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Retrosequences generated by reverse transcription of mRNA transcripts have a substantial influence on gene
expression patterns, generation of novel gene functions, and genome organization. The Ty1 retrotransposon is
a major source of RT activity in the yeast, Saccharomyces cerevisiae, and Ty1 retromobility is greatly
elevated in strains lacking telomerase. We report that Ty1-dependent formation of retrosequences derived
from single-copy gene transcripts is progressively elevated as yeast cells senesce in the absence of telomerase.
Retrosequences are frequently fused to Ty1 sequences, and occasionally to sequences from other mRNA
transcripts, forming chimeric pseudogenes. Efficient retrosequence formation requires the homologous
recombination gene RAD52. Selection for retrosequence formation is correlated with a high frequency of
chromosome rearrangements in telomerase-negative yeast. Ty1-associated retrosequences were present at the
breakpoint junctions of four chromosomes analyzed in detail. Our results support a role for reverse transcripts
in promoting chromosome rearrangements.
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Reverse transcription of cellular mRNA and subsequent
incorporation of the resulting complementary DNA
(cDNA) into chromosomal DNA generates retrose-
quences, which comprise functional retrogenes as well
as processed (or retrotransposed) pseudogenes, with the
latter being defined by their inability to encode func-
tional proteins. Approximately 200, 1200, 5000, and
7800 processed pseudogenes have been reported in the
Caenorhabditis elegans, rice, mouse, and human ge-
nomes, respectively (Harrison et al. 2001; Ohshima et al.
2003; Torrents et al. 2003; Zhang et al. 2003, 2004; Wang
et al. 2006). Retrosequences derived from mRNA se-
quences typically lack regulatory sequences and introns,
and contain oligo(A/T) tracts at their 3� ends. Retrose-
quences formed by the RT activity of non-long-terminal
repeat (LTR) retrotransposons are usually flanked by tar-
get site duplications (Esnault et al. 2000), while those
formed by LTR retrotransposons or retroviruses are typi-
cally flanked by sequences of the retroelements them-
selves (Derr et al. 1991; Jin and Bennetzen 1994; Wang et
al. 2006).

Most of the studies that contributed to our under-
standing of the process and consequences of retrose-
quence formation are retrospective. Experimental sys-
tems to detect retrosequence formation are limited by

extremely low frequencies of events (Schacherer et al.
2004), or they rely on overexpression of the donor genes
and/or retroelements (Derr et al. 1991; Esnault et al.
2000). We reported that retrosequences of subtelomeric
Y� elements form frequently in Saccharomyces cerevi-
siae strains that lack telomerase (Maxwell et al. 2004).
Formation of Y� and other mRNA-derived retrose-
quences in yeast depends on the yeast Ty1 LTR retro-
transposon as a source of RT activity and the primer for
reverse transcription (Derr et al. 1991; Maxwell et al.
2004).

Following telomerase inactivation, S. cerevisiae
strains become senescent as telomeric DNA erodes, but
after 50–100 generations, a fraction of cells, termed sur-
vivors, escape growth arrest and maintain altered telo-
mere structures by homologous recombination (Lund-
blad and Blackburn 1993; Teng and Zakian 1999). Ty1
mRNA is reverse-transcribed into cDNA in cytoplasmic
virus-like particles, and both Ty1 cDNA synthesis and
retromobility progressively increase as telomerase-nega-
tive S. cerevisiae strains senesce (Scholes et al. 2003).
Telomerase-negative yeast strains also have elevated lev-
els of chromosome rearrangements during late senes-
cence (Hackett et al. 2001). Ty1 sequences are frequently
present at the junctions of chromosome rearrangements
obtained by genetic selection systems or by selection for
adaptation to specific growth conditions (Dunham et al.
2002; Umezu et al. 2002; Lemoine et al. 2005; Putnam et
al. 2005). Therefore, we hypothesized that Ty1 RT activ-
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ity promotes chromosome rearrangements in telomer-
ase-negative yeast. We asked whether the mechanism of
retrosequence formation would promote chromosome
rearrangements in telomerase-negative yeast, since mul-
tiple pathways of retrosequence insertion into the ge-
nome, including recombination, have been proposed
(Derr et al. 1991; Maxwell et al. 2004). To address this
question, we analyzed retrosequence formation from do-
nor genes unrelated to telomere maintenance during se-
nescence and survivor formation.

Here, we demonstrate that Ty1-dependent formation
of retrosequences derived from transcripts of single-copy
genes occurs at progressively higher frequencies as yeast
cells senesce in the absence of telomerase. Retrose-
quence formation is correlated with the appearance of
chromosome rearrangements in telomerase-negative
yeast survivors. Genetic analyses and molecular charac-
terizations of select chromosome rearrangements are
consistent with a role for recombination between chi-
meric Ty1 retrosequence cDNA molecules and genomic
Ty1 sequences in the production of these chromosome
rearrangements.

Results

Elevated levels of retrosequence cDNA derived
from single-copy genes in telomerase-negative yeast

We asked whether reverse transcription of mRNA tran-
scripts unrelated to telomeres and telomere mainte-
nance was increased in telomerase-negative yeast.
Telomerase-negative derivatives of isogenic strains were
obtained by segregating a plasmid copy of TLC1 (see Ma-
terials and Methods), which encodes the RNA subunit of
telomerase, and were subcultured by serial restreaking
for single colonies. We used a PCR assay to detect retro-
sequence cDNA that is reverse transcribed by priming
from Ty1 cDNA onto the poly(A) tail of an mRNA and
continuing into the ORF (Fig. 1A), because Y�–Ty1
cDNA junctions frequently have this structure (Maxwell
et al. 2004). We used primers for two genes identified as
highly expressed genes, TDH3 (glyceraldehyde-3-phos-
phate dehydrogenase) and TEF1 (translation elongation
factor EF-1�), and two genes not identified as highly ex-
pressed, FUS3 (a mitogen-activated protein kinase) and
SUC2 (invertase) (Velculescu et al. 1997). We obtained
PCR products for TEF1–Ty1 and TDH3–Ty1 cDNA junc-
tions (Fig. 1A) and sequenced the products from two in-
dependent reactions for each gene. The products con-
sisted of sequences from the 3� end of each gene followed
by an oligo(A/T) tract corresponding to the mRNA
poly(A) tail adjacent to Ty1 LTR sequences. We could
not detect PCR products for FUS3–Ty1 or SUC2–Ty1
cDNA junctions (data not shown), which may be be-
cause FUS3 and SUC2 mRNA levels are lower than
TDH3 and TEF1 mRNA levels. Indeed, most human pro-
cessed pseudogenes are produced from highly transcribed
genes (Zhang et al. 2003).

The copy number of the TEF1–oligo(A/T)–Ty1 and
TDH3–oligo(A/T)–Ty1 cDNA junctions (Fig. 1A) per ge-

nome was determined by a competitive PCR assay, using
the single-copy TEL1 gene as a normalization control
(Maxwell et al. 2004). The mean copies per genome
of TDH3–oligo(A/T)–Ty1 and TEF1–oligo(A/T)–Ty1 cDNA
junctions were 6.1 ± 1.5 × 10−5 and 7.7 ± 1.5 × 10−5 in
three telomerase-positive strains, 3.1 ± 1.0 × 10−3 and
2.1 ± 0.5 × 10−3 in four telomerase-negative senescent

Figure 1. Retrosequence formation becomes more frequent as
telomerase-negative strains senesce. (A) Arrows in the diagram
indicate the orientation of primers used to detect retrosequence
cDNA junctions between sequences from the 3� UTR of hypo-
thetical GENE X and the 3� end of Ty1, spanned by an oligo(A)
tract, An, corresponding to the poly(A) tail of the GENE X tran-
script. Panels below the diagram show results of competitive
PCR using equivalent amounts of genomic DNA from telom-
erase-positive, telomerase-negative senescent, and telomerase-
negative survivor populations (BY4742 background) using prim-
ers and competitors for the indicated cDNA junctions, or with
primers and competitor for the TEL1 gene (shown in bottom
panel). (B) The his3AI indicator gene consists of a HIS3 gene
interrupted by an artificial intron (AI) in the opposite transcrip-
tional orientation. The his3AI gene is placed into the 3� UTR of
a gene in an orientation that allows AI to be spliced from the
gene’s transcript. Formation of a functional copy of HIS3 by
reverse transcription of the spliced transcript and incorporation
of the cDNA into the genome produces cells that are His+ pro-
totrophs. (C) Semi-log graphs of the frequency of His+ proto-
troph formation in telomerase-positive (SC0) and serially sub-
cultured telomerase-negative derivatives (SC1–7) of strains
from two different genetic backgrounds (BY4742 and GRF167)
containing ADH1his3AI are shown. Open circles represent
telomerase-positive and senescent populations, while filled
circles represent the subculture when survivors first appeared
and all subcultures thereafter, as determined by Southern analy-
sis of telomeres of each culture at each time point (data not
shown).
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populations, and 4.4 ± 1.7 × 10−4 and 5.7 ± 2.2 × 10−4 in
four telomerase-negative survivors, respectively. The in-
crease in copy number of TDH3–oligo(A/T)–Ty1 or
TEF1–oligo(A/T)–Ty1 was ∼50-fold or 28-fold in senes-
cent populations and approximately sevenfold in survi-
vors, respectively. We conclude that reverse transcrip-
tion of not only mRNA of Y� elements, but also mRNA
of single-copy genes, is induced in telomerase-negative
yeast (Maxwell et al. 2004).

Progressive induction of retrosequence formation
during senescence

We used a genetic assay to measure retrosequence for-
mation during senescence of telomerase-negative yeast.
Retrosequence formation, defined as the incorporation of
retrosequence cDNA into the genome, was measured by
inserting the his3AI retrotranscript indicator gene (Cur-
cio and Garfinkel 1991) into the 3� untranslated region
(UTR) of the endogenous ADH1 (alcohol dehydrogenase
1) locus. This allowed us to measure the frequency of
ADH1HIS3 retrosequence formation as the frequency of
obtaining His+ prototrophs (Fig. 1B). ADH1 was chosen
because it is a well-expressed gene (Velculescu et al.
1997) whose function is unrelated to telomere mainte-
nance, and it is >100 kb from a telomere. Telomerase
was inactivated in strains harboring ADH1his3AI by seg-
regating a plasmid copy of TLC1 (BY4742 background),
or by selecting for loss of the EST2 allele, which encodes
the catalytic protein subunit of telomerase, from an
EST2–URA3–est2�1 construct integrated into the ge-
nome at the EST2 locus (GRF167 background). Telomer-
ase-positive populations are referred to as subculture 0
(SC0), and colonies screened for loss of TLC1 or EST2 are
referred to as SC1. Six or seven telomerase-negative SC1
derivatives in each background were serially restreaked
until survivors appeared. Once survivors appeared, the
survivors were serially restreaked until a total of six or
seven subcultures was obtained. The frequency of His+

prototroph formation for each population at each subcul-
ture was determined by using colonies to inoculate trip-
licate cultures and comparing the number of His+ proto-
trophs with the number of viable cells (Fig. 1C).

The His+ frequencies in both strain backgrounds pro-
gressively increased during senescence (Fig. 1C, open
circles), though it was formally possible that inactivating
different telomerase components (TLC1 or EST2) in each
background could have yielded different phenotypes. For
the BY4742 strains, His+ frequencies peaked after two or
three subcultures and then noticeably declined (Fig. 1C,
left panel). For the GRF167 strains, the highest His+ fre-
quencies were obtained after four to five subcultures, but
they then decreased only modestly (Fig. 1C, right panel).
The median peak His+ frequencies for the BY4742-de-
rived and GRF167-derived strains with ADH1his3AI
were 5.2 × 10−7 and 2.4 × 10−6, respectively. These values
represent 47-fold and 83-fold inductions in His+ frequen-
cies, respectively.

Survivors appeared at SC4 in the BY4742 background
and at SC5, SC6, or SC7 in the GRF167 background (Fig.

1C, survivors indicated by filled circles), as determined
by probing Southern blots of genomic DNA for telomeric
sequences (data not shown). The highest His+ frequency
was obtained one or two subcultures prior to survivor
formation for 12 of the 13 telomerase-negative popula-
tions analyzed (Fig. 1C). Ty1 retrotransposition exhibits
a similar increase during senescence and subsequent de-
crease following survivor formation in the BY4742 back-
ground (Scholes et al. 2003). The similarity in the trends
for Ty1 retrotransposition and retrosequence formation
is consistent with Ty1’s role in retrosequence formation.

Frequencies of retrosequence formation are reduced
in rad52 mutants

Previous work has indicated that gene conversion of a
chromosomal allele by retrosequence cDNA requires
RAD52 and RAD1 (Derr and Strathern 1993; Derr 1998).
In addition, single-gene duplications resulting from ret-
rosequence formation have been reported to require
RAD52 (Schacherer et al. 2005). We tested whether
RAD52-dependent homologous recombination would be
required for the elevated frequency of ADH1HIS3 cDNA
incorporation in telomerase-negative cells. Since RAD52
is required for survival of telomerase-negative strains
(Teng and Zakian 1999), we analyzed rad52� telomerase-
negative strains at the earliest time point during senes-
cence. Deletion of RAD52 reduced the frequency of
forming His+ prototrophs sevenfold or 10-fold in telo-
merase-positive strains and at least fivefold or 40-fold in
telomerase-negative strains, depending on the strain
background (Table 1). This effect is particularly striking
in light of the observation that deletion of RAD52 acti-
vates Ty1 mobility (Rattray et al. 2000). In contrast, de-
letion of RAD1 did not alter the His+ frequencies in
strains harboring ADH1his3AI (Table 1). Therefore, pro-
cessing of the cDNA or recombination intermediates by
the Rad1–Rad10 endonuclease complex does not play a
role in ADH1 retrosequence formation.

We also analyzed retrosequence formation in strains
harboring deletions of RAD51, MRE11, or DNL4. These
genes have roles in homologous recombination, both ho-
mologous recombination and nonhomologous end join-
ing, or nonhomologous end joining, respectively (Krogh
and Symington 2004). In telomerase-positive strains,
none of these three genes was required for retrosequence
formation, and moderate increases in His+ frequencies
were observed in telomerase-positive rad51� or mre11�
strains (Table 1), consistent with activation of Ty1 mo-
bility in these mutants (Rattray et al. 2000; Scholes et al.
2001). Deletion of RAD51 did not alter the frequency of
retrosequence formation in telomerase-negative strains
(SC2), and deletion of DNL4 increased the levels of ret-
rosequence formation in senescent cells (Table 1). There-
fore, retrosequence formation does not depend on non-
homologous end joining and does not require RAD51-
dependent homologous recombination.

We confirmed that activation or inhibition of Ty1 mo-
bility produced corresponding changes in the frequency
of forming ADH1HIS3 retrosequences. Expression of a
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Ty1kanAI element under the control of a galactose-
inducible promoter from a high-copy plasmid
(pGAL1Ty1kanAI) in telomerase-positive strains harbor-
ing ADH1his3AI resulted in high levels of Ty1kanAI
mobility (data not shown) and substantially elevated the
His+ frequency (Supplementary Table S1). Activation of
endogenous Ty1 element mobility by deletion of MED1
or RTT101 (Scholes et al. 2001) also elevated the fre-
quency of ADH1HIS3 retrosequence formation (Supple-
mentary Table S1). We were unable to obtain any His+

prototrophs from telomerase-negative senescent strains
that harbored an spt3−101 allele (Supplementary Table S1),
which prevents expression of endogenous Ty1 and Ty2 el-
ements (Boeke et al. 1986), confirming that retrosequence
formation depends on Ty1 and possibly Ty2 expression.

Selection for retrosequences is correlated with
chromosome rearrangements in telomerase-negative
survivors

We reasoned that chimeric Ty1 retrosequence cDNA
molecules might mediate individual recombination

events involving multiple genomic sites, and thereby
lead to chromosome deletions or translocations in some
instances. We grew cultures of three independent His−

telomerase-negative survivors derived from BY4742/
ADH1his3AI strains to obtain His+ clones that harbored
retrosequences and control His− clones that lacked ret-
rosequences. To find evidence of chromosome rearrange-
ments, we then used clamped homogeneous electric
fields (CHEF) gels to compare intact chromosome-band-
ing patterns from a total of 14 His− clones and 24 His+

clones with the banding pattern from each of the three
original survivors. His+ clones harboring ADH1HIS3 ret-
rosequences had an eightfold increase in the mean num-
ber of additional chromosome bands and missing chro-
mosome bands compared with His− clones (Fig. 2). This
increase in chromosome rearrangements is specific to
the presence of retrosequences, rather than simply re-
sulting from genome instability in the absence of telo-
merase, because multiple preparations from individual
survivors yielded consistent chromosome-banding pat-
terns. Moreover, chromosome rearrangements were
rarely observed in His− clones that lacked retrosequences
(Fig. 2). By Southern analysis, we detected HIS3 se-
quences on a new chromosome band in 70% of His+

isolates with one or more new chromosome bands (Fig.
2). These results are consistent with the hypothesis that
retrosequence formation promotes chromosome rear-
rangements.

Incorporation of retrosequences into the genome leads
to frequent gene duplications in telomerase-negative
strains

Based on the requirement for Rad52 in ADH1HIS3 ret-
rosequence formation (Table 1) and on the fusion of Ty1
sequences to retrosequence cDNA (Fig. 1A), we expected
ADH1HIS3–Ty1 cDNA to recombine with genomic
ADH1his3AI, his3�1, or Ty1 sequences. Using a series
of PCR reactions, we obtained sequences flanking both
sides of the spliced HIS3 gene in 32 of 35 His+ derivatives
of telomerase-negative survivors derived from BY4742/
ADH1his3AI strains. Spliced HIS3 sequences replaced
his3AI sequences at the ADH1 locus in 40% (14 of 35) of
these His+ survivors (Fig. 3A). These events likely arose
through use of the ADH1HIS3–Ty1 cDNA as a donor for
gene conversion recombination with the ADH1his3AI
allele (Fig. 3B). We refer to these events as ADH1his3AI
conversions (Fig. 3A). Spliced HIS3 sequences were
found at the endogenous HIS3 locus in 6% (two of 35) of
His+ survivors (Fig. 3A). These events could have formed
if the ADH1HIS3–Ty1 cDNA was used as a donor for
gene conversion recombination with the his3�1 allele
(Fig. 3B). We refer to these events as his3�1 conversions.
Finally, spliced HIS3 sequences were flanked by Ty1 se-
quences or ADH1 sequences fused to Ty1 in 46% (16 of
35) of His+ survivors (Fig. 3A). Formation of these events
was likely the result of recombination between
ADH1HIS3–Ty1 cDNA and genomic Ty1 sequences
(Fig. 3B). We refer to these events as processed pseudo-
genes because formation of the HIS3 retrosequence did

Table 1. Influence of DNA repair/recombination proteins on
retrosequence formation

Relevant genotypea Nb

His+ frequency × 10−9

Rangec Median Relatived

TLC1 12 3.1–14 7.6 1.0
TLC1rad52� 7 <0.63–2.4 1.1*** 0.14
TLC1rad51� 7 7.5–23 13* 1.7
TLC1mre11� 7 8.1–23 14** 1.8
TLC1rad1� 6 3.0–13 6.2 0.82
TLC1dnl4� 5 6.1–14 8.1 1.1

tlc1� SC1 9 19–80 30 1.0
tlc1�rad52� SC1 6 <2.4–14 <6.6*** <0.22
tlc1�rad51� SC1 4 5.1–140 27 0.9

tlc1� SC2 13 36–680 100 1.0
tlc1�rad51� SC2 3 11–120 50 0.5
tlc1�dnl4� SC2 6 31–1700 590* 5.9

EST2 7 12–48 33 1.0
EST2rad52� 5 1.8–12 3.0*** 0.091
EST2rad51� 5 80–380 160*** 4.8
EST2rad1� 5 28–53 39 1.2

est2�1 SC1 3 58–100 93 1.0
est2�1rad52� SC1 5 <0.71 to <7.9 2.3** 0.025

aTLC1 indicates the BY4742 strain background, and EST2 indi-
cates the GRF167 strain background. Two or more independent
transformants were analyzed for each mutation.
bSets of triplicate cultures tested.
cWhen no His+ prototrophs were obtained, the frequency was
listed as less than the value that would have been obtained if
one His+ prototroph had formed. Such frequency values were
ranked as if they were equal to their maximum frequency value
for determining the range and median.
dNormalized to a wild-type telomerase-positive strain, a tlc1�

strain, or an est2�1 strain, as appropriate.
(*) P < 0.025; (**) P < 0.01; (***) P < 0.001.
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not occur by replacement of genomic his3AI or his3�1
sequences (Fig. 3A).

We characterized the structures of all 16 processed
pseudogenes. Four of these proved to have exceptional
sequence structures, and we refer to these four as chi-
meric processed pseudogenes (Fig. 3A). For the 12 simple
processed pseudogenes, upstream junctions typically
consisted of the ADH1 ORF or 5� UTR joined to Ty1
sequences at sites where ADH1 and Ty1 sequences con-
tained 2–7 base pairs (bp) of microhomology in a 10-bp
window centered around the junction (Supplementary
Fig. S1A; data not shown). In contrast, the downstream
junctions consisted of either HIS3 promoter or ADH1 3�
UTR sequences followed by oligo(A/T) tracts joined to
Ty1 sequences, with 0–3 bp of microhomology between
the Ty1 sequences and the oligo(A/T) tract (Supplemen-
tary Fig. S1A; data not shown). One chimeric ADH1HIS3
processed pseudogene consisted of ADH1HIS3 se-
quences fused to transcribed sequences from a Y� ele-
ment at the upstream and downstream junctions, with
Ty1 sequences adjacent to Y� sequences at the down-
stream junction (Fig. 3A; Supplementary Fig. S1B). The
other three chimeric pseudogenes had transcribed re-
gions of different single-copy genes upstream of or down-
stream from ADH1HIS3 cDNA, which were then
flanked by Ty1 sequences (Fig. 3A; Supplementary Fig.
S1C,D; data not shown). The exceptional events provide
evidence that Ty1-dependent retrosequence formation
can generate chimeric gene duplications.

Eleven of 16 ADH1HIS3 processed pseudogenes were
flanked by Ty1 sequences in opposite transcriptional ori-
entations relative to each other (Fig. 3A). If insertion of a
processed pseudogene occurred by recombination with
one genomic Ty1 element or LTR, we would expect the
processed pseudogene to be flanked by Ty1 sequences in

direct orientation. The presence of flanking Ty1 se-
quences in opposite orientations is consistent with ret-
rosequence formation that involved recombination with
two (or more) genomic Ty1 sequences. Recombination
events involving two genomic sites could produce chro-
mosomal deletions and translocations, which is consis-
tent with our identification of frequent chromosome re-
arrangements in cells harboring retrosequences (Fig. 2).

We analyzed additional independent His+ derivatives
of telomerase-positive and telomerase-negative strains
to determine the relative frequency of ADH1his3AI con-
versions, his3�1 conversions, and processed pseudogene
events in each strain. The his3�1 conversions occurred
only in the BY4742 background (since strains in the
GRF167 background harbor a complete deletion of HIS3
[his3�200]) and were rarely observed (Table 2, class 3
columns). The fraction of processed pseudogenes relative
to ADH1his3AI conversions was increased in senescent
populations and survivors relative to telomerase-positive
cells in both strain backgrounds (Table 2). Overexpres-
sion of a plasmid-borne, galactose-inducible Ty1kanAI
element caused a similar increase in processed pseudo-
gene events only in the GRF167 background (Table 2,
class 2 column).

We also analyzed smaller sets of independent His+

events in BY4742-derived telomerase-positive strains
with deletions of RAD52, RAD51, MRE11, DNL4, or
RAD1. Processed pseudogene events were more com-
mon than ADH1his3AI conversion events in rad52� and
rad51� strains, and the converse was seen in mre11� and
dnl4� strains (although the difference was not statisti-
cally significant for mre11� strains). No substantial
change in distribution was observed in the rad1� strains
(Table 2). His+ events were rarely obtained in rad52�
strains, and the processed pseudogene events identified

Figure 2. Selection for ADH1HIS3 retrosequence for-
mation is correlated with the appearance of chromo-
some rearrangements. (A) Lanes 1–5 and 6–10 each
show intact chromosomes from five clones obtained
from an independent His− telomerase-negative survivor
separated using CHEF gel electrophoresis. Two clones
in each set were obtained without selection for retrose-
quence formation (lanes 1,2,6,7) and therefore remained
His−, while three clones in each set were His+ due to
selection for retrosequences (lanes 3–5,8–10). Asterisks
indicate new chromosome bands that also harbored
HIS3 sequences (see below). The yeast chromosome or
pair of chromosomes corresponding to each band is in-
dicated to the right of the gel image. (B) A Southern blot
of the gel shown in A was probed for HIS3 sequences.
Both ADH1his3AI and a partial deletion allele of HIS3,
his3�1, are present on chromosome XV, so the band
corresponding to chromosome XV was detected in all
lanes. (Lanes 3–5,8–10) At least one additional band was
detected in each sample from His+ clones, with the ex-
ception of the sample in lane 3. The lack of an additional band in lane 3 resulted from the incorporation of ADH1HIS3 into
chromosome XV. Asterisks indicate the same new chromosome bands indicated in A. (C) Chromosomal rearrangement frequencies in
isolates obtained from a total of three independent His− telomerase-negative survivors. New bands or missing bands on CHEF gels were
scored as rearrangements. The mean (±standard error) number of rearrangements per isolate is shown, and the difference in the means
is statistically significant (P = 0.001).
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could have resulted from rare instances of nonhomolo-
gous end joining or the activity of Ty1 integrase.

Retrosequences are present at chromosome
rearrangement junctions

We performed detailed analyses of the four rearranged
chromosomes indicated with asterisks in Figure 2 to de-
termine if retrosequences were present at the breakpoint
junctions. Analysis of missing chromosome bands on
CHEF gels and a series of Southern blots of intact chro-
mosomes were used to identify the chromosome or chro-
mosomes of origin for each rearranged chromosome (Fig.
2; Supplementary Fig. S2A; data not shown). Approxi-
mate junction sites for each rearrangement were deter-
mined by additional Southern blots of intact chromo-
somes (Supplementary Fig. S2A; data not shown). We
then obtained unique flanking sequences using a modi-
fied inverse PCR strategy. Genomic DNA from each
His+ derivative was digested with a restriction enzyme
that was not expected to digest ADH1HIS3 or Ty1 se-
quences, ligated to form circles, and amplified with one
primer to HIS3 sequences and a second primer to an ORF
expected to flank one side of the ADH1HIS3 insertion,

and the resulting PCR products (Supplementary Fig. S2B)
were verified by sequencing. Restriction mapping of the
junctions by Southern blotting of CHEF gels using mul-
tiple enzymes that do not have sites in Ty1 (Supplemen-
tary Fig. S3) was consistent with the presence of many
copies of Ty1 sequences flanking the ADH1HIS3 retro-
sequences, leading to total insertion sizes of >50 kb in
three of four cases.

An ADH1HIS3 processed pseudogene spanned a break-
point junction on each of the four chromosomes, and
three of the four rearrangements clearly resulted from
translocations (Fig. 4B–D). We identified contiguous
chromosome XV sequences on both sides of ADH1HIS3
for chromosome A (Fig. 4A), so the slower migration of
this chromosome evident in Figure 2 (lane 3) could have
resulted from the insertion of a long stretch of Ty1 and
ADH1HIS3 sequences at this site. Chromosome B (Fig.
4B) resulted from insertion of duplicated sequences from
the left arm of chromosome III into the left arm of chro-
mosome II. Only the chromosome II and III junction that
is spanned by ADH1HIS3 is drawn. Chromosome C (Fig.
4C) resulted from attachment of duplicated sequences
from the end of the right arm of chromosome XII to a site
in the right arm of chromosome IV. Chromosome D (Fig.

Figure 3. Retrosequences typically replace the donor
allele or are flanked by Ty1 sequences. (A) The number
of independent His+ events with particular flanking
DNA sequences is illustrated. A key at the top indicates
which sequences correspond to which symbols, and
transcriptional orientations are indicated with arrows.
Sequences to the left or right are upstream or down-
stream relative to ADH1HIS3, respectively. “Unde-
fined” refers to events for which only the upstream or
the downstream junction was characterized, and the
numbers for different classes correspond to the num-
bers in B. (B) Ty1 RT is shown using Ty1 cDNA as a
primer to initiate reverse transcription of the
ADH1HIS3 mRNA starting at the poly(A) tail. At vari-
able points during reverse transcription, Ty1 RT
switches templates and begins copying Ty1 RNA or
cDNA at sites of microhomology between ADH1HIS3
and Ty1 sequences. One example of the possible junc-
tion sites and relative orientations of the retrosequence
cDNA and the Ty1 sequences is shown. The botom
portion of the diagram is a representation of the recom-
bination events that produced the structures shown in
A: ADH1his3AI conversion (1), processed pseudogene
formation (2), and his3�1 conversion (3). Note that the
his3�1 allele is present in strains from the BY4742
background, but a complete HIS3 deletion (his3�200) is
present in strains from the GRF167 background.
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4D) resulted from a fusion between duplicated sequences
from the right arm of chromosome XII and the right arm
telomere of chromosome XVI. The breakpoint of chro-
mosome B was ∼30 kb from the chromosome II left-arm
telomere, the breakpoint of chromosome C was ∼115 kb
from the chromosome XII right-arm telomere (chromo-
some XII is >1000 kb), and one breakpoint of chromo-
some D was the right-arm telomere of chromosome XVI.
Therefore, these rearrangements might have resulted
from repair of breaks induced by destabilized telomeres
in these telomerase-negative strains.

Solo LTRs or complete Ty1 or Ty2 elements are
present in the sequenced S. cerevisiae genome at sites
corresponding to the junction sites shown in Figure 4
(http://www.yeastgenome.org). The orientation of Ty1
sequences flanking the ADH1HIS3 sequences were con-
sistent with the orientations of Ty sequences in the se-
quenced genome for chromosomes A, B, and D, but not
for C (http://www.yeastgenome.org). For chromosome
C, perhaps the processed pseudogene insertion arose
through a more complicated recombination event in-
volving arrays of Ty1 cDNAs flanking the processed
pseudogene. Homologous recombination between Ty1
retrosequence cDNA and genomic Ty sequences could
have produced all of these junctions, except for the left
junction drawn for chromosome D; lack of a long stretch
of homology between ADH1 sequences and telomeric
repeat sequences at this junction and the presence of
microhomology at the junction site between these se-
quences are consistent with a role for nonhomologous
end joining in formation of this junction.

Discussion

Our analysis of retrosequence formation in telomerase-
negative yeast demonstrates that processed pseudogenes
are commonly found at sites of chromosome rearrange-
ments. Multiple studies have identified associations be-
tween retrotransposons and chromosome rearrange-
ments, including studies in mammalian cells revealing
that retrotransposons are often found at breakpoint junc-
tions of translocations and deletions present in tumor
cells or cells derived from individuals with inherited dis-
orders (Abeysinghe et al. 2003; Florl and Schulz 2003). In

Figure 4. ADH1HIS3 retrosequences are present at chromo-
some breakpoint junctions. Schematic representations of rear-
rangement junctions for the four chromosomes marked in Fig-
ure 2 are shown, as determined by Southern blotting of CHEF
gels and inverse PCR. Chromosomes A, B, C, and D in the figure
correspond to chromosomes with asterisks in lanes 3, 5, 8, and
10 of Figure 2, respectively. The chromosome of origin of se-
quences flanking each side of ADH1HIS3 is indicated below
each drawing. Indicated sequence features correspond to se-
quences present in the corresponding regions of the sequenced
S. cerevisiae genome (http://www.yeastgenome.org). Long, me-
dium-length, and short white boxes represent a Y� element,
verified ORFs, and tRNA genes, respectively. Medium-length
and short black boxes represent Ty1 or Ty2 elements and solo
LTRs, respectively. A short gray box indicates telomeric repeats
(TG1–3). ADH1HIS3 is indicated with a box containing a white
region (ADH1) and a gray region (HIS3). White arrows indicate
transcriptional orientations of select Ty1 sequences. Dotted
vertical lines distinguish the sequences inserted through retro-
sequence formation from surrounding genomic sequences. Solid
vertical lines indicate relevant restriction enzyme sites: NcoI
(Nc), NheI (Nh), PvuII (P), StuI (S), and XbaI (X). For A, B, and C,
the total number of Ty elements at the insertion site could not
be determined, but the approximate size of each insertion in
kilobase pairs is given, based on Southern blotting of restriction
fragments separated on CHEF gels (see Supplementary Fig. S3).
For the sake of simplicity, we show only a single Ty1 element
flanking ADH1HIS3 in these three cases. Diagrams are not
drawn to scale.

Table 2. Distributions of His+ events between three
classes in telomerase-positive strains, telomerase-negative
strains, and DNA repair/recombination mutants

Strains

Percent of His+ events in each classa

Nb 1 2 3

BY4742
TLC1 45 56 42 2
pGAL1Ty1kanAI 40 55 45 0
tlc1� Senescent 43 28*** 72*** 0***
tlc1� Survivors 47 32** 68** 0**
TLC1rad52� 6 0* 100* 0*
TLC1rad51� 18 28* 67* 5*
TLC1mre11� 15 80 20 0
TLC1dnl4� 16 87* 13* 0*
TLC1rad1� 17 47 53 0

GRF167
EST2-URA3-est2�1 43 84 16 NAc

pGAL1Ty1kanAI 47 34*** 66*** NA
est2�1 Senescent 36 19*** 81*** NA
est2�1 Survivors 48 46*** 54*** NA

aSee Figure 3B for a representation of each class.
bNumber of independent His+ events analyzed.
cNot applicable, since the GRF167 background has a complete
deletion of the endogenous HIS3 gene.
(*) P < 0.05; (**) P < 0.01; (***) P < 0.001.
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addition, Ty1 cDNA sequences can be captured at sites
of chromosome breaks repaired by homology-indepen-
dent end-joining mechanisms (Teng et al. 1996; Yu and
Gabriel 1999, 2004). However, our work raises the pos-
sibility that chromosome translocations and other rear-
rangements can be produced through the use of cDNA
generated by the activity of endogenous retrotransposons
for homology-dependent repair of chromosome breaks.
These results emphasize the need to focus more atten-
tion on genetic and environmental conditions that pro-
mote formation of reverse transcripts and the potential
use of reverse transcripts in the generation of chromo-
some rearrangements.

We showed that Ty1-mediated retrosequence forma-
tion is elevated and correlated with frequent chromo-
some rearrangements in telomerase-negative yeast.
Analysis of four strains harboring processed pseudogenes
and chromosome rearrangements indicates that pro-
cessed pseudogenes are present at rearrangement junc-
tions. Based on the role of RAD52 in retrosequence
formation and the structures of sequences flanking pro-
cessed pseudogenes, we propose that Ty1–ADH1HIS3–
Ty1 cDNA molecules act as bridges for homologous re-
combination events between Ty1 sequences in different
genomic locations. Transformation of yeast with exog-
enous DNA molecules designed to act as bridges for such
recombination events has been shown to result in chro-
mosome rearrangements (Tosato et al. 2005).

This study provides no direct evidence that retrose-
quence formation plays a role in telomere maintenance
in the absence of telomerase. However, one breakpoint
for each of three translocations we characterized was
near or at a telomere. Therefore, the corresponding ret-
rosequence insertions may have been associated with re-
pair of chromosome breaks resulting from destabilized
telomeres. It remains unclear whether the involvement
of retrosequence formation in such repair events could
somehow be advantageous to cells.

Based on our findings, we suggest that RAD52 has a
role in processed pseudogene events and formation of
chromosome rearrangements. We propose that retrose-
quences may be commonly incorporated through break-
induced replication (BIR) or single-stranded annealing
(SSA) events, since both of these processes are dependent
on RAD52 and can occur in the other DNA repair mu-
tants that we tested, including rad51� mutants
(Malkova et al. 1996; Signon et al. 2001; Davis and Sym-
ington 2004; Krogh and Symington 2004). SSA events
could involve Ty1 retrosequence cDNA molecules an-
nealing to Ty1 sequences exposed by resection at sites of
DNA damage to mediate repair (Fig. 5A). Insertion of
Ty1–ADH1HIS3–Ty1 cDNA through SSA may have
formed chromosome A (Fig. 4A). BIR involving Ty1 ret-
rosequence cDNA could occur through variations of a
two-step process (Mieczkowski et al. 2006). In one sce-
nario, the cDNA itself could be extended by replication
initiated at a chromosomal Ty1 sequence, followed by
association of the Ty1 end of the resulting chromosome
fragment with another chromosomal Ty1 sequence to
initiate replication in the other direction (Fig. 5B). In a

second scenario, the cDNA could be a template that is
copied at a site of DNA damage, followed by invasion of
another genomic site containing Ty1 sequences to com-
plete the repair event (Fig. 5C). Chromosomes B, C, and
D (Fig. 4B–D) were formed by nonreciprocal transloca-
tions that involved duplication of chromosome frag-
ments, so these chromosomes may have been produced
by BIR.

Our mapping of rearrangements was consistent with
the presence of many copies of Ty1 flanking either side
of retrosequences (Supplementary Fig. S3), but the
mechanism responsible for formation of these arrays re-
mains to be determined. Arrays of Ty1 elements have
also been found at breakpoint junctions in other studies
(Umezu et al. 2002). A detailed structural analysis of
insertions of multimeric Ty1 arrays has been previously
reported, but the structures identified could not conclu-
sively indicate the mechanism responsible for array for-
mation (Weinstock et al. 1990). Weinstock et al. (1990)
proposed that array formation could involve aberrant-
priming events during reverse transcription, recombina-
tion events between unintegrated cDNA intermediates,
or recombination events between newly integrated Ty1
elements and unintegrated cDNA intermediates.

Figure 5. Models for insertion of retrosequences by SSA or BIR.
Black and gray lines represent chromosomes, dotted lines rep-
resent newly replicated DNA, white boxes with arrowheads rep-
resent Ty1, and gray boxes represent retrosequences. We show
only one copy of Ty1 flanking either side of the retrosequence to
simplify the drawing, even though our data were consistent
with arrays of Ty1 flanking retrosequences at breakpoint junc-
tions. (A) The drawing shows a broken chromosome with break-
points in Ty1 sequences that is repaired by annealing of Ty1
retrosequence cDNA to each breakpoint. Drawings in B and C
show alternative two-step BIR mechanisms for retrosequence
insertion that result in nonreciprocal translocations. (B) Each
end of Ty1 retrosequence cDNA is extended by separate BIR
events that initiate from sites on two different chromosomes
(Mieczkowski et al. 2006). (C) A breakpoint on one chromosome
is extended by replication of Ty1 retrosequence cDNA, followed
by invasion of a second site and replication of the corresponding
chromosome fragment.

Retrosequence formation in yeast

GENES & DEVELOPMENT 3315



Our results concerning the role of RAD52 in retrose-
quence formation are similar to results obtained using a
chromosomal ura2 donor allele (Schacherer et al. 2005),
but they differ from the results of previous studies using
pGALhis3AI and pGAL1his3�ATG plasmid donor con-
structs (Derr and Strathern 1993; Derr 1998). These latter
studies demonstrated that RAD52 and RAD1 are re-
quired for cDNA-mediated gene conversion of a chromo-
somal allele, but loss of RAD52 did not reduce the over-
all rate of retrosequence formation, whereas loss of
RAD1 did reduce the rate. A role for Ty1 integrase in
retrosequence formation was suggested to explain the
lack of influence of RAD52 on the overall rate of retro-
sequence formation (Derr and Strathern 1993). We did
not observe any ADH1his3AI conversion events in
rad52� mutants, but loss of RAD52 did significantly re-
duce the frequency of ADH1HIS3 retrosequence forma-
tion, whereas loss of RAD1 did not have any influence
on the overall frequency or the relative fraction of
ADH1his3AI conversion events. Differences in strains
or in retrosequence donors used might account for some
differences in our results. It is also possible that use of
the pGALhis3AI donor results in preferential formation
of retrosequence cDNA with structures that are more
amenable to insertion by Ty1 integrase, resulting in
RAD52-independent processed pseudogene events. Ty1
integrase could play a role in retrosequence formation in
our donor system, but it either plays a minor role, or its
role is RAD52 dependent.

We observed that the overall frequency of retrose-
quence formation and the relative fraction of processed
pseudogene events were elevated in telomerase-negative
cells. Since processed pseudogenes are flanked by Ty1
sequences, this increase in the relative fraction of pro-
cessed pseudogene events could result from elevated
cDNA-mediated recombination with genomic Ty1 se-
quences in telomerase-negative yeast. The presence of
flanking Ty1 regulatory sequences could result in ex-
pression of processed pseudogenes. We also found that a
significant number of ADH1HIS3 retrosequences were
fused to sequences of other ORFs, and such fusions could
produce chimeric retrogenes. Ty1-mediated retrose-
quence formation could therefore play an important
role in the generation of genes with novel functions
and expression patterns, especially when cells are ex-
periencing some form of genome maintenance stress.
No gene relics in S. cerevisiae have been reported to
have the structure of processed pseudogenes (Lafontaine
et al. 2004), but this could be due to rapid degeneration
of the Ty1 sequences flanking processed pseudogenes
to the point that the Ty1 sequences are unrecogniz-
able.

Based on these findings, we propose that reverse tran-
scripts and retrotransposons play active roles in the
formation of genome rearrangements. Moreover, these
observations may have important implications for un-
derstanding mechanisms that produce chromosome re-
arrangements in other organisms, including humans,
and for understanding the consequences of retrotranspo-
son regulation by host factors.

Materials and methods

Yeast strains and media

Yeast strains were grown using standard media. Strains were
derivatives of BY4742 (S288c background) or JC2980 (MAT�

ade2�hisG his3�200 leu2�hisG trp1�hisG ura3-167), a strain
from the GRF167 background. Details of strain constructions
are provided with the Supplemental Material.

Generation and growth of telomerase-negative strains

We generated telomerase-negative derivatives of strains in the
S288c background harboring the tlc1�LEU2 allele and plasmid
pRS317TLC1 (Teng and Zakian 1999), containing the wild-type
TLC1 allele, by segregating the plasmid. Telomerase-negative
derivatives of strains in the GRF167 background harboring an
EST2–URA3–est2�1 construct at the EST2 locus were gener-
ated by selecting for Ura− cells using 5-fluoroorotic acid and by
PCR screening for those in which est2�1, but not EST2, was
retained. EST2 derivatives were used as telomerase-positive
controls. Serial subculture of telomerase-negative strains
through senescence and survivor formation was accomplished
by streaking on YPD medium. Cells were grown for 3 d at 30°C
for each subculture, and each subculture corresponded to ∼20–
25 generations.

Assays for retrosequence formation

We measured the frequency of retrosequence formation as the
frequency of His+ prototroph formation in strains containing
ADH1his3AI. Cells from clusters of single colonies or patches
of single colonies were inoculated into three cultures each at a
density of 0.5 × 105 or 1 × 105 cells per milliliter in YPD broth
and grown for 3 d at 20°C. The cell density of each culture was
determined by spreading aliquots of 0.001–0.2 µL onto YPD
agar, followed by incubation for 4 d at 30°C. Appropriate vol-
umes of each culture were divided among SC-His plates, which
were incubated for 7 d at 30°C. The number of His+ prototrophs
formed in each set of triplicate cultures was divided by the total
number of viable cells spread on SC-His medium to obtain a
single His+ frequency value. The effect of galactose-induced ex-
pression of pGAL1Ty1kanAI in strains with plasmid pBJC546
was tested following the same procedure, except that cells were
grown in SC-Ura broth with 2% glucose or SC-Ura broth with
1.5% galactose and 0.5% raffinose. After 3 d of growth, a one-
third volume of YP broth was added and the cultures were in-
cubated for one additional day at 20°C. Cells were spread onto
SC-Ura and SC-Ura-His plates, which were incubated for 7 d at
30°C, to determine the His+ frequency in cells that retained the
plasmid throughout the experiment.

Preparation of genomic DNA and agarose-embedded
chromosomal DNA

Genomic DNA was prepared using a zymolyase-based proce-
dure, as described previously (Adams et al. 1997), with the ad-
dition of a phenol/chloroform extraction step prior to the final
isopropanol precipitation. Intact yeast chromosomal DNA em-
bedded in agarose was prepared from 1 mL or 2–4 mL of over-
night cultures grown in YPD or SC-His medium, respectively
(Gerring et al. 1991). For restriction digestions of agarose-em-
bedded DNA, agarose plugs were washed in three changes of 10
mM Tris (pH 7.5). After equilibrating the plugs in three changes
of the appropriate restriction enzyme buffer, samples were in-
cubated with 240 U/mL restriction enzyme in a volume of 300
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µL (agarose plug volumes were ∼100 µL) for 16–20 h at 37°C.
Digested samples were immediately resolved by pulsed-field gel
electrophoresis.

Pulsed-field gel electrophoresis and Southern blotting

Intact yeast chromosomes or chromosome restriction frag-
ments were resolved on 1% agarose gels (SeaKem Gold, Lonza)
in 0.5× TBE buffer by pulsed-field gel electrophoresis using a
CHEF gel electrophoresis system (Bio-Rad CHEF-DR II). Gels
were run for 24 h at 6 V/cm with pulse times of 45–115 sec or
for 21 h with pulse times of 1–25 sec for intact chromosomes or
restriction fragments, respectively. Southern blots of chromo-
somes or chromosome restriction fragments resolved on CHEF
gels were performed as described previously (Maxwell et al.
2004). Riboprobe templates for ORF sequences used for mapping
chromosome rearrangement junctions were generated by PCR
with primers that incorporated T7 promoter sequences. These
primer sequences are available on request.

Competitive PCR to quantify retrosequence cDNA

Retrosequence cDNA was quantified relative to a single-copy
gene using a previously described strategy (Maxwell et al. 2004),
and the details of this method are given in the Supplemental
Material.

PCR, inverse PCR, cloning, and sequencing

These methods are described in the Supplemental Material, and
primer sequences are listed in Supplementary Table S2.

Statistical analyses

Median retrosequence formation frequency values obtained
from different data sets were compared for significant differ-
ences using the Mann-Whitney rank sum test. The mean num-
bers of chromosome rearrangements for control isolates lacking
retrosequences and test isolates harboring ADH1HIS3 retrose-
quences were compared using the Student’s t-test. Distributions
of His+ events between different classes in different strains
(Table 2) were compared using the �2 test.
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