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Abstract

Transposable elements (TEs) comprise a large proportion of the eukaryote genomes. Yet it remains poorly understood how TEs
influence the fitness of the hosts carrying them. Here, we empirically test the impact of TEs on the host fitness in the fission yeast
Schizosaccharomyces pombe. We find that two families of TEs (Tf1 and Tf2 elements), both of which belong to long terminal repeat
retrotransposons, are highly polymorphic among individual S. pombe strains. Only 13 complete Tf2 elements are identified in
S. pombe laboratory strain 972. These 13 Tf2 elements integrated into host genomes in very recent time and are segregating within
the S. pombe population. Through knocking out each of the 13 Tf2 elements in S. pombe strain 972, we find Tf2 knockout does not
affect the host fitness, and T2 elements do not alter the expression of nearby genes. Challenged by diverse forms of stress, the Tf2
knockout strains do not exhibit different growth rates from wild-type strain. Together, we conclude that segregating complete Tf2
elements insertions are largely neutral to host fitness in the fission yeast. Our study provides genome-wide empirical support for the
selfish nature of TEs in fission yeast.
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Significance

Few genome-wide empirical tests have been performed to explore the effects of transposable elements (TEs) on the
host fitness. We knocked out each of the 13 complete TEs in Schizosaccharomyces pombe strain 972, and found that
these segregating TEs neither have significant effect on the host fitness nor alter the expression of nearby genes. Our
study provides empirical support for neutral evolution and selfish nature of TEs in fission yeast.

Introduction ranking groups (subclasses, superfamilies, or families) based

on mechanistic features, genome organizations, and phyloge-
netic analyses of hallmark genes (Wicker et al. 2007,
Kapitonov and Jurka 2008).

Like most new mutations, the majority of new TE inser-
tions have been thought to be deleterious to the host fitness
(Lynch 2007; Arkhipova 2018; Cosby et al. 2019; Payer and
Burns 2019). When a TE inserts into an essential cellular gene

Transposable elements (TEs) comprise a substantial fraction of
the genomes of eukaryotes (Wicker et al. 2007; Wells and
Feschotte 2020). TEs are typically classified into two classes
based on their transposition mechanisms, namely class | (retro-
transposons) and class Il (DNA transposons) (Wicker et al.
2007; Kapitonov and Jurka 2008; Wells and Feschotte
2020). Class | TEs replicate through RNA intermediates and

reverse transcription, whereas most of class Il TEs mobilize
through excising themselves and moving to new genomic
locations (Wicker et al. 2007; Wells and Feschotte 2020).
Both classes can be further divided into distinct lower-

and disrupts its function, it could be a lethal mutation
(Kazazian et al. 1988; Arkhipova 2018; Payer and Burns
2019). Indeed, some human genetic diseases are known to
be caused by new TE insertions (Kazazian et al. 1988; Payer
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and Burns 2019). These TE insertions that are selectively dis-
advantageous will be rapidly removed from the host popu-
lation by purifying selection. However, nearly all the
eukaryote genomes (with a few exceptions, such as the hu-
man malaria parasite Plasmodium falciparum) are known to
harbor TEs (Gardner et al. 2002; Wells and Feschotte 2020).
Many nonmutually exclusive hypotheses have been pro-
posed to account for the function, maintenance, and evolu-
tion of TEs within host genomes (Charlesworth 1987;
Finnegan 1989; Sundaram and Wang 2018). 1) TEs are col-
loquially referred to as “junk” DNA that conveys little selec-
tive advantage to the organism (Doolittle and Sapienza
1980); 2) TEs might induce mutations and facilitate genomic
rearrangements which contribute the evolutionary potential
of the host population in the long run. However, “evolution
is not anticipatory; structures do not evolve because they
might later prove useful” (Doolittle and Sapienza 1980); 3)
TEs are selfish genomic parasites with two properties: ampli-
fying by forming additional copies within the genome and
making no specific contribution to the phenotype, that is,
the selfish DNA hypothesis (Doolittle and Sapienza 1980;
Orgel and Crick 1980); 4) The mutations caused by TEs might
be beneficial, and fuel adaptation to changing environmen-
tal conditions (Daborn et al. 2002; Blanc and Adams 2003;
Arkhipova 2018; Esnault et al. 2019). For example, the mu-
tation giving rise to industrial melanism in the peppered
moth Biston betularia is a TE insertion into the first intron
of the gene cortex that is estimated to occur around 1819
(Van't Hof et al. 2016); and 5) TEs have long been postulated
to have a fundamental role in gene regulation in eukaryotes
(McClintock 1956; Britten and Davidson 1969). Donating
the same transcription factor binding sites to nearby genes
where they integrated into the genome, TEs might contrib-
ute to the origin, evolution, and rewiring of gene regulatory
networks (Chuong et al. 2016, 2017; Lynch 2016; Nishihara
2019; Ullastres et al. 2021). In general, hosts can repurpose
TEs to perform cellular function, a process known as co-
option or exaptation (Brosius and Gould 1992; Cosby et al.
2019; Wang and Han 2020, 2021). Albeit with these hy-
potheses and models, it remains obscure and contentious
about the role of TEs in the host genome. Vanishing few
genome-wide empirical tests has been performed to directly
interrogate the effect of TEs on the host fitness.

The fission yeast Schizosaccharomyces pombe represents an
important model for studying the biology of eukaryotes (Rhind
et al. 2011). For TEs, two closely related families of long termi-
nal repeat (LTR) retrotransposons, designated Tf1 and Tf2, have
been identified within diverse S. pombe strains (Levin et al.
1990; Hoff et al. 1998; Bowen et al. 2003; Esnault and Levin
2015). The genome of S. pombe laboratory strain 972 contains
only 13 complete Tf2 retrotransposons, and 35 solo-LTRs gen-
erated by homologous recombination between the two LTRs
flanking an LTR retrotransposon (Wood et al. 2002; Bowen
et al. 2003). The chromosome locations and the copy numbers

of Tf1 and Tf2 are different among different S. pombe isolates
(Levin et al. 1990). Although new Tf1 element insertions might
provide a potential path to cope with environmental stress
(Feng et al. 2013; Esnault et al. 2019), it remains unclear the
effect of segregating TEs on the host fitness.

In this study, we empirically tested the effect of complete
TEs on host fitness using S. pombe as the model. We found
that complete TEs were polymorphic among S. pombe iso-
lates. Through knocking out each of the 13 complete Tf2
elements in S. pombe laboratory strain 972, we found that
these segregating complete Tf2 elements neither have a sig-
nificant effect on the host fitness nor alter the expression of
nearby genes. Our results might provide novel insights into
the relationship between TEs and their hosts.

Results

TEs Are Polymorphic within the S. pombe Population

First, we analyzed the distribution and diversity of TEs within
the S. pombe population. As previous studies (Levin et al.
1990; Hoff et al. 1998; Bowen et al. 2003; Esnault and
Levin 2015), we identified two major families of LTR retro-
transposons, namely Tf1 and Tf2 retrotransposons, and found
that Tf1 and Tf2 elements are present within all the 19
S. pombe strains sampled globally (fig. 1A; supplementary
tables S1-53, Supplementary Material online). The copy num-
bers of complete Tf1 and Tf2 elements are different among
S. pombe strains, ranging from 1 (in strain JB939) to 64 (in
strain JB1110). Complete Tf2 elements are present in all the
S. pombe strains studied, whereas complete Tf1 elements are
not identified in nearly half (8/19) of S. pombe strains. The
absence of Tf1 elements in some S. pombe strains is possibly
due to internal region removal resulting from recombination
between LTRs after insertions into host genomes, as a large
number of Tf1 solo-LTRs were identified in all these S. pombe
strains (fig. 14). It should be noted that these numbers are
rough estimates, because TEs represent obstacles in genome
assembly. We built phylogenetic networks for all the complete
Tf1 and Tf2 elements and found a complex network structure,
indicating that recombination might have taken place within
and between Tf1 and Tf2 elements (fig. 1B). These results
suggest that Tf1 and Tf2 elements are highly polymorphic
among individual fission yeast strains.

Consistent with previous studies (Bowen et al. 2003), we
identified a total of 13 complete Tf2 elements within the ge-
nome of S. pombe laboratory strain 972 (fig. 10). The 13 Tf2
elements of strain 972 are closely related and distributed at a
tree-like region (fig. 1B). Indeed, no recombination signal was
detected within these T2 elements with the exception of Tf2—
11. Tf2-11 is derived from recombination between Tf2 and
Tf1 with Tf1 contributing to part of 5-LTR (fig. 1C; supple-
mentary fig. S1, Supplementary Material online) (Bowen et al.
2003). Tf2-7 and Tf2-8 are tandem elements which share a
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Fic. 1.—The evolution and distribution of Tf1 and Tf2 elements in S. pombe. (A) The distribution and copy numbers of Tf1 and Tf2 elements in 19
S. pombe strains sampled globally. Phylogenetic relationship among 19 S. pombe strains was reconstructed based on 30 randomly selected genes. The copy
numbers of complete Tf elements, truncated Tf elements, solo LTRs for each strain are shown in the corresponding rows. (B) Phylogenetic networks for all the
full length Tf1 and Tf2 elements in 19 S. pombe strains. The 13 Tf2 elements in strain 972 are indicated with filled circles with different colors and enlarged.
(Q) The structure and position of 13 Tf2 elements in strain 972. The pink and blue boxes represent GAG and POL proteins, and the arrows on both sides are
5'-and 3'-LTRs. The small red fragment within the 5’ LTR of Tf2—11 indicates that it is derived from the LTR of Tf1. (D) The syntenies of 13 Tf2 elementsin 19
S. pombe isolates. 5’ flanking and 3’ flanking regions are 1,000 bp sequences flanking Tf2 elements. The Tf1 and Tf2 elements are highlighted in blue and
orange, respectively. (E-G) The pairwise nucleotide identity among 13 Tf2 elements. (E) The pairwise identity of 5'- and 3'- LTRs for each Tf2 element. (F) The
pairwise identity between complete Tf2 elements. (G) The pairwise identity between complete Tf2 elements without 5'-LTR.

common internal LTR (fig. 1C). To further investigate the evo-
lutionary history of the 13 Tf2 elements, we analyzed the
syntenies among 19 S. pombe strains for each of these 13
Tf2 elements (fig. 1D). We found these 13 Tf2 elements are
segregating within the S. pombe populations. In general, the
integration of these Tf2 elements occurred among closely re-
lated strains. However, the integration pattern is occasionally
inconsistent with strain phylogeny, which might be explained
by: 1) Multiple independent integration into similar genomic
positions, given Tf1 and Tf2 have integration preferences
(Bowen et al. 2003). For Tf2-1, Tf2-2, Tf2-5, and Tf2-10,
we found orthologous Tf2 elements do not cluster together,
indicative of multiple independent integration (supplementary
fig. S2, Supplementary Material online). 2) Introgression in-
volving regions with TEs occurred among S. pombe strains.
Nevertheless, our results show that the 13 complete Tf2 ele-
ments are segregating within the S. pombe population.

The pairwise identity between 5'- and 3'-LTRs for each
complete Tf2 element is greater than 98%, except for Tf2—
11 (only 75.07%) (fig. 1), which is due to recombination
between Tf2 and Tf1 in 5-LTR (fig. 1C). Although the pairwise
identity between complete Tf2 elements is greater than 97%

(fig. 1F), the pairwise identity between Tf2 elements (exclud-
ing 5'-LTR of each of Tf2 elements) is greater than 99%
(fig. 1G). These lines of evidence suggest that Tf2 elements
have been very recently proliferating during the evolutionary
course leading to strain 972.

Tf2 Knockout Has No Effect on S. pombe Growth

To explore the effect of segregating complete Tf2 elements on
the growth of S. pombe, we knocked out each of the 13 Tf2
elements in strain 972 using “deletion cassette” through ho-
mologous recombination with a KanMX marker gene flanked
by two homologous fragments (fig. 2A). We generated a total
of 12 Tf2 knockout (ATf2) strains, because Tf2-7 and Tf2—
8 are in tandem with each other (ATf2-7 represent the strain
without Tf2-7 and Tf2-8) (fig. 1B). To exclude the effect of
the marker gene on the growth of S. pombe, we inserted
a KanMX in the gene-poor region (Chromosome | (Chrl):
2,973,561-2,973,583), generating a knockin strain E1
(fig. 2B). The spot assay, a semi-quantitative method com-
monly used to analyze yeast growth phenotypes, shows that
there was no significant difference between wild type (WT)
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Fic. 2—Tf2 knockout and the effects of Tf2 on growth of S. pombe. (A and B) The schematic diagram of a homologous recombination gene *“ deletion
cassette” (A) and ‘insertion cassete’ (B). Both the 5’homology and the 3’homology are 500 bp sequences flanking Tf2. The position of E1 is insertion in a gene
poor region. (C) The spot assay of Tf knockout, E1, and WT strains cultured at 32°C. (D) The growth curves and maximum growth rates of WT, E1, and Tf2
knockout isolates. The growth curves of WT and Tf2 knockout strains were obtained by kinetic experiments, and each of the 13 Tf2 knockout strains was
compared with the WT strain. Three biological replicates were performed. The average ODgq is shown as solid line with the error bar representing standard
deviation (SD). The filled circles with different colors are the data of the replicates. The average of maximum growth rates for all the three replicates is shown

with the error bar representing SD.

and knockout strains (fig. 2C). Furthermore, there was no sig-
nificant difference in growth curves was observed among WT,
E1, and ATf2 strains (fig. 2D). All the strains reached the log-
arithmic growth phase at ~6h, and reached the stationary
phase at ~14h (fig. 2D). Moreover, we estimated the maxi-
mum growth rates for WT, E1, and ATf2 strains, and found
that the maximum growth rates for all the experimental strains
were ~0.14 (fig. 2D). No significant difference in the maxi-
mum growth rates was observed between WT and knockout
strains (P> 0.01), although weak difference was observed for
some comparisons between E1 and knockout strains possibly
due to stochastic errors. Taken together, these results imply
that segregating complete Tf2 elements might have limited
effect on the growth of S. pombe.

Tf2 Knockout Has No Effect on S. pombe Fitness

To determine the effect of TEs on yeast fitness, we calculated
the relative fitness of each knockout strain and to exclude the

effect of marker gene, the E1 was also calculated. We found
that knocking out Tf2 elements had limited effect on yeast
fitness. The relative fitness of ATf2-1 (1.0710 * 0.2463),
ATf2-2 (1.0181 £ 0.0518), ATf2-3 (1.0031 = 0.1681), ATf2—
4 (1.0031 +£0.1681), ATf2-5 (0.9831 + 0.0462), ATf2-6
(1.0140 = 0.0794), ATf2-7 (0.9666 + 0.1234), ATf2-9
(0.9964 +0.2128), ATf2-10(1.0033 = 0.0556), ATf2-11
(0.9345 +0.1434), ATf2-12(1.0017 = 0.1247), and ATf2-
13(1.0029 + 0.0063) are all very close to 1 (table 1, fig. 2D).
Therefore, Tf2s might have only very small, if not any, effect on
the fitness of yeast.

Next, we used competition experiment to measure the
relative fitness of yeast strains. We expressed a green fluores-
cent protein (GFP) under the control of the ADH1 promoter in
WT and ATf2 strains, and GFP was consistently expressed
throughout the competition experiment (fig. 34). We mixed
WT with GFP (WT-GFP) with ATf2 in roughly equal ratio (note:
not exactly 50% due to stochastic errors), making WT-GFP
and ATf2 coexist and compete in a 7-day simulated

4 Genome Biol. Evol. 13(11) https://doi.org/10.1093/gbe/evab254  Advance Access publication 17 November 2021



The Effect of Transposable Elements on Host Fitness GBE

Table 1 performed the competition experiment between WT and
The Relative Fitness of ATf2s Relative to WT Estimated from Kinetics ATf2-GFP strains. Once again' no directional trend was ob-
Experiments served for any ATf2-GFP stain (fig. 3£). These results suggest
Strain Fitness = SE Relative to WT that the segregating complete Tf2 elements are largely neu-
E1 1.0146 +0.1119 tral for the fitness of S. pombe.

AT2-1 1.0710 + 0.2463

ATf2-2 1.0181+0.0518

ATf2-3 10031+ 0.1681 Tf2 Knockout Has No Effect on the Expression of Nearby
ATf2-4 1.0134 + 0.2424 Genes

ATf2-5 0.9831 = 0.0462

ATf2-6 1.0140 = 0.0794 TE integration might affect the expression of nearby host
AT2-7 0.9666 = 0.1234 genes in S. pombe (Bowen et al. 2003). To explore whether
ATf2-9 0.9964 + 0.2128 Tf2 element insertions affect the expression of nearby genes,
ATf2-10 1.0033 + 0.0556 we mapped their positions in the genome (fig. 4) and used
ATf2-11 0.9345=0.1434 real-time quantitative fluorescent PCR to measure the tran-
ATf2-12 1.0017=20.1247 scriptional level of nearby genes for WT and ATf2 strains
ATf2-13 1.0029 + 0.0063

(fig. 4). Except for Tf2-11, the distance between the Tf2
elements and their adjacent genes was within less than
competition environment (fig. 3B). Similar to the competition 1,000bp (fig. 4). For Tf2-3 (fig. 40), Tf2-4 (fig. 4D), Tf2-6
between WT-GFP and WT strains (fig. 3C), the proportion of (fig. 4F), and Tf2-12 (fig. 4K), they are less than 200 bp away
WT-GFP population fluctuated around 50% without a direc- from their nearby genes, but their knockouts did not affect
tional trend for the competition between WT-GFP and ATf2 the expression of nearby genes (P=0.57 for Tf2-3, P=0.45
strains (fig. 3D). No obvious decrease or increase in fitness was for Tf2-4, P=10.89 for Tf2-6, and P=0.07 for Tf2-12). For
observed for either ATf2 strains (fig. 3D). Moreover, we also Tf2-3, it partially overlaps with the 5-UTR of amt3, but no
expressed a GFP in each ATf2 strain (ATf2-GFP), and significant difference in nearby gene expression was observed
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Fic. 4.—The effects of Tf2 elements on the expression of nearby genes. (A-L) Compression of the expression levels of nearby genes between WT and
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nearby genes. All experiments were performed for three biological replicates which are represented by colored filled circles, and the error bar represents SD.

Statistically, significance was determined by Student’s t-test ("P< 0.05, “"P< 0.01,

between WT and ATf2-3 strains (P= 0.57) (fig. 4C). For Tf2—1
(fig. 44), Tf2-2 (fig. 4B), Tf2-10 (fig. 4/), Tf2-13 (fig. 4L), they
are ~1,000 bp away from their nearby genes, and no signif-
icant difference in nearby gene expression was observed be-
tween WT and ATf2 (P=0.17 for Tf2-1, P=0.92 for Tf2-2,
P=0.82 for Tf2-10, and P=0.23 for Tf2-13). In summary,
our results suggest that the Tf2 elements do not affect the
expression of nearby genes.

ko

P<0.001).

Tf2 Knockout Has No Effect on S. pombe Stress Response

To explore the effect of Tf2 elements on stress response of
S. pombe, we used the spot assay to observe the growth of
yeast challenged by four different stresses (hyperthermal, nu-
tritional, oxidative, and osmotic stresses). The growth of WT
and ATf2 strains is similar under the normal culture condition
of 32°C (fig. 2C). When challenged by hyperthermal stress
(cultured in 37 °C), the growth was slower for both WT and
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Fic. 5.—Spot assay of Tf2 knockout strains. WT and Tf2 knockout strains were cultured in liquid medium until logarithmic growth phase, and the stock
suspensions obtained by10-fold serial dilution were spotted onto the rich medium (4), rich media containing 5mM H,0, (YE + H,0,) (B), rich media
containing 0.15M NaCl (YE 4+ NaCl) (), and rich media containing 3% glycerol (YE + Gly) (D). Plate A was cultured at 37 °C for 5days. Plates B-D were

cultured at 32°C for 3-7 days.

ATf2 strains, but no significant difference in growth was ob-
served between WT and ATf2 strains (fig. 54). Under oxida-
tive stress (cultured by adding hydrogen peroxide), no obvious
difference in growth was observed between WT and ATf2
strains (fig. 5B). Under osmotic stress (cultured by adding
0.15M NaCl) and nutritional stress (cultured by adding 3%
glycerol), WT and ATf2 strains were similar in growth. Taken
together, our results suggest that the complete Tf2 elements
might have no obvious effect on stress responses of S. pombe.

Discussion

In this study, we empirically tested the effect of segregating
TEs on the fitness of the host using S. pombe as the model
system. Two families of LTR retrotransposons, namely Tf1 and
Tf2 elements, were widely present in S. pombe strains sam-
pled globally. Consistent with previous studies (Bowen et al.
2003), we identified 13 Tf2 elements, a family of LTR-
retrotransposon, within the genome of S. pombe strain
972. These Tf2 elements are segregating within the
S. pombe population, and appear to be resulted from recent
integration. Recombination occurred among and between
Tf1 and Tf2 elements, potentially facilitating chromosomal
rearrangement or structural variation in S. pombe (Fawcett
et al. 2014; Jeffares et al. 2017; Tusso et al. 2019).

To empirically test the effect of TEs on the host fitness, we
knocked out each of Tf2 elements within S. pombe laboratory
strain 972. We found that Tf2 knockout has no obvious effect
on the growth of S. pombe. For each of the knockout strains,
the relative fitness to WT is close to 1. Although the relative
fitness for ATf2—1 and ATf2-11 is ~1.07 (=0.25) and ~0.93
(*0.14), the standard error appears to be pretty large and no

directional trend was observed for either strain in competition
experiment. Through competition experiment, we found Tf2
knockout did not affect the fitness of S. pombe. Moreover, no
significant effect of Tf2 elements on the expression of nearby
genes was observed, although the possibility of Tf2 elements
acting as long-distance enhancers cannot formally excluded.
Taken together, our results suggest segregating complete Tf2
elements are largely neutral to the fitness of S. pombe.

TE insertions have been thought to impact the expression
of host genes, providing a potential means to cope with en-
vironmental stress (McClintock 1984; Negi et al. 2016;
Horvath et al. 2017; Lanciano and Mirouze 2018; Esnault
et al. 2019). In this study, we challenged WT and Tf2 knock-
out strains with hyperthermal, oxidative, osmotic, and nutri-
tional stresses. Under these stresses, no difference in growth
was observed between WT and Tf2 knockout strains, sug-
gesting that Tf2 elements might play limited role in response
to these stresses. Given that environmental stresses might be
far more complex in nature, it is possible that these Tf2 ele-
ments help adapt to other stresses. However, these Tf2 inser-
tions appear to have limited effect on the expression of
nearby genes, making the possibility less likely.

Our study suggests that segregating complete Tf2 ele-
ments are largely neutral in S. pombe. But previous studies
found, when subjecting TE-tagged S. pombe cells to stresses,
novel TE integration promotes the expression of stress re-
sponse genes, proving a path to cope with stresses (Feng
et al. 2013; Esnault et al. 2019). This paradox can be readily
explained by the neutral theory of molecular evolution
(Arkhipova 2018). Most new TE insertions are deleterious,
which will be rapidly removed from the host population
(Arkhipova 2018). A majority of the remaining new TE
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insertions are selectively neutral or slightly deleterious
(Arkhipova 2018), and their fates are governed by genetic
drift, accounting for most of TE insertions polymorphism
within the host population. Consistently, our study suggests
segregating Tf2 elements are largely neutral to the host fit-
ness. Only a minor fraction of novel insertions might be ben-
eficial, which might be fixed by positive selection (Arkhipova
2018), as exemplified by those novel TE insertions up-
regulating stress response genes (Feng et al. 2013; Esnault
et al. 2019). However, when stresses are alleviated or
changed, these insertions might not be beneficial anymore.
Our study provides empirical support for the selfish nature of
Tf2 elements in fission yeasts: they amplified very recently
within the genome, and making no obvious contribution to
the host phenotype (Doolittle and Sapienza 1980; Orgel and
Crick 1980). The possibility that these complete TE elements
and their derivatives gain new biological functions during the
evolutionary course cannot be formally excluded.

What are the ultimate fates of these segregating complete
Tf2 elements? Based on our results, these segregating com-
plete Tf2 elements will mainly evolve under genetic drift, ac-
cumulating disruptive mutations (including internal region
removal by recombination between LTRs) and degrading
sometime in the future. Or the segregating complete Tf2
elements might provide raw materials for co-option by hosts,
which might be rare but not impossible. Nevertheless, our
study provides empirical support for a neutral evolution model
and selfish nature of TEs and might have general implications
in understanding the relationship between the TEs and their
hosts.

Materials and Methods

Population Genomics Analysis

We used similarity search with diverse TE proteins to identify
TEs within in 19 S. pombe strains sampled globally (supple-
mentary table S1, Supplementary Material online). In previous
studies (Levin et al. 1990), we identified two families of LTR
retrotransposons, namely Tf1 and Tf2 elements. Then, we
used the BLASTn algorithm to identify Tf1 and Tf2 elements
within 19 S. pombe strains with Tf1 and Tf2 elements as
queries and an e cutoff value of 10~°. The putative proteins
and domains were annotated using Conserved Domain
Search (Marchler-Bauer and Bryant 2004). LTRs were anno-
tated using LTRfinder (Xu and Wang 2007). Given Tf1 and Tf2
elements exhibit high sequence divergence in Gag, we distin-
guished Tf1 and Tf2 elements based on phylogenetic analysis
of Gag proteins.

To reconstruct the phylogenetic relationship among 19
S. pombe strains sampled globally, we randomly selected 30
genes (supplementary table S4, Supplementary Material on-
line) and concatenated these genes by Phylosuite version
1.2.1 (Zhang et al. 2020). Sequences were aligned using

MAFFT (Katoh and Standley 2013). Phylogenetic analysis
was performed using a maximum likelihood algorithm imple-
mented in IQ-TREE (Nguyen et al. 2015). We generated split
networks of complete Tf1 and Tf2 elements through neigh-
borhood network analysis implemented Splittree4 (Huson and
Bryant 2006). RDP5 (Martin et al. 2020) was used to examine
recombination in Tf1 and Tf2 elements. Sequence identity
among Tf2-11, Tf2 (accession No. L10324), and Tf1 (acces-
sion No. M38526) was examined using Simplot (Bowen et al.
2003) with a window size of 100 nt and a step size of 10nt.
Pairwise identity was calculated by BioAider version 1.334
(Zhou et al. 2020).

Strains, Media, and Culture Conditions

The strains used in this study were from American type culture
collection. The S. pombe strains were grown using standard
methods and media. The rich media used were Yeast Extract
(YE) media. All cells were cultured at 32°C and cell growth
was monitored by ODgqo.

Tf2 Knockout

All the strains used in this study were derived from
S. pombe laboratory strain 972. We knocked out TEs
with “deletion cassette” through homologous recombina-
tion with a KanMX flanked by two homologous fragments
(Moreno et al. 1991; Garcia-Rios et al. 2014). Strains were
generated by transformation with a lithium acetate-based
method (Moreno et al. 1991; Garcia-Rios et al. 2014). We
used the same method to express a GFP with the nuclear
localization signal (NLS) controlled by ADH1 promoter in
each ATf2 strain.

Spot Assay

The yeast strains were cultured in YE liquid medium at 32 °C
with shaking at 200rpm overnight. The strains incubated
overnight were transferred to a new YE liquid, and grow to
ODgqo value of ~3. The cells were collected by centrifugation,
and ODggp Was adjusted to 3. Then, the strains were contin-
uously diluted by a gradient of 10 times to 10>, generating
five stock suspensions. The five stock suspensions were used
to perform the spot assay. We plated 2.5 ul of each stock
suspension on the surface of YE, YE+0.15M NaCl,
YE + 3% glycerol, YE+ 5mM H,0, solid medium. The plates
were cultured at 32 °C before observing the growth of colo-
nies. At the same time, we cultured the YE plates at 37 °C to
observe the growth of colonies.

Growth Curve Analysis and Fitness Measurement

All cells were cultured at 32 °C with a starting OD600 value
of 0.2. We measured the number of cells as well as the
maximum growth rates of WT and knockout strains after
24 h of incubation following inoculation of the seed solution.
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We took samples at 0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22,
24h, and measured ODgqp in 96-well plates to characterize
their growth curves. Three replicates were performed for
each sample. We used the growth rate of the logarithmic
growth period in the growth curve as the maximum growth
rate of each knockout strain, which is the ratio of the differ-
ence between the end of logarithmic growth and the begin-
ning of logarithmic growth to the time difference. The
relative fitness of each TE knockout strain was calculated
by calculating the doubling time of each knockout strain
from the growth curve and comparing with the doubling
time of WT strain (Gui et al. 2021).

Competition Experiment

We tested the fitness of WT and knockout strains by com-
petition experiments (Garcia-Rios et al. 2014). The initial
seed solution for the competition experiment was a mixed
culture consisting of two strains (WT-GFP and ATf2 strains,
WT-GFP and WT strains, or WT and ATf2-GFP strains) with
equal ratio (note: not exactly 50% due to stochastic errors).
Before mixing the solution, two strains were cultured in YE
medium overnight with ODggg value of 3 to ensure that
they have the same growth status. We passaged for seven
consecutive days with five replicates for each mixed sam-
ple. We sampled daily and detected the percentage of
strains with GFP throughout the fermentation process by
flow cytometry (BD Accuri C6). A total of 10,000 cells from
the samples were measured with the FL1-fluorescein iso-
thiocyanate sensor, and the number of fluorescent cells
was measured.

RNA Extraction and RT-qPCR

We tested whether the Tf2 element insertions affect the ex-
pression of nearby genes. The nearby genes are genes with
complete Tf2 elements (except for Tf2—7.8) located upstream
of their 5" UTRs. Tf2-7.8 is physically far (2,139 bp upstream)
from pyp2 gene, and we measured the expression change of
mic10 gene. Yeast samples were grown overnight in 10 ml YE
medium. The cultures were diluted to ODggg value of 0.2, and
then were grown ODg value of 0.8. RNA was extracted by
Yeast RNA Kit (Omega). RNA was reverse transcribed into
¢DNA using HiScript lll RT SuperMix for gPCR (+gDNA wiper)
(Vazyme). Quantitative Real-Time RT-PCR (qRT-PCR) was car-
ried out using intercalating dye ChamQTM SYBR gPCR Master
Mix (High ROX Premixed) (Vazyme) with each primer set (sup-
plementary table S5, Supplementary Material online). The
gPCR reactions were performed in 10ul volume. We
extracted RNA three times. Data analysis was performed by
StepOne. The Ct values were normalized against actin mRNA
levels from the same preparation to give the AC+ values, and
the relative changes in gene expression were estimated using
the 2744 method.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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