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standaRd name name descRiPtion

CRP1 Cruciform DNA-recognizing protein 1                           
CYC1 Cytochrome c  1                                              
DNA2 DNA synthesis defective 2                                     
EXO1 Exonuclease 1                                                 
LYS2 Lysine requiring 2                                            
MRE11 Meiotic recombination 11 
MSH1 MutS homolog 1                                                 
MUS81 Ethyl-methane sulfonate, UV-sensitive clone 81
PSO2 Psoralen derivative sensitive 2                 
RAD1 - RAD52 Radiation sensitive 1-52                         
SAE2 Sporulation in the absence of SPO eleven 2     
SGS1 Slow growth suppresor 1                                       
SLX4 Synthetic lethal of unknown (X) function 4      
SPO11 Sporulation deficient mutant 1-1                              
URA3 Uracil requiring 3                                              
XRS2 X-ray sensitive 2                               
YEN1 Yeast endonuclease 1                

abbReviations foR commonly used teRms
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DSB   Double-strand break
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HSV-1 Herpes simplex virus 1
IR    Inverted repeat
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RMS   Restriction-modification system
mRNA   Messenger RNA
rRNA  Ribosomal RNA    
SSA   Single-strand annealing
SSB   Single-strand binding protein(s)
Ty1 Transposon yeast 1
UV Ultraviolet
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x | Summary

 Numerous DNA sequencing projects have demonstrated that genomes of many 

organisms contain significant proportion of palindromes - repetitive DNA motifs 

characterized by an internal two-fold axis of rotational symmetry. Palindromes are 

frequently found in different regulatory regions of the genome, such as promoters, 

operators and origins of replication, where they are involved in the regulation of 

fundamental cellular processes. However, longer palindromes have also been recognized 

as highly recombinogenic motifs, provoking different types of potentially dangerous 

genetic alterations which can have harmful impact on human health. 

 The ability of palindromes to undermine the stability of genetic material and promote 

DNA rearrangements has been linked to their potential to form secondary structures 

in DNA known as hairpins and cruciforms. Once formed, these secondary structures 

can be processed to recombinogenic double-strand breaks that can lead to genome 

rearrangements and development of serious genetic diseases, such as β-thalassemia, 

Emanuel syndrome, type-1 neurofibromatosis and cancer. However, in spite of their 

negative influence on genetic stability and human health, factors affecting palindrome-

mediated DNA breakage and recombination still remain poorly characterized.  

  In this study, using yeast Saccharomyces cerevisiae as a model organism, the 

effect of several physical and genetic parameters, primarily length and position, but 

also the deletion of MUS81, SPO11, CRP1 and SAE2 genes on palindrome-stimulated 

recombination was systematically investigated. In addition, we developed a computer 

program which can identify, locate and count palindromes in a given sequence in a 

strictly defined way, and we used this program to analyze the palindrome content of the 

entire yeast genome. The obtained results demonstrate that, regardless of their position 

in the genome, palindromic sequences become recombinogenic only after they attain a 

critical length of approximately 70 bp, whereas the deletion of the SAE2 gene completely 

abolishes the high recombination rate in palindrome-containing constructs.  Moreover, 

computational analyses enabled us to propose a general model for the evolution of 

palindromic sequences in yeast, while the combined results suggest that suppression of 

palindrome-induced recombination may be crucial for the genetic stability of genomes 

containing large numbers of very long palindromes, such as the human genome.
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a b s t r a c t

Palindromic and quasi-palindromic sequences are important DNA motifs found in various cis-acting
genetic elements, but are also known to provoke different types of genetic alterations. The instability of
such motifs is clearly size-related and depends on their potential to adopt secondary structures known as
hairpins and cruciforms. Here we studied the influence of palindrome size on recombination between two
directly repeated copies of the yeast CYC1 gene leading to the loss of the intervening sequence (“pop-out”
recombination). We show that palindromes inserted either within one copy or between the two copies
of the CYC1 gene become recombinogenic only when they attain a certain critical size and we estimate
this critical size to be about 70 bp. With the longest palindrome used in this study (150 bp) we observed
a more than 20-fold increase in the pop-out recombination. In the sae2/com1 mutant the palindrome-
stimulated recombination was completely abolished. Suppression of palindrome recombinogenicity may
be crucial for the maintenance of genetic stability in organisms containing a significant number of large
palindromes in their genomes, like humans.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Palindromes, defined as inverted repeats without spacer DNA,
are present in the genetic material of all living organisms, in viral
genomes and plasmids. Their significance was first appreciated in
the context of the bacterial type II restriction–modification sys-
tems and a number of regulatory proteins were found later to bind
palindromic sequences as homo- or hetero-dimers. Another impor-
tant property of palindromes and other types of closely spaced
inverted repeats is their intrinsic potential to form intra-strand
hydrogen bonds giving rise to secondary structures known as hair-
pins and cruciforms. Both protein binding and secondary structure
formation make palindromic sequences important constituents
of different cis-acting genetic elements like promoters, operators,
attenuators, viral and plasmid origins of replication [1–5].

Another reason to study palindromes is based on observa-
tions obtained in different experimental systems indicating that
they induce genetic instability. In Escherichia coli, it is very diffi-
cult to propagate plasmids with palindromes longer than 160–200
nucleotides and such instability can only partially be suppressed
in sbcC/sbcD mutants [6,7]. A 160 bp palindrome induced genetic
recombination in vegetative cells of the yeast Schizosaccharomyces
pombe [8], while a 140 bp palindrome presented a hot spot for
meiosis-specific double-strand breaks in S. cerevisiae [9]. Strong,
palindrome-induced genetic instability was also observed in the

∗ Corresponding author. Tel.: +385 1 4836013; fax: +385 1 4836016.
E-mail address: zgazo@pbf.hr (Z. Zgaga).

yeast vegetative cells where the inverted dimer of the URA3
gene (1.02 kb) introduced in the genome stimulated recombination
in adjacent region up to 17,000-fold [10]. However, palindromic
sequences present on plasmid molecules that could not be prop-
agated in E. coli without rearrangements were maintained in the
yeast genome and it was suggested that the yeast S. cerevisiae should
be used for cloning and propagation of long palindromes [11]. The
potential of palindromic and near-palindromic sequences to induce
genetic rearrangements was also observed in mammalian cells.
For example, Cunningham et al. [12] established the murine cell
line bearing an artificially introduced 15.4 kb palindrome that was
rearranged and subsequently stabilized by “center-break mecha-
nism” at the rate of about 0.5% per population doubling. In humans,
long AT-rich near-palindromic sequences were identified as break
points for meiotic translocations [13,14], while the formation of
large palindromes observed in human cancers was associated with
genomic amplifications [15]. Moreover, it has been proposed that
the nonrandom formation of large palindromes in human can-
cers may be triggered by the presence of shorter palindromic
or near-palindromic sequences that can adopt hairpin and cruci-
form structures [16]. To account for these and other examples of
palindrome-induced genetic instability, two non-exclusive types
of models have been proposed: first, which depend on template
misalignment during replication and second, which require an
enzymatic activity that can transform secondary structures formed
in vivo into double-strand breaks (reviews: [17–20]). The members
of the polyfunctional MRX complex (Mre11-Rad50-Xrs2), together
with the product of the SAE2 gene, were identified in yeast as pro-
teins involved in processing of the hairpin-capped break needed

1568-7864/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.dnarep.2008.11.017
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for generation of recombinogenic DNA ends [21,22] and recently
it was shown that the plasmid–borne palindromic sequences are
transformed to DSBs in a Mus81-dependent manner [23].

Important genetic elements, but also potentially destabilizing
motifs, palindromic sequences are attractive DNA patterns for sys-
tematic study at genome level. Short palindrome avoidance was
first observed in the genomes of some bacteriophages and bac-
teria and this bias was explained in the light of the activity of
bacterial restriction–modification systems [24]. However, short
palindromes were also under-represented in the yeast S. cerevisiae,
but at the same time palindromes longer than 12 bp were shown
to be highly over-represented [25]. Long, AT-rich palindromes
were also over-represented in the chromosomes III and X of the
nematode Caenorhabditis elegans [26]. In the human genome palin-
dromic sequences are over-represented in the introns and upstream
regions. More than 30 palindromes longer than 100 bp were scored,
including several palindromes attending up to 300–400 bp [27].
Moreover, it has been proposed that longer palindromes may be
even more frequent in eukaryotic genomes but remain undetected
due to their instability during cloning in the E. coli cells [28].

An excess of large palindromes could clearly present a threat to
genome integrity and we decided here to investigate in more detail
the influence of palindrome size on palindrome-induced genetic
instability. For this purpose palindromic sequences of increasing
lengths were introduced in the yeast genome in order to monitor
whether they would stimulate intrachromosomal recombination
between flanking homologous sequences. Our results indicated that
palindrome-stimulated pop-out recombination is size-dependent,
but only after a critical size of approximately 70 bp is reached.

2. Materials and methods

2.1. Media and growth conditions

Yeast cells were grown at 28 ◦C either in the standard YPD or in
synthetic complete (SC) medium, Ura+ transformants were selected
on synthetic SC medium lacking uracil (SC-ura), and geneticin
resistant transformants were selected on YPD plates containing
200 �g/mL G418 [29]. Pop-out recombinants were selected on SC
plates supplemented with 1 g/L 5-fluoroorotic acid (5-FOA) and
33.6 �g/mL uracil [30]. E. coli DH5� was grown at 37 ◦C in LB
medium supplemented with 50 �g/mL ampicillin, when necessary
[31].

2.2. Plasmids

Plasmids used in this study for introduction of palindromic
sequences into the yeast genome were based on the integrative vec-
tor pAB218-2 (6504 bp) containing the yeast CYC1 region (1691 bp)
and the URA3 gene [32]. Synthetic palindromic inserts were intro-
duced either in the plasmid backbone (PvuII site) or within the yeast
CYC1 region (EcoRI site). The longest, 136 bp EcoRI–EcoRI palin-
dromic insert presented in Fig. 2c was constructed by self-ligation
and subsequent digestion with EcoRI of the 68 bp EcoRI–BlnI frag-
ment from the multiple cloning site (MCS) present in the plasmid
pAB218-8 [33]. This palindrome was then either ligated directly into
the EcoRI site of pAB218-2 to give rise to the plasmid pAB7-146,
or end-filled using the Klenow fragment and then ligated into the
PvuII site, giving rise to the plasmid pAB9-150. Although the same
palindromic insert was used for construction of these two plas-
mids, the overall size of palindromic sequence in pAB7-146 was
146 bp since the EcoRI site in pAB218-2 is flanked by T:A and A:T
base pairs. Similarly, the overall size of the palindromic sequence
in pAB9-150 is 150 bp, since the 136 bp palindromic fragment was
end-filled prior to insertion into the PvuII site in pAB218-2, which

is flanked by G:C and C:G base pairs. Plasmids with shortened
palindromic sequences present either in the CYC1 region (pAB7-
110, pAB7-98, pAB7-74, pAB7-50 and pAB7-20) or in the plasmid
backbone (pAB9-114, pAB9-102, pAB9-78, pAB9-54 and pAB9-24)
were constructed by digestion of corresponding parental plasmids
(pAB7-146 and pAB-150, respectively) with the appropriate restric-
tion enzyme (HindIII, SphI, SalI, BamHI or SacI; see Fig. 2c for exact
location of these sites) and subsequent religation. The overall size
of a palindromic sequence formed in each plasmid is indicated in
its name. However, it should be noted that the restriction sites
EcoRI and PvuII present in the plasmid pAB218-2 (no palindromic
insert), together with their flanking bases, are also 8 bp palindromic
sequences. Standard molecular biology procedures were used for all
DNA manipulations [31].

2.3. Yeast transformation

We used standard lithium acetate transformation procedure
[34] for construction of the sae2::kanMX strains, but without carrier
DNA added. For the construction of all other yeast strains a modified
spheroplast procedure, described previously, was used [35].

2.4. Yeast strains

All yeast strains used in this study were isogenic to the parental
strain FF18-52 (MATa, ade5, leu2-3,119, trp1-289, ura3-52, canR).
The strain FF-Ura+, in which the ura3-52 allele was replaced by
the functional URA3 gene, was isolated after the transformation of
the FF18-52 strain with circular plasmid pAB218-2 and Southern
blot analysis of the Ura+ transformants obtained. The yeast strains
used to study the influence of palindromic sequences on pop-out
recombination were constructed by transformation of FF18-52 with
appropriate plasmids linearized with XhoI in order to target plas-
mid integration into the yeast CYC1 region present on chromosome
X [32]. The control strain F-OOO, with no inserted palindromic
sequences, was constructed by integration of the plasmid pAB218-
2 in the CYC1 region. As explained before, this construct contained
the endogenous 8 bp palindromes in positions a–c as presented
in Fig. 1. The yeast strains F-OPO-150, F-OPO-114, F-OPO-102, F-
OPO-78, F-OPO-54 and F-OPO-24 were constructed by targeted

Fig. 1. Pop-out assay for palindrome-induced intrachromosomal recombination.
Recombination between directly repeated CYC1 regions, associated with loss of
the intervening sequence, generated uracil auxotrophs that were selected on the
plates containing 5-FOA. Palindromic sequences (head-to-head arrows, not drawn
to scale) were inserted in one of the following locations: EcoRI site present in the
centromere-proximal (a) or centromere-distal (c) copy of the CYC1 gene (strains F-
POO and F-OOP, respectively) or in the PvuII site found in the plasmid backbone
(strains F-OPO, position b). A–F indicate locations of primers used for amplifica-
tion of palindrome-containing regions in the yeast genome. The centromere on
chromosome X is indicated by a circle.
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Fig. 2. Analysis of palindromes introduced in the yeast genome. (a) Amplification of the target loci with primers E and F. The expected sizes of the amplified E–F fragments are
as follows: 553 bp, 565 bp, 595 bp, 619 bp, 643 bp, 655 bp and 691 bp in the strains F-OOO, F-OPO-24, F-OPO-54, F-OPO-78, F-OPO-102, F-OPO-114 and F-OPO-150, respectively.
DNA fragments were separated by electrophoresis in the 1% agarose gel. Size standard was from Fermentas. (b) The E and F fragment amplified from the strain F-OPO-150
(691 bp) was further digested with all restriction enzymes that have their recognition sites present in the palindrome. Indicated are the sizes of the fragments generated after
cleavage with BlnI deduced from the known DNA sequence. The third DNA fragment produced by restriction enzyme cleavage, containing the central part of the palindrome,
is not visible on the figure. Digestion products were separated by electrophoresis in 8% polyacrylamide gel. Analogous analysis was performed with all strains containing
palindromic insertions. (c) Nucleotide sequence of the 150 bp palindrome present in the strain F-OPO-150. The restriction enzymes used in this analysis, together with their
cleavage sites, are indicated. The sequence of the shorter palindromic inserts can be deduced from this figure by joining symmetrically placed restriction enzyme sites written
in bold. For example, joining of the two HindIII sites creates the 114 bp palindrome found in the strain F-OPO-114.

integration of the plasmids pAB9-150, pAB9-114, pAB9-102, pAB9-
78, pAB9-54 and pAB9-24 into the CYC1 region and they contained
palindromic sequences of decreasing sizes (150, 114, 102, 78, 54
and 24 bp, respectively) between the two copies of the CYC1 region
(Fig. 1, position b). On the other side, targeted integration of the
plasmids pAB7-146, pAB7-110, pAB7-98, pAB7-74, pAB7-50 and
pAB7-20 could give rise to two types of transformants: those con-
taining palindromic insertion in the left or in the right copy of the
CYC1 region (positions a and c in Fig. 1). Southern blot was used
to distinguish between these two possibilities and to isolate the
yeast strains F-POO-146, F-POO-110, F-POO-98, F-POO-74, F-POO-
50, and F-POO-20 containing palindromic sequences of decreasing
sizes (146, 110, 98, 74, 50 and 20 bp, respectively) in the centromere-
proximal (left) copy of the CYC1 region (Fig. 1, position a). The
same strategy was used to construct the strain F-OOP-110 con-
taining the 110 bp palindrome in the centromere-distal copy of
the CYC1 region and two strains with non-palindromic inserts in
the CYC1 region, F-OON-110 and F-NOO-110, where the plasmid
pAB218-8 cut with XhoI was used for transformation. The pres-
ence of palindromic (or non-palindromic) inserts in our constructs
was confirmed by Southern blotting and restriction analysis of the
inserts amplified by PCR, as described in Fig. 2. We did not encounter
any difficulties in amplifying palindromic sequences under stan-
dard conditions [30] using GoTaq® Polymerase (Promega, Cat. No.
M3178). Left copy of the CYC1 region was amplified with primers
C (5′-GAG-CGG-ATA-CAT-ATT-TGA-AT-3′) and D (5′-CTT-CCA-ACT-
TCT-TAC-CAG-TG-3′), inserts placed in the plasmid backbone with
primers E (5′-GGA-ATT-CCC-CCT-TAC-ACG-GAG-3′) and F (5′-GGA-
ATT-CGC-CTT-TGA-GTG-AGC-3′), and right copy of the CYC1 region
with primers A (5′-AAC-GGA-AGC-GAT-GAT-GAG-AG-3′) and B (5′-
GGC-ACC-TGT-CCT-ACG-AGT-TG-3′). Positions of all primers used
are indicated in Fig. 1. Finally, deletion of the SAE2 gene in the
strains F-OOO and F-OPO-114 was carried out by standard one-
step gene replacement procedure [36]. The disruption cassette used
for inactivation of the SAE2 gene was amplified from the strain

BY4742:�sae2 [37] using primers 302 (5′-GCT-GAA-TGA-AGC-AAC-
TCC-TG-3′ and 303 (5′-CGT-TCC-CGT-GGT-AGA-AAT-GC-3′). The
accuracy of deletion of the SAE2 gene in the strains F-OOO and
F-OPO-114 was verified by Southern blotting using DIG-labelled
kanMX as a probe and additionally by PCR with primers 302,
303, K1 (5′-TAC-AAT-CGA-TAG-ATT-GTC-GCA-C-3′) and K2 (5′-AAT-
CAC-CAT-GAG-TGA-CGA-CT-3′). The list of relevant yeast strains
used here is presented in Table 1. Note that the position, type
and size of the insert are indicated in the strain name (for
example, F-OON-110 indicates the strain with non-palindromic

Table 1
Yeast strains used to study palindrome-induced recombination.

Straina Size and location of a palindromic or
non-palindromic insertionb

F-OOOc –
F-POO-20 20 bp palindrome in a
F-POO-50 50 bp palindrome in a
F-POO-74 74 bp palindrome in a
F-POO-98 98 bp palindrome in a
F-POO-110 110 bp palindrome in a
F-POO-146 146 bp palindrome in a
F-OPO-24 24 bp palindrome in b
F-OPO-54 54 bp palindrome in b
F-OPO-78 78 bp palindrome in b
F-OPO-102 102 bp palindrome in b
F-OPO-114 114 bp palindrome in b
F-OPO-150 150 bp palindrome in b
F-OOP-110 110 bp palindrome in c
F-OON-110 110 bp non-palindrome in c
F-NOO-110 110 bp non-palindrome in a
F-OOO/sae2 –
F-OPO-114/sae2 114 bp palindrome in b

a All strains are derived from the strain FF-18-52 MATa, ade5, leu2-3,119, trp1-289,
ura3-52, canR .

b Locations a–c are indicated in Fig. 1.
c The strain F-OOO contained endogenous 8 bp palindromes in locations a–c.
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110 bp insertion present in the centromere-distal copy of the CYC1
region)

2.5. Estimation of recombination rates

Pop-out recombination rate was determined by fluctuation
analysis using 15 independent cultures per strain. For each
strain, a preculture grown to stationary phase in SC-ura medium
(∼108 cells/mL) was diluted 10,000 times with SC medium and
25 �L aliquots were further distributed into each of the 20 culture
tubes. The tubes were then incubated on orbital shaker at 175 rpm
until stationary phase was reached. At the end of growth, the num-
ber of Ura− recombinants was determined by plating the content
of each of the 15 cultures on plates containing 5-FOA. The total
number of cells was determined by plating the appropriate dilu-
tion of the remaining five cultures on YPD plates. Colonies were
counted after 48 h and the most probable number of recombination
events, together with respective 99% confidence intervals for each
strain, was determined in WR Mathematica v5.2 by the maximum-
likelihood method described by Lea and Coulson [38] using the
statistical fluctuation analysis package SALVADOR [39]. Recombina-
tion rates were expressed as the ratio of the most probable number
of recombination events and the number of cell divisions, and were
considered significantly different if there was no overlap between
99% confidence intervals.

2.6. Gel electrophoresis

Agarose (1.0%) and polyacrylamide (8.0%) gels were run in 1×
TBE [31]. Gel images were taken through a red/orange filter with
Sony DSC-W90 digital camera, converted to grayscale and cropped
to show only relevant portions of the gels. Figures were drawn in
Adobe Illustrator CS3.

3. Results

3.1. Experimental system

In order to study the influence of palindrome size on its poten-
tial to induce recombination in yeast, we constructed two series
of plasmids containing palindromic sequences of increasing sizes
inserted either in the yeast CYC1 gene or in the plasmid backbone.
Targeted integrations of these plasmids into the yeast CYC1 locus
resulted in genetic structures depicted in Fig. 1. Palindromes were
present either within one of the CYC1 sequences (strains F-POO
and F-OOP) or between the two CYC1 sequences (strains F-OPO).
We also constructed yeast strains that contained a non-palindromic
110 bp insertion in the CYC1 gene (strains F-NOO-110 and F-OON-
110, Table 1). Recombination between the two CYC1 sequences
associated with deletion of the intervening sequence (pop-out)
gives rise to uracil auxotrophs that can be selected on the synthetic
medium containing 5-FOA and we wondered whether the presence
of palindromic sequences would stimulate this type of homologous
intrachromosomal recombination (Fig. 1).

Having in mind the instability of palindromes observed both
in the E. coli and in yeast cells, we first checked for the pres-
ence and integrity of palindromes in our constructs (Fig. 2). PCR
amplifications of the target sequences from the genomic DNA gave
fragments of expected sizes (Fig. 2a). The amplified fragments were
further digested with different restriction enzymes that recognize
sequences contained in the palindromes (Fig. 2b and c). This anal-
ysis demonstrated that all restriction enzyme sites were conserved
in our constructs indicating that the palindromic sequences were
successfully introduced and maintained in the yeast genome.

Fig. 3. Palindrome-stimulated pop-out recombination is SAE2-dependent. Error
bars indicate 99% confidence intervals.

3.2. Stimulation of pop-out recombination by the presence of a
110 bp palindromic insert is abolished in SAE2 mutant

In the control strain F-OOO, that contained no palindromic
sequences inserted, the uracil auxotrophs occurred at the rate of
2.82 × 10−5. This was more than two orders of magnitude higher
than the mutation rate to uracil auxotrophy determined in the strain
FF-Ura+ (1.60 × 10−8) indicating that the pop-out recombination
between the two copies of the CYC1 gene is dominant mecha-
nism for generation of Ura− colonies in our strains, as presented
in Fig. 1. Insertion of a 110 bp palindrome either within or between
the two copies of the CYC1 gene further stimulated the pop-out
rate, while the presence of a non-palindromic insert of the same
size in either copy of the CYC1 resulted in a small, but significant
decrease in the pop-out rate. Finally, in the �sae2 background, no
difference in the pop-out rate was observed between the strain
containing palindromic insertion (F-OPO-114/sae2) and the control
strain (F-OOO/sae2) so we conclude that the palindrome-induced
stimulation of pop-out recombination was completely dependent
on the functional SAE2 gene (Fig. 3). We also note that even in the
strain without palindromic insertion the sae2 mutation exhibited
a small, but significant influence on the pop-out rate which was
decreased from 2.82 × 10−5 in the strain F-OOO to 1.31 × 10−5 in
the strain F-OOO/sae2.

3.3. Palindrome-stimulated pop-out recombination depends on
palindrome size and location

Pop-out rates were further determined in the strains with palin-
dromic sequences of different sizes inserted either within the
left copy of the CYC1 gene (strains F-POO) or between the two
CYC1 genes (Strains F-OPO). Similar, but not identical results were
observed with these two series of strains (Fig. 4). For the F-OPO
strains the presence of 24 and 54 bp palindromes did not change
the pop-out rate, while both 20 and 50 bp palindromes inserted in
one copy of the CYC1 gene resulted in a small decrease, rather than
increase in the pop-out rate. On the other side, although longer
palindromes were recombinogenic in both series of strains, the
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Fig. 4. Palindrome-stimulated recombination is size-dependent. Pop-out recombi-
nation rates in the strains with palindromic insertions in two different locations are
presented (strains F-OPO and F-POO). First data point relates to the control strain
F-OOO, that has no palindromic insert. Error bars indicate 99% confidence inter-
vals (please note that in some cases the confidence intervals are very narrow and
obscured by the data points).

more pronounced increase was observed with the F-OPO strains
where the presence of a 150 bp palindrome resulted in 22-fold
stimulation of the pop-out rate.

4. Discussion

While short palindromes are important DNA motifs frequently
found in different cis-acting genetic elements longer palindromic
sequences are highly unstable in various organisms. Since recom-
binogenicity of a palindrome is clearly size-related we decided to
investigate how the step-by-step increase in the size of a palin-
drome introduced in the yeast genome will affect its genetic
stability. The pop-out assay developed here to measure genetic
recombination was convenient for introduction of different palin-
dromic sequences present on bacterial plasmids directly into the
yeast genome, but also demonstrated a high sensitivity required for
detection of slight differences in genetic stability. In our previous
work we analyzed by Southern blotting 80 5-FOA resistant colonies
derived from the strain F-POO-110 and 60 colonies derived from
the strain F-NOO-110. They have all lost the intervening sequence
indicating that they were indeed produced by pop-out recombi-
nation [33]. Two different mechanisms could be responsible for
the generation of uracil auxotrophs in our pop-out assay: single-
strand annealing (SSA) involving repeated copies of the CYC1 gene,
or intrachromosomal reciprocal recombination between these two
homologies [40]. As stated before, the spontaneous mutation rate
to uracil auxotrophy was more than two orders of magnitude infe-
rior to the pop-out rate reported here and could not significantly
influence our results.

4.1. The role of SAE2 gene in palindrome-stimulated pop-out
recombination

The results presented in Fig. 3 clearly indicate that the insertion
of a 110 palindromic sequence either within or between directly
repeated copies of the CYC1 gene stimulated pop-out recombi-
nation. A non-palindromic insertion of the same size and placed
in the same location in either copy of the CYC1 gene (strains
F-NOO-110 and F-OON-110) resulted in decreased, rather than

increased pop-out rate. Suppression of the pop-out recombination
by the presence of point mutations in recombining homologies was
already reported [41] and our results indicate that the presence of
deletions/insertions could have the same effect (see also below).
However, the palindrome-induced recombination was completely
abolished in the �sae2 background where the pop-out rates were
similar in the F-OPO-114 and F-OOO strains (Fig. 3). First isolated
as a gene required for meiotic DSB repair [42,43] the SAE2 gene
was also shown to be involved in DNA repair in yeast vegetative
cells [44] and recombination between inverted [22,45] and direct
repeats [46,47]. Formation of chromosome inverted duplications
in the �sae2 cells has been attributed to their inability to pro-
cess hairpin structures formed between inverted repeats [22] and
recently it was shown that the Sae2 protein operates as an endonu-
clease, together with the Mre11-Rad50-Xrs2 (MRX) complex, to
cleave hairpin structures in vitro [21]. The 20-fold reduction in the
pop-out rate in the F-OPO-114/sae2 strain strongly suggests that
the palindrome-induced recombination observed in our assay also
requires the formation and processing of hairpin-capped breaks
[22,23]. On the other side, a small but significant reduction in the
pop-out rate in the strain without palindromic insertion (F-OOO)
observed in the �sae2 background is consistent with results of
Clerici et al. [46] who demonstrated that the DSB repair by the SSA
pathway is delayed and less efficient in the absence of the Sae2
protein.

4.2. The influence of palindrome location

The same 110 bp palindromic insertion stimulated pop-out
recombination in all three locations tested, but not to the same
extent: while the pop-out rates in the strains F-POO-110 and F-OOP-
110 were comparable (1.06 × 10−4 and 0.98 × 10−4 respectively),
twice as much uracil auxotrophs per cell division (2.37 × 10−4) were
generated in the strain F-OPO-114 (Fig. 3). Apart from the fact that
this palindrome is 4 bp longer, an increased pop-out rate may also
reflect different possibilities and requirements for repair of a DSB
introduced in the palindromic sequence present either between
the two copies of the CYC1 gene or within one copy. The results
presented in Fig. 4 also indicate higher stimulation of the pop-out
rate in the F-OPO strains. While in both cases the SSA pathway
could give rise to uracil auxotrophs, the conversion pathway, which
is rarely associated with reciprocal recombination in yeast, may
compete for repair of the breaks induced within the CYC1 gene.
Moreover, the break introduced within the palindromic insertion in
the CYC1 gene would produce heterologous termini that can impair
efficient repair by the conversion-type recombination [48]. In other
words, although the formation of recombinogenic structures could
be equally frequent in all locations, the breaks introduced between
the two copies of the CYC1 could be more productive in generating
uracil auxotrophs. However, it is also possible that some other fac-
tors, like local chromosome structure/supercoiling or proximity to
some cis-acting elements like origins of replication [10], could influ-
ence extrusion of the hairpin/cruciform and its transformation to
the recombinogenic break.

4.3. A critical size for palindrome-induced recombination in yeast

In order to get a better insight in the size-dependence of
palindrome-induced recombination we decided to insert palin-
dromes of different sizes in two different locations, within one
copy of the CYC1 gene (strains F-POO), and between the two copies
(strains F-OPO). In spite of some differences that were observed
between these two series of yeast strains and that were already
discussed, they revealed the same basic response (Fig. 4). Namely,
the increase in the pop-out rate observed was not gradual and
no stimulation of intrachromosomal recombination was observed
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with palindromes up to 50/54 bp. A significant increase with the F-
OPO strains was observed when the palindrome size reached 78 bp.
In the F-POO strains, the insertion of 20 and 50 bp palindromes
resulted in decreased, rather than increased pop-out rate. As dis-
cussed before, these short palindromes may act as heterologous
insertions within one copy of the CYC1 gene reducing the pop-out
rate, but when 50 and 74 bp palindromes were compared, a sig-
nificant increase in the pop-out rate was observed. The increase
in palindrome length for the next 14 bp resulted in more than
twofold increase in the pop-out rate and was followed by very
strong further stimulation of genetic instability. Based on this anal-
ysis we conclude that palindromes become recombinogenic only
when they attain a certain critical size and in our case we can esti-
mate this critical size to be about 70 bp. Since recombinogenicity
of palindromic sequences is related to their potential to form sec-
ondary structures it may be that smaller palindromes either do not
form such structures in vivo or that they are very unstable and
short-lived. Conversely, with increasing size of a palindrome the
cruciform/hairpin structure may become more stable and readily
transformed to a DSB. Local melting of DNA duplex and adoption
of cruciform structure are also temperature-dependent [49] which
may lead to higher palindrome instability at elevated tempera-
tures (data not shown). However, we cannot exclude the possibility
that even below the estimated critical size palindromes may form
hairpins/cruciforms in vivo, but that they are not subjected to the
cleavage by secondary structure-specific nucleases. This possibil-
ity is supported by the observation that only hairpins longer than
70 bp are recognized and repaired during yeast meiosis in a pathway
independent from the Msh1 and Rad1 proteins [9].

4.4. Suppression of palindrome-induced recombination may be
crucial for the genetic stability of genomes containing long
palindromes

To summarize, we show that even though palindromes longer
than approximately 70 bp may be propagated and maintained in
yeast, they present a source of genetic rearrangements and will
eventually be eliminated from the genome in the absence of pos-
itive selection. However, can our results be exploited to anticipate
the stability of palindromic sequences present in the genomes
of other organisms, notably, in humans? The available informa-
tion about the presence of longer palindromes in the genomes is
rather sporadic, and only a few systematic studies have been per-
formed. While the longest palindrome in the yeast genome has
44 bp [25] and only a few palindromes longer than 60 bp were
found on chromosomes III and X in C. elegans [26], palindromes
exceeding 100 bp were found in some bacterial genomes (Lisnić et
al., unpublished) and more than 30 palindromes longer than 100 bp
were scored in the haploid human genome [27]. These results sug-
gest that their recombinogenicity may be controlled at the cellular
level. Kurahashi et al. [50] have demonstrated a very high incidence
of near-palindrome mediated t(11;22) chromosomal translocations
in male meiosis and they proposed that the factor(s) required for
transformation of palindromic sequences to DSBs are present only
in meiotic cells. Alternatively, it is also possible that the recombino-
genicity of palindromes is in fact actively suppressed in somatic
cells in order to maintain genome stability. The inactivation of
a function involved in suppression of palindrome instability may
trigger recombination processes giving rise to different genetic
rearrangements described in detail in yeast [51], but also observed
in human cancer cells [15].
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[33] I.K. Svetec, B. Lisnić, Z. Zgaga, A 110 bp palindrome stimulates plasmid integra-
tion in yeast, Period. Biol. 104 (2002) 421–424.

[34] R.D. Gietz, R.H. Schiestl, High-efficiency yeast transformation using the LiAc/SS
carrier DNA/PEG method, Nat. Protoc. 2 (2007) 31–34.
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Abstract Palindromic sequences are important DNA
motifs involved in the regulation of different cellular
processes, but are also a potential source of genetic
instability. In order to initiate a systematic study of
palindromes at the whole genome level, we developed a
computer program that can identify, locate and count
palindromes in a given sequence in a strictly defined
way. All palindromes, defined as identical inverted re-
peats without spacer DNA, can be analyzed and sorted
according to their size, frequency, GC content or
alphabetically. This program was then used to prepare a
catalog of all palindromes present in the chromosomal
DNA of the yeast Saccharomyces cerevisiae. For each
palindrome size, the observed palindrome counts were
significantly different from those in the randomly gen-
erated equivalents of the yeast genome. However, while
the short palindromes (2–12 bp) were under-repre-
sented, the palindromes longer than 12 bp were over-
represented, AT-rich and preferentially located in the
intergenic regions. The 44-bp palindrome found between
the genes CDC53 and LYS21 on chromosome IV was
the longest palindrome identified and contained only
two C-G base pairs. Avoidance of coding regions was
also observed for palindromes of 4–12 bp, but was less
pronounced. Dinucleotide analysis indicated a strong
bias against palindromic dinucleotides that could ex-
plain the observed short palindrome avoidance. We
discuss some possible mechanisms that may influence
the evolutionary dynamics of palindromic sequences in
the yeast genome.

Keywords Palindrome Æ Inverted repeat Æ
Dinucleotide Æ Saccharomyces cerevisiae Æ Sequence
analysis

Introduction

Closely spaced inverted repeats (IRs), palindromes and
quasipalindromes can be found in the DNA of natural
plasmids, viral and bacterial genomes and eukaryotic
chromosomes and organelles. In prokaryotes, they may
serve as binding sites for regulatory proteins, while short
perfect palindromes are known as recognition sites for
type II restriction-modification systems (RMSs) that play
a significant role in bacterial ecology and evolution
(Gelfand and Koonin 1997; Rocha et al. 2001). Another
important property of such motifs is their potential to
form intra-strand hydrogen bonds within DNA mole-
cules or in corresponding RNA transcripts. Therefore,
they are contained in genes encoding functional RNA
molecules, the structure of which depends on the for-
mation of proper intra-strand bonding, and in different
cis-acting genetic elements, like terminators, attenuators,
plasmid and viral origins of replication. Protein binding
and secondary structure formation are also modes of
action for IRs and related motifs in eukaryotic cells. For
example, palindromes with a spacer of one nucleotide
were identified in yeast sequences regulating cellular re-
sponse to the accumulation of unfolded proteins in the
endoplasmic reticulum (Mori et al. 1998) and a hetero-
dimeric complex was isolated that binds two palindromic
sequences in the promoter region of the human erbB-2
gene (Chen and Gill 1996). In mouse B lymphoma cells,
palindromic and potential stem-loop motifs were iden-
tified as break-points during class switch recombination
(Tashiro et al. 2001); and the formation of intra-strand
secondary structures is essential in the process of im-
munoglobuline gene rearrangement known as V(D)J-
joining (Cuomo et al. 1996).

However, in spite of their importance and functional
versatility, longer palindromes and IRs were shown to be
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very unstable in different organisms, from bacteria to
mammalian cells. The recombinogenicity of such motifs
is attributed to their potential to form secondary struc-
tures known as hairpins and cruciforms and the molec-
ular models proposed to explain palindrome-induced
genomic instability can be divided into two classes: first,
based on template switching or slippage of the DNA
polymerase during replication of DNA adopting sec-
ondary structures and, second, requiring an enzymatic
activity that transforms cruciforms and hairpins to re-
combinogenic lesions, like double-strand breaks (DSBs;
Leach 1994). Both types of models are supported by
experimental data; and several human genetic disorders
can be explained either by errors occurring during the
replication of palindromic and quasipalindromic se-
quences (Bissler 1998; Gordenin and Resnick 1998) or by
IR-induced illegitimate end-joining (Repping et al. 2002).

Given the importance of palindromic sequences in the
regulation of different cellular processes on the one side
and their influence on genetic stability on the other side,
an analysis of the incidence of palindromes at the geno-
mic level seems particularly interesting. LeBlanc et al.
(2000) prepared a catalog of palindromes of 4–60 bp
present on chromosomes III and X of the nematode
Caenorhabditis elegans. Palindromes were classified as
AT-rich, non-AT-rich or GC-rich and this analysis
indicated that the long, AT-rich palindromes are much
more frequent in the actual chromosomes than in the
randomly generated sequences. The IRs separated by a
single base pair were also included in their study and such
‘‘odd palindromes’’ were more frequent than perfect IRs
without a spacer. Avoidance of short palindromic se-
quences was observed in the genomes of some bacterio-
phages (Sharp 1986), but also in the genomes of their
bacterial hosts (Karlin et al. 1997; Gelfand and Koonin
1997; Rocha et al. 2001). The highest bias was frequently
observed for the recognition sites of the type II restriction
enzymes, supporting the view that RMSs influence gen-
ome evolution in prokaryotes. Consistent with this
hypothesis, Fuglsang (2004) demonstrated that the suc-
cession of codons disfavoring palindrome formation is
more pronounced for the bacterial species that have
RMSs. In order to initiate a systematic study of palin-
dromes present in different genomes, we decided first to
develop a computer program that can score and count all
palindromes present in a given sequence in a strictly de-
fined way. This program was then used to analyze the
palindrome content of the entire genome of the yeast
Saccharomyces cerevisiae and the results of this analysis
clearly indicate that the palindromic sequences conform
to the specific rules of evolutionary dynamics.

Materials and methods

DNA sequences

The DNA sequence files for all yeast chromosomes
(NC_001133.4, NC_001134.5, NC_001135.6, NC_

001136.5, NC_001137.2, NC_001138.4, NC_001139.4,
NC_001140.3, NC_001141.1, NC_001142.5, NC_
001143.4, NC_001144.3, NC_001145.2, NC_001146.2,
NC_001147.4, NC_001148.2) were downloaded from
the NCBI (ftp://ftp.ncbi.nih.gov/genomes/Saccharomy-
ces_cerevisiae/) on 3 April, 2004. The total length of
downloaded yeast genomic DNA sequences (excluding
mitochondrial DNA) was 12,070,766 bp.

The file containing the coding regions of the entire
yeast genome (that is, ORF coding sequences only,
without 5¢UTR, 3¢UTR, intron sequences, or bases
not translated due to translational frameshifting)
was downloaded on 12 July, 2004 from the SGD (ftp://
genome-ftp.stanford. edu/pub/yeast/data_download/se-
quence/genomic_sequence/orf_dna/orf_coding.fasta.gz).
This file includes all ORFs except dubious ORFs, and
prior to examination of the palindrome and dinucleotide
content in the coding regions, the sequences of mito-
chondrial DNA were removed from the file. The total
length of the coding DNA sequences in this shortened
file was 8,755,368 bp.

Ten random genomes (12,070,766 bp each) were
generated with respect to the frequency of the four bases
present in the yeast genome (A=30.90%, C=19.17%,
G=19.13%, T=30.81%), so that the average propor-
tions of the bases in the random genomes were:
A=30.90±0.01%, C=19.18±0.01%, G=19.13±
0.01% and T=30.81±0.01%.

Palindrome count

The Spinnaker program described in this work
is available upon request.

Statistics

The numbers of dinucleotides and palindromes deter-
mined in the chromosomal DNA were called the ob-
served numbers, while the numbers of dinucleotides and
palindromes determined in the random genomes were
called the expected numbers. To test whether the medi-
ans of the expected numbers of palindromes and dinu-
cleotides differed significantly from the observed
numbers, we employed the Wilcoxon signed rank test
with a confidence interval of 99%, using MINITAB
ver. 14.1.

Results

Palindrome scoring

Systematic study of palindromic sequences requires
convenient software that will recognize and map all
palindromes in a predetermined size-range at the geno-
mic level. This is not a trivial problem, since individual
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palindromes found within a given sequence can be
scored in different ways. First, we may decide to score as
individual palindromes only those palindromes that do
not share common base pairs, but this approach can
result in an underestimation of the actual number of
palindromes, since some palindromes may remain
undetected and different results can be obtained for the
same sequence (compare Fig. 1a,b). Therefore, we
decided to count also the palindromes that do share
common base pairs and in this case we have the possi-
bility either to score only the longest palindromes that
may overlap, or to include also the shorter palindromes
embedded within longer palindromes. There are two
classes of such palindromes, those sharing the same
center of symmetry (nested) and those having a different
center of symmetry. This is shown in Fig. 1c, where all
palindromes present in the test sequence are indicated,
including both nested and non-nested palindromes en-
tirely contained within longer palindromes. Embedded
palindromes are omitted in Fig. 1d, while Fig. 1e pre-

sents a combination of these two modes of palindrome
scoring where only non-nested embedded palindromes
are presented.

Our computer program, named Spinnaker, was de-
signed to score palindromes as indicated in Fig. 1c–e.
Let us define first the frame as an array of nucleotides of
even length. The location of the frame within a given
DNA sequence is identified by position of its left
boundary (L) and by its length. The maximum length of
the frame (p) is propounded as a search parameter that
corresponds to the length of the potentially largest pal-
indrome. The position of the right boundary of the
frame is given by R=L + p � 1. Additionally, we define
P1 as the right boundary of the last previously found
palindrome. In the beginning, we set L=0 and P1=0.
The algorithm for the search for overlapping palin-
dromes can be described recursively as follows. Step 1:
we set the frame size to p and move it one position to the
right (L:=L+ 1). Step 2: within the frame, we check for
complementarity in the Lth and Rth base pair, then the
(L + 1)th and the (R � 1)th base pair and so on. If it is
found that all base pairs are complementary, the frame is
defined as a palindrome and its properties, including P1,
are recorded. However, if there is at least one non-
complemantary base pair and if the current size of the
frame is >2 and R >P1, we reduce the frame size by
decreasing the position of its right boundary by two and
then repeat step 2. Otherwise, we repeat step 1. The
search for embedded palindromes (with or without un-
ique symmetry axis) follows the same general procedure,
ignoring the P1 parameter and introducing a few addi-
tional internal structures needed for the affiliation of a
palindrome to a given category.

The maximal size of a palindrome can be set to 500 nt
and the results of sequence analysis can be sorted by size
or frequency, alphabetically, or by GC content (per-
centage or absolute number of GC base pairs). Addi-
tionally, Spinnaker can graphically display the
distribution of palindromes, where the analyzed se-
quence is presented as a horizontal line and palindromes
of a given size as vertical lines. The results of a search
can be saved as two separate files, one that includes the
number and exact chromosomal locations of all palin-
dromes and the other that includes the summarized re-
sults of a search. The program is user-friendly and works
under Windows.

We compared Spinnaker with two programs designed
for the identification of IRs: Reputer (Kurtz and
Schleiermacher 1999) and Palindrome (Rice et al. 2000).
Both programs recognize palindromic sequences, as
shown in Fig. 1e, so that some of the palindromes
contained within a longer palindrome remain unde-
tected. For example, they detected only three 6-nt pal-
indromes in the test sequence presented in Fig. 1, while
Spinnaker recorded six such palindromes when embed-
ded palindromes were counted. Reputer also recorded
some non-palindromic sequences, so that 29 instead of
16 palindromic dinucleotides were found in our test se-

Fig. 1 Palindrome scoring. Different numbers of palindromes can
be counted in the same sequence depending on the scoring
criterion. a, b Non-overlapping palindromes do not share common
base pairs. c Embedded palindromes include both non-overlapping
and palindromes that share common base pairs as well as
all shorter palindromes contained within a longer palindrome.
d Overlapping palindromes include both non-overlapping and
palindromes that share common base pairs but not shorter
palindromes contained within a longer palindrome. e Embedded
palindromes with nested palindromes excluded
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quence; and the minimal palindrome size for Palindrome
is 4 nt.

Palindromic sequences in the yeast genome

We initiated our study of yeast palindromic sequences
by identifying all palindromes present in individual
chromosomes (data not shown). We did not observe any
particular pattern in the distribution of palindromic se-
quences along different chromosomes, although this
feature was beyond the scope of this study and was not
systematically analyzed. The complete catalog of palin-
dromes present in all yeast chromosomes, determined
both as overlapped and embedded palindrome counts, is
presented in Table 1. As expected, a sharp size-depen-
dent decrease in the numbers of palindromes was ob-
served, but only for shorter palindromes. For example,
the number of palindromes containing 22 bp was 65,
while the number of 20-bp palindromes was 59. Simi-
larly, there were more 26-bp than 24-bp palindromes
identified. The palindrome content determined in the ten
randomly generated genomes is also included in Table 1
and can be compared with the palindrome content of the
actual genome. For each palindrome size, the values
observed in the yeast genome were significantly different
from those obtained in artificial genomes (P=0.006).
However, palindromes up to 12 bp were under-repre-
sented, while longer palindromes were over-represented.
The longest palindromes found in ten randomly gener-
ated sequences contained 24 bp, while 85 palindromes
longer than 24 bp were found in the yeast genome.
Similar results were obtained when embedded palin-
dromes were included in the palindrome count, but here

even the 10-bp palindromes were over-represented. This
is not unexpected, since in this case, all the 10-bp pal-
indromes present in longer palindromes were also added
to the sum. It is important to note that, even when
embedded palindromes were counted, palindromes
shorter than 10 bp were under-represented in compari-
son with randomly generated genomes.

Long palindromes are AT-rich and are placed
in intergenic regions

Each palindrome identified by our program can be lo-
cated on the physical map of the yeast genome (http://
www.yeastgenome.org), as shown for the six longest
palindromes found in the yeast chromosomal DNA
(Fig. 2). They were all placed in intergenic regions and
were AT-rich, so we decided to analyze these features
more systematically. We calculated the A+T content for
all palindromes found in the yeast genome and for the
palindromes detected in ten randomly generated se-
quences. The A+T content of palindromes found in
artificial sequences was around 70%, while slightly lower
values were observed in genomic palindromes up to
12 nt (Fig. 3). However, a high increase in A+T content
was observed with longer palindromes that were almost
exclusively composed of A-T base pairs (Fig. 2). The
remarkable exception was the presence of a GC-rich
(52.4%) 42-nt palindrome found between the RFX1 gene
and YLR177W on chromosome XII (Fig. 2).

In order to find out the position of palindromic se-
quences with respect to annotated coding regions, we
determined the proportion of palindromes that were
placed in intergenic (non-coding) regions. The sequence

Table 1 Comparison of the
numbers of palindromes in the
yeast genome and in random
genomes

aThe average number from ten
random genomes
bUnder-represented palin-
dromes (P=0.006), also repre-
sented in italics
cOver-represented palindromes
(P=0.006)

Palindrome size Overlapping palindromes Embedded palindromes

Yeast
genome

Random
genomesa

Yeast
genome

Random
genomesa

2 1,732,917b 1,904,950.4 2,770,675b 3,183,592.3
4 479,972b 580,521.2 705,275b 839,462.8
6 133,411b 159,564.1 194,874b 221,347.3
8 38,234b 42,738.6 57,086b 58,424.4
10 10,246b 11,256.8 17,514c 15,382.8
12 2,809b 2,995.9 6,495c 4,095.1
14 939c 807 3,159c 1,096.3
16 282c 212 1,813c 289.1
18 96c 55.2 1,207c 77.1
20 59c 16.9 857c 21.9
22 65c 3.8 606c 5.0
24 24c 1.2 413c 1.2
26 29c 0 289c 0
28 17c 0 194c 0
30 9c 0 125c 0
32 9c 0 80c 0
34 8c 0 49c 0
36 4c 0 25c 0
38 3c 0 13c 0
40 3c 0 6c 0
42 2c 0 3c 0
44 1c 0 1c 0
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containing only the yeast coding regions represented
72.73% of the total yeast genome (see Materials and
methods), but even the short palindromes were prefer-
entially (30–35%) placed in intergenic regions. Only the
proportion of palindromic dinucleotides found in the
intergenic regions (27.65%) was very close to that

expected from random distribution between the coding
and non-coding part of the genome. A preferential
location in intergenic regions was particularly pro-
nounced for palindromes longer than 10 bp, so that
more than 97% of palindromes longer than 18 bp were
identified outside of the coding regions (Fig. 3).

Palindromic dinucleotides in the yeast genome

Four dinucleotides, AT, TA, GC and CG, may be
considered as the shortest palindromic sequences, but
they are also found in the center of any longer palin-
drome. Our analysis indicated that the short palin-
dromes, including palindromic dinucleotides, were less
frequent in the yeast genome than in the random ge-
nomes (Table 1) and we decided to determine relative
frequencies for all 16 dinucleotides (Fig. 4). Indeed, the
two most under-represented dinucleotides were palin-
dromic dinucleotides containing purine on the 3¢ end,
TA (0.77) and CG (0.80), while AT (0.94) was moder-
ately under-represented and GC (1.02) was only slightly
over-represented. For non-palindromic dinucleotides,
very close values were observed for complementary di-
nucleotides and only the AC and GT couple was under-
represented (0.89). The ratio between non-palindromic
and palindromic dinucleotides composed either of A-T
or G-C base pairs illustrates well the avoidance of pal-
indromic dinucleotides in the yeast genome. TT+AA
dinucleotides are 1.33 times more frequent than
TA+AT dinucleotides, while CC+GG dinucleotides
are 1.17 times more frequent than CG+GC dinucleo-
tides (Table 2). The same analysis was also done for
dinucleotides present in all palindromes longer than

Fig. 2 Sequences and chromosomal locations of the six longest
palindromes found in the yeast genome. Numbers indicate the start
and end locations for ORFs and palindromes

Fig. 3 Analysis of the A+T
content and location of
palindromes with respect to the
non-coding regions in the yeast
genome. Palindromes were
scored as presented in Fig. 1d
(overlapping palindromes).
Error bars indicate one
standard deviation
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14 bp and the results obtained were quite different from
those observed with the entire yeast genome, indicating
that the long palindromes are specifically enriched in
palindromic dinucleotides. However, the bias was much
more pronounced for the AT and TA dinucleotides,
which were 5.6 times more frequent than the TT+AA
dinucleotides (Table 2).

The data presented in Fig. 4 also indicated a strong
bias in the frequency of palindromic dinucleotides
composed of identical base pairs, so that the AT/TA
ratio was 1.22 and the GC/CG ratio was 1.28. This
analysis was also done for the coding complement of the
yeast genome and for palindromes longer than 14 bp
(Table 2). The AT/TA ratio rose to 1.31 in coding DNA,
while in long palindromes it was 1.036, indicating that
the two dinucleotides are almost equally frequent. This
can be explained by the presence of long runs of alter-
nating A and T nucleotides frequently found in the long
palindromes (Fig. 2; data not shown). In contrast, the
GC/CG ratio in the coding complement was very close
to that observed for the entire genome and in the long
palindromes it even increased to 1.33.

Discussion

Palindromes, quasipalindromes and closely spaced IRs
can be found in the genomes of all organisms and are

involved in various cellular processes. In the present
work, we focused on palindromes, defined as perfect IRs
without spacer DNA. In order to make possible a sys-
tematic study of these important DNA motifs in differ-
ent genomes, we first developed a computer program
that can identify, locate and count palindromes in a gi-
ven nucleotide sequence in a strictly defined way. This
program was then used to prepare a catalog of all pal-
indromic sequences present in the S. cerevisiae genome
and in randomly generated equivalents of the yeast
genome. Comparison between actual and random ge-
nomes revealed several important differences that are
discussed below.

Identification of palindromic sequences

As discussed before, palindrome scoring can be done in
different ways and we decided to consider both sepa-
rated (non-overlapping) and overlapping palindromes,
together with all smaller palindromes contained within
longer palindromes, as individual palindromes. Such an
approach ensures that no palindromic motif that may be
hidden within a longer palindrome can be omitted; and
this is very important for the detection of specific pal-
indromic sites, like restriction enzyme sites or regulatory
units. In addition to the embedded palindrome count,
we also used a simplified way of palindrome scoring
where partial overlapping of individual palindromes is
allowed, but all smaller palindromes completely con-
tained within longer palindromes are ignored. This way
of palindrome scoring (overlapped palindromes) indi-
cates individual palindromic loci within a given sequence
and each palindrome is counted only once. In this way, a
more realistic picture of the numbers and distribution of
palindromic loci is obtained, especially when we con-
sider the long runs of alternating complementary dinu-
cleotides frequently present in a genome. For example,
ten AT dinucleotides will be scored as a single 20 nt

Fig. 4 Occurrence of
dinucleotides in the yeast
genome. For each dinucleotide,
the ratio between the number
determined in the yeast genome
(observed) and the average
number obtained in ten random
genomes (expected) is presented

Table 2 Relative frequencies of palindromic dinucleotides in the
whole genome, coding DNA and palindromes longer than 14 bp.
ND Not determined

Ratio Whole
genome

Coding
DNA

Palindromes
>14 bp

(AA+TT)/(AT+TA) 1.328 ND 0.178
(GG+CC)/(GC+CG) 1.166 ND 0.800
AT/TA 1.220 1.308 1.036
GC/CG 1.277 1.291 1.330
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palindrome, while in the same sequence 100 embedded
palindromes can be found. For these reasons, we deci-
ded to use both embedded and overlapping palindrome
counts in the analysis of palindrome content (Fig. 1c,d).
As illustrated by our analysis of the yeast genome, this
distinction is important. For example, both 10-nt and
12-nt palindromes are under-represented when counted
as overlapped palindromes, but are over-represented
when scored as embedded palindromes (Table 1). Pal-
indromic dinucleotides were also analyzed for two rea-
sons. First, there is no clear reason to include
tetranucleotides and to exclude dinucleotides from the
palindrome count and, second, each palindrome con-
tains one of the four palindromic dinucleotides in the
center and the analysis of their incidence could be useful
for the general study of palindromic sequences. This was
demonstrated by our analysis of the yeast genome,
where the palindromic dinucleotides are particularly
under-represented compared with non-palindromic di-
nucleotides with the same base pair composition. In the
C. elegans genome, the IRs separated by one nucleotide
are more frequent than the repeats without a spacer
(LeBlanc et al. 2000). One possible explanation for this
interesting observation could be that the palindromic
dinucleotides are also avoided in the C. elegans genome,
but this type of analysis has not been performed.

Palindromes in the yeast genome

The palindrome content of the yeast genome was sorted
by size and compared with the palindrome content of the
randomly generated equivalents of the genome. Further
analysis indicated several interesting numerical trends
that allowed us to make a clear distinction between
‘‘short’’ and ‘‘long’’ palindromes, with the breaking
point at 10–12 bp. While positive selection could ac-
count for the relative abundance of long palindromes,
under-representation of short palindromes seems more
intriguing. The avoidance of short palindromes was al-
ready observed in viral and bacterial genomes and was
attributed either to the activity of the restriction enzymes
present in the cell, or introduced by horizontal gene
transfer (Sharp 1986; Gelfand and Koonin 1997; Rocha
et al. 2001). Obviously, such an interpretation could not
explain the paucity of short palindromes in the yeast
genome, where no restriction/modification system has
been detected. Since palindromic dinucleotides were also
under-represented in the yeast genome, we decided to
perform a systematic analysis of the dinucleotide content
of the yeast genome. This analysis indicated a different
bias for each palindromic dinucleotide in the following
order: TA > CG > AT > GC; and only the GC
dinucleotide was slightly over-represented. The strong
bias observed for palindromic dinucleotides can also
explain the under-representation of other short palin-
dromes, since each palindrome contains a palindromic
dinucleotide as a center of symmetry. If, for some rea-
son, such centers of symmetry are less frequently

formed, the occurrence of all palindromic sequences may
also be expected to be less frequent. Palindromic dinu-
cleotides composed of A-T base pairs were particularly
disfavored, consistent with our finding that the A+T
content of short palindromes present in the yeast gen-
ome is decreased in comparison with the random se-
quence.

The observed differences in the occurrence of dinu-
cleotides are not specific for the yeast genome. Early
sequence analyses indicated strong biases in dinucleotide
frequencies in prokaryotes, eukaryotes, mitochondrial
and viral genomes (Nussinov 1984). Karlin et al. (1997)
also found that TA and CG are among the most under-
represented dinucleotides in different microbial ge-
nomes; and they extensively discussed the mechanisms
that could create a genomic signature. For example, one
possible explanation for the observed biases in the
dinucleotide frequencies could reflect the yeast codon
bias (Sharp and Cowe 1991), since a high proportion of
the yeast genome consists of protein-coding sequences.
However, our data indicated that 72.4% of all palin-
dromic dinucleotides were located within coding regions
that represent 72.7% of the entire genome. This result
suggests that the high avoidance of palindromic dinu-
cleotides in the yeast genome (Table 1) is not limited
only to the coding DNA. We also observed that the
dinucleotide GC-CG ratio was 1.28 for the entire gen-
ome and 1.29 for the protein-coding part of the genome,
while in palindromes longer than 14 bp it was even in-
creased to 1.33. These results indicate that the observed
dinucleotide bias is not a consequence of the bias in
codon usage but could rather reflect the intrinsic bias in
spontaneous mutagenesis or a bias in replication/repair,
as proposed by Karlin et al. (1997). For example, the
fact that the TT dinucleotide is 1.47 times more frequent
than the TA dinucleotide in the yeast genome could be
due to the biased incorporation of non-complementary
nucleotides during DNA replication and/or repair syn-
thesis, to the bias in the mismatch repair process, or
because the probability for TA dinucleotides to mutate
is slightly higher than that for TT dinucleotides. Such
biases could be beyond the level of detection in any
biochemical assay, but could leave an imprint in the
genomic DNA sequences during evolutionary time, like
the genome-wide under-representation of short palin-
dromes described here. Moreover, it is possible that a
similar mutagenic bias, rather than the activity of
restriction enzymes, resulted in the short palindrome/
restriction site avoidance observed in bacterial genomes.
A systematic study of their palindrome contents, like the
one described here, may contribute to a better under-
standing of the role of these two processes in the evo-
lution of bacterial genomes.

A high preference for non-coding regions was ob-
served for long palindromes, but even the short (4–
10 bp) palindromes showed size-dependent avoidance of
the protein-coding regions. Therefore, although biased
dinucleotide composition could be the main reason for
the decreased frequency of short palindromes at the level
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of the whole genome, there could be some other mech-
anism(s) regulating their incidence in the coding regions.
Avoidance of the 6-bp palindromes was also observed in
the genes of several bacterial species, including Buchnera
sp. and Wigglesworthia sp., which apparently have no
RMSs (Fuglsang 2004). It is tempting to speculate that
the presence of palindromes in the genes is avoided be-
cause they could affect in some way the metabolism of
mRNAs. It should be noted that, in addition to the
formation of intramolecular hairpins, palindromic se-
quences can also promote associations between two
identical mRNA molecules in opposite orientations. The
RNA/RNA duplex created between two palindromic
sequences may interfere with subsequent step(s) in pro-
tein synthesis. For example, longer palindromes present
in mRNAs may produce an effect similar to that of the
interfering RNA molecules (Novina and Sharp 2004),
stimulating mRNA degradation.

Our data clearly indicate that the number of large
palindromes present in the yeast genome is much higher
than expected from the analysis of random sequences.
Starting from 10–12 bp, palindromes tend to be not only
more frequent than expected, but also more AT-rich and
preferentially located in the non-coding regions. Palin-
dromes longer than 18 bp are usually built mainly of
A-T base pairs and are almost exclusively located in the
intergenic regions, comprising only 27.7% of the entire
genome. The longest palindrome detected in the yeast
genome (12.1 Mb) has 44 bp and contains only two C-G
base pairs. An even more pronounced bias for long, AT-
rich palindromes was observed in C. elegans chromo-
somes III and X (LeBlanc et al. 2000). Four 60-bp
palindromes were found on chromosome III (11 Mb)
and 17 on chromosome X (16 Mb) and they were built
exclusively of A-T base pairs. Over-representation of
large palindromes is consistent with their presumed role
in different cellular processes, like the regulation of gene
expression or initiation of chromosomal replication; and
the high A+T content may facilitate local DNA melting
and adoption of secondary structures. Systematic dele-
tions of the longest palindromes detected in the yeast
genome, followed by phenotype analysis of the corre-
sponding strains, could shed more light on their possible
biological functions.

Different mechanisms may regulate palindrome
incidence

The data presented here, together with the results of
other studies, may suggest an integrated view on the
evolutionary dynamics of palindromic sequences in
yeast (Fig. 5). The occurrence of short palindromes in
the entire genome could be disfavored due to a slight
bias in mutagenic DNA replication and/or the increased
probability for palindromic dinucleotides TA, CG and
AT to mutate, while additional mechanism(s) could
contribute to palindrome avoidance within coding re-
gions. AT-rich palindromes that acquire the critical size
of 10–12 nt may become unstable and increase their size,
mainly due to the insertion of AT or TA dinucleotides
by slippage during DNA replication (Kruglyak et al.
1988; Toth et al. 2000). Since insertions in the coding
regions lead to gene inactivation, they are tolerated only
in the intergenic regions. Long, AT-rich palindromes
could acquire novel functions, but could also present a
starting point for the generation of other palindromic
sequences, imperfect palindromes and IRs, enlarging the
repertoire of possible cis-acting genetic elements. The
upper size of a palindrome may be regulated by the
potential of palindromic sequences to form cruciform
structures in vivo. As mentioned before, such structures
can be processed to DSBs (Lobachev et al. 2002) and are
known to induce different types of recombination events
(Gordenin et al. 1993; Leach 1994). The longest palin-
drome found in the yeast genome contains 44 bp, but
the critical size of a palindrome that could act as an
initiator of recombination still needs to be experimen-
tally determined.

Concluding remarks

The new research tool for palindrome analysis described
here may contribute to a deeper insight into the evolu-
tion and functions of these important DNA motifs. Our
analysis of the first complete catalog of palindromic
sequences present in the genome of a cellular organism
revealed several interesting findings. For example, we
show that the under-representation of short palindromes
is not limited to the bacterial genomes but can also be
observed in yeast, while size-dependent palindrome
avoidance in the coding regions seems particularly
intriguing. We also point out the relevance of dinucle-
otide bias analysis for the study of palindromes and we
believe our computer program will also be useful for
more specific tasks, like the identification of potential
restriction sites or regulatory elements.

Fig. 5 Evolutionary dynamics of palindromic sequences in yeast.
The solid vertical line indicates the size limit between short and long
palindromes as determined in this work. The critical size leading to
palindrome loss/destruction (dashed vertical line) needs to be
experimentally determined
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Abstract

 Background and Purpose: Perfect inverted repeats, or palin-
dromes, are known as potent inducers of genetic recombination. In 
our previous work we investigated the influence of a 110 bp palindro-
mic insertion present on a non-replicative plasmid on integration into 
the yeast genome (19). The palindrome influenced the final outcome of 
recombination process, but no stimulation or targeting of plasmid in-
tegration was observed. In this study we investigated whether plasmid 
integration would be stimulated when the palindrome was present in 
both the chromosomal and the plasmid copy of the CYC1 gene.

 Materials and Methods: Yeast strains and plasmids containing 
palindromic sequence in the CYC1 gene were constructed using con-
ventional methods. Strain construction was followed by Southern blot 
analysis.

 Results: When the palindromic sequence was present in both the 
chromosomal and the plasmid copy of the CYC1 gene, the relative ef-
ficiency of transformation was increased more than four-fold. During 
intrachromosomal (»pop-out«) recombination, the palindrome present 
in only one copy of the CYC1 gene was lost with very high frequency.

 Conclusions: Our study may encourage the use of inverted repeats 
present in the genomes of different organisms for development of pal-
indrome-based integrative vectors.

INTRODUCTION

Genomic DNA may contain significant proportion of repeated 
sequences that may be dispersed throughout the genome or or-

ganized as direct repeats. Inverted repeats present a special class of 
repeated sequences due to their ability to form secondary structures 
known as hairpins or cruciforms. Palindromes are inverted repeats 
without spacer DNA and are frequently found in different cis-acting 
genetic elements like promoters, operators or origins of replication. 
However, in spite of their obvious biological importance, such motifs 
are unstable in different organisms, from bacteria to mammalian cells. 
Two types of models have been proposed to explain the instability of 
palindromes. The first were based on the existence of specific endo-
nucleases that transform cruciforms into double-strand breaks (DSBs), 
while other propose that the recombinogenic structure is formed only 
when the progression of DNA replication is blocked by the formation of 
a secondary structure (1, 6, 8).
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 In the yeast S. cerevisiae, recombinogenic potential 
of inverted repeats and palindromes has been demon-
strated for both mitochondrial and chromosomal DNA. 
In mitochondria, inverted repeats are responsible for the 
formation of amphimeric genomes in petite mutants (16), 
and mitochondrial endonucleases that cut the cruciform 
structures in vitro have been isolated in S. cerevisiae (3) 
and Schizosaccharomyces pombe (13). Palindromes in 
chromosomal DNA are recognized by the meiosis-spe-
cific endonuclease Spo11 (12), but shorter palindromes 
were shown to be refractory to the mismatch repair during 
meiotic recombination (77). In mitotic cells, stimulation of 
recombination induced by inverted repeats was directly 
related to the size of repeats and inversely related to the 
size of intervening spacers, so that an inverted dimer of 
the URA3 gene (1,0 kb) stimulated recombination in the 
adjacent region up to 17,000-fold (70). Recombination was 
also stimulated by the pol3-t mutation in the gene encod-
ing the DNA polymerase d, suggesting the involvement 
of DNA replication in the formation of a recombinogenic 
structure. Recently, Lobachev et al. (9) demonstrated the 
formation of DSBs at hairpin structures formed in vivo be-
tween inverted repeats, but the responsible nuclease has 
not been identified.

 In our previous work we studied the influence of a 110 
bp palindromic insertion on plasmid integration in the 
homologous region present in the yeast genome (19). We 
found that the palindromic insertion did not stimulate plas-
mid integration, but influenced some subsequent step(s) 
of the recombination process. In this study we decided to 
introduce the palindromic insertion in the chromosomal 
copy of the CYC1 gene to see whether the efficiency of 
transformation would be increased when the palindromic 
sequence was present both on the plasmid molecule and 
in the homologous region in the yeast genome.

MATERIALS AND METHODS

Plasmid and strain construction

 Construction of the plasmids containing 102 bp palin-
dromic (pAB218-5) or non-palindromic (pAB216) inser-
tions in the EcoR I site of the 1685 bp yeast CYC1 region has 
been described (79). These two insertions were partially 
homologous, since the monomer used to create inverted 
repeats was also present in non-palindromic insertion, 
and the overall size of the palindromic sequence (insert 
together with flanking regions) was 110 bp (79). These two 
plasmids also contained two additional mutations in that re-
gion created by inactivation of the restriction enzyme sites 
Kpn I and Sph I. In this work we used the plasmids pAB218-
7 (palindromic insertion) and pAB218-8 (non-palindromic 
insertion) that were the same as the plasmids pAB218-5 
and pAB218-6 but did not contain these two mutations. The 
CYC1 region, also contained two sites for the restriction 
enzyme Xho I, so that the digestion of the plasmid DNA 
with this enzyme created a 434 bp gap 256 bp upstream 

from the EcoR I site. Standard procedures were used for 
all DNA manipulations (77) and the yeast strain used was 
FF18-52 (MATa, leu2-3,112, ura3-52, ade5, trpl-289, can1). 
The strains containing desired insertions in their CYC1 re-
gions were constructed as follows. First, the spheroplasts 
were transformed with the plasmid DNA that was cut with 
Xho I in order to target integrations to the CYC1 region and 
the structure of the CYC1 locus was analyzed by South-
ern blotting (see below). Two Ura+ transformants (one for 
each plasmid) were further grown to the stationary phase 
in 4 ml of the minimal supplemented medium without ura-
cil. Aliquots were plated on the agar plates containing 0.75 
mg/ml of 5-fluoroorotic acid for selection of the cells that 
had lost the URA3 gene due to »pop-out« recombination 
event between directly repeated CYC1 regions (2). These 
were further analyzed by Southern blotting in order to de-
tect the colonies that contained a single copy of the CYC1 
region carrying the insertion formerly present on the plas-
mid.

Yeast transformation and analysis of transformants

 Yeast transformation by a modified spheroplast proce-
dure and Southern-blot analysis of transformants were de-
scribed previously (4, 7). For strain construction, genomic 
DNA of Ura- colonies was digested with the restriction en-
zyme Sac I that cuts the plasmids pAB218-7 and 218-8 only 
within insertion in the CYC1 region. Relative efficiency of 
transformation was determined by comparing the efficien-
cies of transformation obtained with circular plasmid and 
the plasmid cut with Xho I in the CYC1 region. In each ex-
periment the two samples were transformed with gapped 
plasmid (0.4 µg) and ten samples with circular DNA (2 µg) 
and the efficiency of transformation was expressed as the 
number of transformants per µg, of DNA.

RESULTS AND DISCUSSION

Strain construction

 The lack of stimulation of plasmid integration in the pres-
ence of a palindromic insertion, observed in our previous 
study, could be due to different reasons. For example, if 
the creation of a recombinogenic structure depends on 
DNA replication (5, 8), a palindrome present on a non-rep-
licative plasmid would not stimulate plasmid integration. 
Alternatively, if the palindromic insertion was recombino-
genic even in the absence of DNA replication, recombina-
tion could be blocked by the lack of homology to the pal-
indrome in the genomic copy of the CYC1 region. In order 
to overcome possible barriers for palindrome-stimulated 
transformation, we decided to transfer the palindromic 
and non-palindromic insertions (used as a control) from 
the plasmids pAB218-7 and pAB218-8 in the CYC1 region 
present in the yeast genome. We first transformed the 
yeast strain FF18-52 with the plasmid DNA cut with Xho 
I and a sample of transformants was further analyzed by 
Southern blotting. For both plasmids we observed that the
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heterologous insertion present on the plasmid molecule 
was lost in the majority of transformants (Figure 1). This is 
in accordance with current models for homologous recom-
bination predicting that the unbroken DNA molecule acts 
as a donor of genetic information (15). A single colony from 
each strain containing the insertion in the left copy of the 
CYC1 region (as presented in Figure 1) was further used 
to isolate spontaneous Ura+ colonies that were analyzed 
by Southern blotting. This analysis revealed a striking dif-
ference between the strains containing palindromic and 
non-palindromic insertions in the duplicated copy of the 
CYC1 region. In the strain containing the non-palindromic 
insertion 18/60 auxothrophs retained the insertion, while 
only 1/80 was detected in the strain that contained the 
palindromic insertion in the CYC1 region (Figure 2). Pref-
erential loss of the palindromic sequence was previously 
detected during integration of the circular plasmid (19) 
and could be explained in two ways. One possibility is 
that the hairpin structure formed in the DNA heteroduplex 
was preferentially excised and another is that the recom-
bination between two copies of the CYC1 gene was in fact 
initiated by a DSB created in, or close to the palindrome. 
In this case, heterologous termini containing palindromic 
sequence should be degraded prior to the completion 
of the recombination process (18). We prefer the latter

 

interpretation since palindromic sequences have been 
shown to be refractory to the mismatch repair, at least in 
meiotic cells (11).

Yeast transformation

 In order to find out whether the palindromic sequence 
would promote integrative transformation we compared 
experimental systems in which both the chromosomal 
and the plasmid copy of the CYC1 region contained either 
palindromic or non-palindromic insertions. The insertions 
were of the same size and placed in the same location with-
in the CYC1 gene. Transformation was performed with cir-
cular plasmids and also with the plasmids linearized with 
restriction endonuclease Xho I. For each experiment, the 
relative efficiency of transformation was determined as the 
ratio between transformation efficiencies obtained with 
circular and linearized molecules, in order to compare 
the results obtained with different strains and different 
plasmid preparations. In all experiments performed the 
relative efficiency of transformation was higher when the 
palindromic sequences were present in the CYC1 region 
(Figure 3). Higher fluctuations were observed with palin-
dromic sequences (2.26 ± 1.13 x 102) than with non-palin-
dromic sequences (0.47 ± 0.22 x 102). This could be due, 
for example, to different degrees of super-coiling present 
in different plasmid preparations used for transformation, 
since negative supercoiling was shown to stimulate cru-
ciform extrusion in vivo (8). The average increase in the 
relative efficiency of transformation due to the presence of 
the palindrome was 4.8 fold. This effect is rather modest in 
relation to the DSB-stimulated plasmid integration (14) and 
is comparable to the single base-pair mismatch-stimulat-
ed plasmid integration (20). However, based on the work 
of Lobachev et al. (10), we could expect highly increased 
stimulation of recombination with increasing size of a 
palindrome. The palindromes longer than approximately 
150 bp, that cannot be propagated in wild-type Escheri-
chia coli, can be stably maintained in sbcCD mutants 
(8) and used for the study of integrative transformation
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FIGURE 1. Targeted plasmid integrations in the CYC1 region. 
Plasmid DNA was treated with the restriction endonuclease Xho 
I before transformation. Different types of integration events 
were revealed by Southern blot analysis of transformants.

FIGURE 2. Recombination-associated loss of the insert. The 
presence of the insert in the CYC1 region among uracil auxo-
trophs was revealed by Southern blot analysis. Symbols are as 
in Figure 1.

FIGURE 3. The influence of the palindrome on the transforma-
tion efficiency. Both plasmid and chromosomal copy of the CYC1 
gene contained either palindromic (A) or non-palindromic (B) 
insertions. For each strain, the relative transformation efficien-
cies obtained in five independent experiments and the average 
values are indicated.
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in organisms other than yeast, where DSBs fail to stimu-
late and target plasmid integration.
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