ion binding 511 305 243.04 2.60x1072
G0:0070011 Peptidase activity 639 378 303.91 1.25x1072
GO0:0004674 Protein serine/threonine kinase activity 962 560 457.54 2.65x1073
G0:0003924 GTPase activity 386 138 183.59 4.92x1072
GO0:0003735 Structural constituent of ribosome 404 100 192.15 1.97x1078
GOID Biological process Annotated Obs Exp FDR
G0:0009190 Cyclic nucleotide biosynthetic process 63 56 29.96 2.52x1072
G0:0006816 Calcium ion transport 66 57 31.39 3.82x1072
GO:0006813 Potassium ion transport 100 77 47.56 4.66x1072
G0:0000160 Phosphorelay signal transduction system 224 165 106.54 1.10x1073
G0:0023014 Signal transduction by protein phosphorylation 228 166 108.44 1.55x1073
G0:0007018 Microtubule-based movement 269 185 127.94 5.67x1073
G0:0098662 Inorganic cation transmembrane transport 268 181 127.46 1.06x1072
G0:0006508 Proteolysis 691 404 328.65 3.01x1072
G0O:0006412 Translation 560 176 266.34 4.12x107°

(Annotated) number of genes mapped to the corresponding GO term in the genome; (Obs) observed number of genes; (Exp) expected number of
genes; (FDR) false discovery rate, Fisher’s exact test with Benjamini-Hochberg correction for multiple testing, Pagj<0.05.

The results shown in the table were obtained using the PANTHER gene list analysis tool. Similar results were obtained performing the functional enrich-
ment analysis with the topGO package (Supplemental Table S6). The outcome of the GO-term analysis was highly consistent between gene annotation

versions (macronuclear gene models v1 and v2).

retention in P. tetraurelia may achieve levels that are sufficiently
pronounced to impact fitness. Not only is this interpretation con-
sistent with previous results (Gout et al. 2010; Arnaiz et al. 2012;
Ferro et al. 2015), it also suggests that somatic IESs in P. tetraurelia
may represent biologically relevant variation.

We show that most of this biological variation is unlikely to
give rise to functional alternative protein sequence. Although
our data provide direct evidence that IESs can be incorporated
into transcripts, they also show that IES retention substantially dis-
rupts ORFs (Fig. 7). Moreover, increased IES retention following
environmental perturbation may result in the reduction of tran-
script availability (Fig. 6). These results suggest that IES retention
may help fine-tune gene expression in response to environmental
adversities. If maintained across sexual generations, IES retention
might facilitate gene loss by disrupting expression and relaxing lo-
cal selective constraints. Because the excision of homologous IES
loci appears to be largely independent (under the investigated con-
ditions), IES retention might also contribute to the diversification
of gene copies in the P. tetraurelia genome. These hypothetical dy-
namics are expected to unfold over evolutionary time and there-
fore beg an important question: Can somatic IESs be inherited?

The observed overlap between IES retention profiles (Fig. 3A)
cannot be explained by chance. We advance two, nonmutually ex-
clusive hypotheses to explain the recurrence of somatic IESs in
subsequent sexual generations. First, IESs flanked by weak splicing
signals might be inefficiently excised at each round of PDE and
thus consistently retrieved in the offspring genomes. The weak
splicing signals of somatic IESs are consistent with this possibility.
Second, the excision of somatic IESs might be controlled by small
noncoding RNAs that facilitate IES excision from the developing
macronucleus to mimic the parental genome organization. The re-
sulting trans-somatic inheritance is consistent with previous ob-

servations (Duharcourt et al. 1995, 1998; Aronica et al. 2008;
Lepére et al. 2008). It is also substantiated by the fact that four-
way-shared IESs (as well as somatic IESs in general) are enriched
with IESs that are cataloged as epigenetically regulated in P. tetraur-
elia (Fig. 4; Arnaiz and Sperling 2011). In addition, we found that
the overrepresentation of epigenetically controlled somatic IESs
is independent from their C;,-score. This provides support for
the hypothesis that somatic IESs may be inherited. Further studies
are required to strengthen this suggestion and to evaluate the
stability of transgenerational epigenetic inheritance of somatic
IESs alongside their effect on fitness.

Are certain genes preferentially targeted for IES retention?
The analysis of the genes hit by IES retention in response
to PDE’s thermoplasticity reveals that TPR protein-coding
genes may be particularly prone/susceptible to incomplete IES
excision (Fig. 8). Although the function(s) of these proteins in
Paramecium is currently unknown, in other organisms, TPR do-
mains mediate manifold functions, mainly contributing to pro-
tein—protein interactions and the assembly of multiprotein
complexes (e.g., Allan and Ratajczak 2011). Considering that
TPR protein-coding genes are IES rich and yet successfully freed
from IESs at 25°C, the observed high level of incomplete IES exci-
sion in these genes might simply reflect a particularly poor perfor-
mance of the excision machinery in IES-rich regions at suboptimal
temperatures. Alternatively, IES excision in TPR protein-coding
genes may be actively modulated in suboptimal environments,
for example, as a mechanism of gene expression control. This hy-
pothetical control mechanism could be enforced through the reg-
ulation of Dcl5-sensitive IESs, because we note that TPR protein-
coding genes display a twofold enrichment of Dcl5-controlled
IESs and a concurrent fivefold underrepresentation of Dcl2/3-con-
trolled IESs (Supplemental Table S7).
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We found that somatic genes involved in processes such as
signal transduction, cellular protein modification, and transport
of ions across membranes are significantly more likely to be inter-
rupted by IESs in the germline nucleus (Table 1). Thus, although
IESs show a nearly random distribution with respect to genic and
intergenic regions (Arnaiz et al. 2012), our functional enrichment
analysis suggests that the roughly 45,000 IESs in P. fetraurelia are
nonrandomly distributed in the coding genome in relation to mo-
lecular functions and biological processes. The functional enrich-
ment of IES genes could be explained in terms of (1) a spatially
patterned genomic invasion by transposable IES progenitors at-
tributable to heterogeneous levels of purifying selection that an-
tagonize gene interruption, and/or (2) differential expansion of
gene families in the P. tetraurelia’s genome following the invasion.
An alternative, tempting explanation is that IESs’ patterned
genomic topography has been shaped by natural selection over
evolutionary time to help regulate organismal responses to envi-
ronmental changes.

Finally, what is the mechanism behind PDE'’s thermoplastic-
ity? Suboptimal environmental conditions during nuclear differ-
entiation might have a direct impact on the biochemical
efficiency of the excision machinery. They might also alter DNA
repair pathways coupled with IES elimination. Consistent with
this latter hypothesis, intracellular processes coupled with DNA re-
pair, such as meiotic recombination, are also thermoplastic, with a
U-shaped temperature-performance response (Lloyd et al. 2018).
Alternatively, the somatic variability introduced at high and low
temperatures could result from an environmentally induced mod-
ulation or “rewiring” of the epigenetic machinery regulating IES
excision. In line with this, the excision of a sizable fraction of
somatic IESs in our study is known to be small RNA-dependent.
Future studies investigating the temperature response of small
RNAs guiding IES excision could help clarify the mechanistic basis
of PDE thermoplasticity.

In sum, further research is necessary to establish the mecha-
nisms behind PDE’s thermoplasticity and its adaptive significance.
The work presented here provides evidence that stressful environ-
mental conditions experienced during nuclear differentiation can
boost variability in newly developed somatic genomes. These find-
ings offer new insights into the ways the environment can elicit
plasticity in genetically identical organisms/cells.

Methods

Experimental design

To evaluate the effect of temperature change on PDE, fully homo-
zygous isogenic Paramecium cells were cultured in daily reisolation
and passed through autogamy (self-fertilization) at three different
temperatures. After a first round of autogamy at 25°C to establish a
parental line, one post-autogamous parental cell was isolated and
allowed to divide in fresh medium. Three of the resulting isogenic
cells in turn were used to start three sublines that were cultured in
daily reisolation and passed through a second round of autogamy
at 18°C, 25°C, or 32°C to establish filial lines. Single post-autoga-
mous F1 cells isolated for each of the sublines as well as the remain-
ing isogenic parental cells were expanded to mass culture for
somatic DNA extraction.

Paramecium strains and culture conditions

Paramecium tetraurelia strain d12 was used in the experiment.
Cells were grown in Cerophyl Medium (CM) inoculated with

Enterobacter aerogenes Hormaeche and Edwards (ATCC 35028).
Stocks were fed with bacterized CM every 2 wk and kept at
14°C. In preparation for the study, cells kept in stock were
washed 10 times in Volvic water to ensure monoxenic growth
conditions during propagation. Cells were grown in depression
slides under daily reisolation regimen in 200 pL of bacterized
CM. Autogamy was induced by letting approximately 25 divi-
sion-old cells starve naturally for 3 d with no addition of bacte-
rized medium. Occurrence of autogamy was confirmed by
screening >50 Acetocarmine-stained cells for macronuclear frag-
mentation under a light microscope. A single ex-autogamous
cell was isolated from each line, allowed to divide once, and sin-
gle caryonidal progenitors brought to mass culture for somatic
DNA isolation. Macronuclear fragmentation of sister caryonides
was confirmed by Acetocarmine staining.

Macronuclear DNA isolation and whole-genome sequencing

The somatic nuclei of both parental (25°Cyp) and filial lines
(25°Cg1, 32°Cyy, and 18°Cy;) were isolated and the macronuclear
DNA (MAC) subjected to whole-genome sequencing. MACs were
isolated after more than 10 vegetative divisions post-autogamy
to prevent carryover of maternal MAC fragments at the time of iso-
lation. Cells were resuspended in Volvic water for 2 h and allowed
to digest their food vacuoles before MAC isolation to reduce bacte-
rial load. MAC isolation was performed according to a described
protocol (Arnaiz et al. 2012). Purified genomic DNA was subjected
to pair-end Illumina sequencing (~90-100x coverage, on average,
150-nt-long reads) on a HiSeq 4000 system.

Data preprocessing

To increase the accuracy of DNA-seq, data analysis raw reads were
subjected to an initial step of quality control (QC) using FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and
preprocessed using the Joint Genome Institute (JGI) suite
BBTools 37.25 (Bushnell et al. 2017). Library adapters were re-
moved from the 3’ end of the reads with BBduk using the included
reference adapter file and ensuring the same length for both reads
of a pair after trimming. For the k-mer-based adapter detection, a
long and short k-mer size of 23 and 11, respectively, were used
and a single mismatch allowed. In addition, overlap-based adapter
detection was enabled. Finally, short insert sizes in part of the li-
brary were leveraged for an overlap-based error correction with
BBMerge, while keeping left and right reads separated.

Additional macronuclear genomes

We examined four additional somatic genomes, previously ob-
tained for P. tetraurelia strain 51 cells cultured and self-fertilized
at 27°C (Arnaiz et al. 2012; Lhuillier-Akakpo et al. 2014; Swart
et al. 2017). These genomes were used as controls for silencing ex-
periments and in Swart et al. (2017) are labeled as Control 1 (acces-
sion ERR1212635), Control 2 (accession ERR138450), Control 3
(accession ERR1212640), and Control 4 (accession ERR501376).
In Supplemental Table S2 these “control” genomes are labeled as
27_EV, 27_AR, 27_ND7, and 27_LA, respectively.

Calculation of IES retention scores

Quality improved, trimmed reads were mapped to the P. tetraurelia
strain 51 reference somatic genome available via ParameciumDB
(Arnaiz and Sperling 2011) and to a pseudogermline genome con-
taining all the known 44,928 IESs previously identified by Pgm
knockdown (Arnaiz et al. 2012) that was created with the Insert
module of ParTIES 1.00 (Denby Wilkes et al. 2016). Read mappings
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were performed with Bowtie 2.3.2 (Langmead et al. 2009) using the
local alignment function for paired-end reads in very sensitive
mode (--very-sensitive-local), and the resulting SAM files were ma-
nipulated with SAMtools 1.4.1 (Li et al. 2009) for downstream pro-
cessing. IES retention scores were calculated with the MIRET
module of ParTIES using the IES score method. Briefly, parTIES
computes IRSs from DNA-seq mapping files as the ratio between
IES-positive reads and the sum of IES-positive plus IES-negative
reads [IES*/(IES* +IEST)].

Genome-wide analysis of IES retention

Genome-wide analysis of IES retention was performed via statisti-
cal comparison of FO/F1 IRSs as implemented in the R script ac-
companying ParTIES, with the following modifications. The
upper and lower bound of the 75% confidence interval (CI) con-
structed on the FO retention score was taken as a reference reten-
tion score for binomial testing of upward or downward
transitions, respectively. Lowly supported IESs, that is, [ESs with
a total support <20 reads (IES*+IES™), were excluded from the
study. The P-values were corrected for multiple testing with the
Benjamini-Hochberg method, and a cutoff of 0.05 was used to des-
ignate IESs with significantly different retention levels in F1 com-
pared to FO samples.

Genome-wide analysis of cryptic IES excisions

To estimate the rate of cryptic IES excision in response to temper-
ature changes during nuclear differentiation TA-bounded somatic
deletions were characterized for the parental FO genome, and the
three F1 genomes were rearranged at 18°C, 25°C, and 32°C using
the MILORD module implemented in ParTIES. Reads mapped on
the reference macronuclear genome assembly of P. tetraurelia strain
51 were provided as input. Low coverage cryptic IESs with total
read counts (support_ref+support_variant) <20 were excluded
from the analysis. Deletion scores (DSs) were calculated as the ratio
of reads supporting cryptic IES excision over all reads spanning the
somatic region, that is, support_var/(support_var + support_ref).
Cryptic IESs alternatively excised across samples were collected
by filtering deletion scores with SD>0.3. Manual inspection
with Integrative Genomics Viewer (IGV) (Robinson et al. 2011)
was used to confirm putative temperature-sensitive excisions
that were tagged as “Unstable.” Conversely, cryptic IESs consis-
tently excised (DS>0.5 in all samples) were tagged as “Stable.”
The catalog of gene-mapping cryptic IESs is provided in
Supplemental Table S1.

Downstream data analyses

We compiled a table (Supplemental Table S2) that reports the ob-
tained IRSs of all samples and a plethora of additional IES-related
information calculated ad hoc for this study or collected from pre-
vious studies and/or processed from various external sources, for
example, the Paramecium tetraurelia strain 51’s genome annotation
v2 (Arnaiz et al. 2017). All external data are publicly available
at ParameciumDB (Arnaiz and Sperling 2011). The following
downstream analyses were conducted using in-house Python
(https://www.python.org/) and R (R Core Team 2017) scripts
(Supplemental Code).

IES retention profiles simulation

We simulated IES retention as a stochastic process. Four random
samples were drawn without replacement from the full reference
set of [ESs (PGM-IESs). The size of the random samples was set
equal to the number of incompletely excised IESs (IRS>0) ob-

served in each of the four investigated genomes. This simulation
was repeated 1000 times, and the maximum number of elements
shared by chance across all four drawings (theoretical four-way
overlap assuming random IES retention) was used as an expecta-
tion to compare against the experimental data.

Impact of incomplete IES excision on genes

For IESs located in the coding region of protein-coding genes, we
checked whether their retention promotes the induction of a pre-
mature termination codon (PTC). We calculated the IES’s position
with respect to the translation start codon, inserting the IES at this
location and scanning this artificial CDS + IES-construct for an in-
frame TGA (the only stop codon in Paramecium) upstream of the
annotated one. In case a PTC was detected, we marked the distance
of the PTC to the CDS start and, in case of non-3n IESs (IESs with a
size that is not a multiple of three), we marked whether the PTC
occurred inside the IES body or downstream. The theoretical diver-
sification potential of PGM-IESs was calculated as the fraction of
IESs whose eventual retention would neither induce PTCs nor alter
the reading frame. They thus contribute to a potentially produc-
tive diversification of the coding sequence space (productive
IESs). PTC-inducing IESs were further divided into PTC-IES, IESs
whose insertion leads to the introduction of a PTC within the in-
sertion itself, and FS-IES, which disrupt the open reading frame
and introduce a PTC downstream from the inserted region. A small
number of [ESs do not introduce PTCs but lead to the ablation of
the true stop codon (tail-IESs) (see also Fig. 6).

Gene families and GO-term enrichment analyses

For each investigated temperature, we tested whether specific gene
families were over- or underrepresented among the genes affected
by significant IES retention. We devised a sampling procedure that
accounts for nonhomogeneous IES densities across P. tetraurelia’s
genes. Briefly, 10,000 IES sets with size equal to the number of sig-
nificantly retained IESs in the experimental samples were random-
ly drawn from the PGM-IESs set. A nonredundant collection of
genes hit by simulated IES retention was extracted at each draw,
and the proportion of proteins carrying a specific functional
domain (e.g., tetratricopeptide repeat-containing genes, and pro-
tein Kinase-like domain) was used to build a null distribution.
The mean of this null distribution was then treated as the success
probability for a two-sided binomial test with a significance cutoff
of P<0.01. Raw P-values were adjusted via the Benjamini-
Hochberg procedure.

The functional enrichment analysis of IES-containing genes
was performed using the statistical overrepresentation test of the
PANTHER gene list analysis tool (Mi et al. 2019) and cross-validat-
ed with the topGO package (https://www.bioconductor.org/
packages/release/bioc/html/topGO.html). The mRNA IDs (e.g.,
GSPATT00000013001) of IES-containing genes (macronuclear
gene models v1) were used as supported gene identifiers for the
PANTHER gene list analysis. In all cases, IES-containing genes
were tested against the full set of macronuclear (coding) gene mod-
els of P. tetraurelia. The WeighO1 algorithm and F statistic (Fisher’s
exact test) were used for testing the GO-terms overrepresentation
with the topGO package. Raw P-values provided by topGO were
adjusted with the P.adjust function (method = “hochberg”) imple-
mented in the R package stats (version 3.4.0). A critical value of
0.05 was adopted as significance threshold in all tests.

mRNA samples and transcript quantification

Transcriptomic data were obtained from two lines of P. tetraurelia
strain d12, each expanded from a distinct post-autogamous cell
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and exposed to 25°C during vegetative growth. After the extraction
with TRIzol, the total RNA samples were used for library construc-
tion, a protocol that includes mRNA isolation by poly(A)-capture,
fragmentation, cDNA synthesis, adapter ligation, amplification by
PCR, and fragment length assessment. The prepared RNA was
sequenced on an Illumina HiSeq 4000 platform yielding app-
roximately 20 million 150-bp paired-end reads per sample. The
raw reads were subjected to a quality control with FastQC (http
://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and
trimmed with Atropos (Didion et al. 2017). The processed reads
were aligned to the P. tetraurelia reference genome (Aury et al.
2006; Arnaiz et al. 2017) with STAR (Dobin et al. 2013). The
RSEM software package (Li and Dewey 2011) was used for tran-
script quantification.

Data access

High-throughput sequencing data generated in this study have
been submitted to the European Nucleotide Archive (https://
www.ebi.ac.uk/ena) under the accession number PRJEB28697
for the whole-genome resequencing experiment (DNA-seq for
control and temperature-exposed samples) and ERS3357003-
ERS3357004, for the mRNA experiment (two biological replicates
cultured at 25°C). Custom analysis scripts are available as
Supplemental Code.
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