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Transposable element insertions in fission yeast drive
adaptation to environmental stress

Caroline Esnault, Michael Lee, Chloe Ham, and Henry L. Levin

Section on Eukaryotic Transposable Elements, Division of Molecular and Cellular Biology, Eunice Kennedy Shriver National Institute
of Child Health and Human Development, National Institutes of Health, Bethesda, Maryland 20892, USA

Cells are regularly exposed to a range of naturally occurring stress that can restrict growth or cause lethality. In response,
cells activate expression networks with hundreds of genes that together increase resistance to common environmental in-
sults. However, stress response networks can be insufficient to ensure survival, which raises the question of whether cells
possess genetic programs that can promote adaptation to novel forms of stress. We found transposable element (TE) mo-
bility in Schizosaccharomyces pombe was greatly increased when cells were exposed to unusual forms of stress such as heavy
metals, caffeine, and the plasticizer phthalate. By subjecting TE-tagged cells to CoCl,, we found the TE integration provided
the major path to resistance. Groups of insertions that provided resistance were linked to TOR regulation and metal re-
sponse genes. We extended our study of adaptation by analyzing TE positions in 57 genetically distinct wild strains. The
genomic positions of 1048 polymorphic LTRs were strongly associated with a range of stress response genes, indicating
TE integration promotes adaptation in natural conditions. These data provide strong support for the idea, first proposed
by Barbara McClintock, that TEs provide a system to modify the genome in response to stress.

[Supplemental material is available for this article.]

Cells are regularly challenged by environmental stress, to which
rapid and robust responses are critical to their survival. To cope
with adverse conditions, cells activate transient programs of tran-
scription that alter expression of hundreds to thousands of genes
(Morimoto 1998; Chen et al. 2003; Mahat et al. 2016; Vihervaara
et al. 2018). Global response pathways such as those activated
by heat shock or hypoxia induce pools of transcriptional trans-
activators to trigger rapid expression of gene networks.

Specific and prewired transcription responses have evolved
due to frequent exposure to a common set of external stresses.
However, it is not clear how cells cope when confronted with en-
vironmental shock, defined here as novel stresses or conditions
that are unusually prolonged or extreme for which existing re-
sponses are inadequate to support survival. Adaptation to environ-
mental shock requires genetic alterations that would typically
occur in regulatory regions but could also alter coding sequence.
These genetic modifications can clearly be achieved through spon-
taneous mutations. However, preexisting single-nucleotide muta-
tions are randomly distributed, are mostly neutral or detrimental,
and, as a result, would not allow survival to abrupt environmental
shock if population sizes are limited. One potential solution is the
hypothesis that cells possess a mechanism that responds to envi-
ronmental changes by increasing errors in DNA replication
(Cairns et al. 1988; Cairns and Foster 1991). However, this possibil-
ity remains unresolved because model reporters suggest stress-
induced growth limitation may not influence replication errors
(Roth et al. 2006; Maisnier-Patin and Roth 2015; Yamayoshi
et al. 2018). Thus, while point mutations in regulatory or coding
sequences have the potential to allow survival following environ-
mental shock, they may often be inadequate.

Transposable elements (TEs) are genetically diverse mobile se-
quences that have proliferated extensively throughout eukaryotic
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genomes. These mobile elements respond to stress and through in-
tegration alter genome structure (Horvath et al. 2017). In her semi-
nal studies of maize, Barbara McClintock discovered TEs and found
their mobility allows them to “enter and take over control of
genes” (McClintock 1984). We now know that TEs carry regulatory
elements that can control genes by altering their transcription and
splicing (Jordan et al. 2003; Bourque et al. 2008; Faulkner et al.
2009). The high copy numbers of TEs, together with their regula-
tory sequences, cause them to have a large role in shaping the tran-
scriptome. TE sequences are estimated to be present in 25% of
human promoters (Jordan et al. 2003), and genome-wide studies
of transcription demonstrate that TEs provide a substantial frac-
tion of tissue-specific and alternative promoters (Faulkner et al.
2009; Macfarlan et al. 2012; Mele et al. 2015). This ability of TEs
to impact transcription adds support to McClintock’s proposal
that TEs provide a means to overcome the threat of environmental
shock by reorganizing the genome (McClintock 1984). Despite
many reports that TEs are induced by stress and despite examples
of individual integration events that result in growth phenotypes,
the tenet that TE mobility provides a program that overcomes en-
vironmental stress has not been directly tested.

TEs of model organisms provide a unique opportunity to
study the biological impact of active transposition in genetically
tractable systems (Curcio et al. 2015; Eickbush and Eickbush
2015; Esnault and Levin 2015; Majumdar and Rio 2015;
Sandmeyer et al. 2015; Sultana et al. 2017). Integration of the
LTR retrotransposon Tfl of Schizosaccharomyces pombe has been
studied by determining as many as 1 million integration events
with high-throughput sequencing (Guo and Levin 2010;
Chatterjee et al. 2014; Esnault and Levin 2015; Hickey et al.
2015). The overwhelming majority of de novo insertions cluster
in the nucleosome-depleted region of RNA polymerase Pol II-
transcribed promoters. Importantly, the insertions are directed to
approximately 1000 promoters with an enrichment for stress
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response genes (Guo and Levin 2010; Chatterjee et al. 2014). This
highly selective integration pattern is mediated by Sapl, a factor
that interacts with Tf1 integrase and binds selectively to the pro-
moters at the precise positions where insertions occur (Hickey
etal. 2015; Jacobs etal. 2015). A stress response enhancer imbedded
in Tf1 causes integration to induce the expression of adjacent pro-
moters (Leem et al. 2008; Feng et al. 2013). The prominent cluster-
ing of integration in promoters and the influence of the Tfl
enhancer on adjacent genes suggest the intriguing possibility
that Tf1 may be wired to provide a genetic system for efficient adap-
tation to environmental stress.

Results

Diverse forms of stress activate transcription
and retrotransposition

The expression of many TEs is induced by stress conditions (Mc-
Clintock 1984; Chen et al. 2003; Hashida et al. 2003; Todeschini
et al. 2005; Hashida et al. 2006; Sehgal et al. 2007; Chénais et al.
2012; Jardim et al. 2015; Miousse et al. 2015; Morales et al. 2015).
This includes single-copy Tfl elements previously shown to be
induced by heat shock and oxidative stress (Feng et al. 2013).
We explored the possibility that Tfl responds to environmen-
tal shock by measuring its expression in cells subjected to the
heavy metal CoCl, (Fig. 1A). Of four single-copy Tfl elements
previously found to be induced by heat shock, CoCl, signifi-
cantly increased expression of three out of four (Fig. 1B; Feng
et al. 2013).

Although stress-induced transcription of many TEs can be
readily documented, it is difficult to determine whether this ex-
pression results in increased transposition events. We were able
to measure transposition rates of the same four single-copy Tf1 el-
ements using an assay that relies on a neo gene disrupted with an
artificial intron (AI) (Atwood et al. 1998; Rai et al. 2017). We found
three of the four single-copy Tfl elements generated six- to 139-
fold higher rates of transposition when cells were exposed to
CoCl; for 24 h (Fig. 1C). We further explored the biological impor-
tance of activated transposition by exposing cells to a range of un-
usual stress conditions. Indeed, transposition of these single-copy
Tf1 elements was induced by growing cells in another heavy metal,
ZnCl, (Fig. 1C). Importantly, transposition was also stimulated
by agents foreign to S. pombe such as catfeine and a ubiquitous en-
vironmental pollutant, the plasticizer phthalate (Fig. 1C). Interest-
ingly, no correlation was observed between rates of transposition
and growth rates on media containing the stress agents (Supple-
mental Fig. S1). Transposition induced by such a range of unusual
stress conditions indicates that Tf1 may stimulate adaptation of S.
pombe to environmental shock.

Competition in CoCl, identifies groups of insertions that improve
resistance

Although the distribution of insertions to stress promoters (Guo
and Levin 2010; Chatterjee et al. 2014; Esnault and Levin 2015;
Hickey et al. 2015) and the activation of adjacent genes (Feng
et al. 2013) suggest Tfl has the means to increase resistance to
stress, there are other scenarios. To test whether transposition
does play a significant role in adaptation, we conducted controlled
experiments with laboratory strains. We challenged populations
of highly characterized laboratory isolates by passaging them in
medium containing different concentrations of a broad range tox-
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Figure 1. Diverse forms of environmental stress induce Tf1 expression
and transposition. (A) Tf1 integration sites generated in a previous study
(Feng et al. 2013). For mobility assays, we added an artificial intron in
neo (neoAl). White boxes indicate UTR; black boxes, ORF; line, intergenic
region. (B) Relative level of Tf1 mRNA over time during exposure to
CoCl,. (€) Tf1 transposition rate after exposure to CoCl,, ZnCl,, caffeine,
and phthalate. Differences that are significant are indicated as follows:
(*) P<0.05; (**) P<0.005; (***) P<0.0005.

in that is not common in natural substrates. We selected CoCl, in
part because it generates reactive oxygen species, causes DNA dam-
age, induces apoptosis, and mimics hypoxia (Lee et al. 2007;
Simonsen et al. 2012; Gallo et al. 2014; Zhong et al. 2014, 2015;
Yang et al. 2015; Tan and Miyamoto 2016). Unlike the experi-
ments in Figure 1 where CoCl, stimulated rates of de novo integra-
tion of 1 x 10~ per cell per generation, here we used cultures where
each cell contained one of 41,000 preestablished insertions of Tf1-
neo that we created by overexpression of Tf1 followed by selection
for integration events (Methods; Supplemental Fig. S2). Each cell
contained a specific insertion that served as a tag that we used to
measure clonal expansion during competitive growth. With
high-throughput sequencing of the Tfl-neo tags, we monitored
clonal expansion in cultures grown for 80 generations in 0.0,
0.2, or 1.2 mM CoCl, (Fig. 2A). Three independent passaging ex-
periments were conducted for each CoCl, concentration. The 0.2
mM CoCl, caused modest reductions in growth in each passage,
while 1.2 mM CoCl,; resulted in greater impairment, particularly
during passage no. 2 (Fig. 2B).

We monitored changes in the populations of clones in the fi-
nal cultures (T'=80) relative to their prominence in the initial cul-
ture (T'=0). Spontaneous mutations that improve growth would
lead to significant increases in the integration tag present in the
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green). In cultures grown without
CoCl,, the bulk of the insertions
(97.6%,) (Table 1) did not change in pro-
portion after 80 generations of growth
(Fig. 2C, gray; Supplemental Table S1).
When these positions were plotted based
on their average proportion at T=0 ver-
sus T=80, they fell largely on the diago-
nal, indicating Tf1 did not significantly
impact growth in the absence of CoCl,
(Fig. 1C).

Much larger changes occurred in the
cultures that contained CoCl,. With
0.2 mM CoCly, 106 integration positions
reproducibly increased in proportion af-
ter 80 generations (Fig. 2D, red; Table 1).
That the three sets of enriched positions
contained an overlap of 106 sites was
highly significant with a hypergeometric
P<1.47 x 10~**. These positions account-
ed for 3.1% of the initial culture and ex-
panded strikingly to become 58%, 52%,
and 31% (average of 47%) of the final cul-
tures for passaging experiments 1, 2, and
3, respectively. These substantial percent-
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Tf1 insertions contributed significantly
to improved growth. There were 6041 po-
sitions that decreased twofold or more,
accounting for 59.3% of the culture at
T=0, and that were reduced to 4.0% in
T=80 (Table 1). In the cultures grown
in 1.2 mM CoCl,, just five integration
positions increased twofold or more
in the three independent cultures (Fig.
2E, red; Table 1). Growth during the sec-
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Figure 2. A reproducible set of Tf1 integration tags showed improved growth in CoCl,. (A) Cells with
Tf1 integration tags were passaged for 80 generations in CoCl,. Changes in clonal populations were
monitored by sequencing the tags at T=0 and T=80 generations. (B) Number of generations observed
per 24-h passage. (C-E) Proportions of cells in the cultures containing a Tf1 integration tag at each of the
insertion sites at the beginning (T=0; x-axis) versus the end (T=80; y-axis) of the passages without CoCl,
(C) or in the presence of 0.2 mM (D) or 1.2 mM (E) CoCl,. Insertion site tags that changed twofold or
more in all three replicated experiments are considered to have expanded (red) or diminished (green).

mutated cell, while the same tag would be unlinked to the sponta-
neous mutation in other independent passaging experiments and
would not be expected to increase. We assessed the occurrence of
this type of mutation and found no evidence that after 80 genera-
tions the passaging experiments were dominated by tags that were
exclusive to single experiments.

We next assessed whether the Tf1 insertions themselves pro-
vided a prominent path to improved growth by identifying clones
that expanded in each of the three independent passaging ex-
periments. If after 80 generations an individual insertion site
increased twofold or more in proportion in all three replicated ex-
periments, we considered that site to have expanded (Fig. 2C-E,
red), while we considered a site that decreased twofold or more
in all replicated experiments to have diminished (Fig. 2C-E,

Proportion of cells with a specific
Tf1 integration at T=0 generations

ond passage of the 1.2 mM CoCl, cul-
tures was greatly restricted, suggesting
there was a severe bottleneck that may
have limited the diversity of insertions
that were beneficial. As a result, the en-
riched sites differed from culture to cul-
ture. A total of 51 integration positions
expanded twofold or more in at least
one of the independent passaging ex-
periments containing 1.2 mM CoCl,.
As expected for growth in the higher
concentration of CoCl,, more integra-
tion positions decreased in the cultures that contained 1.2 mM
CoCl; versus 0.2 mM CoCl,, (Fig. 2E, green).

By analyzing insertion clones in the individual 0.2 mM
CoCl, passaging experiments, we found a reproducible set of
106 competition-enriched insertions marked the cells with the
greatest increase, indicating that the Tf1 insertions themselves
contributed the most to improved growth. Sixteen of the 51 posi-
tions expanded in 1.2 mM CoCl, were also identified in the three
replica cultures grown in 0.2 mM, suggesting these sites also im-
proved growth. The increased representation of insertion sites in
cells grown in CoCl, suggested the possibility that Tf1 improved
cell growth by modulating the expression of specific groups of
genes. To determine whether specific pathways were implicated,
we analyzed the 141 (0.2 mM+ 1.2 mM) enriched Tf1 positions

T
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Table 1. Proportion of clonal populations that changed in three independent passaging experiments

Cobalt concentration

0 mM

0.2 mM 1.2mM

No change No. of positions 40,512 (97.6%) 35,087 (85.1%) 31,622 (76.2%)
Proportion of culture at TO 83.7% 37.6% 14.1%
Proportion of culture at T80 90.6% 49.0% 90.5%

Increase? No. of positions 8 (0.019%) 106 (0.26%) 5 (0.012%)
Proportion of culture at TO 1.3% 3.1% 0.7%
Proportion of culture at T80 8.3% 47.0% 7.9%

Decrease® No. of positions 979 (2.3%) 6041 (14.6%) 9871 (23.8%)
Proportion of culture at TO 15.0% 59.3% 85.2%
Proportion of culture at T80 1.1% 4.0% 1.6%

Total no. of positions 41,499 41,234 41,498

Clones of cells tagged with Tf1 integrations were classified as either increasing or decreasing if they changed in proportion twofold or more in all

three biological replicates.

and found all but six were in intergenic regions. Two hundred fifty
genes adjacent to enriched Tf1 positions in intergenic sequences
were evaluated for Gene Ontology (GO) enrichment (Fig. 3A).
We found five function, process, and phenotype ontologies were
enriched among our gene set (Supplemental Table S2).
Ontologies enriched with P-values <0.05 included three networks
of coregulated genes: Cd-induced, H,O,-induced, and Tor1-regu-
lated genes. Altering expression of genes induced by the heavy
metal Cd and the oxidizing agent H,O, has the potential to im-
prove growth in CoCl,. Other processes with P-values <0.05
were the 11.6- and 4.9-fold enrichments associated with resistance
to canavanine and amino acid import, respectively. It is striking
that three groups of significantly enriched genes are associated
with the target of rapamycin (TOR) pathways. Amino acid trans-
porters are regulators of the TOR pathways (Chantranupong et
al. 2015, 2016; Wang et al. 2015b; Eltschinger and Loewith
2016; Goberdhan et al. 2016; Saxton et al. 2016), and because can-
avanine is a toxic analog of L-arginine, the resistance mutations
are involved in arginine transport (Rosenthal 1977). The enrich-
ment of factors involved in arginine transport is particularly rele-
vant because arginine is a key regulator of TOR (Chantranupong
et al. 2015; Rebsamen et al. 2015; Wang et al. 2015b). This associ-
ation of enriched groups involved in TOR regulation is notable
and consistent with the possibility that TOR activity reduces
CoCl, toxicity.

TOR pathways provide resistance to CoCl,

TOR pathways rely on highly conserved serine/threonine kinases
that control proliferation, survival of environmental stress, and
protein translation (Loewith and Hall 2011; Workman et al.
2014; Chantranupong et al. 2015; Weisman 2016). Two evolution-
arily conserved TOR complexes (TORC1 and TORC2) participate in
pathways that regulate separate and sometimes overlapping pro-
cesses. The TORC1 complex plays a primary role in regulating
growth, while TORC2 is required to survive starvation and a variety
of other environmental stresses. In S. pombe the nomenclature is
awkward as Tor2 is the kinase of the TORC1 complex and Tor1 as-
sembles in the TORC2 complex.

Thirty-six of the genes adjacent to the competition-enriched
positions participate in TOR signaling, are involved in amino acid
transport, or are regulated by TORC1 (Fig. 3B, blue text). Genes in
these groups include Mipl, a core subunit of TORC1; Gtr2 and
Vmalo, inducers of TORC1; and two key inhibitors of TORC1,
Tscl and Npr2. Importantly, satl, a direct inducer of TORC2,
was also adjacent to an enriched insertion.

We tested whether the TORC1 and TORC2 pathways mitigate
cobalt toxicity by growing strains lacking TOR factors on solid me-
dia containing a high concentration of CoCl,. Although wild-type
cells grew slowly on plates with CoCl,, greater defects were ob-
served for strains lacking Tco89 and Tor1, key subunits of TORC1
and TORC2, respectively (Fig. 3C). It was equally significant that
strains lacking inhibitors of TORC1 (Tsc1, Tsc2, and Npr2) showed
improved growth on CoCl,. Lack of Satl, the TORC2 activator,
greatly increased sensitivity to CoCl,. The absence of Sin1, a com-
ponent of TORC2, also resulted in sensitivity to CoCl,. These re-
sults demonstrate that both TORC1 and TORC2 activity provide
resistance to CoCl,.

Single Tfl insertions are sufficient for resistance to CoCl,

The contribution of the TOR pathways to CoCl, resistance argues
that the Tf1 insertions improved growth by modifying the expres-
sion of TOR factors. However, it is possible that the enriched inser-
tions detected are simply passenger mutations and make no direct
contribution to CoCl, resistance. In addition, the enriched inser-
tions might function in combination with second site mutations
to create resistance. Although the reproducibility of the enriched
positions indicated the Tf1 insertions play a key role in resistance
to CoCl, we decided to test directly whether single Tf1 insertions
were sufficient to improve growth in CoCl,.

We tested the contribution of a cadmium-induced gene by
recreating a strain with Tf1-neo inserted next to zrt1 at the same nu-
cleotide position and orientation that was enriched in the compe-
tition experiments (Fig. 4A, integration 5). We also tested the
contribution of modified TORC1 and TORC2 activity by recreating
the insertions adjacent to tsc1 and sat1, again at the same nucleo-
tide position and orientation that expanded in the competition
cultures (Fig. 4A, integrations 6 and 7). To evaluate their fitness,
each of the recreated insertions was combined with equal propor-
tions of cells lacking the insertion and grown in competition for 80
generations. Three independent passaging experiments were per-
formed for each of the reconstructed strains. Surprisingly, wild-
type cells lacking the insertions outcompeted each of the three in-
sertions when grown without CoCl, (Fig. 4B, left). These results
demonstrate that the insertions imposed an overall burden on
growth. Importantly, in competition cultures containing CoCly,
all three insertions significantly outcompeted the wild-type cells
lacking the insertions (Fig. 4B, right). This demonstrates these
Tfl-neo integrations were sufficient to improve growth in CoCl,.

We next tested whether the inserts altered expression of their
adjacent genes. Integration 5 occurred within the 5 UTR of zrt1
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uptake factor, Zrt1 (Dainty et al. 2008).

In wild isolates of S. pombe, LTRs
are enriched in promoters of stress
response genes

If transposition makes an important con-
tribution to adaptation, we expect that in

Y,
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Figure 3. TOR pathways provide resistance to CoCl,. (A) Ontology of genes adjacent to competition-
enriched Tf1 insertions are associated with TOR signaling, stress response, and cation transport. P-values
based on hypergeometric tests were corrected per gene set by false-discovery rate. (*) P<0.05; (**) P<
0.005. (B) Regulatory relationships of genes in the TOR pathways. Intracellular amino acid concentrations
regulate TORC1 and TORC2, leading to the regulation of various downstream processes. Thirty-six genes
shown in blue were adjacent to competition-enriched Tf1 insertion tags. Reproduction* indicates genes
involved in mating and meiosis. (C) Growth phenotype on solid media containing CoCl, of cells lacking

factors in TORC1 and TORC2 pathways.

69 bp downstream from the start of transcription. RT-qPCR analy-
sis of RNA from cultures showed that this Tf1 insert profoundly re-
duced zrt1 mRNA regardless of whether CoCl, was present (Fig.
4C). This insertion had no effect on the expression of the other
flanking gene, mok13 (located 2.3 kb upstream). These results indi-
cate that the improved growth in CoCl, caused by integration 5
was likely due to reduced expression of zrt1.

Integration 6 was inserted 130 bp upstream of the 5" UTR of
tscl and 625 bp upstream of the 5 UTR of rgs1. This insertion signif-

Psp3, Hsp90, Mug147, SPAC1B3.06c,
SPAC25B8.12c, SPAPB24D3.07c, SPAPB24D3.08c,
SPBC119.03, SPBC8E4.04, SPAC4H3.08

Other

non selective

TORC2 pathway

wild isolates of S. pombe, insertions would
be associated with genes known to miti-
gate stress. We explored this possibility
by examining the genomic positions of
1048 LTRs from 57 genetically distinct
wild strains of S. pombe isolated from
around the globe (Jeffares et al. 2015).
These LTRs clustered in promoter se-
quences similar to what is observed for
de novo integration of Tf1 (Supplemental
Fig. S3; Guo and Levin 2010; Chatterjee
etal. 2014; Esnault and Levin 2015; Hick-
ey etal. 2015). We evaluated the potential
impact of recent integration events on
adaptation to stress by analyzing the
859 LTRs that are polymorphic among
the collection of wild strains. Ontology
screens of the genes flanking the LTRs re-
vealed high enrichment of activity that
contributes to sporulation frequency in
many of the wild isolates (Fig. SA). These
enrichments occurred in multiple yeast
clades, indicating the clusters of LTRs
adjacent to sporulation efficiency genes
formed independently in different populations (Fig. 5B). The reoc-
curring clusters of LTRs at sporulation frequency genes are consis-
tent with the independent adaptation that would be expected to
enhance survival of strains challenged by environmental stress.
Genes adjacent to polymorphic LTRs were also enriched with other
survival functions such as resistance to heat shock, sensitivity to
high osmolarity, and induction by peroxide (Supplemental Fig.
S4). A formal possibility was that these promoters were under re-
duced purifying selection, which would account for their observed

8 mM CoCl
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integration sites. (ON) Overnight exposure to stress.

enrichment of LTRs. However, a test that uses single-nucleotide
polymorphisms (Tajima’s D) (Tajima 1989) found selection in re-
gions adjacent to stress and sporulation frequency genes was simi-
lar to the regions adjacent to genes used as background. The
enrichment of polymorphic LTRs adjacent to genes involved in
sporulation and stress conditions indicates that retrotransposition
in S. pombe could promote survival in wild conditions. The inser-
tion of these LTRs may have been induced by stress conditions
since the associated genes respond to the same stresses that in lab-
oratory strains activate Tfl and the closely related element Tf2
(Chen et al. 2003; Feng et al. 2013).

Discussion

Ever since Barbara McClintock discovered transposable (“control-
ling”) elements in maize, it was appreciated that they are activated

- 0O - Integration #5, 1.2mM CoCl,
—&— |Integration #6, 0.2mM CoCl,
& ntegration #7, 1.2mM CoCl,

Single Tf1 insertions were sufficient for resistance to CoCl, by regulating expression of adja-
cent genes. (A) The genomic context of enriched Tf1 integration tags reconstructed by homologous re-
combination. (B) Competition in 0.0 mM (left), 0.2 or 1.2 mM (right) CoCl; between cells lacking Tf1 and
cells containing genomic integrations 5, 6, or 7. (C) Relative level of expression of genes adjacent to Tf1

resistance to CoCl; in independent pas-
saging experiments. While the 106 com-
petition enriched positions represented

0, i -
Integration #7, 1h 3.1% of the starting culture, 80 genera

3 tions of growth in 0.2 mM CoCl; caused
the enriched positions to comprise

LDZ 58.1%, 51.5%, and 31.2% of the three
& L passaged cultures. In addition to the sub-

stantial resistance provided by integra-
tion, it is noteworthy that the fraction
of TE-mutated cells that provide resis-
tance (3.1% at TO) actually represented a
surprisingly large proportion of all the
TE generated mutations. Together, these
results indicate that the integration activ-
ity of Tfl provides substantial benefit
when cells are subjected to stress.

The high impact of the Tfl in-
sertions is due in part to the targeting
mechanism that directs integration to
promoters (Guo and Levin 2010; Hickey
et al. 2015) and due to the fact that Tf1l
carries an enhancer that increases expres-
sion of adjacent genes (Feng et al. 2013).
Another key feature of Tf1 function that
increases its contribution to adaptation
is a bias in the integration mechanism
that targets promoters. While insertions
occur broadly among about 20% of pro-
moters, they are enriched for promoters induced by the core stress
response (Chen et al. 2003), which includes conditions such as
heavy metal (Cd), reactive oxygen, heat, DNA damage (MMS),
and osmotic stress (Guo and Levin 2010; Chatterjee et al. 2014).
A critical feature of Tf1 activity and that of the closely related Tf2
is that their promoters participate in the core stress response show-
ing significant activation when cells are exposed to these stresses
(Chen et al. 2003; Feng et al. 2013). Significantly, the activation
of Tfl transcription results in increased integration frequencies
(Fig. 1C). As aresult, each of these features, increased mobility, tar-
geting of promoters, and the stimulation of adjacent genes, pro-
motes adaptation. Having observed these properties, we propose
that Tf1 is a highly evolved mutagenic system that benefits the
host by driving adaptation to environmental insults (Fig. 6).

The activation of Tfl mobility is observed in a surprising
diversity of stress conditions, including CoCl,, caffeine, and
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Methods

The lists of yeast strains, plasmids, and
oligonucleotides used in this study are
available in Supplemental Tables S3
‘ | through S5, respectively.
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Figure5. Polymorphic Tf insertions found in wild strains clustered next to sporulation frequency genes.
(A) Enrichment for the term “decreased sporulation frequency” for genes adjacent to polymorphic LTRs
in wild strains. The number of sporulation genes among the total number of genes adjacent to polymor-
phic LTRs is given in parentheses. Significant enrichments (FDR-adjusted P-values) are indicated in red.
(B) Cluster dendrogram of wild strains calculated from the presence-absence of polymorphic Tf1 insertions.
Approximately unbiased (AU) P-values are indicated for each node. Significant AUs are indicated in red.

phthalate. While this is not an exhaustive list, it supports the
McClintock proposal that TEs reorganize the genome when cells
are exposed to unfamiliar forms of stress, a condition she termed
genome shock. The integration of Tf1 at a 1000 different promoters
allows cells to fine-tune their individual stress responses in ways
that are more likely to allow survival than relying on the existing
broad network of the core stress response. An intriguing additional
possibility is that through continued exposure to an unfamiliar
stress, multiple insertions could accumulate in individual cells
that together could form the foundation of a new gene regulatory
network (GRN). These networks would be specific depending on
the nature of the insult. The assembly of GRNs due to integration
activity of TEs is a compelling model for how regulatory sequences
of TEs have undergone widespread domestication in controlling
GRNs (Feschotte 2008; Rebollo et al. 2012; Sundaram et al. 2014;
Lynch et al. 2015; Chuong et al. 2016; Thompson et al. 2016).
The network of LTRs associated with sporulation and other survival
genes found in wild strains provides strong support that TE integra-
tion can create GRNs in natural populations.

Media and growth of S. pombe

Rich media consisted of YES media
(Forsburg and Rhind 2006). Minimal me-
dia consisted of PMG media supplement-
ed with all amino acids (Forsburg and
Rhind 2006). When indicated, vitamin
B1 (Sigma) was added to a final con-
centration of 10 uM to repress the pro-
moter nmtl, 5-fluoroorotic acid (5-FOA;
US Biologicals) to a final concentration
of 1 mg/mL, and antibiotic Geneticin
(G418; Gibco by Life Technologies) to a
final concentration of 500 pug/mL.

All S. pombe strains were grown at
32°C. The exposure to stress was carried
out by supplementing the media as
indicated: PMG liquid media were sup-
plemented with CoCl, hexahydrate
(Sigma) to a final concentration of 0.2
mM or 1.2 mM; PMG 2% agar Petri dishes
were supplemented with CoCl; to a final
concentration of 0.2 mM or 8 mM; caf-
feine (Sigma) 10 mM; ZnCl, (Sigma) 7.5
mM; or 50 mM potassium phthalate.

Yeast strains and plasmid construction

To monitor new transposition events oc-
curring from the genomic copies of Tf1,
an Al was introduced by homologous re-
combination within the sequence cod-
ing for the neo-resistance gene located
within Tfl-neo. Briefly, strains contain-
ing Tf1 integrations 1, 2, 3, and 4 were
obtained by introducing 5-10 pg of a
fragment containing the AI purified
from the plasmid pHL692 into the Tfl-
containing strains YHL9629, YHL9631,
YHL9632, and YHL9638 (Feng et al. 2013) along with the leu
selectable plasmid pHL1288 by the lithium acetate transformation
(Forsburg and Rhind 2006). Cells that allowed transformation were
selected on media PM lacking leucine. The resulting colonies were
then screened on media YES + G418 to identify cells that have lost
their ability to grow on G418, indicating the presence of the Al
within neo. The presence of the Al was confirmed by amplification
of a 137-bp fragment between primers HL3510 and 3511.

The library of S. pombe containing genome-wide integration
of Tfl-neo was constructed as previously described (Chatterjee
et al. 2014) with the following modification: All incubations
were carried out in PM media. Briefly, transposition was induced
by expressing Tfl-neo from the plasmid pHL2944 in the diploid
strain  YHLS661, which lacked endogenous copies of Tfl.
Transposition induced in media lacking vitamin B1 was then in-
hibited by addition of vitamin B1. The transposition frequency
was monitored by transposition assay. When the transposition fre-
quency reached 2%, cells containing a genomic Tfl-neo integra-
tion and lacking the plasmid pHL2944 were selected on YES
media containing FOA and G418.
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Figure6. Modelforadaptation through stress-induced mobilization of transposable elements. A single
chromosome out of the three S. pombe chromosomes is represented to illustrate the mechanism.
Repeated exposure to stress results in cycles of increased transposition. Insertions target different regions
on any of the S. pombe chromosomes. Competition between cells containing new insertions results in the

selection of sets of insertions that improve survival.

Strains containing deletions of nonessential genes were pur-
chased from the Bioneer Company (library version 2; http://
pombe.bioneer.co.kt/).

We reconstructed by homologous recombination the Tf1 in-
tegrations 5, 6, and 7, identified at Chr II position 3607268 (-),
Chr I position 678437 (-), and Chr II position 3858489 (+), respec-
tively. The diploid strain YHL5661 was transformed with 2-8 nug of
fragments containing the full-length Tf1-neo flanked by 80-500 bp
of the target sequence, using the lithium acetate transformation.
The fragment corresponding to Tfl integrated at Chr II position
3858489 (+) was amplified with 80 bp of homology to the target
site by fusion PCR using primers pairs HL3701-HL3702 and
HL3703-HL3704 and then HL3710-HL3711. The amplification
was performed using Expand long range dNTPack (Roche) ac-
cording to the manufacturer’s recommendations. The fragments
corresponding to the two other positions were commercially syn-
thesized (https://www.dna20.com/ for Chr Il position 3607268 [];
Life Technologies for Chr I 678437 [-]). Fragments contained a
500-bp homology to the target site, the 5’ sequence of Tfl up to
the Avrll restriction site, the 3’ sequence of Tf1 up to the Xhol re-
striction site, and another 500 bp homology to the target site.

Transposition induced

CO by stress condition

\/ Enrichment of cells
with insertions that
improve survival

The full-length Tf1 flanked by target ho-
mologies was then assembled by ligat-
ing the Avrll-Xhol fragment central
section of Tf1 from pHL414 into the plas-
mids containing partial Tf1-neo flanked
by sequences of the integration site (Sup-
plemental Table S5). The resulting plas-
mids containing full Tf1-neo flanked by
sequences of the integration site (Sup-
plemental Table S5) were digested with
10 units of Spel and used for lithium ace-
tate transformation in order to achieve
homologous recombination. Cells with
Tf1 integrated at the loci of interest were
selected onto YES containing G418. The
presence of Tf1 at the expected integra-
tion site was confirmed by PCR amplifica-
tion of a fragment spanning neo and the
adjacent genomic region (primer pairs
described in Supplemental Table S6) and
by DNAblot (datanot shown). The result-
ing yeast strains are described in Supple-
mental Table S4.

Transposition assay

Transposition frequency was calculated
according to the protocol described previ-
ously (Chatterjee et al. 2014), with the
following modifications to monitor new
genomic integrations of Tfl. Cultures
starting at OD=0.05 were incubated in
50 mL of PM media containing 0.2 mM
CoCl,, 7.5 mM ZnCl,, 10 mM caffeine,
or 50 mM phthalates. A solution of HCI1
was added at 8 mM to the media contain-
ing ZnCl, and the corresponding control
media for ZnCl; solubility. Cultures were
diluted to OD =5 and then diluted in a se-
ries of five 10-fold dilutions. The three
lowest dilutions were spread onto YES
plates, and the highest dilution, as well
as a number of cells equivalent to 25 mL
of culture, was spread on YES containing
G418. The Al allows the expression of the G418 resistance only
in cells that have undergone a new genomic integration event
(Levin 1995). After 3 d, the number of colonies were counted for
three biological replicates, apart from integration 4 in 10 mM caf-
feine with only two biological replicates, and extrapolated to the
number of cells in 1 mL of culture. The transposition frequency cor-
responds to the percentage of colonies resistant to G418. The num-
ber of generations achieved during the culture was determined by
measuring the OD at the beginning and end of cultures.
Transposition rates were calculated by dividing the transposition
frequency by the number of generations. The P-values were calcu-
lated using Student’s t-test.

Competitive growth of the genome-wide library
and determination of Tfl integration profile

Triplicate 50-mL cultures were inoculated in PM with the library of
S. pombe diploid cells YHL5661 containing Tf1-neo at an initial OD
=0.1. CoCl, was either omitted or added to a final concentration of
0.2 or 1.2 mM. The cultures were passaged for 80 generations. Each
24-h passage was diluted to OD=0.05 before adding CoCl,.
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Aliquots of 200 OD taken from the initial (T'=0) and last (T'=80)
passage of each replicate cultures were spun down 5 min at
2187g, and the pellets were stored at —80°C. Genomic DNA was
isolated and processed for [llumina sequencing of Tf1 integration
sites according to the method of Chatterjee et al. (2014), with
the following modifications: Genomic DNA was isolated using
a MasterPure yeast DNA purification kit (Epicentre); four different
barcodes located in sequencing custom primers HL3498, HL3512,
HL3513, and HL3514 were coupled with the linker-specific pri-
mer HL2216 for multiplexing the Illumina sequencing reaction.
The sequencing was performed on an HiSeq 2000 system at the
University of California, Irvine Genomics High-Throughput
Facility and the DNA Sequencing and Genomics Core of the
National Heart, Lung, and Blood Institute.

Analysis of Tfl integration profiles

The mapping of Tf1 integration sites to the S. pombe genome (un-
masked EMBL release ASM294v2.21 from September 2009, ftp://
ftp.ensemblgenomes.org/pub/fungi/release-21/fasta/schizosaccha
romyces_pombe/dna/Schizosaccharomyces_pombe.ASM294v2.21.
dna.genome.fa.gz) was performed using the custom scripts suite
HTtools (Guo and Levin 2010; Supplemental Software S1). The rel-
ative proportion of cells containing a given Tfl integration was
extrapolated from the number of sequence reads and normalized
to the total number of mapped sequence reads per replicate sam-
ple. An integration position was categorized as enriched when
the number of sequence reads at this position and genomic orien-
tation were increased by greater than two between the resulting
culture (T'=80) of each of the triplicate and the average of the
starting culture (T=0). Only positions with five or greater se-
quence reads in the resulting cultures (T'=80) were considered.
Inversely, a position was categorized as depleted when the ratio
was lower than 0.5 and had five or greater sequence reads in the
initial cultures (T'=0). To assess the statistical significance of inter-
sections among the three sets of enriched positions in the 0.2 mM
CoCl; cultures, we computed the probabilities of multiset inter-
sections using SuperExactTest, an R package based on a density
function of a hypergeometric model. The P-value for 106 enriched
insertions overlapping in three replicates was P<1.47 x 1074
(Wang et al. 2015a).

Functional enrichment analysis

The 250 gene set analyzed was adjacent to positions enriched two-
fold or more in three replicas grown in 0.2 mM of cobalt or was ad-
jacent to positions enriched in at least one replicate in 1.2 mM of
cobalt (Supplemental Table S1).

Functional enrichment analyses were performed against dif-
ferent sets of ontology annotations: S. pombe Process annotation
(GO Term Finder; http://go.princeton.edu/cgi-bin/GOTermFinder),
Fission Yeast Phenotype Ontology annotation (Harris et al.
2013), the set of genes up-regulated in for2 mutants (Matsuo
et al. 2007), the set of genes up-regulated and down-regulated in
tor1A strain (Schonbrun et al. 2009), and the set of genes induced
by environmental stresses (Chen et al. 2003). Enrichments were
calculated as the ratio of the proportion of ontology genes in the
query relative to the proportion of the ontology genes among all
RNA Pol II-transcribed genes (Supplemental Software S2). The P-
values were calculated using the default setting of the GO Term
Finder application for the Process annotation, using a hypergeo-
metric test, and were corrected per gene set for false-discovery
rates. As a control, we measured the length of intergenic regions
with five or more insertions and found that regions flanking
GO-annotated genes associated with enriched Tfl integration

were not significantly larger than the ones flanking all genes
used as background for the GO enrichment (Student’s t-test fol-
lowed by FDR adjustment).

Directional selection within intergenic regions was measured
by averaging the Tajima’s D based on the SNPs collection described
previously (Jeffares et al. 2015). Tajima’s D values were calculated
using the option --TajimaD from VCFtools with a nonoverlapping
sliding window of 200 bp (Danecek et al. 2011).

Drop assay

The resistance to CoCl, was determined by placing 10-uL drops of
five consecutive fivefold dilutions of cells starting at ODgp0=0.5
on PMG agar plates containing O or 8 mM of CoCl,. The plates
were incubated for 4 d at 32°C.

Quantification of gene expression

Triplicate 5-mL cultures were inoculated in PM media at an initial
ODgpo=0.01. CoCl, was either omitted or added to a final con-
centrations as follows: For integrations 5 or 7, CoCl, was added
at a concentration of 1.2 mM, and the cells were incubated for
24 h. For integration 6, cells were first incubated until they
reached an ODggo=1, CoCl, was added at the concentration of
0.2 mM, and the cells were incubated an additional 1 h after addi-
tion of cobalt. For integrations 1, 2, 3, and 4, CoCl, was added at
the concentration of 0.2 mM, and the cells were incubated for 24
h. Cells were then promptly spun down for 5 min at 2187g, and
the pellets were stored at —80°C. Total RNA were isolated using
the MasterPure yeast RNA purification kit (Epicentre). DNA traces
were removed using TurboDNA-free (Ambion RNA by Life
Technologies). Five hundred nanograms of RNAs were then re-
verse transcribed into cDNA using a high-capacity cDNA reverse-
transcription kit (Applied Biosystems by Life Technologies).
Gene expression was determined by quantitative PCR on a
StepOnePlus system, with the following procedure: 6 pL cDNAs
previously diluted to 10 ng/uL, 10 puL of SYBR green PCR master
mix (Applied Biosystems by Life Technologies), and 4 pL of for-
ward and reverse primers mixed at 1 uM. The samples were ana-
lyzed in triplicate. Genes and Tfl expressions were normalized
to that of act1 expression. Relative changes in expression were de-
termined by the comparative Cr (ACr) method (Schmittgen and
Livak 2008). The P-values were calculated using Student’s t-test.

Quantification of Tf1 transcription was carried out according
to the same protocol with the following modifications: Cultures
were inoculated in PM media at an initial ODgpo=0.05 and incu-
bated for 24 h at 32°C.

Data access

All raw data are publicly available. The DNA sequence data from
this study have been submitted to the NCBI Sequence Read
Archive (SRA; https://www.ncbi.nlm.nih.gov/sra) under accession
number SRP142766. All custom codes used in this paper are avail-
able in Supplemental Software S1 and S2.
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