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Abstract
Homologue pairing mediates both recombination and segregation of chromosomes at meiosis I. The
recognition of nucleic-acid-sequence homology within the somatic nucleus has an impact on DNA
repair and epigenetic control of gene expression. Here we investigate interchromosomal interactions
using a non-invasive technique that allows tagging and visualization of DNA sequences in vegetative
and meiotic live yeast cells. In non-meiotic cells, chromosomes are ordered in the nucleus, but
preferential pairing between homologues is not observed. Association of tagged chromosomal
domains occurs irrespective of their genomic location, with some preference for similar chromosomal
positions. Here we describe a new phenomenon that promotes associations between sequence-
identical ectopic tags with a tandem-repeat structure. These associations, termed interchromosome
trans-associations, may underlie epigenetic phenomena.

The pairing of homologous chromosomes during meiosis I is well characterized. Such pairing
is required for proper recombination and chromosome segregation, and is controlled by a
specialized meiotic molecular machine. In addition to meiotic pairing, a variety of interactions
between DNA sequences in the non-meiotic (somatic) nucleus has been described.
Recombinational DNA repair and epigenetic control of gene expression are the two prominent
processes that might benefit from allelic and ectopic interchromosomal associations1–3. These
phenomena require physical association between two interacting DNA molecules, the genomic
location of which has only a limited effect on this process3,4. In contrast, homologue pairing
during meiosis exhibits a strong allelic preference between the two interacting sequences5. Is
there some continuity between somatic and meiotic homologue pairing? The definite answer
to this question is complicated by inter-species differences, lack of non-invasive methods of
investigation, and disparity between different chromosomes and even distinct chromosomal
domains. In S. cerevisiae and Schizosaccharomyces pombe, homologue pairing has been
reported to occur as early as the preceding mitotic cellular division6–9. In contrast, maize and
human chromosomes seem not to be paired premeiotically10,11. In addition, the mechanism
of interchromosome pairing in somatic cells remains elusive. A possible explanation for the
phenomenon of somatic pairing is that such interactions provide the basis of meiotic
pairing9. Indeed, some data indicate that both meiotic and non-meiotic (somatic) pairing may
originate from the similar, unstable, side-to-side (paranemic) interactions that occur between
homologous chromosomes7,12. However, this hypothesis is challenged by the complete
disruption of pre-existing homologue associations during premeiotic S phase, before the re-
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establishment of pairing at the onset of meiotic prophase I7. In view of this contradiction, this
hypothesis has recently been re-examined13.

In the yeast S. cerevisiae, the presence of ectopic (non-allelic) mitotic recombination provides
some evidence that pairing between DNA sequences occurs transiently but regularly in
mitotically propagating cells3. On the other hand, several nuclear features might constrain
relative chromosome positions in the nucleus, including, for example, clustering of centromeric
regions at the nuclear periphery14,15, opposite to telomeres, which in turn tend to form multiple
clusters16.

Here we report the use of a non-invasive tagging technique, chromosomal green fluorescent
protein (GFP) tagging17, to monitor allelic and ectopic interactions between the tagged
stretches of DNA. This technique allows visualization of specific segments of the genome in
the nuclei of intact mitotic and meiotic cells. We used two independent tagging systems based
on tandem-repeat arrays, the lactose (lacO)17 and tetracycline (tetO)18 operators.

Our results indicate that two different types of interaction occur in the S. cerevisiae nucleus.
The first class occurs mainly during meiosis and is based on the allelic positions of the two
interacting DNA tags. This type, referred to as ‘meiotic pairing’, allows interaction of even
nonhomologous tags in the allelic position, probably because of the stable allelic interaction
between the flanking sequences. The second class of interaction preferentially occurs in
mitotically propagating cells, and is absolutely dependent on the sequence homology between
the tags themselves, not of the flanking sequences. We refer to this class as ‘flanking-
independent’ interaction or ‘trans-association’, as it occurs with equal frequency between
allelic and ectopic tags.

Results
Design of chromosomal tags

Our aim was to detect and characterize chromosome interactions in vivo. Traditional methods
to visualize chromosome pairing in yeast are based on nuclear spreads and fluorescent in
situ hybridization (FISH) analysis7,9. In these experiments the nuclear content is fixed,
deproteinized and dispersed over an area up to ten times greater than the diameter of an intact
nucleus. As a result, the three-dimensional information is lost and the spacing between
chromatin domains is distorted. Recently, indirect techniques using site-specific recombination
have been used to evaluate somatic-homologue pairing13. We wished to monitor
interchromosome interactions directly, without perturbing cell physiology and changing
relative distances within the nucleus. We therefore used a method to visualize specific DNA
sequences in living yeast cells by tagging chromosomes with GFP17 (see Table 1 for strain
genotypes). This method exploits the intrinsic fluorescence of GFP and the highly specific
binding of the bacterial lacI repressor to the lacO DNA sequence. Initially, we integrated a
tandem array of 256 lacO copies17 at different genomic locations (Fig. 1) in haploid yeast,
which we crossed to form diploid strains with the following tag positions: the trp1 locus (15
kilobases (kb) from CEN4), the ura3 locus (35 kb from CEN5), the met6 locus (190 kb from
CEN5) or the ade8 locus (800 kb from CEN4). We used an alternative tagging system,
tetracycline (tetO)-operator18 arrays, to evaluate the contribution of sequence homology in the
tag interactions. We integrated tandem arrays of 336 copies of tetO at the same loci as some
of the lacO tags. In each case, direct visualization of the array was mediated by engineering
strains expressing GFP-fused lacI or tet repressors, respectively. To confirm that tagging did
not confer significant lethality, we monitored colony formation in tagged strains after
fluorescence microscopy, and observed no significant reduction in viability (see
Supplementary Information).
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Visualization of homologue pairing in meiotic cells
To test the reliability of the assay, we first examined its potential in meiosis. We developed a
new approach using a cytoplasmic reporter of meiosis by placing a cyan fluorescent protein
with a nuclear-export signal (ECFP-NES) under the control of a meiosis-specific promoter,
pDMC1. Using this in vivo marker we were able to exclude cells that did not enter meiosis
from our analysis. ECFP-positive cells (cyan-coloured) appeared 2–3 h after transfer to
sporulation-inducing media, the time at which DMC1 transcription is induced19 (Fig. 2). The
first binuclear cells appeared 4 h after induction of meiosis at 30 °C, and reached their highest
levels at 8 h. Cells with four nuclei (meiosis II) appeared at 7 h and peaked at 10 h. Mature
asci appeared at 10 h and by 16 h reached 89%, demonstrating efficient sporulation (Fig. 2).
We compared the association of tags during meiosis between strain LA123, containing two
lacO arrays at allelic positions (trp1 loci), and strain LA124, containing two lacO arrays at non
allelic locations (trp1 and ura3 loci; Fig. 1). In LA123 cells, we detected association levels of
up to 90 ± 3% after 6 h, whereas the levels for LA124 cells were down to 14 ± 5% (Fig. 3g).
The concurrent increase in allelic and reduction in non-allelic associations after 6 h (Figs 2a
and 3g), which was coincident with pachytene (as determined by chromosome spreading),
demonstrates that the lacO-pairing assay is both sensitive and specific. We further tested the
system using a strain, LA125, that was engineered to contain different DNA tags at allelic
positions in both chromosome V homologues (ura3::lacO; ura3::tetO). The results were
similar to those for LA123 cells (Fig. 3g), confirming that the pairing during meiosis is
governed by a genome-wide bias that favours interaction between homologous chromosomes
over ectopic interactions.

Somatic interchromosome association is dependent on several components
We used the same chromosomal tags to evaluate interchromosomal interaction in live,
mitotically dividing (vegetative or somatic) cells. LA123 and LA124 cells exhibited marked
differences with respect to their meiotic counterparts. In asynchronous culture, chromosomes
in both strains showed high association levels of 63 ± 5% for LA123 and 61 ± 4% for LA124,
as measured using lacO tags (Fig. 4). Remarkably, moving the tags to non-homologous
locations had no effect on their association frequency, indicating that the underlying association
mechanism may be distinct from meiotic pairing. To gain insight into the mechanism of this
phenomenon, we investigated the components that contribute to the relatively high rate of
ectopic interchromosomal associations.

Using tag-association values for LA126 cells (trp1::lacO-ura3::tetO), we determined the
importance of DNA-tag-sequence homology in the associations, which can be calculated as
the difference between the association values for trp1::lacO-ura3::tetO (LA126) and
trp1::lacO-ura3::lacO (LA124) cells (Fig. 4g, asyn). Over one-third of the interactions seen
in LA124 cells may have originated from the DNA-sequence homology between tags. This
indicates the possible existence of a genome-wide sequence-homology search mechanism that
provides an opportunity for the association of short stretches of identical DNA sequences
located on different chromosomes.

The polarized arrangement of interphase chromosomes in which centromeres are clustered on
the opposite pole to telomeres, known as the Rabl configuration, has been clearly documented
in S. cerevisiae14,15. Centromere clustering itself could mimic interchromosome interactions
or could promote interaction between centromere-proximal sequences on different
chromosomes even on non-homologous chromosomes, provided that they are equidistant from
the corresponding centromeres. As both the trp1 and ura3 loci are centromere-proximal, this
may account for some fraction of the observed associations. To evaluate the contribution of
centromere clustering to trp1 and ura3 interactions, we used the microtubule-depolymerizing
agent nocodazole, which disrupts spindle-pole-body-dependent clustering in fixed cells9,14.
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Chromosomal tags in both LA123 and LA124 cells showed similar association levels in the
range of 40–42% (Fig. 4g, G2/M bars), showing that clustering of centromeres in vivo is
responsible for some of the ectopic associations but not all. Nocodazole treatment of LA126
cells exhibits half fewer associations than identical treatment of LA123 and LA124 cells (Fig.
4g, G2/M), which further supports the idea that there exists a search mechanism for DNA-
sequence homology. Cells arrested with hydroxyurea in S phase and treated with nocodazole
exhibited identical reductions in tag association (data not shown); thus, it is microtubule
depolymerization, and not mitotic arrest itself, that is the cause of the loss of centromere
clustering in response to nocodazole treatment.

We further evaluated cell-cycle-dependent association of chromosome tags by analysing
interactions at different stages of the cell cycle (Fig. 4g). The results show that association
levels are indeed cell-cycle-dependent. Associations were at their highest level at the G1 stage
(observed for elutriated unbudded cells) in all tag configurations (Fig. 4g). Extensive
homologue association during G1 has previously been reported7,9. However, comparing
association values for strains LA123, LA124 and LA126 (Figs 1b and 4g) shows that
association between heterologous DNA tags (lacO and tetO) are also higher (Fig. 4g). Thus,
the increased G1 interaction values are neither due to homologue pairing nor to ‘sequence-
homology searches’, but rather represent an inherent property of this phase of the cell cycle.
It is plausible that the absence of sister chromatids increases the potential of loci interaction.
Cells arrested during S phase (with hydroxyurea) also exhibited a 20% decrease in association
compared with G1 cells (Fig. 4g). This decrease in association may reflect changes in chromatin
structure as a result of initiation of DNA replication20. Association between GFP tags was
reduced by a further 10% when hydroxyurea arrest was followed by nocodazole treatment (Fig.
4c, f).

Our data regarding the somatic association between DNA tags indicate that clustering of
centromeres polarizes chromosomes in vivo, promoting some associations between all loci at
similar distances from centromeres. In addition, there is a mechanism that acts during the entire
cell cycle that is able to associate loci of similar DNA-sequence composition.

Trans-association is independent of genomic location
We defined trans-association as association between two given identical sequences, corrected
for the sequence-homology-independent interaction. Subtracting the rate of lacO–tetO
association from the corresponding rate of lacO–lacO association under the same experimental
conditions and tag positions gives a measure of trans-association. As an example, the trans-
association value for the trp1–ura3 pair would be the result of subtracting trp1::lacO–
ura3::tetO interactions (48 ± 2%) from trp1::lacO–ura3::lacO interactions (69 ± 3%). Thus
the trans-association value for this pair is 69 – 48 = 21%. Using this simple approach, we further
investigated the properties of the ‘sequence-homology search’ phenomenon manifested in
trans-association. We reasoned that if trans-association is mechanistically related to epigenetic
and DNA-repair interactions, identical-sequence tags located at different physical distances
from the centromeres would be expected to exhibit similar trans-association rates. We
engineered four strains to contain either one lacO tag or one tetO tag at the ura3 locus and
another lacO tag at the met6 locus (LA127, LA129), or at the ade8 locus (LA128, LA130;
Table 1, Fig. 1b). We plotted the results against the relative distances of the tags from the
centromeres (Fig. 5b). We included the association levels of LA124 cells (trp1::lacO–
ura3::lacO) in the analysis to allow plotting of trans-association against tag-pair distances in
relation to their corresponding centromeres (Fig. 5b). We obtained the trans-association
component by subtracting the G1 lacO–tetO interaction values (strains LA126, LA129 and
LA130) from the interactions of the corresponding lacO–lacO tags (strains LA124, LA127
and LA128). All the tag configurations yielded similar trans-association values (~20%), clearly
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demonstrating that trans-association of tags does not depend on their genomic location or on
the sequences flanking them, but depends primarily on their DNA-sequence homology.

Somatic interchromosome associations are distinct from meiotic pairing
Chromosome interactions in the mitotic nucleus are often described in the literature as somatic
pairing, a term that implies the association of entire chromosomes with their homologous
partners, as seen in meiotic prophase I. To test whether meiotic pairing and somatic interactions
share a common mechanism, we investigated interchromosome tag interactions during
premeiotic stages. From the time S. cerevisiae cells are transferred to sporulation medium (t =
0), they initiate the developmental programme in response to nutrient limitation21. We used
LA123 and LA124 cells that were grown in presporulation media, and were thus synchronized
at premeiotic G1 (ref. 7) to analyse this early stage of meiosis (Fig. 3g). Association levels
were very similar to those observed for somatic G1 cells of the same strain (Figs 3g and 4g).
Similarly, no differences in the level of association between pre-meiotic and mitotic S phases
(Fig. 3g, 2h) were observed. Only at t = 6–8 h, which is coincident with meiotic pachytene,
was a meiotic-specific mode of tag association clearly seen (Figs 2a and 3g). We further
investigated this change in tag-association levels (at t = 6 h) using a strain, LA125, that was
engineered to contain tags of different DNA sequences at allelic positions in both chromosome
V homologues (ura3::lacO; ura3::tetO). During pachytene the allelic but heterologous tags
behaved as if they were homologous loci (LA123; Fig. 3g), thus confirming that at t = 6 h there
is a marked change in the mode of tag association. This change is manifested in switching from
a DNA-tag-sequence bias in mitotic and pre-meiotic nuclei to a genome-wide bias that favours
interaction between homologous chromosomes, that is, allelic loci, over non-homologous
chromosomes. Thus, meiotic pairing is established in the course of execution of the meiotic
programme and is not a consequence of the pre-existing phenomenon of somatic pairing. Our
analysis of two modes of adhesion between DNA sequences in the nucleus of S. cerevisiae
demonstrates they are both separated in time and distinct in nature (Fig. 6).

Discussion
The aim of this study was to characterize somatic interchromosome interactions using live-cell
imaging, and to compare them to meiotic chromosome-pairing in meiosis I. Using S.
cerevisiae as a model organism, we found that the somatic interactions that are described in
the literature by the collective term ‘somatic pairing’ are in fact composed of several
organizational factors, including centromere clustering, cell-cycle-dependent alterations, and
a new phenomenon, termed ‘trans-association’, that allows short stretches of homologous DNA
sequences to find each other in the nucleus (Fig. 6). Dissection of somatic pairing and analysis
of meiotic cells with the same set of tags have shown that the mode of interchromosome
association is markedly different between vegetatively growing cells and those at meiosis I
(Fig. 6).

What other processes could be dependent on somatic interchromosome associations based on
sequence homology (trans-association)? Several normal cellular processes in somatic cells
involve ectopic association of DNA segments. Such processes include recombinational
repair22–25, annealing of broken DNA molecules26 and epigenetic regulation of gene
expression27,28. In S. cerevisiae, the high level of spontaneous mitotic recombination has been
proposed to correspond to recombinational repair of DNA damage. Rates of recombination
between sequences located on allelic and non-allelic positions at similar distances from their
corresponding centromeres are essentially the same3, but change substantially when the loci
in the non-allelic situation are at different distances from the centromere (>370 kb difference,
ref. 29). Our results show that ectopic recombination, although sensitive to chromosome
latitude, occurs at lower frequencies between sites with greater locus-to-centromere distances.
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Recently, similar results have been obtained using an assay for Cre/loxP site-specific
recombination13. Overall, these observations and the results presented here are consistent with
the the idea that recombinational repair depends on trans-association mechanisms. In a study
focused on the repair of double-strand breaks (DSBs) through single-strand annealing26, repair
of DSBs was equally represented by two different mechanisms, involving reciprocal
translocations or intrachromosomal deletions. This indicates that the broken ends of mitotic
chromosomes may be free to search the entire genome for appropriate partners, which is
consistent with our findings regarding the interchromosomal trans-association phenomenon.

Why is it that in non-meiotic yeast cells, small repetitive tags are reproducibly found in
association with each other, but a stable pairing between the non-repetitive homologous
chromosomes is not formed? At present, neither the mechanism of these associations nor the
reason for their transient nature is understood. Interaction between lacI repressor molecules
can be excluded, as the tetramerisation domain30 is deleted in the constructs used. We can,
however, hypothesize that the repeated arrangement of DNA sequences (as in the tags used
here) can promote and stabilize tag interactions, thus invoking a parallel with a variety of
epigenetic phenomena. Recent discoveries have linked the recognition of nucleic-acid-
sequence homology to the targeting of DNA methylation, chromatin remodelling and RNA
turnover27,28. The interaction between repeated DNA sequences has been shown to trigger
the formation and transmission of inactive genetic states. These include phenomena such as
transvection31, position-effect variegation32 and post-transcriptional gene silencing33–35. In
Neurospora crassa and Ascobolus immersus, phenomena known as repeat-induced point
mutation (RIP, ref. 36) and methylation induced premeiotically (MIP, ref. 37) also result in
pairing-dependent modification of DNA. The key element in these and other epigenetic
phenomena is the recognition of homology between nucleic-acid sequences.

We have identified, through dissection of somatic association into its components (Fig. 6), a
new element that drives a quarter of these interactions, in addition to previously known, but
not well-characterized, centromere clustering. This phenomenon has a bias towards short,
homologous sequences, and is independent of the genomic position of the interacting
sequences. Such features make trans-association a conceptually different mechanism from
meiotic pairing. The former is able to associate ectopic homologous DNA segments in non-
homologous chromosomes (and within the same chromosome), whereas the latter must favour
allelic interaction between homologous chromosomes. Therefore, a sweeping description of
interchromosomal associations in budding yeast, such as ‘somatic pairing’, seems inaccurate,
as this trans-association does not reflect the specific pairing of each allele between the two
homologues, and is not a prelude to meiotic pairing. The functional significance of trans-
association must be looked for in recombinational repair and/or epigenetic control of gene
expression.

Methods
Yeast cultures, strains and cell-cycle methods

All strains used were isogenic with SK1. Haploid strains were used for integration of plasmid
constructs. tetO tags were derived from K7022 by backcrossing five times to an SK1 strain;
genotypes are shown in Table 1. Yeast transformations were carried out using the lithium-
acetate method38. For all experiments, yeast were grown to mid-log phase at 23 °C or 30 °C
in YPD (10 g l−1 yeast extract, 20 g l−1 BactoPeptone, 20 g l−1 dextrose, supplemented with
50 μg l−1 adenine). Complete synthetic medium lacking tryptophan, histidine and uracil (CSM-
TRP-HIS-URA) was supplemented with 50 μg l−1 adenine, 50 μg l−1 leucine and 6.5 g l−1

sodium citrate. For experiments with synchronous cultures, cells were arrested with 15 μg
l−1 nocodazole for 2 h, with 0.1 M hydroxyurea for 3 h, or with 0.1 M hydroxyurea for 2 h
followed by nocodazole treatment for 1 h in the presence of 0.1 M hydroxyurea. Cultures were
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synchronized in G1 phase by centrifugal elutriation. Cells grown in YPD to ~107 cells ml−1

were loaded into a Beckman JE-5.0 elutriation chamber at a flow rate of 100 ml min−1 and
centriguged at 4,000 r.p.m. in a Beckman Avanti J-20I centrifuge. Unbudded cells began
eluting at 135 ml min−1 and 4,000 r.p.m. Samples (150 ml) were collected, pelleted and
resuspended in either 15 μg l−1 nocodazole/YPD or 0.1 M hydroxyurea/YPD. After incubation
at 23 °C for 2 h, nocodazole was added to hydroxyurea-arrested cells to a concentration of 15
μg l−1. Three hours after elutriation, aliquots from both cultures were briefly centrifuged,
resuspended in 50 μl of the corresponding medium and visualized under the microscope. The
effect of centrifugation on the 3D location of GFP tags was evaluated by comparing the
association frequencies of trp1–ura3 tags in asynchronous cultures with and without
centrifugation. Similar results were obtained for both situations (59% of tags were associated
after centrifugation, compared to 61% when cells were not centrifuged). As microscopy was
carried out at 23 °C, and in some experiments cells were grown at 30 °C, the effect of
temperature was also tested on the same tag pair. Association frequency was identical at 23 °
C and 30 °C. Fluorescence-activated cells sorting (FACS) analysis or DAPI staining of nuclear
contents (data not shown) confirmed the synchrony of the cultures. For microscopy, cells were
briefly centrifuged at 3,500 r.p.m. and resuspended in 50 μl of adequate medium. For meiotic
experiments, YPD-grown cells were transferred to presporulation SPS media (5 g l−1 yeast
extract, 10 g l−1 BactoPeptone, 1.7 g l−1 yeast nitrogen base, 10 g l−1 potassium acetate, 5 g
l−1 ammonium sulphate and 0.5 g l−1 potassium biphthalate, pH 5.5) at 30 °C for 18 h. Cells
were transferred to sporulation media (SPM, 10 g l−1 potassium acetate with 50 μg l−1 leucine).
Meiotic time-course experiments were also carried out at 30 °C. Aliquots of sporulating cells
were taken every 30 min, briefly centrifuged at 3,500 r.p.m. and resuspended in 50 μl SPM
before visualization under the microscope. The timing of meiotic events was calibrated using
ECFP–NES and nuclear morphology. The meiotic data presented in this study were collected
from ECFP-positive cells.

Plasmids
All plasmids were propagated in E. coli strain TOP10 in medium containing 100 μg ml−1

ampicillin. The lacO GFP-based chromosome-tagging system was designed by modification
of vectors pAFS59 and pAFS135 (ref. 17). Plasmid pAS399, containing the lacO repeat array,
was created by ligating the BamHI–SalI fragment of pAFS59 into the BamHI and XhoI sites
of pRS404 (ref. 39). Plasmid pLA671, containing the GFP:lacI:NLS fragment from pAFS135,
was cloned as a polymerase chain reaction (PCR) product (primers: 5′-
GCAAAGCTCGTCTAGATGAGTAAAGGAGAAGAACTTTTCAC and 5′-
TGGCGGCCGCCTCGAGTTAGGCAACCTTTCTCTTCTTCTTTGGT) into the XbaI and
XhoI sites of plasmid pRS406 (ref. 39). Plasmid pLA672 was created by ligation of the XbaI–
XhoI fragment from pLA671 into the same sites of p416GPD (ref. 40), thereby placing the
GFP:lacI:NLS fusion under the control of the GPD promoter. To place pAS399 at the met6
locus, pAS584 (containing a truncation of the MET6 gene and a URA3 marker) was used.
pAS399 (ref. 41) was targeted to the β-lactamase gene of integrated pAS584. To place the
lacO repeats at the ade8 locus, an internal ade8 PCR fragment (primers: 5′-
GGGTTAACTAGAGCTCCGGACAATAATATCCCCACAAAGGTTTGT and 5′-
TTGTGAAGCTGCTGTAAAACCTTATATGTAGCTTC) was cloned into the SacI–XhoI
sites of pAF59, generating pLA101. To express the ECFP specifically in meiotic cells, pLA673
was constructed by cloning the DMC1 promoter (primers: 5′-
CGCATGATATGGTACCCTGGAAGCGCCATTTTATAGCAAG and 5′-
CAGTTCCTGTAAGCTTCATATTTGTTCAAATGTTTCCTGAT) and ECFP fused to a
NES (primers: 5′-
GCTTAAGCTTAATGAATTAGCCTTGAAATTAGCAGGTCTTGATATCAACAAGAC
AGTGAGCAAGGGCGAGGA and 5′-
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CGCGTGATCACAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCA
ACTTGTACAGCTCGTCCA) into the BamHI–Asp718 sites of pRS406 (ref. 39).

The 256 lacO repeat was introduced into yeast by integration of pAS399 pAS584 (ref. 41) into
either the ura3 locus (StuI site), which is located in the left arm of chromosome V, 35 kb from
CEN5, the trp1 locus (PmlI site), which is located in the right arm of chromosome IV, 13 kb
from CEN4, or the ampicillin fragment of pAS584 (ref. 41), which was previously integrated
(BglII-mediated) at the met6 locus (ScaI site), 190 kb from CEN5. lacO was also integrated at
the ade8 locus by integration of pLA101 (XhoI site). Expression of lacI–GFP was achieved
either by integration of pLA671 in the ura3 locus (StuI site) or by transformation with pLA672.
ECFP–NES was expressed by integration of pLA673 into the ura3 locus (StuI-targeted). In all
cases plasmid integration was confirmed by PCR.

Microscopy
Live cells were imaged on a wide-field Zeiss AxioVert 135M microscope using a 100× 1.4
oil-immersion lens. The viability of strains containing tags was comparable to that of untagged
strains after imaging. Fluorescence was visualized with standard excitation filters and a long-
pass emission filter. Images were acquired with the MicroMax cooled charge-coupled device
(CDD) camera (Princeton Instruments, Trenton, New Jersey) using IP-Lab software
(Scanalytics, Fairfax, Virginia). Cells were imaged from 10–15 optical frames of 0.1–0.2 μm
for each z section. Data was analysed on maximum-intensity projections of collected z sections;
unclear cases were resolved by 3D analysis.

Chromosome pairing was evaluated by calculating the frequencies with which allelic and non-
allelic GFP tags were associated, that is, appeared as a single fluorescent dot rather than two
independent dots in a three-dimensional image (Fig. 1). Association frequencies for each
category were calculated from at least 800 nuclei.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Interchromosome-association assay and tag positions
a, Schematic diagram of the assay. lacO arrays were introduced in different genomic positions
and the associations between these loci were recorded. Association of lacO repeats is visible
as a single fluorescent dot. b, Positions of the tagged loci: two centromere-linked sites (ura3
and trp1) and two distal sites (met6 and ade8). Chromosome numbers are shown at the top.
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Figure 2. Time course of sporulation
a, Synchronous meiotic time course (0–16 h after induction), as analysed by DAPI staining.
The timing of meiosis I & II was calculated from the percentage of cells with one, two or four
nuclei at the indicated times. b, Phase-contrast (left panels) and fluorescent (right panels)
images of sporulating and vegetative LA120 cells with integrated pDMC1:ECFP–NES.
Sporulating cells express ECFP–NES (blue), whereas vegetatively growing cells show no
ECFP–NES expression.
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Figure 3. In vivo chromosome association in meiosis
a–d, Meiotic cells 6 h after transfer to sporulation media (SPM), carrying green fluorescent
protein (GFP) tags at the trp1 loci in both homologues. a, Phase-contrast image; b, GFP
chromosome tags shown in green; c, ECFP–NES expressed under control of the DMC1
promoter; arrows show the location of the nucleus; d, Colour overlay of b and c, showing GFP
in green and ECFP in blue. e, f, Tetrads from a strain with both homologues tagged at the
trp1 locus (e) or at one trp1 and one ura3 locus (f). Arrows indicate the segregation of GFP
tags (green). g, Synchronous meiotic time-course analysis of interchromosome interactions 0–
10 h after transfer to SPM. Trans-association between lacO–lacO (black bars, allelic; open
bars, non-allelic) and lacO–tetO (grey bars) tags located at centromere-proximal sites (ura3
and trp1). Error bars represent s.d. Homologue pairing is detected at 4–6 h, at which time a
reduction in non-allelic and an increase of allelic pairing is observed.
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Figure 4. In vivo association of GFP chromosome tags during the mitotic cycle
a–f, Examples of yeast somatic cells at different stages of cell cycle, carrying lacO and tetO
green fluorescent protein (GFP) tags. Images are colour overlays, showing GFP in green and
phase contrast in cyan. a, Exponentially growing cells, with two trp1(lacO) GFP tags. b,
Elutriated G1 cells, with two trp1(lacO) GFP tags. c, Cells sequentially treated with
hydroxyurea and nocodazole, with trp1(lacO) and ura3(lacO) GFP tags. d, Elutriated S-phase
cells, with ura3(lacO) and trp1(lacO) GFP tags. e, Elutriated G1 cells, with ura3(lacO) and
met6(lacO) GFP tags. f, Cells sequentially treated with hydroxyurea and nocodazole, with trp1
(lacO) and ura3(tetO) GFP tags. Numbers with arrows indicate how signals were scored: 1,
associated; 2, separated. g, Interchromosome associations in somatic cells. Exponentially
growing (Asyn) and synchronous (G1, S and G2/M) cultures were evaluated. Culture
synchrony was achieved by elutriation (G1), or by elutriation followed by treatment with
hydroxyurea (S), or nocodazole (G2/M). Allelic (black bars), non-allelic (open bars) and non-
homologous lacO–tetO (grey bars, control) interactions are shown.
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Figure 5. Trans-association of chromosomal tags
a, Trans-association between lacO–lacO (black bars) and lacO–tetO (open bars) tags located
at different centromere-to-locus distances. The tagged loci are ura3 (35 kb from CEN), trp1
(15 kb), met6 (190 kb) and ade8 (800 kb). lacO–tetO associations were used as a control to
identify the subset of lacO–lacO associations that is due to sequence identity. b, Association
between lacO–lacO (black points) repeats, lacO–tetO (open points) and trans-association (grey
points), plotted as a function of relative centromere distance (subtraction of centromeric
distances of two loci in each pair). Trans-association values were obtained by subtracting
lacO–tetO associations from lacO–lacO.
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Figure 6. Dissection of somatic interchromosomal trans-association and meiotic homologue pairing
a, Factors that contribute to somatic interchromosomal associations averaged for lacO–lacO
interactions at allelic (trp1–trp1), and non-allelic centromere-linked (trp1–ura3) sites.
Percentages were calculated as follows: random association, average lacO–tetO stochastic-
collision values from ura3–trp1, ura3–met6 and ura3–ade8 associations (Fig. 5a); S-phase
sensitive, subtraction of S values from G2/M values (Fig. 4g); centromere clustering,
subtraction of G2/M values from G1 values (Fig. 4g); trans-association, average values
obtained by subtracting lacO–tetO values from lacO–lacO values (Fig. 4g); no association,
subtraction of G1 values from 100% (Fig. 4g). Some of the categories may overlap to some
degree; for instance, both centromere clustering and trans-association may have an S-phase-
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sensitive component. b, Comparison of homologue and non-homologue interactions for
meiotic cells. Percentages were calculated as follows: random, same values assumed as for
a; no association, subtraction of lacO–lacO allelic pairing at t = 6 h from 100% (Fig. 3g);
meiotic pairing, subtraction of random values from values for lacO–lacO allelic sites at t = 6
h (Fig. 3g).
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Table 1
Yeast Strains

Strain Relevant genotype Integrated plasmids Source

MJL1026-2a MATα ura3 lys2 ho::LYS2 leu2-Δ trp1::hisG – M. Lichten

MJL1025-9b MATa ura3 lys2 ho::LYS2 leu2-Δ trp1::hisG – M. Lichten

K7022 MATa ade2 his3 trp1 leu2::(LEU2 tetR:GFP)
ura3::(URA3 3×112tetO)

– K. Nasmyth

LA120 MATa/MATα ura3/ura3::(URA3 pDMC1:ECFP) his3 lys2
leu2 trp1

pLA673 This study

LA123 MATa/MATα ura3::(URA3 pDMC1:ECFP)/ura3::(URA3
lacI-GFP)
trp1::(TRP1 256lacO)/trp1::(TRP1 256lacO) his3 leu2

pLA673, pLA671, pAS399 This study

LA124 MATa/MATα ura3::(URA3 256lacO)/ura3::(URA3
pDMC1:ECFP)
leu2::(LEU2 lacI:GFP) trp1/trp1::(TRP1 256lacO) his3

pAFS135, pLA673, pAS399 This study

LA126 MATa/MATα ura3::(URA3 3×112tetO)/ura3::(URA3
lacI:GFP) his3
leu2::(LEU2 tetR:GFP) trp1/trp1::(TRP1 256lacO) ade2/
ADE2

pLA671, pAS399 This study

LA127 MATa/MATα his3::(HIS3 lacI:GFP) URA3/ura3::(URA3
256lacO)
MET6/met6::(TRP1 URA3 256lacO) leu2 trp1

pAFS135, pAS584, pAS399 This study

LA128 MATa/MATα ura3::(URA3 256lacO)/ura3::(URA3
lacI:GFP)
ADE8/ade8::(LEU2 256lacO) his3 leu2 trp1

pLA675, pLA673, pAS399,
pLA101

This study

LA129 MATa/MATα ade2/ADE2 his3/his3::(HIS3 lacI:GFP)
ura3/ura3::(URA3 3×112tetO) leu2/leu2::(LEU2 tetR:GFP)
MET6/met6::(TRP1 URA3 256 lacO)

pAFS135, pAS584, pAS399 This study

LA130 MATa/MATα ade2/ADE2 his3/his3::(HIS3 lacI:GFP)
ura3/ura3::(URA3 3×112tetO) leu2/leu2::(LEU2 tetR:GFP)
ADE8/ade8::(LEU2 256lacO)

pLA675, pLA673
pAS399, pLA101

This study
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