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Cellular asymmetry plays a major role in the ageing and evolution of multi-
cellular organisms. However, it remains unknown how the cell distinguishes
‘old’ from ‘new’ and whether asymmetry is an attribute of highly specialized
cells or a feature inherent in all cells. Here, we investigate the segregation of
three asymmetric features: old and new DNA, the spindle pole body (SPB,
the centrosome analogue) and the old and new cell ends, using a simple
unicellular eukaryote, Schizosaccharomyces pombe. To our knowledge, this is
the first study exploring three asymmetric features in the same cells. We
show that of the three chromosomes of S. pombe, chromosome I containing
the new parental strand, preferentially segregated to the cells inheriting
the old cell end. Furthermore, the new SPB also preferentially segregated
to the cells inheriting the old end. Our results suggest that the ability to
distinguish ‘old’ from ‘new’ and to segregate DNA asymmetrically are
inherent features even in simple unicellular eukaryotes.
1. Introduction
Asymmetry plays a key role in both uni- and multicellular organisms, establish-
ing a wide range of features from uneven distribution of ageing factors between
mother and daughter cells in Saccharomyces cerevisiae to the establishment of
separate cell lineages during development in multicellular organisms [1]. Two
not mutually exclusive hypotheses have been proposed to explain the phenom-
enon of asymmetric cell division: one suggests that asymmetry is imposed by
the cells’ exposure to the extracellular environment; the other postulates that
the information for cellular asymmetry is found internally in the cell. Intrigu-
ingly, multicellularity has arisen several times in the course of evolution [2],
and asymmetric cell divisions are prerequisite for most forms of multicellularity
(when it involves specialization). This favours the hypothesis that ancient
organisms all share a molecular machinery that inherently provides a basis
for asymmetric cell division [3].

Asymmetric segregation of a number of subcellular constituents has been
reported, including centrosomes, proteins, organelles and nucleic acids [4–6].
Specifically, asymmetric DNA segregation has been described in several organ-
isms. For example, sister chromatid segregation is not random in Escherichia coli
[7], a subpopulation of mouse adult skeletal muscle cells segregates DNA
strands asymmetrically [8] and X and Y chromosomes are non-randomly segre-
gated in Drosophila [2]. The question of asymmetric DNA segregation came into
the limelight by the ‘immortal strand hypothesis’, which postulates that asym-
metric DNA segregation is a mechanism for stem cells to protect their genome
from accumulating mutations occurring during replication [9]. Even though a
number of studies support asymmetric DNA segregation, just as many reports
argue against it (e.g. [10–12]). A demonstration of asymmetric sister chromatid
segregation is technically challenging and even separate studies on the same
type of tissues have provided opposite results [13–17]. This has led to a
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Figure 1. Strategy to identify granddaughter cells deriving from a single
G1-arrested grandmother cell. See manuscript text for explanation.
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long-standing debate about both the occurrence and mechan-
isms behind asymmetric DNA segregation [18,19].

Asymmetric DNA segregation requires that the cells are
able to keep track of old and new DNA strands through
cell divisions. In order to address the question whether asym-
metric DNA segregation is an ancient feature, we employed
an approach that allowed us to reliably follow DNA segre-
gation through two generations in a simple and not very
specialized model organism, fission yeast.

Fission yeast is a unicellular eukaryote that displays
several asymmetric traits. First, an obvious feature that
could generate asymmetric markers within a fission yeast
cell is the fact that one end is produced by the last cytokinesis,
whereas the other persists from the preceding cell cycle.
Consistently, the growth of the cells is clearly asymmetric,
with one of the ends, the old end, starting to grow after mito-
sis and the other end, the new end, starting to grow at about
the time of completion of S phase [20]. Cell growth is deter-
mined by polarity markers at the ends of the cells as well
as the microtubule cytoskeleton [21].

Another asymmetric feature in fission yeast cells is the
centrosome equivalent, the spindle pole body (SPB). The
SPB is a microtubule-organizing centre which is duplicated
at the G1/S transition and contains asymmetric components.
The SPB is the centre of a conserved signalling pathway
called the septum initiation network (SIN), which is involved
in the regulation of cytokinesis [22–24]. Activation of the SIN
always occurs on the new SPB [25–27], but the significance of
this asymmetry for any differences between the daughter
cells or the asymmetric growth pattern is not clear.

One of the best known asymmetric features in fission yeast
is the mating type of the cells, which was shown to be regu-
lated by epigenetic differences between sister chromatids
[28,29]. Whether or how these are related to other asymmetric
features in the cells is not known. Notably, this mechanism of
mating-type switching provided the basis for one of the
models for non-random DNA segregation: the strand-specific
imprinting and selective chromatid segregation model (SSIS),
which suggests that epigenetic differences between sister chro-
matids may drive selective sister chromatid segregation [30].

We have designed an experimental system to study three
asymmetric features in fission yeast. Using halogenated
thymidine analogues we employed a double-labelling tech-
nique that allowed us to specifically label the DNA made in
each S phase, making it possible to distinguish old from
new DNA strands. In addition, we followed the segregation
of an SPB component that allowed us to identify old and
new SPBs, and we also observed the asymmetric growth
pattern in the same cells. We observe cosegregation of the
new SPB with the old cell ends and a non-random segre-
gation of old and new chromosome I. These results suggest
that the potential for asymmetric DNA segregation and dis-
tinguishing old from new are ancient features present even
in a simple unicellular organism.
2. Results
2.1. Tracking progeny for two generations
In order to observe the segregation pattern of the DNA as
well as the segregation pattern of the SPBs it is essential to
be able to identify the daughter cells for at least two cell
cycles. Fission yeast daughter cells are morphologically very
similar, thus the need for a reliable system in which to follow
cell segregation is essential. We exploited a sep1 mutant that
is defective in cytokinesis and forms mycelia with the daugh-
ter cells staying unseparated [31]. After two generations
four-celled mycelia are formed, in which the asymmetric
growth pattern can be observed [31]. The outermost cells in
the four-cell mycelia inherit the oldest cell ends and will be
referred to as ‘old’ cells, while the inner two cells inherited
the new ends and will be referred to as ‘new’ cells (figure 1).
After the four-celled stage, the mycelia break up as a conse-
quence of the asymmetric growth pattern [31]. Therefore, a
sep1 culture consists of a mixture of single cells, doublets
and mycelia of three or four cells. To start our experiments
with a homogeneous population of cells we generated a
conditional sep1 mutant by fusing the sep1 gene to the hor-
mone-binding domain of the oestrogen receptor [32],
enabling us to regulate the activity of the Sep1 protein by grow-
ing the cells in the presence (Sep1 on) or absence (Sep1 off) of
oestradiol. To be able to synchronize the cells in G1 phase we
introduced a temperature-sensitive cdc10 mutation. Using
this strain the fate of the chromosomes and the SPBs can be
followed in single cells released from G1 and proceeding to
generate mycelia with four granddaughter cells (figure 1).

2.2. Following DNA segregation over two generations
To be able to follow the segregation of chromatids with new or
old parental DNA strands, we exploited the halogenated thy-
midine analogues IdU and CldU or EdU. Schizosaccharomyces
pombe cells do not take up and incorporate exogenous thymi-
dine analogues naturally; therefore, the human equilibrative
nucleoside transporter gene (hENT1) and the herpes simplex
virus thymidine kinase gene (hsv-tk) were introduced [33].

The cells were first arrested in G1 phase by growth under
restrictive conditions for the temperature-sensitive cdc10
mutation (figure 2). At the same time, Sep1 was kept active
by the presence of oestradiol (Sep1 on). Sep1 was then inacti-
vated by washing out the oestradiol and the cells were shifted
to the permissive temperature for cdc10, releasing them into S
phase. To specifically label the DNA strands synthesized in
the first generation, CldU was added during the G1 arrest
and kept in the medium until the first S phase was comple-
ted. The cells were then washed with medium to remove
CldU. Before the following S phase, IdU was added to label
the DNA strand replicated in the second generation. After
the second S phase was completed, IdU was removed from
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Figure 2. Experimental outline for following DNA segregation for two gen-
erations. See manuscript text for explanation.
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the medium. The timing was determined in preliminary
experiments using DNA staining in flow cytometry. When
septa were formed, the cells were fixed and processed.

In the second generation, each chromosome will contain
one strand newly synthesized in the second S phase and one
strand that was either an original template (old parental
DNA strand; black in figure 2) or a newly synthesized template
(new parental DNA strand; red in figure 2). Thus, the segre-
gation pattern of the DNA synthesized in the first S phase
can be observed in the second generation. Random segregation
would lead to even distribution of the first label between the
daughter cells, whereas non-random segregation would lead
to uneven distribution. The chromosome that contains the
newly synthesized parental strand from the first S phase will
be referred to as new chromosome throughout this paper.

To measure the segregation pattern of the labelled DNA,
we acquired fluorescence-microscopic z-stacks of entire cells
to ensure that all the fluorescence within one nucleus was
captured. We then measured the integrated intensity of the
labelled DNA using a sum-projected image of the z-stacks.

Predictably, the distribution of the first label (CldU) was
uneven between the four daughter cells, whereas the distri-
bution of the second label (IdU) was even (figure 3). The
even distribution of the second label serves as a control and
it demonstrates that the incorporation of the analogue is
proportional to the amount of newly synthesized DNA.
Assuming that the label is distributed uniformly along each
of the chromosomes, we can determine the DNA segregation
pattern based on the fluorescence intensities of the analogue-
labelled DNA. Thus, the uneven distribution of the first label
allows us to conclude that the daughter cells inherited
unequal amounts of old and new DNA.

A caveat in any experiment using thymidine analogues is
their toxicity and mutagenicity [34,35]. Such analogues have
been shown to induce checkpoint responses and arrest the
cell cycle as well as to increase sister chromatid exchange
(SCE) at high concentrations [36–40]. In order to minimize
the effect the analogue had on the cells, we opted to only
label the first S phase in subsequent experiments and selected
EdU, which can be used at lower concentrations than halo-
genated analogues and disturbs cell-cycle progression to a
lesser extent [35].

2.3. Biased chromosome segregation
We observed that most, but not all, nuclei contained some
EdU-labelled DNA, and the intensity of the label varied from
nucleus to nucleus (figure 4, electronic supplementary
material, table S1). The cell pairs within the four-celledmycelia
had similar amounts of label (cells 1 + 2 together had similar
amount of label as cells 3 + 4) (figure 4), as expected when a
labelled set of chromosomes is distributed between the two
daughter cells. This finding further supports the concept that
the intensities can be used to follow the segregation of newly
synthesized chromatids and that the quantifications are correct
and warranted.

Sincemost cells inherited some labelled DNA,we conclude
that there is no strict segregation of all old parental DNA and
all new parental DNA to one daughter cell. However, these
data do not exclude that a particular chromosome follows a
non-random segregation pattern. Fission yeast has three
chromosomes and the intensity of the label in each cell depends
on which particular labelled chromatid(s) the cell inherited.
The distribution of sister chromatidswith old and newparental
DNA strands between granddaughter cells can have eight
different outcomes (figure 5). If sister chromatid segregation
is random, all of the combinations depicted in figure 5
should occur at equal frequencies. Alternatively, some combi-
nations may occur more frequently than others, suggesting a
biased segregation. The three chromosomes of S. pombe have
rather different sizes; chromosome I is 5.7 Mb, chromosome
II is 4.6 Mb and chromosome III is 3.5 Mb [41]. The distribution
of different combinations of the labelled chromosomes will
result in different fluorescence intensities and can, therefore,
be distinguished. Table 1 shows the fluorescence intensities
that can be predicted when different combinations of the
labelled chromatids segregate to a particular cell.

Table 2 shows the observed distribution of the labelled
chromosomes between the ‘old’ and ‘new’ cells based on the
intensity measurements (electronic supplementary material,
table S1). We employed strict margins (theoretical value
±0.04) (table 1) when determining which chromosomes each
cell inherited, and cells displaying fluorescence intensities out-
side these ranges were disregarded. Ranges were determined
to ensure that there are no overlaps and that there are not too
many outliers. Interestingly, the observed distribution was sig-
nificantly different from a theoretical random distribution
(table 2). On closer inspection of the distribution of each
chromosome, we found that chromosome I displays a non-
random distribution between the two daughter cells and the
new chromosome I preferentially, in 64% of the cell pairs, seg-
regates to the daughter cell with the old end (table 3). By
contrast, no preferential segregation of chromosomes II and
III could be detected (table 3). Consistently, a previous study
examining the distribution of chromosome II also concluded
that it segregates randomly between the two daughter cells
[42]. Similar conclusions were drawn when stricter ranges
were used, such as theoretical value ±0.025 (data not shown).

We have also addressed whether the segregation of one
chromosome correlates with that of another. While there is
no strong preference for any one pair, cosegregation of all
three chromosomes occurs less frequently than expected in
case of random segregation (table 4).
2.4. Sister chromatid exchange as a possible problem
when assessing asymmetric DNA segregation

One concern when analysing our data is the effect SCE may
have on the fluorescence intensity analyses. Extensive and
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Figure 3. Granddaughter cells inherit a mixture of old and new DNA. (a) Quantification of CldU (1st S phase) and IdU (2nd S phase) incorporation in 10 cell pairs.
(b) An example of four-celled mycelium after CldU and IdU labelling. Note the uneven distribution of CldU and even distribution of IdU. Cells were grown and
labelled as outlined in figure 2.
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numerous SCE events would lead to higher or lower fluor-
escence intensities than one would expect for a given
chromosome, which would either shift the values outside the
ranges we used or, in the worst-case scenario, shift the values
to the next range and lead to false conclusions. This possibility
was of particular concern upon the finding that all three
chromosomes cosegregate less frequently than expected,
since this is the very category that would be underrepresented
due to extensive SCE. To estimate the frequency of SCE events
in the course of two generations we repeated the experiment
described above but arrested the cells in the third mitosis
after release from the cdc10 block by using carbendazim
(CBZ), a microtubule depolymerizing drug that arrests the
cells in mitosis. We visualized the EdU-labelled DNA within
condensed nuclei and compared it to the DAPI-stained DNA.
If SCE is extensive, we would expect that EdU-labelled regions
are distributed throughout the nuclei and that the EdU-signal
largely overlaps with the DAPI signal. However, if SCE
events are not frequent, the EdU-labelled DNA would give
strong signals confined to small localized areas within the
nucleus. While this approach does not allow an accurate
quantification of the amount of DNA transferred between the
DNA strands, it would allow us to detect numerous and exten-
sive SCE. We observed that the EdU-labelled DNA was
confined to a few localized regions within the DAPI-stained
region (figure 6). These observations suggest that the frequency
of SCE events within two generations is low and thus low
amounts of DNA have been exchanged.

2.5. Asymmetric segregation of the SPB
During each cell cycle, the SPB duplicates and the new and old
SPBs can be distinguished by their different protein compo-
sitions. One of the proteins that is differentially recruited to
the old and new SPBs is Cdc7, which initially binds both
SPBs in metaphase, then it leaves the old SPB and stays
bound only to the new SPB until late anaphase [16]. We set
out to determine whether the age of the SPB correlates with
either asymmetric DNA segregation or the ‘old’ and ‘new’
cells. We used a strain carrying a Myc-tagged Cdc7. However,
at 36°C many of the cells carrying this tag did not separate
after cytokinesis, making it difficult to synchronize the cells
with a cdc10 block and release. Therefore, cells carrying a
Myc-tagged version of Cdc7were synchronized by lactose gra-
dient centrifugation, the DNAwas labelled as described in the
previous chapters and the segregation patterns of both Cdc7
and the DNA to the ‘old’ and ‘new’ cells were determined
(figure 7, electronic supplementary material, table S2).

Interestingly, the segregation of the Cdc7-bound new SPB
was clearly not random and appeared in the ‘old’ cell in
approximately 65% of the cells ( p = 0.0021) (table 5). We con-
clude that the new SPB preferentially, but not exclusively,
segregates to the ‘old’ cell and that the old SPB preferentially
goes to the ‘new’ cell.

Having seen asymmetric segregation of both the SPB and
chromosome I, an obvious question is whether these two
asymmetric traits cosegregate. As shown in electronic sup-
plementary material, table S3, the two traits segregated
independently. It should be noted, however, that in the cdc7-
myc background the biased segregation of chromosome I
was not observed (electronic supplementary material, table
S4). By contrast, a strain carrying Cdc7 without the tag but
synchronized by lactose gradient centrifugation did display
the biased segregation (electronic supplementary material,
tables S5 and S6) similar to that observed in the cells synchro-
nized by cdc10 block and release (table 3). Together with
the observation that the cdc7-myc strain has a slight tempera-
ture-sensitive cytokinesis defect, these findings suggest
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Figure 5. Possible segregation patterns. Possible outcomes of the segregation
of the EdU-labelled DNA strands (red) synthesized during the first S phase
between daughter cells. See manuscript text for details.

Table 1. Expected fluorescent intensities in cell 1 and 2, depending on the
distribution and size of the three chromosomes.

new
chromatid in
cell 1

expected
fluorescent
intensity
in cell 1

expected
fluorescent
intensity in
cell 2

expected
range of
fluorescent
intensity in
cell 1

Chr I 0.413 0.587 0.373–0.453

Chr II 0.333 0.667 0.294–0.373

Chr III 0.254 0.746 0.214–0.293

Chr I + II 0.746 0.254 0.707–0.786

Chr I + III 0.667 0.333 0.627–0.706

Chr II + III 0.587 0.413 0.547–0.627

Chr I + II + III 1 0 0.850–1

none 0 1 0–0.08
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that the tag on Cdc7 confers a hypomorphic phenotype,
which is responsible for the loss of the biased segregation of
chromosome I.
2.6. Chromosome segregation is random after
heat stress

In response to cellular stress, the damage to proteins and
organelles might be repaired, or asymmetrically segregated
to one of the daughter cells. Fission yeast cells were reported



Table 2. Distribution of chromosomes containing the new parental strand
in old and new cells. n = 117.

new
chromosome

in old cell
(number of
cells)

in new cell
(number of
cells) p-value

Chr I 23 12 0.017

Chr II 12 18

Chr III 12 24

I + II 24 12

I + III 18 12

II + III 12 23

I + II + III 10 6

none 6 10
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to not age under normal conditions, but they asymmetrically
segregate protein aggregates, that is to say age, after stress
[43]. By contrast, mild stress, such as calorie restriction or
heat stress, help prevent ageing [44], probably by promoting
a more equal segregation of ageing factors [45]. To address
whether the biased segregation of chromosome I is affected
by stress we repeated the experiment described in figure 2,
but exposed the cells to a 30 min heat stress at 40°C before
releasing the cells into the cell cycle. Surprisingly, the
biased segregation of chromosome I was no longer observed
in the cells exposed to heat stress (table 6; electronic sup-
plementary material, table S7), nor was the cosegregation of
all three chromosomes less frequent than expected (table 7).
3. Discussion
We have studied three asymmetric features over two gener-
ations in fission yeast cells; the segregation of DNA strands,
of the SPB and old and new cell ends. We have shown that
chromosome I, but not chromosomes II and III, display an
asymmetric pattern in that the new chromatid preferentially
segregates to the ‘old’ cells. In addition, the SPB also segregates
asymmetrically between the two daughter cells, with the new
SPB segregating to the ‘old’ cell with higher probability.

These observations suggest that S. pombe cells have the
ability to distinguish between new and old DNA, suggesting
that the potential for asymmetric DNA segregation is an
inherent feature even in simple, unicellular eukaryotes. Due
to the semiconservative nature of DNA replication, the most
obvious asymmetric feature in the cell is the DNA, which car-
ries all the genetic information and directs most events in the
cell. Since sister chromatids are inherently non-equivalent
both when considering DNA-strand sequences and replica-
tion history, it is tempting to speculate that the source of
asymmetry might stem from the semiconservative nature
of DNA replication or some mechanism closely associated
with DNA replication.

Our approach makes it possible to study the segregation
pattern at a single-chromosome level over only two gener-
ations in granddaughter cells and avoids several pitfalls
that have been problematic when studying this phenomenon.
Several studies have employed the label retention method
in which cells incorporate a thymidine analogue over a
prolonged period of time and after several generations, the
number of label-retaining cells is scored. These studies are
hampered by the severe effects that BrdU or similar thymi-
dine analogues exert on the cell cycle [46,47] After several
generations, the presence of BrdU or other analogues will
impact the survival, cell-cycle progression and the growth
rate of the cells [35,47]. In addition, the frequency of SCE
increases with increasing concentrations of BrdU [34], skew-
ing the results towards equal distribution between daughter
cells. Another potential pitfall is that the observed label-
retaining cells may result from cellular quiescence. Similarly,
if the original template is not labelled because non-cycling
cells are present, the results could be misinterpreted. More
recent methods involve extensive BrdU-labelling of the
new strand, which is then degraded and the remaining, old
DNA is analysed either by sequencing (Strand-Seq) or by
FISH (CO-FISH) [8,48]. Strand-Seq analyses DNA after cell
lysis and DNA extraction, making it difficult to analyse
cosegregation with other features. CO-FISH analyses single
cells and after only two generations, but can only investigate
limited regions of a chromosome at a time. Our approach
involves three important advantages as compared to pre-
viously used approaches. First, it allows us to track single
sister chromatids over as few as two generations. Second,
we analyse single cells as opposed to a population of cells
and can thus observe other asymmetric features in the same
cells. Third, since thymidine analogues may affect the fre-
quency of SCE, we minimized the amount of analogues
that the cells were exposed to. We have titrated the analogues
to the lowest detectable concentration [35], limited the time of
exposure to S phase, and used only EdU (as opposed to
double-labelling with two different analogues).

In spite of these measures, we were concerned about the
possible effect of SCE on the fluorescence intensities. Extensive
SCE would shift the intensities towards the average, 0.5/cell,
leading to an underestimation of the real extent of asymmetry.
On the other hand, isolated and not extensive SCE events
might skew the observed intensities towards either higher or
lower values. The following observations argue against SCE
being responsible for the observed asymmetric DNA segre-
gation. First, using high-resolution imaging we observed few
and well-defined areas of EdU-labelled DNA within the
DAPI-stained nuclei in CBZ-arrested cells, arguing against a
high frequency of SCE, which would result in the condensed
nuclei being littered with patches of EdU-stained DNA.
Second, heat shock abolished both the asymmetric segregation
of chromosome I and the low number of cells where all three
labelled chromosomes cosegregate. In the light of this finding
it is less likely that the apparent asymmetric segregation is an
artefact of SCE, unless we also invoke a mechanism for SCE
that is highly heat-sensitive.

Previous studies investigating asymmetric DNA segrega-
tion have focused on the ‘old’ DNA strand being selectively
segregated into a particular cell type (for example mother
versus daughter cell or stem cell versus differentiated cell).
However, the potential for biased DNA segregation may
not be associated with a particular cell type. Our approach
allows revealing unequal segregation of the new chromosomes
between daughters of the same cell type. No general rule
could be observed for cosegregation of all the old and new
DNAand the ‘age’ of the cell (based on the cell ends). However,
there are several features beside the mother–daughter identity
that may be connected to chromosome segregation and the



Table 3. Segregation of chromosomes between the ‘old’ and ‘new’ cells. n = 117.

new chromatid
of

‘old’ cells
(number of cells)

‘new’ cell
(number of cells)

‘old’ cells
(% distribution)

‘new’ cell
(% distribution) p-value

Chr I 75 42 64 36 0.002

Chr II 58 59 50 50 0.926

Chr III 52 65 44 56 0.229

Table 4. Cosegregation of chromosomes. n = 117.

number of cells % p-value

Chr I and II 52 44 0.229

Chr I and III 47 40 0.033

Chr II and III 50 43 0.116

all three 16 14 0.005
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Figure 6. Super-resolution images of cells arrested in mitosis. Cells were syn-
chronized and labelled as described in figure 2, then arrested in the next
mitosis with carbendazim. Distribution of EdU-labelled DNA (red) was inves-
tigated by super-resolution microscopy. DNA was stained with DAPI (blue).
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individual chromosomes may be differentially segregated to
mother and daughter cells. An example of differential DNA
segregation is demonstrated in Drosophila, where the auto-
somes segregate randomly, whereas the sex chromosomes
segregate non-randomly [2]. Similarly, in fission yeast, we
observe that while chromosomes II and III segregate randomly,
the new chromosome I preferentially segregates to the ‘old’ cell.

An obvious question is whether specific asymmetric traits
of the cell are connected to one or more of the chromosomes
or if the asymmetrically segregating chromosomes carry differ-
ent epigenetic markers which direct a certain segregation
pattern [49]. Awell-studied example of an epigenetically deter-
mined asymmetric trait is the mating-type switching in
S. pombe, where one in four granddaughters switches mating
type [28,50]. This process is regulated by an epigenetic imprint
generated during lagging-strand synthesis [51]. This develop-
mental asymmetry is restricted to one locus and such an
asymmetry is not likely to dictate asymmetric segregation of
the chromosome. If asymmetric segregation of a chromosome
was dictated by an epigenetic change, it would have to occur
at the centromere region. Combined with epigenetic differ-
ences at several loci, this could allow the preservation of
epigenetic differences within a defined cellular pedigree.

The centrosomes duplicate once per cell cycle and the
daughters inherit one centrosome each. In Drosophila melano-
gaster the male germline cells retain the mother centrosome
[52], and in S. cerevisiae the old SPB is always inherited by
the bud [53]. Similarly, we found asymmetric SPB segregation
in S. pombe in that the old SPB segregates to the ‘new’ cell
in 65% of the cases. Interestingly, in a previous study segre-
gation of the SPB appeared random [54]. The different
conclusions might be explained by different tags being used
in the two papers (Cdc7 : GFP versus Cdc7 :Myc) as well as
different genetic backgrounds of the parent strains.

Full maturation of the SPB in fission yeast takes two gen-
erations, so that a grandmother, mother and granddaughter
SPB can be discerned [25], which is reminiscent of DNA repli-
cation where also a grandmother-strand, mother-strands and
daughter-strands can be distinguished. Furthermore, DNA
replication and centrosome duplication are coregulated to
ensure that they are initiated at the same time [55]. However,
we see no correlation between the age of the SPB and the
biased DNA segregation, indicating that these two asym-
metric features do not cosegregate. It is important to note
that in the strain carrying the tagged Cdc7 the biased segre-
gation of chromosome I was not observed (electronic
supplementary material, table S4). This might be due to a
slight loss-of-function effect of the tag since we also observed
that at 36°C the cells carrying the tag had a mild cytokinesis
defect, suggesting that the tag renders Cdc7 temperature sen-
sitive (data not shown). Even though we chose to synchronize
these cells by size-selection rather than using a temperature-
sensitive mutant to avoid a temperature shift, the tag might
have conferred a hypomorphic phenotype even at low temp-
erature. On the other hand, the fact that tagging an SPB
component can affect asymmetric DNA segregation hints at
a mechanism to ensure asymmetry involving the SPB.

We have provided data suggesting that the unicellular
fission yeast cells can distinguish between old and new DNA
and that this results in a biased distribution of chromosome I
between daughter cells. Furthermore, the SPB also follows an
asymmetric segregation pattern between the daughter cells.
Thus, being able to distinguish ‘old’ and ‘new’ is an ancient
feature in evolutionary terms.
3.1. Opening up
The finding that a unicellular organism has the ability to dis-
tinguish old and new DNA suggests that it is based on some
inherent feature rather than a dedicated mechanism that
evolved only in higher organisms. The immortal strand hypoth-
esis postulated that asymmetric DNA segregation could serve
as means to protect the template strand from replication
errors. However, this requires suppression of recombination
and SSC events, which would make the cells vulnerable to
DNA damage. We reason that in simple organisms efficient
DNA repair mechanisms provide a stronger selective



merge Cdc7 : Myc EdU DAPI

Figure 7. Microscopy images of cells carrying Cdc7 : myc with EdU-labelled DNA. Cells were grown in YE containing 1μM oestradiol and synchronized by lactose
gradient centrifugation. Two hours after synchronization 10 µM EdU was added and kept in the medium for 1 h. The EdU and oestradiol was removed by washing
three times with equal volumes of YE and the cells were incubated for 6–7 h until four-celled mycelia were formed.

Table 5. The distribution of Cdc7 between the ‘old’ and ‘new’ cells. n = 104.

number of cells % distribution

p-value
Cdc7 (new SPB)
in ‘old’ cell

Cdc7 (new SPB)
in ‘new’ cell

Cdc7 (new SPB)
in ‘old’ cell

Cdc7 (new SPB)
in ‘new’ cell

68 36 65.4 34.6 0.0021

Table 6. Segregation of chromosomes between the ‘old’ and ‘new’ cells after heat stress. n = 124.

new chromatid of
‘old’ cells
(number of cells)

‘new’ cell
(number of cells)

‘old’ cells
(% distribution)

‘new’ cell
(% distribution) p-value

Chr I 55 69 48 52 0.2087

Chr II 63 61 49 51 0.8575

Chr III 51 73 41 59 0.0725

Table 7. Cosegregation of chromosomes after heat stress. n = 124.

number of cells % p-value

Chr I and II 52 42 0.072

Chr I and III 68 55 0.281

Chr II and III 66 53 0.472

all three 31 25 1
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advantage than maintaining selective DNA segregation over
several generations.

We propose that the mechanism of asymmetric DNA seg-
regation involves the asymmetric attachment of the sister
chromatids to the mitotic spindle orchestrated by the SPB
and that the interaction between the SPB and the cell cortex
drives the segregation of the new chromosome I to the ‘old’
cell. In fission yeast, the new SPB is always associated with
the active SIN [25]. In budding yeast, the old SPB always seg-
regates into the bud and the new SPB remains in the mother
cell [53,56], which was attributed to different interactions
between the SPB and the cell cortex in the bud and the
mother cell [53]. The old chromatid I in fission yeast might
attract kinetochore proteins that preferentially associate with
microtubules from the old SPB, simply because it might be
better at nucleating microtubules. Indeed, in budding yeast
asymmetric segregation of kinetochore proteins has been
described, even though this was limited to the first post-
meiotic lineage [57]. Differential recruitment of kinetochore
proteins might be due to the semiconservative nature
of DNA replication and/or epigenetic differences at the
centromere. Asymmetric association of kinetochores with
microtubules emanating from the old SPB would leave the
new chromatid I to be captured by microtubules emanat-
ing from the new SPB. The SIN is always activated on the
new SPB [26], which might direct its segregation towards
the old cell end, accounting for the biased segregation of
chromatid I. It should be noted that chromosome I has the
smallest centromere and as such it would be most sensitive
to any bias in the asymmetric loading of kinetochore proteins
and/or association with spindle microtubules. In the cells
exposed to heat stress chromosome, I no longer segregated
in an asymmetric manner. Following the above line of reason-
ing, localization of cortical markers and kinetochore proteins
might be more random at higher temperature, leading to
random segregation.
4. Material and methods
4.1. Yeast strains, growth conditions and medium
The strains used in this study and their genotypes are listed in
electronic supplementary material, table S6. Strain construc-
tion and maintenance were as described [58]. The cells were
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grown in yeast extract medium (YES) at 25°C. The cells were
synchronized in G1 phase by incubating a cdc10-M17 mutant
at 36°C for 3 h before releasing them into the cell cycle at 25°C.

4.2. Cldu and IdU incorporation and detection
Cells grown in YES containing 1 µM oestradiol to keep Sep1
active were synchronized in G1. Oestradiol was removed
before release by washing the cells three times with equal
volumes of YES. The cells were then released into YES contain-
ing 95 µM 5-Chloro-20-deoxyuridine (CldU) and incubated for
1 h before CldU was removed by washing the cells three times
with equal volumes of YES. The cells were then incubated for
2 h before 95 µM iodo-deoxyuridine (IdU) was added and
kept in the medium for 1 h. The cells were washed three
times with YES medium to remove IdU. The cells were incu-
bated until septa were formed and fixed in 70% ethanol,
washed once with PBS and treated with 1 mg ml−1 zymolyase
20 T (Sunrise Science Products) for 20 min at 36°C. The cells
were treated with 4 M HCl for 10 min, washed three times
with PBS, and incubated for 1 h in PBS, 10% fetal calf serum
(FCS) and 0.05% Tween-20. Primary antibody against
CldU (BU/175, Abcam, cat. no. 7384) or IdU (BU44, Becton
Dickinson, cat. no. 347580) was added at a dilution of 1 : 2000
or 1 : 1000, respectively, and the cells were incubated overnight
at 4°C on a rotating wheel. The next day, the cells were washed
three times with PBS. Secondary anti-rat IgG : Alexa Fluor 568
(Invitrogen cat. no. A11077) or secondary anti-mouse IgG1 :
FITC (AbD Serotec cat. no. STAR132F) was added to a dilution
of 1 : 250. After incubation for 2 h at room temperature, the cells
were washed three times with PBS. For analyses by immuno-
flourescence microscopy, cells were mounted on poly-L-lysine
microscope slides, dried and viewed in the presence of
0.2 µg ml−1 40,6-diamidino-2-phenylindole (DAPI). Images
were collected by a Confocal/Deltavision or Leica CTR
DM6000 microscope with a Leica DFC350FX camera.

4.3. Edu incorporation and detection
Cells grown in YES containing 1 µM oestradiol were synchro-
nized inG1 and released in the presence of 10 µM5-ethynyl-20-
deoxyuridine (EdU). After 1 h, the analogue and the oestradiol
was removed from the medium by washing three times with
equal volumes of YES. The cells were incubated and fixed
in 70% ethanol at the time points indicated, washed once
with PBS containing 2% FCS (Gibco) and 0.05% Tween-20
(Sigma-Aldrich), and treated with 1 mg ml−1 zymolyase 20 T
(Sunrise Science Products) for 20 min at 36°C. The cells
were washed once with PBS and permeabilized with 1%
triton for 1 min. For EdU detection, the Click-IT EdU Alexa
Flour 488/555 kit (Life Science) was used as described by
the manufacturer. For analyses by immunoflourescence
microscopy, cells were mounted on poly-L-lysine microscope
slides, dried and viewed in the presence of 0.2 µg ml−1 40,6-
diamidino-2-phenylindole (DAPI). Images were collected by
a Deltavision microscope.

4.4. Lactose gradient synchronization and Cdc7 : Myc
immunofluorescence

Cells grown in YES containing 1 µM oestradiol were syn-
chronized in G2 by lactose gradient centrifugation. Two
hours after synchronization, before the cells enter S phase,
10 µM EdU was added and kept in the medium for 1 h.
The EdU and oestradiol was removed by washing three
times with equal volumes of YES and the cells were incuba-
ted for 6–7 h until four-celled mycelia were formed. The
cells were fixed in 100% methanol and processed as
described above. Primary Myc-antibody (Upstate cat. no. 50-
171-788) was added at a dilution of 1 : 200 and the cells
were incubated at 4°C over night at a rotating wheel. The
next day, the EdU Click-IT reaction Alexa Fluor 488 was
performed as described by the manufacturer. The cells
were then incubated with secondary mouse Cy3 antibody
(cat. no. C2181-ML, Sigma). The cells were incubated for
5 min with 0.2 µg DAPI in PBS, washed three times with
PBS and mounted in glycerol-PPD slides and imaged using
a Deltavision microscope.

4.5. Fluorescence microscopy
Fluorescence micrographs were acquired using a Deltavision
OMX V4 microscope or a Deltavision pDV microscope (GE
Healthcare, Issaquah, WA). Both instruments were equipped
with cooled CCD or sCMOS cameras, a 60× 1.42 NA objective
(Olympus) and a solid-state light source. Z-stacks (40 sections
with a spacing of 0.125 µM) were collected to ensure that all
parts of the nucleus could be measured. Raw images were
deconvolved using Softworx software and 3D iterative decon-
volution logarithm and sum-projected for measuring the
nuclear fluorescence intensity. Measurements were performed
using ImageJ (Rasband,W.S., ImageJ, USNational Institutes of
Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/,
1997–2012.)

4.6. Detection of harlequin chromosomes using
structured illumination microscopy

Cells grown in YES supplemented with 1 µM oestradiol were
synchronized in G1 and released in the presence of 10 µM
EdU. After 1 h the analogue and the oestradiol were removed
from the medium by washing 3 times with equal volumes of
YES. A 25 µg ml−1 CBZ was added before the third mitosis
after release and the cells were fixed, processed and EdU
detection was performed as described above. The cells were
incubated for 5 min with 0.2 µg DAPI in PBS, washed three
times with PBS and mounted on 1% agarose slides. Three-
dimensional SIM imaging was performed on Deltavision
OMX V4 microscope equipped with an Olympus × 60 NA
1.42 objective and three PCO.edge sCMOS cameras and
405 nm, 488 nm, 568 nm and 647 nm laser lines. Cells were
illuminated with a grid pattern and for each image plane,
15 raw images (five phases and three rotations) were
acquired. Super-resolution images were reconstructed from
the raw image files aligned and projected using Softworx
software (Applied Precision, GE Healthcare).
Data accessibility. All data are presented in the figures, tables or in elec-
tronic supplementary material, tables.

The data are provided in electronic supplementary material [59].
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