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Programmed DNA rearrangements are critical for the
development of many organisms and, intriguingly, can
be catalyzed by domesticated mobile genetic elements.
In this issue of Genes & Development, Barsoum and
colleagues (pp. 33-44) demonstrate that, in the budd-
ing yeast Kluyveromyces lactis, a DNA rearrangement
associated with mating type switching requires a do-
mesticated transposase and occurs through a mechanism
distinct from that in the related yeast, Saccharomyces
cerevisiae. Thus, mechanisms for mating type switch-
ing have evolved multiple times, indicating the rela-
tive ease with which mobile genetic elements can be
captured.

Biology is the recent beneficiary of remarkable techni-
cal advances that are flooding the field with terabytes of
new DNA sequence information. This cornucopia of
data raises the questions of what we are going to do
with all this information and how we can best extract
new biological insights. A study in this issue of Genes &
Development by Astrém and colleagues (Barsoum et al.
2010) provides a beautiful illustration of the power of
comparative genomics to illuminate new principles
and research opportunities. The facile genetic manipula-
tions available in yeast allow for the rigorous testing of
hypotheses inspired by comparative genomics, which
was an essential feature of this study since, at every turn,
the results were wholly unanticipated. To put these
elegant studies in context, we begin with some back-
ground on the biology of mating type switching in
Saccharomyces cerevisiae, first described more than 50
years ago.
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Mating type switching in S. cerevisiae

Mating type switching in S. cerevisiae, which is one of
the best understood programmed DNA recombination
events, allows haploid yeast cells of one mating type to
produce haploid cells of the other type, thereby allowing
sister cells to mate and become diploid. Diploid cells, in
turn, can sporulate to produce haploid cells and offer
yeast the advantages coincident with a sexual life cycle.
In addition, diploid cells have certain selective advan-
tages, such as enhanced DNA repair. However, the chief
benefit of mating type switching may be its capacity to
allow strains to purge their diploid genomes of deleteri-
ous recessive mutations by going through a transient
haploid phase, with subsequent homozygous diploids
generated from the viable haploid segregants. Given the
importance of mating type switching for reproductive
survival, traits that promote switching should be posi-
tively selected over evolutionary time. Interestingly, pre-
vious work in S. cerevisiae (Keeling and Roger 1995;
Koufopanou and Burt 2005) and this new work in a related
yeast, Kluyveromyces lactis, reveal that at least two
different mobile genetic elements have been captured
and harnessed for mating type switching. Because these
domesticated mobile elements promote the reproductive
success of the cells in which they reside, these elements
proliferate in the population.

The mating type of haploid S. cerevisiae cells is de-
termined by the MAT locus, which contains either the al
gene (MATa) or the al and o2 genes (MATa). These genes
encode transcription factors that determine the expres-
sion of cell-type-specific genes necessary for pheromone
production and detection. S. cerevisiae cells also have
extra copies of these mating type genes at the silenced
HMRa and HMLa loci. These extra copies are not ex-
pressed, but are used as donors during the mating type
switching process, in which a MATa cell can convert to
a MATa cell, and vice versa.

Switching in S. cerevisiae occurs through intrachro-
mosomal gene conversion and relies on two blocks of
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conserved sequence that flank the MAT, HMR, and HML
loci (for review, see Haber 1998). Homologous recombina-
tion between these loci is triggered by a double-strand
break at MAT, generated by a site-specific endonuclease
called HO. Because the recognition sequence for the HO
endonuclease is within one of the conserved sequences,
MAT, HML, and HMR all contain DNA sequences that
could be cleaved by HO. However, the silenced chromatin
at HMR and HML blocks access of the endonuclease to
these loci, so cutting occurs only at MAT. Once a double-
strand break is generated, this lesion is repaired using the
general machinery required for homologous recombina-
tion. HMR or HML serve as donors, and MAT is the
recipient of what is fundamentally a gene conversion event.

The HO endonuclease, which triggers switching, is
expressed in late G1 in mother cells; i.e., those that have
already budded off a daughter (for review, see Nasmyth
1993; Cosma 2004). After a single haploid spore germi-
nates and divides, the new mother cell switches its
mating type prior to DNA replication. Consequently,
the next cell division produces two cells of the opposite
mating type as the original spore. These two cells can
then mate with the two cells produced from the first
daughter, generating homozygous diploids. Thus, an iso-
lated haploid spore will give rise to a clonal population of
diploid cells. Consistent with this expectation, isolates of
S. cerevisiae from the wild are often homozygous diploids
(Replansky et al. 2008). This process does not occur in
most laboratory strains because they contain a mutant
version of the HO gene (ho).

Interestingly, the HO protein evolved from homing
endonucleases (Keeling and Roger 1995; Koufopanou and
Burt 2005), a family of mobile genetic elements that repli-
cate through a mechanism not unlike mating type switch-
ing (for review, see Gimble 2000; Burt and Koufopanou
2004). Homing endonucleases specifically cleave long
recognition sequences and are found inserted in the mid-
dle of their own recognition sequences, effectively dis-
rupting that sequence. In a diploid cell that is heterozy-
gous for a homing endonuclease, the chromosome lacking
the element becomes cleaved at the recognition site, and
the broken chromosome is repaired by homologous re-
combination using the homing endonuclease-containing
chromosome as a template. In this way, the homing
endonuclease is copied to the repaired chromosome. The
HO gene is most closely related to VDE (also known as PI-
Scel), a homing endonuclease found in the TFP1 genes
of S. cerevisiae and other yeast species. It is thought that
a duplicated copy of VDE acquired the specificity to cut at
MAT rather than its own recognition sequence and was
“domesticated” to facilitate mating type switching.

Mating type switching in K. lactis

Although mating type switching is well understood in
S. cerevisiae, comparative studies examining the mech-
anism of switching in other related yeasts could illumi-
nate how the advent of the HO endonuclease has changed
the mechanism of mating type switching. In addition,
comparative studies could reveal important aspects of

Evolution of mating type switching in K. lactis

switching that were missed in S. cerevisiae due to genes
with overlapping functions.

The yeast K. lactis, which diverged from S. cerevisiae
more than 100 million years ago, has several features
that virtually insist on a comparative study of mating
type switching. Like S. cerevisiae, K. lactis has an active
MAT locus and silenced HMRa and HMLa loci, all
three of which are flanked by conserved blocks of
sequence that would function admirably for a recombina-
tion-based mechanism of mating type switching. How-
ever, no functional HO endonuclease has been found in
the K. lactis genome, although there is a highly degen-
erated pseudogene (Fabre et al. 2005). It has been pre-
sumed that mating type switching occurs through in-
frequent spontaneous homologous recombination (Butler
et al. 2004), as in strains of S. cerevisiae lacking the HO
gene. However, an early study suggested that, in a low-
nutrient medium, mating type switching in K. lactis
occurred at a fairly high frequency (Herman and Roman
1966), implying that these conditions induce switch-
ing. But what would trigger switching in the absence of
HO?

Another interesting feature of K. lactis is that both
MATa and HMLa contain an additional gene, o3, that is
absent in most other yeast species. This gene is necessary
for a cells to mate (Astrém et al. 2000), but, curiously, a3
function can be supplied from either MAT or HML. Its
exact role in mating is still a mystery, as is the mecha-
nism allowing its expression from the presumed silenced
HMLa locus. This study highlights an entirely new
function for a3, as discussed below.

A critical difference between S. cerevisiae and K. lactis
is that mating (and perhaps mating type switching) occurs
under different conditions in the two species. S. cerevi-
siae propagates in the wild primarily as diploid cells, and
haploid cells mate efficiently almost as soon as they
germinate in nutrient-rich conditions. HO endonuclease
is expressed each time a cell enters G1 and commits to
another cell cycle, ensuring that haploid cells will quickly
become homozygous diploid cells. In contrast, K. lactis
propagates primarily as haploid cells, with mating evi-
dent only when nutrients become scarce (Herman and
Roman 1966; Schaffrath and Breunig 2000). Conse-
quently, for K. lactis it would make sense that mating
type switching, like mating itself, be induced by low-
nutrient conditions, as reported by Herman and Roman
(1966). Thus, the regulatory network for switching in
K. lactis is expected to be different from that of
S. cerevisiae, but the extent of the differences, as revealed
by the work of Astrom and colleagues (Barsoum et al.
2010), was wholly unanticipated.

Identification of a protein that stimulates mating type
switching in both MATa and MAT« K. lactis cells

A fortuitous discovery provided Barsoum et al. (2010)
with their first clue to understanding how mating type
switching occurs in K. lactis. While conducting a screen
for genes involved in silencing, Astrom and colleagues
(Barsoum et al. 2010) observed that overexpression of a
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K. lactis gene orthologous to RME1 (regulator of meiosis)
from S. cerevisiae induced switching at high frequency.
They subsequently named this gene MTS1 (mating type
switch 1). This discovery revealed a regulated switching
pathway in K. lactis, consistent with the observations of
Herman and Roman (1966).

It is intriguing that both KIMTSI and its ortholog,
ScRME1, guide the response of haploid cells to low-
nutrient conditions in biologically appropriate ways. In
haploid S. cerevisiae cells, Rmel favors a foraging form of
vegetative growth over meiosis, which would be catas-
trophic without two sets of chromosomes. In particular,
this DNA-binding protein acts by repressing IME1, a mas-
ter regulator of meiosis, and activating CLN2, a cyclin
that promotes the transition from G1 to S phase in the
mitotic cycle (Blumental-Perry et al. 2002 and references
therein). Although RME1 is constitutively expressed in
haploid cells, it is further up-regulated upon nutri-
ent depletion, a condition that would otherwise induce
meiosis and sporulation. This increase in ScRmel results
in the activation of genes whose expression promotes
pseudohyphal formation and invasive growth (van Dyk
et al. 2003). Presumably, this type of growth allows the
yeast to grow toward nutrient-rich locations. In contrast,
in diploid cells, RME1 is repressed and the cells can enter
meiosis upon nutrient depletion.

In K. lactis, Mts1—like its ortholog ScRmel—has a role
in guiding the response of haploid K. lactis cells to
nutrient depletion. K. lactis haploid cells normally re-
spond to this condition by mating in preparation for
meiosis and sporulation (Herman and Roman 1966).
However, in the absence of a mating type switching
mechanism, a clonal population of haploid cells would
be stuck without a mating partner. Fortunately, KIMts1
overcomes this obstacle by promoting switching, creating
cells of opposite mating types that can mate to attain the
exalted status of diploidy, at least until sporulation
occurs. Consistent with this model, Astrém and col-
leagues (Barsoum et al. 2010) demonstrated that KIMtsl
is induced in low-nutrient conditions, explaining the
initial observations of Herman and Roman (1966). It is
not yet known whether KIMtsl also blocks meiosis in
haploid cells, as ScRmel does, but a mechanism to delay
meiosis until mating has occurred is certainly required.

To investigate how KlMtsl stimulates switching,
Astrom and colleagues (Barsoum et al. 2010) built on the
observation that KIMtsl1, like its S. cerevisiae ortholog,
has a three-zinc-finger DNA-binding domain, and they
demonstrated that KIMtsl binds to sequences in both
MATa and MATa. Importantly, deletion of these binding
sites disrupts switching, indicating that the association of
KiMtsl with MAT is a critical step in mating type
switching. Thus, KIMtsl has a role in switching analo-
gous to that of HO, which triggers switching in S.
cerevisiae. Both KIMtsl and ScHO are induced under
particular conditions (low nutrient or cell cycle phase)
that are biologically appropriate for initiating switching
followed by mating. In addition, both KIMtsl and ScHO
recognize specific sequences at the target MAT loci.
However, the analogy is limited, for, unlike HO, KIMtsl
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does not have an obvious nuclease domain, raising the
question of how recombination is achieved.

Switching from MAT« to MATa in K. lactis requires
the a3 gene

Identifying the enzyme responsible for breaking the
phosphodiester backbone at MAT to initiate recombina-
tion and mating type switching is the second major
breakthrough made by Astrém and colleagues (Barsoum
et al. 2010), and is a big surprise. They found that the a3
gene, unique to K. lactis and its close relatives, is related
to the mutator-like (MULE) family of transposases, sug-
gesting that a3 may be involved in mating type switch-
ing. Indeed, switching is blocked in the absence of a3 or in
a3 mutants with alterations in the catalytic DDE motif,
which is critical for function in this family of trans-
posases. However, unlike Mtsl, a3 is required only for
switching from MATa to MATa. Therefore, yet another
protein must be responsible for driving the switch from
MATa to MATao.

Curiously, the requirement for a3 in switching from
MATa to MATa cannot be satisfied by the a3 gene at
MATa! Instead, HMLa is the essential source of a3 for
this switch. This observation is very surprising because
the copy of a3 at MAT is expressed, whereas the copy at
HML is expected to be silenced. It thus appears that either
MATa3 is not expressed in low-nutrient conditions, or it
is inactivated by the switching process itself (see below)
prior to the time it must act. Moreover, a3 must be
expressed from the silent HML locus, perhaps in a regu-
lated manner. In fact, previous work is consistent with
the notion that HMLa3 is expressed in low-nutrient
conditions (Astrém et al. 2000). Therefore, it is possible
that HMLa3 may be induced under the same conditions
that induce Mtsl.

The mechanism by which «3 carries out mating type
switching is beginning to emerge. The new work shows
that induction of Mtsl results in the formation of
a circular DNA containing the o3 gene. It is assumed
that this circular DNA is derived from MATa because
deletion of the junction sequences in MAT« eliminated
circle formation. In addition, these junction deletions
eliminated switching, indicating that circle formation is
a necessary intermediate in mating type switching.
Astrom and colleagues (Barsoum et al. 2010) propose,
reasonably, that the formation of the circle causes a lesion
at MAT that triggers the switching process. However,
many questions about the mechanism of switching re-
main, including whether o3 is ever lost from HML,
whether the circle can insert elsewhere, what role Mtsl
plays in initiating circle formation, and at what point in
the process synapse formation with the donor HMRa
locus occurs.

Implications for regulation of silencing

The observation that a3 is expressed from the silenced
HML locus during mating type switching raises interest-
ing questions regarding the regulation of the silencing



mechanism. In rich medium, HMLa3 is repressed
(Astrom et al. 2000; Hickman and Rusche 2009), although
it is not clear that it is completely off. This potential low
level of expression may be sufficient for function, but it is
also plausible that the minimal medium that induces
mating type switching also induces HMLa3. If so, a mech-
anism must exist to overcome the silenced chromatin
that forms at HMLa. Such a mechanism has not been
detected in S. cerevisiae, for which silencing of HML and
HMR by the Sir proteins appears to be constitutive,
although Sir-mediated silencing at the telomeres is envi-
ronmentally regulated in another yeast, Candida glab-
rata (Domergue et al. 2005).

It is also possible that relief of silencing in low-nutrient
conditions is restricted to the HML locus. In a MATa cell,
loss of silencing at HMRa would lead to the simultaneous
expression of a and a genes, and hence a diploid identity,
which would reduce mating. In this regard, it may be
relevant that, in K. lactis, the mechanisms of silencing are
distinct at HML and HMR (Hickman and Rusche 2009),
and hence the two loci may be regulated independently.

A final question raised by the apparent expression of
HMLa3 is how HML is protected from being the recipient
of a mating type conversion. In S. cerevisiae, the assem-
bly of Sir-mediated silenced chromatin at HML and HMR
protects these loci from cutting by the HO endonuclease.
It remains unclear how HMLa3 can be expressed with-
out also becoming a substrate for circle formation and
switching.

Switching from MATa to MATa in K. lactis occurs
through a hairpin intermediate

As described above, the mechanism of switching from
MATa to MATa appears to be mechanistically distinct
from switching from MATa to MATa. This switching
event is still triggered by the induction of Mtsl, but does
not require 3. So far, the enzyme responsible for initiat-
ing recombination has not been identified. However, one
property of this mystery enzyme is the formation of
hairpin-capped breaks at MATa. These breaks are remi-
niscent of intermediates in Ragl-mediated V(DJJ recom-
bination in immune cells. Like a3, Ragl is thought to be
derived from a transposase, and it is therefore plausible
that yet another domesticated transposase is lurking in
the K. lactis genome and is involved in MATa-to-MAT«
switching.

Mobile genetic elements and programmed DNA
rearrangements

As noted by Astrém and colleagues (Barsoum et al. 2010,
their work adds to a growing list of cases in which mobile
genetic elements have been adapted to facilitate pro-
grammed DNA recombination events (for review, see
Volff 2006). For example, Ragl is related to transposases
in the transib superfamily (Kapitonov and Jurka 2005);
PiggyMac, the enzyme responsible for elimination of
germline sequences in the macronucleus of Paramecium,
is derived from the PiggyBac family of transposases
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(Baudry et al. 2009); and HO itself is derived from the
VDE family of homing endonucleases (Keeling and Roger
1995; Koufopanou and Burt 2005). Thus, the capture and
harnessing of mobile genetic elements is becoming
a common theme in programmed DNA rearrangements.
Curiously, in the case of mating type switching, it appears
that the capture of mobile genetic elements has occurred
multiple times, with one element supplanting the pre-
vious one. K. lactis has a degenerate HO gene (Fabre et al.
2005), suggesting that HO played a role in mating type
switching of an ancestor of K. lactis. However, the
acquisition of the a3 gene from a MULE family trans-
posase may have enabled switching to occur without HO,
resulting in its degeneration.

Evolution of mating type switching in yeast

The work of Astrom and colleagues (Barsoum et al. 2010}
calls for a revision of the prevailing model of the evolu-
tion of mating type switching. It has been proposed
(Keeling and Roger 1995; Butler et al. 2004) that mating
type switching, as it exists in S. cerevisiae, arose in two
distinct steps. First, extra copies of the mating type loci,
which could be maintained in a silenced state, were
acquired. Such cassettes would allow switching at low
frequencies through fortuitous homologous recombina-
tion. The second step involved the capture of a homing
endonuclease that could trigger switching at high fre-
quency by cutting MAT. This has been a compelling
model, and is supported by observations that (1) multiple
yeast species have extra, presumably silenced, mating
type cassettes but lack the HO endonuclease; and (2) the
presence of the HO endonuclease is phylogenetically
restricted. However, the work of Astrém and colleagues
(Barsoum et al. 2010) calls into question the notion that
strains lacking HO do not have mechanisms for inducing
mating type switching, and also suggests that inducible
mating type switching has been reinvented over the
course of evolution.

In K. lactis, three separate proteins are required to
achieve the same function as HO in S. cerevisiae. The
induction of Mtsl under low-nutrient conditions is re-
quired to initiate switching. In addition, a3 is required for
recombination at MATq, and an as-yet-unidentified protein
is required for recombination at MATa. Although a3 is
unique to K. Iactis and its close relatives, Mtsl/Rmel is
well conserved and could act as a trigger for switching in
other species as well. In addition, the unknown protein
required for the switch from MATa to MATa could be
conserved and facilitate switching in other yeast. Moreover,
currently unimagined switching mechanisms not found in
S. cerevisiae or K. lactis may exist in other species. In fact,
mating type switching appears to have evolved indepen-
dently in the fission yeast Schizosaccaromyces pombe and
occurs through yet another mechanism.

Perspective

This new work on mating type switching in K. lactis is
a beautiful example of the ability of comparative genetic
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and genomic studies to reignite interest in problems that
have been considered largely solved. By highlighting the
evolutionary theme and variation among species, such
studies lay out fascinating unanticipated opportunities
that Astrdm’s colleagues (Barsoum et al. 2010) and others
will be harvesting in the coming years. Yet it is illumi-
nating to consider how little of the story presented in this
new study would be possible strictly by comparative ge-
nomics without the ability to manipulate the genome of
K. lactis. For this reason, we anticipate that the easily
manipulated genomes of microbes, and especially certain
clades of fungi, will offer the opportunities for the deepest
insights from comparative genomics in the near future.
Hopefully, advances in targeted genome editing in animal
cells, such as those provided by the zinc finger nucleases
and other methods (Urnov et al. 2005; Bozas et al. 2009),
will continue to be developed to allow the insights fueled
by comparative genomics to lead to other studies as
beautiful as that of Astrém and colleagues (Barsoum
et al. 2010).
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