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Letter

High-throughput sequencing of retrotransposon
integration provides a saturated profile of target
activity in Schizosaccharomyces pombe

Yabin Guo and Henry L. Levin'

Section on Eukaryotic Transposable Elements, Laboratory of Gene Regulation and Development, Eunice Kennedy Shriver National
Institute of Child Health and Human Development, National Institutes of Health, Bethesda, Maryland 20892, USA

The biological impact of transposons on the physiology of the host depends greatly on the frequency and position of
integration. Previous studies of Tfl, a long terminal repeat retrotransposon in Schizosaccharomyces pombe, showed that in-
tegration occurs at the promoters of RNA polymerase Il (Pol II) transcribed genes. To determine whether specific pro-
moters are preferred targets of integration, we sequenced large numbers of insertions using high-throughput
pyrosequencing. In four independent experiments we identified a total of 73,125 independent integration events. These
data provided strong support for the conclusion that Pol Il promoters are the targets of Tfl integration. The size and
number of the integration experiments resulted in reproducible measures of integration for each intergenic region and
ORF in the S. pombe genome. The reproducibility of the integration activity from experiment to experiment demonstrates
that we have saturated the full set of insertion sites that are actively targeted by Tfl. We found Tfl integration was highly
biased in favor of a specific set of Pol Il promoters. The overwhelming majority (76%) of the insertions were distributed in
intergenic sequences that contained 31% of the promoters of S. pombe. Interestingly, there was no correlation between the
amount of integration at these promoters and their level of transcription. Instead, we found Tfl had a strong preference for
promoters that are induced by conditions of stress. This targeting of stress response genes coupled with the ability of Tfl to
regulate the expression of adjacent genes suggests Tfl may improve the survival of S. pombe when cells are exposed to
environmental stress.

[Supplemental material is available online at http:// www.genome.org. The sequence data from this study have been
submitted to the NCBI Short Read Archive (http://www.ncbi.nlm.nih.gov/Traces/sra/sra.cgi) under accession nos.

SRA009282 and SRA009354. See note in Methods about provisional FTP.]

Retrotransposons are elements of mobile DNA that constitute
a substantial portion of eukaryotic genomes. In the yeasts Schizo-
saccharomyces pombe and Saccharomyces cerevisiae, long terminal
repeat (LTR) transposons make up 1% and 3% of the genome, re-
spectively (Kim et al. 1998; Bowen et al. 2003), while in mammals,
retrotransposons comprise nearly half of the genome (Lander et al.
2001; Mouse Genome Sequencing Consortium 2002). The con-
tinued ability of these elements to proliferate depends on inte-
gration strategies that do not compromise the survival of the host.
In S. cerevisiae, retrotransposons avoid inflicting damage to the
host by directing integration to regions of the genome that lack
coding potential. Tyl and Ty3 integrate just upstream of RNA
polymerase III (Pol III) transcribed genes, and TyS inserts into re-
gions of heterochromatin (Lesage and Todeschini 2005). The ret-
rotransposon Tf1 of S. pombe has a mechanism that is distinct from
the other transposons of yeast in that its integration clusters in
a window 500 nt upstream of ORFs (Behrens et al. 2000; Singleton
and Levin 2002; Bowen et al. 2003).

A study of Tfl integration in plasmids that contained in-
dividual genes showed that the insertion sites corresponded to
positions where transcription factors bind (Leem et al. 2008). The
dominant positions of integration in fbp1 occurred 30 and 40 nt
downstream of upstream activating sequence 1 (UAS1), the posi-

Corresponding author.

E-mail henry_levin@nih.gov; fax (301) 496-4491.

Article published online before print. Article and publication date are at
http://www.genome.org/cgi/doi/10.1101/gr.099648.109.

tion where the activator Atflp binds. This directed integration
adjacent to UASI is disrupted when mutations are placed in the
binding site of Atflp or when the gene encoding Atflp is deleted
(Leem et al. 2008). These data indicate that it is the promoters of
Pol II transcribed genes that are the targets of Tf1 integration.

The result that integration in the genome of S. pombe is di-
rected to the promoters of genes raises several key questions about
the biological impact of Tfl integration. Are all promoters recog-
nized equally or is integration directed to specific sets of promot-
ers? If specific sets of promoters are preferred targets, what distin-
guishes the preferred promoters from those not recognized by Tf1?
In addition, it is also important to test whether Tf1 integrates into
sites other than Pol II promoters. To address these questions, large
numbers of integrations throughout the genome of S. pombe must
be sequenced. The revolutionary new methods for high-throughput
pyrosequencing make it possible to characterize extraordinarily
large numbers of integration events (Wang et al. 2007).

We report here the use of ligation-mediated PCR and 454 se-
quencing to determine the position of Tfl insertions throughout
the genome of S. pombe. Four independent collections of trans-
position were sequenced and from these we identified the posi-
tions of 21,848, 14,242, 16,188, and 20,847 insertions. This ex-
pansive set of data revealed that greater than 95% of integration
occurred in intergenic sequences. The position of the insertions
heavily clustered upstream of ORFs. The overwhelming majority
(76%) of the insertions were distributed in ~1000 of the intergenic
sequences, which in turn contained about 31% of the promoters
of S. pombe. Importantly, we found 80%-88% of the intergenic
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regions with insertions identified in one
experiment also had integration in an

Table 1. 454 sequencing of independent experiments

ind dent lib £t ition. Thi Restriction Raw Unique matches Independent
Independent ibrary ot transposttion. 11is Experiment Strain® endonuclease sequences in BLAST integrations
high level of overlap from independent

experiments demonstrates that we have  pap Mse 2 YHL9537 Msel 143,350 67,862 21,848
obtained a genome-wide profile of in- Hap_Mse_1 YHL9426 Msel 275,021 124,454 14,242
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i inte- Ip_Hpy py / / )

quence of S. pombe. Analysis of the inte Total 599,760 293,631 73125

gration levels in each of the intergenic

regions revealed that Tfl had a strong
preference for promoters that are induced
by conditions of stress.

Results

High-throughput pyrosequencing positioned 73,125
independent insertion events

To create a genome-wide profile of integration sites we sequenced
large numbers of Tf1 inserts using the pyrosequencing technology
of 454 Life Sciences (Roche). Cells were induced for the expression
of Tfl containing neo (Tf1-neo), and media containing G418 was
used to select for the cells with integration events. As developed
for sequencing insertion sites of human immunodeficiency virus
1, (HIV-1) and murine leukemia virus (MLV), we applied ligation-
mediated PCR to generate libraries of Tf1-neo associated with the
downstream flanking DNA (Schroder et al. 2002; Wu et al. 2003).
Unlike the cases of HIV-1 and MLV, there are hundreds of preex-
isting transposon LTRs in S. pombe with sequences identical to that
of Tf1-neo (Bowen et al. 2003). To distinguish new integration sites
from the preexisting elements, a unique tag of substituted nucle-
otides was introduced in the U5 sequence of Tf1-neo at a position
previously shown to be unimportant for transposition (Lin and
Levin 1998). In addition, a Spel restriction site was introduced just
after the upstream LTR to allow us to block the PCR amplification
of the internal sequences of Tf1-neo (Supplemental Fig. S1).

In this study, we performed four independent transposition
experiments (Hap_Mse_1, Hap_Mse_2, Dip_Mse, and Dip_Hpy),
which were named according to the strains (haploid or diploid)
and restriction enzymes (Msel or HpyCH41V) used to digest the
genomic DNA from the cells with integration events. The cut li-
braries of DNA were ligated to linkers, digested with Spel, and
subjected to barcoded PCR. The amplified products, consisting of
the downstream LTRs and their flanking DNA, were size selected
and submitted to 454 Life Sciences for sequencing.

All together we obtained 599,760 high quality sequence reads
that were then analyzed with BLAST to determine the chromosomal
location of the insertions. Many sequence reads mapped to identi-
cal positions and corresponded to insertions in the same orienta-
tion. These duplicate events were not included in our analyses be-
cause they could have been the result of sibling amplification in the
yeast cells or in PCR. Other sequence reads were disregarded because
they matched sequences that were duplicated in the genome. In all,
we identified 73,125 independent Tfl integration events in unique
positions of the S. pombe genome (Table 1). The integrations were
distributed in 34,511 sites on the three chromosomes. Since there
could be integrations in either orientation at a specific site, and we
completed four independent experiments, one site could have up to
eight independent insertions. We found 18,216 sites containing
integrations in both orientations and 874 sites containing eight
independent integrations. These numbers suggest our collection of
integration sites approached the level of saturation.

“See Supplemental material for the description of strains.

The chromosomal distribution of Tfl integration was broadly
distributed but nonrandom

To obtain our first library of integration events we induced trans-
position of Tfl-neo in haploid cells arrayed into patches. We se-
lected for cells with integration using G418, isolated genomic
DNA, and digested the DNA to completion with Msel. This mate-
rial was then processed as described in Methods for pyrosequenc-
ing. The BLAST results of this sequence identified 21,848 in-
dependent insertions in this experiment termed Hap_Mse_2.
Figure 1A is a histogram of the integration events divided into 1 kb
intervals of the three chromosomes. The density of integration
events was broadly distributed across each chromosome. However,
there were many intervals with high levels of integration. To test
the distribution of the events for bias, we divided the genome into
10-kb intervals and plotted the fraction of the intervals that had
various numbers of insertions (Fig. 1B, blue line). The resulting
population of intervals had a mean of 17.4 inserts/10-kb interval.
If these insertions were randomly distributed throughout the
genome they would have a Poisson distribution with a mean of
17.4 inserts/10 kb shown in Figure 1B (green line). Clearly, there
were many more intervals with greater numbers of inserts than
predicted by a Poisson distribution. This divergence from a Poisson
distribution resulted in a variance of 204, which was substantially
higher than what is expected for a Poisson distribution where the
variance equals the mean. This result indicates the integration had
a high level of aggregation.

One explanation for the strong bias we observed was that the
Msel sites themselves had an aggregated distribution that biased
the insertions detected by linker ligation. To test the integration
data for this bias, as well as others that could occur during ligation
and PCR, we generated a matched random control (MRC) data set.
Each insertion was matched with a randomly chosen site in the
genome that was constrained to have the same distance to an Msel
site as the authentic insertion (Wang et al. 2007). As seen in Figure
1B (magenta line) the distribution of the MRC sites matched the
Poisson distribution, indicating that the strong clustering of Tf1
integration we detected was not due to the position of the Msel
sites.

Tfl integration clustered upstream of ORFs

Two studies reported the position of Tf1 integration throughout the
genome of S. pombe (Behrens et al. 2000; Singleton and Levin 2002).
A total of 78 insertions were sequenced and their positions showed
a strong preference for regions upstream of ORFs. To test whether
a substantially larger set of insertion data would reveal different
preferences for integration, all 21,848 insertion sites from the
Hap_Mse_2 experiment were mapped relative to ORFs (Fig. 2A).
The distance from the insertions to the closest ORF was determined.
The inserts closer to the 5’ end of an ORF were mapped upstream of
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events. To test this possibility we con-
ducted a separate integration experiment
in a strain that was isogenic except that it
was diploid. The integration data for the
diploid experiment, Dip_Mse, resulted in
16,188 independent insertions (Table 1).
Despite the diploid nature of the strain,
the insertions exhibited the same low
level of events in the ORF (3.3% vs. 3.5%)
and the same strong preference for the
upstream region (Fig. 2C). These results
indicate that the pattern of integration
detected in our high-throughput experi-
ments resulted from the mechanism of
integration, not a selection for survival.

Insertion libraries provided a saturated
profile of integration activity
for each intergenic sequence

The profile of integration across the ge-
nome revealed substantial variation with
some intervals containing 35 to 40 in-
sertions per kb, while many others had
zero to five insertions per kb (Fig. 1A). The

0 10 20 30 40 50
Integration number/10 kb interval

Figure 1. The distribution of Tf1 integration in the genome of S. pombe. (A) The numbers of in-
dependent insertion events from the Hap_Mse_2 experiment are shown within 1 kb intervals of the
three chromosomes of S. pombe. The positions of centromeres are indicated by blue triangles. The total
number of independent integration events in each chromosome are labeled. (B) The distribution of Tf1
integrations within10-kb intervals of the S. pombe genome is shown for the Hap_Mse_2 experiment.
Also shown are the distribution of the random control (MRC of Hap_Mse_2, magenta) and the Poisson

distribution (green) based on the mean of the integration data.

the ORF in Figure 2A and inserts closer to the 3’ ends of an ORF
were positioned downstream in the diagram. Insertions within
ORFs were placed into 15 bins based on their relative position. The
integration from Hap_Mse_2 showed a clear preference for the
first 500 nucleotides (nt) upstream of ORFs. No other significant
bias was evident. To test whether this bias resulted from a dispro-
portionate number of Msel sites upstream of ORFs, we mapped
the position of the MRC sites relative to ORFs (Fig. 2B). The even
distribution of MRC sites throughout the ORF is clearly different
from the integration data and demonstrates that the clustering of
inserts upstream of ORFs is not due to a bias in the position of
Msel sites. The high number of MRC events on either side of ORFs
is due to the higher AT nucleotide content and resulting number
of Msel sites in the intergenic sequences compared to the ORFs.

The previous studies of Tf1 integration did not detect any in-
tegration within ORFs. However, the magnitude of the Hap_Mse_2
data set revealed a full 3.5% of the inserts occurred within ORFs.
This finding reveals that Tf1 does have a mechanism of integration
that can disrupt coding sequences.

80 key question about this variation in in-
tegration is whether it was due to intrinsic
differences in integration efficiency be-
tween different sequences in the genome
or whether the size of our cultures and the
PCR amplification limited our ability to
sample the integration potential of each
sequence. To distinguish between these
two possibilities we tested whether the
levels of integration in individual inter-
genic sequences were reproducible between two independent ex-
periments. The Hap_Mse_2 experiment identified 21,848 insertions
and these fell into 2505 intergenic regions. In an independent ex-
periment also using a haploid strain (Hap_Mse_1), 14,242 inser-
tions were isolated and these were distributed within 2256 inter-
genic regions (Table 1). In each of these experiments, insertions
occurred in approximately half of the 5045 intergenic regions of
S. pombe (Fig. 3A). More importantly, there was a high level of
agreement between the two experiments. Of the 2256 intergenic
sequences of Hap_Mse_1 that had one or more insertions, 88% had
at least one integration in the Hap_Mse_2 collection. Conversely, of
the 2505 intergenic regions that had one or more insertion in the
Hap_Mse_2 experiment, 78% were also integration targets in the
Hap_Mse_1 experiment. This strong level of congruence between
the two independent experiments argues that the size of the yeast
cultures and the volumes of the PCRs were sufficient to sample the
integration potential of each intergenic region.

The two integration experiments Hap_Mse_2 and Hap_Mse_1
were both conducted using DNA digested with Msel, an enzyme
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1000 4 3.5%

Hap_Mse_2

Dip_Mse, 87% of the intergenic regions
with inserts were also targets of in-
tegration in the collection of Dip_Hpy.
This high level of overlap between in-
dependently generated integration sets
in DNA cut with different restriction en-
zymes demonstrates there was little bias
introduced by the recognition sequence
of the enzyme. In addition, comparison
of the intergenic sequences with in-
tegration between experiments with a
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haploid versus a diploid (Hap_Mse_2 vs.
Dip_Mse) also showed high levels of cor-
respondence (Fig. 3B, red and yellow).
This result indicated that the ploidy of
the strain did not influence which inter-
genic regions had insertions.

The concordance between the dif-
ferent experiments presented in Figure 3
indicated that the same intergenic re-
gions were active for integration in in-
dependent experiments. However, that
analysis did not address whether the
amount of integration in intergenic re-
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gions was consistent between experi-
ments. Figure 4 compares the numbers of
integration events in the intergenic re-
gions of the Hap_Mse_2 experiment to
the numbers of integration events from
the Dip_Mse experiment. Each intergenic
region was plotted using the number
of integration events identified in the
Hap_Mse_2 experiment as the x coor-
dinate and the number of inserts re-
corded in Dip_Mse experiment as the
y coordinate. Because each of the 5,045
intergenic regions was plotted, and many
intergenic regions had the same x,y co-

Dip_Mse

— T

-5000 -4000 -3000 -2000 -1000 © 0
Distance to the start or end of ORFs

Figure 2. The distance from Tf1 integration sites to the nearest ORF. The x coordinate is the distance
from the 5" and 3’ ends of ORFs. The y coordinate shows the number of integration events within bins of
100 bp. Insertions closer to the 5’ end of an ORF were plotted upstream of the ORF (green arrow), while
insertions closer to the 3’ end of an ORF were plotted downstream of ORF. Insertions within ORFs were
tabulated within 15 bins of equal proportion. The percentage of the independent integrations in ORF

was labeled. (A) Hap_Mse_2; (B) MRC for Hap_Mse_2; (C) Dip_Mse.

that cuts TTAA. As a result, the strong correspondence between
these two experiments might have resulted from a bias in favor of
a subset of insertions in A/T rich DNA. To test the influence of
a specific restriction enzyme on the pattern of integration detec-
ted, we generated an additional set of integration events from DNA
digested with Hpy CH4 1V, an enzyme that cuts a G/C containing
sequence (ACGT). This experiment, Dip_Hpy, was generated with
a diploid, and resulted in 20,847 independent insertions (Table 1).
The data of Dip_Hpy were compared directly to that of an exper-
iment with independently generated inserts (Dip_Mse), for which
16,188 were isolated in diploid DNA cut with Msel. In the Dip_Hpy
experiment, 2,366 intergenic regions had one or more insertions
and 84% of these regions were targets of integration in the
Dip_Mse experiment (Fig. 3B, blue and yellow). Similarly, with

1000 2000 3000 4000 bp

ordinates, we used the z coordinate to
indicate the number of the intergenic re-
gions that had the same x,y coordinates.
The planar distribution of the data points
shows that the amount of integration in
each intergenic region is similar between
the two independent experiments. The
R-value for the data in Figure 4 is 0.95
(R* = 0.91), indicating there is strong
correlation of the integration levels be-
tween the two experiments. This comparison was performed be-
tween all pairs of the four experiments and the plots showed
similar correlations (data not shown).

Integration strongly favors intergenic regions that contain
Pol I promoters

The genome of S. pombe contains intergenic sequences that can be
classified as divergent, tandem, or convergent, depending on the
direction of transcription of the two ORFs flanking the intergenic
sequence. The previous studies of Tfl integration in the genome
found a strong bias in favor of the divergent and tandem intergenic
regions (Behrens et al. 2000; Singleton and Levin 2002). Although
this preference indicated Tf1 was directed to the intergenic regions
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Hap_Mse_1 Hap_Mse_2
2256 (88%) 2505 (80%)
B

Hap Mse 2

Figure 3. Venn diagrams showing the number of intergenic regions
that had integration events in both the Hap_Mse_1 and Hap_Mse_2 ex-
periments. Under the name of each experiment is listed the total number
of intergenic regions that had at least one insertion. (A) Comparison of
Hap_Mse_1 and Hap_Mse_2; (B) Comparison of Hap_Mse_2, Dip_Mse
and Dip_Hpy.

with Pol II promoters, these studies were based on fewer than 100
insertions. For a comprehensive analysis of integration in intergenic
regions, we examined the insertions from the 454 data sets. Of the
21,848 independent insertions from the Hap_Mse_2 data, 11,224
(51%) occurred within divergent intergenic sequences, 9135 (42%)
were in tandem sequences, and 703 (3.2%) were in convergent se-
quences. The level of integration in the convergent sequences was
substantially less than 27%, the proportion of the intergenic regions
that are convergent. This demonstrates that Tf1 strongly favors in-
tegration into the divergent and tandem intergenic sequences. This
is consistent with the earlier reports, and the model that integration
is directed to the Pol II promoters within the intergenic sequences
(Behrens et al. 2000; Singleton and Levin 2002). Further support
that it is the promoters that are recognized by Tfl was that the av-
erage number of inserts per divergent region is 8.2, which is almost
exactly twice the average number of inserts per tandem region (4.0).

As an independent method of testing Tf1 for targeting bias we
analyzed the distribution of inserts in the intergenic regions. The
frequency of integration in individual intergenic regions varied
greatly. To visualize the distribution of integration we sorted all the
intergenic regions by the number of insertions they contained in
the Hap_Mse_2 experiment. The other data sets gave similar results
(data not shown). Figure 5A shows the number of insertions in each
intergenic region on the y-axis when, on the x-axis the individual

intergenic regions were ranked and sorted by the numbers of in-
sertions. The intergenic region with the most integration contained
69 insertions, and 2538 intergenic sequences had no integration at
all (Supplemental Table S1). The 1000 intergenic regions with the
highest levels of integration were 20% of all the intergenic regions,
and they contained 76% of all the insertion events. To test whether
this distribution was biased we compared it to the distribution of
the MRC_Hap_Mse_2 data, the random insertions matched for the
distances to Msel sites. When we sorted the intergenic regions from
highest number of inserts to lowest, there were many fewer inserts
in the top 1000 intergenic regions in the random control data than
the experimental data (Fig. 5A). This difference represented the
extent to which Tf1 integration was biased.

To determine which types of sequences were preferred for
integration we plotted the distribution of integration in the di-
vergent, tandem, and convergent intergenic regions, again sorted
from highest to lowest number of inserts (Fig. 5B-D). The level of
integration in the divergent and tandem intergenic sequences was
clearly greater than the random control (MRC_Hap_Mse_2). In
comparison, the level of integration in the convergent intergenic
regions was substantially less in the experimental data than the
random control (Fig. 5D).

The integration preference for Pol Il promoters revealed
the position of nonannotated genes

If Pol II promoters are the targets of Tfl integration then conver-
gent intergenic sequences should not have inserts. Yet, 51 con-
vergent regions of S. pombe were targets of integration in all four
independent experiments (Supplemental Table S2). Eight of the
convergent sequences had greater numbers of inserts (>19) in
the Hap_Mse_2 data than predicted for the random control,
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Figure 5. The ranking of intergenic regions based on their number of insertions detected in the Hap_Mse_2 experiment. (A) All intergenic regions of
S. pombe were plotted on the x-axis in order of their number of insertions (blue). (Magenta) A distribution based on the random control data of MRC
Hap_Mse_2. (B) The divergent intergenic regions were plotted on the x-axis in order of their number of insertions (blue). (Magenta) The corresponding
random control MRC Hap_Mse_2. (C) The tandem intergenic regions were plotted on the x-axis in order of their number of insertions (blue). (Magenta)
The corresponding distribution of random control MRC Hap_Mse_2. (D) The convergent intergenic regions were plotted on the x-axis in order of their
number of insertions (blue). (Magenta) The random control MRC Hap_Mse_2.

MRC_Hap_Mse_2 (Fig. 5D; Supplemental Table S2). One expla-
nation for this is that these convergent regions actually had Pol II
promoters that were not annotated. A recent study of the S. pombe
transcriptome identified 29 transcripts in convergent intergenic
regions (Wilhelm et al. 2008). Indeed, all eight convergent inter-
genic regions with greater numbers of inserts than in the random
control corresponded to nonannotated transcripts detected by
Wilhelm and colleagues (Supplemental Table S2). These results
indicate that many of the 51 convergent regions targeted in all four
experiments contain nonannotated promoters.

If Tf1 integration were specific for Pol II promoters no in-
tegration would occur in ORFs. However, the frequency of in-
tegration in ORFs was between 3.3% and 4.4%, depending on the
particular experiment. These integration events may be in non-
annotated genes with promoters overlapping an annotated ORF or
alternatively, there may be a second integration mechanism with
a different class of targets. To address this question we analyzed the
distribution of insertions within ORFs when ranked by their
number of integrations. To compare the distribution of inserts
within ORFs to what would be expected from random integration,
we increased the total number of events from the random control
MRC_Hap_Mse_2 to match the number of insertions in ORFs from
the Hap_Mse_2 data (Fig. 6). Interestingly, the 100 ORFs with the
highest level of integration had more inserts than the top 100 ORFs
from the matched random control. As an indication of repro-
ducible integration activity, there were 39 ORFs that had the exact

same insertion sites disrupted in all four independent experiments
(Supplemental Table S3). These highly targeted sites suggest that
promoters are present within regions annotated as coding se-
quences. Many of these sequences may actually not encode pro-
teins as 16 of the 39 ORFs are annotated as dubious or sequence
orphans. Also, seven more of these positions were in the extreme
N termini of coding sequences that were not conserved. These
N-terminal insertions suggest that the true start codons may ac-
tually be further downstream. Indeed, the annotation for one of
these ORFs was recently changed so that the position of the start
codon is now believed to be downstream of the insertions (Sup-
plemental Table S3, see rpa2). Although 23 of the 39 highly active
targets annotated as ORFs may actually not be in coding sequence,
the remaining 16 are in conserved genes and may be unusual cases
of internal promoters. Supporting this possibility is that three of
the active targets are in intron sequences.

Excluding the 100 ORFs with the highest number of inserts
there were ~300 ORFs with a single insertion and the remaining
ORFs had no integration (Fig. 6). This distribution was significantly
lower than that of the original “unbalanced” set of random con-
trols (MRC_Hap_Mse_2; data not shown). But when the number of
inserts from the random controls was matched to the number of
true inserts in ORFs, and when the top 100 ORFs were excluded,
the two data sets had very similar distributions (Fig. 6). This simi-
larity indicates that for the integration that occurs in most ORFs,
there appears to be no bias.
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Figure 6. All ORFs of S. pombe ranked by the number of insertions in the
Hap_Mse_2 experiment. The ORFs were plotted on the x-axis in order of
their number of insertions (blue). (Magenta) The distribution of the cor-
responding random control MRC Hap_Mse_2 increased in number to
have the same number of insertions in ORFs as in the Hap_Mse_2 data.

Promoters of stress-induced genes are preferred targets
of Tfl integration

As described above for the Hap_Mse_2 experiment, 76% of all the
insertion events occurred in just 20% of the intergenic sequences
(see Fig. 5A). This strong bias is a consequence of the integration
preference for a specific set of promoters. One possibility was that
Tf1 integrated into the promoters with the highest transcription
activity. We tested this hypothesis by plotting the number of in-
sertions in each tandem intergenic sequence against its level of
transcription, based on Affymetrix expression-chip hybridization
signals (Wilhelm et al. 2008). No correlation was observed between
transcription and integration (the correlation coefficient R = 0.08;
Supplemental Fig. S2).

In another effort to determine what distinguishes promoters
that had high levels of insertions from the promoters that did not,
we asked whether the genes associated with the targeted promoters
contributed to specific classes of biological function. For this, we
identified the 219 tandem intergenic regions with the highest
numbers of inserts from the Hap_Mse_2 data and tested their
downstream genes for patterns of gene ontology. The Gene On-
tology (GO) term enrichment tool of the AmiGO consortium
found 47 of the 219 genes were classified with the GO term “re-
sponse to stimulus” as their biological process. This clustering was
highly significant with a P-value of 5.1 X 10~*. Among the 47
genes identified, 30 belonged to the subclassification “cellular re-
sponse to stress.” These 30 genes of the 219 in the query consti-
tuted 13.7% compared to 7.4%, the percent of all genes of S. pombe
that have the GO term “response to stress.”

The results of the gene ontology analysis suggested that genes
regulated by environmental stress were among the strongest tar-
gets of integration. To examine this further we sorted all the
intergenic sequences from highest number of insertions to the
lowest using the Hap_Mse_2 data. Using this order, the intergenic
regions were placed into bins of 500 each. We then used published
microarray data to tabulate how many of the intergenic regions in
each bin contained promoters that are induced at least threefold by
conditions of stress (Chen et al. 2003). As seen in Figure 7A, the bin
containing the 500 intergenic regions with the most integration
contained the highest number of genes induced by cadmium. The
bins with successively lower amounts of integration contained

fewer promoters that are induced by cadmium. This relationship
indicates that integration has a preference for promoters that are
induced by cadmium. Similar preferences were observed for genes
induced when cells are treated with hydrogen peroxide or by heat
(Fig. 7B,C). Particularly strong preferences for integration into
promoters induced by MMS or sorbitol were observed for the first
bin of 500 intergenic regions (Fig. 7D,E). When the same bins of
intergenic sequences were examined for promoters induced by
nitrogen starvation (Mata et al. 2002), no correlation with in-
tegration numbers was observed, indicating that Tfl exhibited
integration preferences for specific sets of promoters (Fig. 7F). In
comparison, when 500 promoters were chosen at random and
their distribution with the bins was tabulated, they showed no
correlation with the amount of integration (Fig. 7G).
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Figure 7. Promoters of stress-induced genes are preferred targets of

integration. The intergenic regions were ranked by numbers of insertion
and then placed into bins of 500. (A-E) The numbers of promoters in-
duced by various environmental stresses in each bin were tabulated. The
total number of promoters induced by each stress (N) is listed. (F) The
number of promoters induced when cells are starved for nitrogen. (G) As
a control, the bins were tabulated for the numbers of promoters they
contained from a set of 500 promoters that were selected at random.
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Integration activity in repeated sequences was low

When we assembled the data sets of insertion sites, sequence reads
that matched repeat regions in the genome were excluded. As
a result, the four data sets in Table 1 lacked insertions in any sites
with repeats such as the centromere, telomere, or IDNA sequences.
To explore the level of integration within these repeat regions we
reexamined the sequence reads from the Hap_Mse_2 that matched
repeated sequences. A graph of the centromere in chromosome 1
(cenl) with the total number of independent insertion events that
matched the repeat sequences shows that these repeats are active
targets (Supplemental Fig. S3A). For this and other graphs of re-
peated sequences, the inserts were tabulated in 1-kb intervals. Al-
though it is not possible to map the insertions to specific copies of
repeated sequences, we graphed the average level of insertion
within the repeat sequences. This was done by dividing the total
number of insertions that matched a specific repeat by the total
copy number of that repeat in the genome. This graph for cenl, as
well as similar graphs for cen2 and cen3, showed that there was
very little integration in the centromeric repeats compared to the
integration in the flanking genes (Supplemental Fig. S3A-C). Even
when considering the total number of inserts that matched the
centromeric repeats, the level of integration was lower than that in
the unique sites flanking the centromeres.

The telomeres are another set of repeat-rich regions of the
genome. Although the highly repeated telomere sequences are
dynamic and not included in the reference sequence of S. pombe,
we did tabulate the inserts within the subtelomeric repeats on the
left end of chromosome 1 (Supplemental Fig. S3D). In this region
there are unique sequences interspersed with several segments that
are duplicated elsewhere in the genome. Many regions in the
subtelomeric repeats were active for integration and the insertion
sites corresponded to promoter regions. The left telomere of
chromosome 3 contains ~100 copies of the rDNA repeats (Schaak
etal. 1982). Using the genome sequence and the three copies of the
rDNA repeats that are included (Wood et al. 2002), we found that
rDNA repeats were targets of integration (Supplemental Fig. S3E).
However, the average integration activity in the rDNA repeats is
very low since the overall integration numbers in the rDNA repeats
must be divided by 100, the approximate number of cDNA repeats
in the genome.

The genome of 972, the reference strain of S. pombe contains
13 full-length copies of Tf2, a retrotransposon that differs from Tf1
primarily within Gag (Levin et al. 1990; Weaver et al. 1993; Wood
etal. 2002). By tabulating the total number of insertions within Tf2
sequence we found that the transposon sequence was a strong
target of integration. Even after dividing the total number of in-
sertions by 13 to get the average level of integration for Tf2 ele-
ments, the center region of the elements averaged as many as 18
inserts/kb (Supplemental Fig. S3F). This pattern of integration
suggests that there are promoters internal to Tf2. Although it is also
possible that integration within Tf2 elements was due to a different
mechanism.

Discussion

The application of high-throughput pyrosequencing in this article
revealed in S. pombe the position of 73,125 independent insertion
events from a total of four independent experiments. These data
demonstrated that sequences upstream of ORFs were the domi-
nant sites of integration, as 93% of all insertions occurred in tan-
dem and divergent intergenic regions. This overwhelming prefer-

ence for tandem and divergent regions provides strong support for
the conclusion that Pol II promoters are the targets of Tfl in-
tegration (Leem et al. 2008).

The specificity of Tfl integration for Pol II promoters raised
questions about the 51 convergent regions that were strong targets
of integration. That the eight convergent sequences with the
highest level of integration were recently found to actually contain
Pol II promoters indicates that integration activity can be used to
discover new Pol II promoters. The discovery of highly active in-
tegration sites within ORFs not only identified new potential
promoters, but also raised questions about whether these se-
quences are ORFs. Most of the 39 ORFs with reoccurring insertion
sites were annotated as dubious and many of the other ORFs had
strong insertion sites at the extreme N-termini of the ORFs, sug-
gesting the true starts of translation were downstream. These in-
tegration data provide strong motivation to reevaluate the anno-
tations of both the convergent regions and the ORFs that had high
numbers of insertions.

The biological impact of transposons on the physiology of the
host depends greatly on the frequency and position of integration.
Previous studies of transposon integration in eukaryotes docu-
mented relatively small numbers of insertions. It has therefore
been difficult to identify the scope of insertion sites throughout
a genome or quantify the integration activity of specific sites. The
size and number of the integration experiments reported here
resulted in reproducible measures of integration for each inter-
genic region and ORF in the S. pombe genome. Despite the use of
different restriction enzymes in cutting the genomic DNA and the
different ploidies of S. pombe used, very similar integration levels
were detected across the four experiments for each intergenic and
ORF sequence. The reproducibility of the integration activity of
each intergenic and ORF sequence from experiment to experiment
demonstrates that we have saturated the full set of insertion sites
that are actively targeted by Tf1. To our knowledge, this is the first
time such a profile of integration data has been assembled.

The highly active insertion sites, representing 76% of all in-
tegration, were positioned in just 20% of the intergenic regions of
the genome. The analysis of these data demonstrates that Tfl in-
tegration is highly biased in favor of a specific set of Pol II pro-
moters. However, there was no correlation between the amount of
integration at the promoters and their level of transcription
(Supplemental Fig. S2). This indicates that the proteins responsible
for directing integration are not likely to be general factors of
transcription, but are specific for the targeted promoters. Such
a model is consistent with our previous findings that when pro-
moters are included in target plasmids, transcription is not re-
quired for integration and the stress response transcription factor
Atflp mediates integration at the promoter of fbpl (Leem et al.
2008). Importantly, the finding that Tf1 integrates preferentially
into stress response genes supports the model that integration is
directed to target sites by transcription factors that induce the
stress response genes. It will be important in future studies to test
known stress response transcription factors for a role in mediat-
ing integration. We will also test the formal possibility that Tf1
transposition induces a stress response and that is why the stress
response genes are targets of integration.

The association of Tfl integration with the response to en-
vironmental stress is just one of a vast number of examples of how
transposons evolved to specifically react to stress (Wessler 1996;
Weiner 2002; Lesage and Todeschini 2005; Haniford 2006; Ebina
and Levin 2007; Beauregard et al. 2008). It was her pioneering
study of transposons in corn that led Barbara McClintock to
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propose that cells under stress use transposons to reorganize their
genomes in a way that alters gene expression and allows them to
overcome a threat to their survival (McClintock 1984). Recent
examples of stress-induced activation of transposons have pro-
vided molecular understanding of such mechanisms. The tran-
scription of Tf2 is greatly stimulated by the activator Srelp when
cells are deprived of oxygen (Sehgal et al. 2007). TyS5, an LTR ret-
rotransposon that integrates specifically into heterochromatin in
S. cerevisiae, targets its integration into genes when cells are starved
for nutrients. This integrase possesses a specific phosphorylation
that is required for it to bind the heterochromatin factor Sir4p and
direct integration to the sites of insertion (Dai et al. 2007). It is the
stress of nutrient depravation that diminishes the phosphoryla-
tion and disrupts the interaction between integrase and Sir4p. The
targeting of Tf1 to stress induced promoters represents a unique
response that may function to specifically alter expression levels of
stress response genes. Although there is no systematic data, in-
tegration of Tf1 into the promoter of ade6 and bub1 does stimulate
transcription (Leem et al. 2008).

Of all the integration we detected, 3.9% occurred within
ORFs. Although this is a small fraction of the total, it represents
2827 inserts. The position of these events suggests they occur by
a mechanism that differs significantly from the process that me-
diates integration into promoters. Although there were about 100
sites of insertion in ORFs that had higher frequencies than pre-
dicted by the random control (Fig. 6), the remaining ORFs in the
genome had frequency distributions that were close to what would
be expected if integration were random. This indicates that Tfl
possesses a second integration mechanism that appears to be re-
sponsible for a low frequency of integration that is distributed
randomly throughout the genome.

Methods

Media

Cells were grown on agar plates containing EMM (Forsburg and
Rhind 2006) supplemented with 2 gm/L dropout mix (an equal
weight mix of all amino acids plus 2.5 times more adenine than the
amino acids; no uracil was present) and a final concentration of
10 uM thiamine to repress the transcription of Tfl driven by the
nmtl promoter. To eliminate the plasmid with Tf1-neo, EMM agar
contained 1 g/L 5-fluoroorotic acid (5-FOA), the dropout mix, and
50 mg/mL of uracil. Transposition was measured by a final replica
print to YES (YE plus dropout mix) plates supplemented with 1 g/L
5-FOA and 0.5 g/L G418.

Sample preparation and 454 sequencing

The plasmid containing Tfl-neo, pHL2673, was generated by
placing a unique sequence tag in the U5 region of pHL891 (Lin and
Levin 1997). For the sequence see Supplemental Fig. S1B. The yeast
strains are described in Supplemental Table S4. The transposition
experiments were performed essentially as described previously
(Lin and Levin 1998). For each experiment, 12 independent
patches of cells were induced for transposition on each plate
and a minimum of 20 plates were processed (see Supplemental
Methods for detailed description). The patches of cells on the
plates containing YES 5-FOA/G418 were harvested and geno-
mic DNA was isolated (Supplemental Methods; Supplemental
Fig. S1). The samples of genomic DNA were digested with Msel or
HpyCHA4IV and ligated to linkers. Next, the ligation products were
digested with Spel and amplified by PCR with primers containing

the A and B tag sequences required for the bridged PCR of 454
sequencing. The PCR products were gel-purified, pooled, and sent
to 454 Life Sciences (Roche) for sequencing.

Accession numbers for sequence data

The 454 DNA sequence from the Hap_Mse_1 experiment was
submitted to the Short Read Archive (SRA) at NCBI under the ac-
cession number SRA009282. However, this data will initially be
available from a provisional FTP (ftp://ftp-trace.ncbi.nlm.nih.gov/
sra/Submissions/SRA009/SRA009282/provisional/C489SID3069_
HLO070510_read.tar). The sequence from the remaining experi-
ments (Hap_Mse_2, Dip_Mse, and Dip_Hpy) resulted from a single
454 sequence run and was submitted to the SRA with the accession
number SRA009354.

Mapping Tfl integration sites on the genome of S. pombe

Sequence reads were screened for those containing the end of
the LTR. Then the LTR and any linker sequences were trimmed.
The trimmed sequences were positioned in the genome using the
NCBI BLAST software on a local computer. The S. pombe genome
database used in BLAST was the Feb. 2007 version of the chro-
mosome contigs from the Wellcome Trust Sanger Institute. (ftp://
ftp.sanger.ac.uk/pub/yeast/pombe/Chromosome_contigs/OLD/
20070206/). The BLAST results were filtered to collect matches
with genomic sequence that started from the first nucleotide after
the LTR and with identities greater than or equal to 95% and ex-
pect (E) values less than or equal to 0.05. Then, of the matches that
met these criteria, the one with the highest bit score was used to
obtain the coordinates for the unique insertion sites. Sequences
that were from the same experiment and were found to have the
same insertion coordinate and the same orientation, were con-
sidered to be duplicate reads, and were considered as only one
independent integration event. The program scripts for screening
raw sequences or filtering the BLAST results were written in Perl or
Visual BASIC (VB).

Other bioinformatic analysis

The CDS coordinates for the S. pombe genome were from Wellcome
Trust Sanger Institute, the Feb. 2007 version. The coordinates
within intergenic regions or ORFs and the distance to the start or
end of the nearest ORF of each integration site were calculated with
scripts written with Perl or VB. The Poisson distribution was gen-
erated with a function in Excel (Microsoft Office).

Gene Ontology analyses were conducted using AmiGO, the
GO Consortium’s annotation and ontology toolkit, database re-
lease 2008-08-12 (Carbon et al. 2009).
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