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During meiosis, chromatin undergoes extensive changes to facilitate recombination, homolog pairing, and chromosome
segregation. To investigate the relationship between chromatin organization and meiotic processes, we used formaldehyde-
assisted isolation of regulatory elements (FAIRE) to map open chromatin during the transition from mitosis to meiosis in
the budding yeast Saccharomyces cerevisiae. We found that meiosis-induced opening of chromatin is associated with meiotic
DSB hotpots. The positive association between open chromatin and DSB hotspots is most prominent 3 h into meiosis, when
the early meiotic genes DMC1 and HOP1 exhibit maximum transcription and the early recombination genes SPO11 and RAD51
are strongly up-regulated. While the degree of chromatin openness is positively associated with the occurrence of re-
combination hotspots, many hotspots occur outside of open chromatin. Of particular interest, many DSB hotspots that fell
outside of meiotic open chromatin nonetheless occurred in chromatin that had recently been open during mitotic growth.
Finally, we find evidence for meiosis-specific opening of chromatin at the regions adjacent to boundaries of subtelomeric
sequences, which exhibit specific crossover control patterns hypothesized to be regulated by chromatin.

[Supplemental material is available online at http://www.genome.org. The microarray data from this study have been
submitted to Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo) under accession no. GSE18256.]

During meiosis, chromosomes undergo a highly orchestrated se-

ries of movements and reorganizations including pairing, synap-

sis, recombination, and two successive rounds of segregation

(Zickler and Kleckner 1999). The end result is the basis for sexual

reproduction: haploid gametes. Meiotic recombination contrib-

utes to haplotype diversity by generating new combinations of

alleles not present in the parental chromosomes (Felsenstein

1974). Crossing over results in physical linkages between homol-

ogous chromosomes, which are critical for proper chromosome

segregation in many organisms (Gerton and Hawley 2005). In this

study, we explore how the location of recombination events and

their precursors double-strand breaks (DSBs) are associated with

how DNA is packaged into chromatin.

In Saccharomyces cerevisiae, recombination occurs during

prophase I and is initiated by programmed DSBs catalyzed by the

topoisomerase-related protein Spo11 (Keeney et al. 1997). Single-

stranded DNA (ssDNA) filaments coated with Rad51 and Dmc1

catalyze strand invasion of homologous duplex DNA, resulting in

four-strand intermediates known as joint molecules (Bishop et al.

1992; Schwacha and Kleckner 1994; Allers and Lichten 2001). After

strand invasion, DSB repair proceeds and culminates in either

crossover or noncrossover products (Szostak et al. 1983; Sun et al.

1991; McMahill et al. 2007). Regions of gene conversion may also

be produced. It has been estimated from ssDNA mapping and high-

resolution recombination maps that 90 of the 140–170 DSBs that

occur during each S. cerevisiae meiosis are repaired as crossovers

(Buhler et al. 2007; Mancera et al. 2008).

To a large degree, crossover distribution is governed by the

initial placement of meiotic DSBs, which has been examined in

S. cerevisiae using three different techniques. First, meiotic DSBs that

accumulate in a rad50S background have been precisely mapped

on chromosome III by Southern blot analysis (Baudat and Nicolas

1997). The rad50S strain is useful for studying DSB distribution

because Spo11 remains covalently linked to the 59 end of the DSBs,

causing DSBs to accumulate instead of being converted rapidly

into crossovers and noncrossovers (Gerton et al. 2000). However,

rad50S mutants may have reduced DSB frequency and altered DSB

placement relative to wild type (Buhler et al. 2007). More recently,

methods that do not require the rad50S background were used to

map DSBs (Blitzblau et al. 2007; Buhler et al. 2007). As a normal

part of DSB processing following cleavage by Spo11, the 59 ends of

DSBs are resected, leaving 39 single-stranded tails that participate

in the subsequent strand-invasion process. These 39 ssDNA tails

can be used as a molecular tag to map DSBs. ssDNA was isolated

from a dmc1D mutant, in which DSBs accumulate prior to arrest in

late meiotic prophase (Bishop et al. 1992). Together, these studies

provide an initial map of the DSB landscape and clearly demon-

strate that DSBs occur preferentially in intergenic regions (partic-

ularly in transcriptionally active promoters), while also showing

that chromosome ends and centromeres exhibit substantial DSB

activity (Baudat and Nicolas 1997; Gerton et al. 2000; Blitzblau

et al. 2007; Buhler et al. 2007).

In most organisms, neither DSBs nor crossovers occur with

uniform frequency throughout the genome. Some regions, called

hotspots, have very high rates of recombination (Lichten and

Goldman 1995; Petes 2001). Conversely, coldspots are regions of
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the genome with lower than average rates of recombination (Petes

2001). The kinetics and location of meiotic recombination are

likely to be influenced by chromatin organization (Wu and

Lichten 1994; Fan and Petes 1996; Kirkpatrick et al. 1999b). The

fundamental unit of chromatin, the nucleosome, is defined as

;146 bp of DNA wrapped around a histone octamer (Luger et al.

1997). Modulation of nucleosome occupancy provides the cell

with a mechanism to regulate access to DNA. Regions of DNA that

are depleted of nucleosomes are known as ‘‘open’’ chromatin and

are more accessible to DNA-binding proteins (Han and Grunstein

1988; Han et al. 1988).

During S. cerevisiae meiosis, hotspots at ARG4 and CYS3 show

a meiosis-specific increase in sensitivity to micrococcal nuclease

(MNase), a common assay for open chromatin (Ohta et al. 1994).

Additionally, recombination rates can be artificially elevated at

specific loci by inserting sequences that exclude nucleosomes, such

as bacterial DNA or S. cerevisiae telomere fragments (Cao et al. 1990;

Fan et al. 1995; Fan and Petes 1996). Recently, the distribution of

a histone modification associated with transcriptionally active

chromatin, H3 histones trimethylated at lysine 4 (H3K4me3), has

been shown to be enriched at DSB sites (Borde et al. 2009).

Further evidence for a chromatin role comes from S. pombe. At

the S. pombe ade6-M26 locus, MNase sensitivity increases prior to

DSB initiation, and nuclease sensitivity patterns at ade6-M26

change during meiosis (Hirota et al. 2007, 2008). A study that ex-

amined three distinct S. pombe DSB hotspots showed one that was

constitutively open (mbs1), while two others become open only as

meiosis proceeds (tdh1+, ade6-M26) (Hirota et al. 2007). Mutations

in S. pombe chromatin remodeling proteins such as Snf22, Gcn5,

and Ada2 disrupt meiotic MNase cleavage patterns at ade6-M26

and also result in decreased recombination at this site (Hirota et al.

2008). snf22D mutants fail to exhibit the ;2.4-fold meiotic in-

duction of MNase sensitivity at the ade6-M26 break point seen in

wild-type cells and have a concurrent ;6.2-fold site-specific re-

duction in recombination at ade6-M26 (Hirota et al. 2008).

While studies at selected individual loci suggest that DSBs and

crossovers occur preferentially at nucleosome-depleted regions

(Shenkar et al. 1991; Ohta et al. 1994, 1999; Wu and Lichten 1994;

Borde et al. 1999; Gerton et al. 2000), whether this relationship

would hold in an unbiased survey of nucleosome-depleted regions

across the genome was unknown. To address the relationship be-

tween nucleosome occupancy and meiotic recombination directly,

we used formaldehyde assisted isolation of regulatory elements

(FAIRE) to assess genome-wide associations between DSB hotspots

and open chromatin in yeast. We also assessed whether the distinct

regulation of recombination at subtelomeric borders and pericen-

tromeric regions is accompanied by particular chromatin config-

urations in meiosis.

Results

Monitoring of meiotic entry and progression

To validate meiotic entry, synchrony, and progression in our time

course, we analyzed the transcriptional profile of several key mei-

otic genes by expression microarray (Fig. 1). We analyzed RNA

isolated in a meiotic time course from each FAIRE biological rep-

licate. This included the time points used in the FAIRE assay (YPD,

0, 1.5, and 3 h), in addition to RNA isolated from the same cultures

at other time points. These include a time point prior to our ‘‘time

0,’’ consisting of premeiotic cells that had been starved of a fer-

mentable carbon source for 8 h (�8 h acetate) and RNA collections

at 4.5, 6, 9, and 12 h, which were taken subsequent to those ana-

lyzed by FAIRE. To assess meiotic entry, we monitored the master

regulators of the meiotic program IME1 and IME2, which were up-

regulated at the 0-h sample relative to YPD and the �8-h acetate

sample. Both IME1 and IME2 exhibited maximum expression 1.5 h

into meiosis (Fig. 1A). We also monitored the early meiotic genes

HOP1, SPO11, RAD51, and DMC1. All early genes exhibited strong

up-regulation 1.5 h into meiosis and generally were maximally

expressed by 3 h.

Based on these profiles, we infer that DSB formation and

strand invasion had begun in our 3-h sample. Although tran-

scription analysis is an indirect means of determining the kinetics

of DSB and joint molecule formation, our timing inferences match

closely with those determined from two-dimensional gel analysis

(Allers and Lichten 2001). Additionally, our averaged expression

profiles are strikingly similar to previous meiotic expression array

analysis (Chu et al. 1998) (Fig. 1B). Finally, by counting spores at

each time point and 24 h past sporulation, we show that over

three-quarters of cells in each replicate successfully completed

meiosis (Fig. 1C).

Identification of meiotic open chromatin using FAIRE

We used FAIRE to study changes in chromatin during the transi-

tion from mitotic growth through the early stages of meiosis.

FAIRE is a simple and inexpensive method for identifying sites of

open chromatin that relies on phenol-chloroform extraction of

sonicated, formaldehyde cross-linked chromatin to isolate nucle-

osome-depleted regions of DNA (Nagy et al. 2003; Hogan et al.

2006; Giresi et al. 2007). FAIRE has been used to positively select for

nucleosome-depleted genomic sites throughout the mitotic cycle

of S. cerevisiae (Hogan et al. 2006) and to isolate nucleosome-de-

pleted active regulatory sites in human cells (Giresi et al. 2007;

Eeckhoute et al. 2009). FAIRE has a strong anticorrelation with

histone H3 and H4 ChIP-chip in mitotic yeast cells (Hogan et al.

2006).

We targeted the first 3 h of meiosis, which corresponds to the

time DSBs are made and joint molecules are beginning to form

(Allers and Lichten 2001). Four sample treatments were subjected

to FAIRE: cells undergoing normal mitotic growth (YPD), pre-

meiotic cells that had been starved of a fermentable carbon source

for 16 h (YPA, 0 h), synchronized cells that had been incubated in

sporulation medium for 90 min (1.5 h), and cells that had been

incubated in sporulation medium for 180 min (3 h). Hereafter, we

define a site of ‘‘open chromatin’’ as a FAIRE peak called at P <0.01

(see Methods). We identified 1204 sites that were open in at least

one time point (Table 1; Fig. 2) and 510 sites that were open in all

samples (e.g., CDC19) (Fig. 3). To further establish a firm re-

lationship between FAIRE and nucleosome depletion in our sam-

ples, we compared our FAIRE enrichment profiles with H3 ChIP-

chip enrichment profiles generated in an independent study from

0-, 1-, and 2-h meiotic samples (Borde et al. 2009). The H3 ChIP-

chip data independently corroborated FAIRE enrichment profiles

at individual loci (Fig. 3) and globally (overall Pearson correlation

�0.381).

Genomic regions that undergo high rates of meiotic
recombination are generally associated with open chromatin

Evidence from locus-specific studies strongly suggests that meiotic

recombination occurs preferentially in regions of open chromatin

(Shenkar et al. 1991; Ohta et al. 1994, 1999; Wu and Lichten 1994).
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To examine this relationship genome wide, we compared our

chromatin profiles with sites of meiotic ssDNA enrichment (DSB

hotspots) from two published studies (Figs. 2, 3) (Blitzblau et al.

2007; Buhler et al. 2007). Of the 1157 (Buhler et al. 2007) and 258

(Blitzblau et al. 2007) defined DSB hotspots, 591 (51%) and 157

(61%), respectively, fall within a site of open chromatin from any

of the samples (27% and 28% were expected by chance, re-

spectively). To provide a more quantita-

tive measure of overlap, we calculated

the percentage of base-pair sites of open

chromatin that intersected with DSB hot-

spots at each point in the time course

(YPD, 0, 1.5, and 3 h). Strength of asso-

ciation is expressed as the ratio of ob-

served to expected base-pair overlap,

where the ‘‘expected’’ value is the average

overlap measured in 10 permutations in

which the genomic position of the open

chromatin domains was randomized

(Table 1; Methods). By this measure, open

chromatin was strongly associated with

both DSB hotspots (P << 0.0001) (Meth-

ods) and in no case were permuted open

chromatin sites as strongly associated

with hotspots as an experimental sample

(Methods). This was true whether we ex-

amined sites that were open in at least

one time point, or sites that were open in

all time points.

In the 3-h sample, when we infer

through up-regulation of SPO11, DMC1,

and RAD51 and previous studies (Allers

and Lichten 2001) that cells were pro-

cessing DSBs into joint molecules, open

chromatin had the strongest association

with DSB hotspots: 2.5 (Buhler et al.

2007) and 3.3 (Blitzblau et al. 2007) times

more highly associated than random.

Sites that were open in all samples had an

equally strong association with DSB hot-

spots, being 2.5 (Buhler et al. 2007) and

3.5 (Blitzblau et al. 2007) times more

highly associated than random, implying

that many hotspots exist in sites of con-

stitutively open chromatin. Supporting

this interpretation, meiosis-specific sites

of open chromatin did not show a stron-

ger association with DSB hotspots than

sites that were constitutively open.

The association of open chromatin
with DSB hotspots cannot be explained
solely by the prevalence of open
chromatin at gene promoters

Intergenic regions in yeast are typically

depleted of nucleosomes (Polach and

Widom 1995; Lee et al. 2004), and DSB

hotspots are known to be associated with

intergenic regions (Lichten and Goldman

1995; Petes 2001; Blitzblau et al. 2007;

Buhler et al. 2007). To address the possi-

bility that the association between open chromatin sites and DSB

hotspots might be accounted for entirely by their co-occurrence in

intergenic regions, we permuted the genomic location of sites of

open chromatin such that the permuted location was restricted to

intergenic regions. Even under these conditions, open chromatin

identified by FAIRE was more highly associated with DSB hotspots

than any of the permutations (Methods; Supplemental Table1).

Figure 1. Monitoring meiotic entry and progression in the time course used for FAIRE. (A) To validate
meiotic entry and synchrony in each biological replicate, we analyzed the transcription profiles of key
meiotic progression genes by expression microarray. Time point is indicated on the x-axis, and ex-
pression relative to YPD is shown on the y. Biological replicates are plotted (1, blue; 2, red; 3, green). If
only two samples are shown, the YPD probe was flagged for technical reasons, and thus no comparisons
could be made. Early meiotic genes include IME1, IME2, HOP1, DMC1, RAD51, and SPO11. Middle
meiotic genes include NDT80, SPS1, SPS2, CLB1, CLB6, and SMK1. (B) Comparison to meiotic tran-
scription microarray data of Chu et al. (1998). Purple indicates positive meiotic enrichment, and green
indicates negative meiotic enrichment. Transcription data is represented as a ratio between time point
expression and 0 h expression. (C) Completion of meiosis as measured by spore counts. Spore counts
were taken at each time point. Time point is indicated on the x-axis, and the percentage of sporulated
cells is indicated on the y. Biological replicates are plotted (1, blue; 2, red; 3, green; average, purple).

Nucleosome occupancy in meiosis
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Thus, the open chromatin sites identified by FAIRE provide in-

formation regarding hotspot distribution that is independent of,

and in addition to, the information provided by stratifying the

genome into coding and noncoding regions.

Among open chromatin sites, the degree of chromatin
openness is predictive of DSB hotspots

We asked whether FAIRE sites with higher signal, or ‘‘openness’’

were more likely to be DSB hotspots than FAIRE sites with lower

signal. To this end, we conducted receiver operating characteristic

(ROC) curve analysis (Zweig and Campbell 1993) (Methods) on

each time point, using either regional P-values or probe z scores to

quantify openness (Fig. 4). ‘‘True-positives’’ were defined as DSB

hotspots identified in the literature (Blitzblau et al. 2007; Buhler

et al. 2007). Five categories of open chromatin sites were analyzed:

(I) open in any of our samples; (II) open in all of our samples; (III)

open in at least one meiotic sample (1.5 or 3 h) but not YPD; (IV)

open in all meiotic samples (1.5 and 3 h) but not YPD; (V) open in

mitotic growth but closed in all meiotic samples.

The degree of openness (as measured by P-value) in meiosis-

specific open sites (categories III and IV) was strongly predictive

of DSB hotspots, with ROC area under the curve (AUC) values of

0.712 (category III) and 0.734 (category IV) (Fig. 4A). Degree of

openness was also predictive of DSB hotspots in sites that

were open in any sample (category I; AUC = 0.700) and sites that

were open in all samples (category II; AUC = 0.687). Of the in-

dividual time points, openness was most predictive of DSB hot-

spots in the 1.5-h time point (AUC = 0.718) (Fig. 4B). Conversely,

the degree of openness in sites that are mitosis-specific (category V)

was not predictive of DSB hotspots (AUC = 0.466).

We also quantified the ability of FAIRE to predict DSB hotspots

independently of peak calling. Using the FAIRE enrichment z score

of each probe as an ordering statistic, we plotted the true-positive

fraction (TPF) versus the false-positive fraction (FPF), and de-

termined the likelihood ratio (TPF/FPF) at decreasing z-score cutoffs

at each time point (Fig. 4C) (Zweig and Campbell 1993). The degree

of FAIRE enrichment as measured by probe values is indeed pre-

dictive of DSB hotspots, with the 1.5-h time point again being the

most predictive. A given probe measuring FAIRE enrichment at the

1.5-h time point with a z score of over 3 has a 5:1 true-positive to

false-positive ratio with respect to DSB hotspot prediction.

A class of DSB hotspots occurs within
closed chromatin as defined by FAIRE

Over one-third of DSB hotspots, includ-

ing some well-studied recombination

hotspots such as ARG4 (Ohta et al. 1994;

Wu and Lichten 1994), HIS2 (Malone

et al. 1992), BUD23 (also known as

YCR047C) (Goldway et al. 1993; Wu and

Lichten 1994), and CYS3 (Ohta et al.

1994) occur within chromatin that is

not open, as measured by FAIRE, in any

sample (ARG4) (Fig. 3). This suggests that

neither meiosis-specific opening nor a

level of open chromatin beyond what is

found intrinsically at promoter regions is

strictly required for the establishment of

a DSB hotspot. We tested the possibility

that the subset of DSB hotspots that do

not occur in open chromatin actually

occur in relatively open chromatin that falls just below our clas-

sification threshold. We divided the 296 consensus DSB hotspots

that were held in common between the two datasets into 167 that

occurred in a site of open chromatin and 129 that did not. In each

grouping, we aligned the hotspots at their start coordinates and

calculated the moving average of FAIRE enrichment at each posi-

tion (Supplemental Fig. S1; Methods). Hotspots associated with

a site of open chromatin exhibited maximum openness at the

center of the defined hotspot region. In contrast, hotspots not

associated with open chromatin exhibit a chromatin profile in-

distinguishable from the genomic average. We interpret this

finding to mean that the DSBs that occur in sites we classify as

closed, are in most cases truly closed according to FAIRE.

FAIRE failed to detect open chromatin at ARG4, which has

previously been shown to be nuclease hypersensitive by in-

dependent groups (Ohta et al. 1994; Wu and Lichten 1994, 1995).

This raises the possibility that FAIRE may be unable to identify

a subset of open chromatin sites. It is possible that large non-

histone molecular complexes prevent otherwise open sites to be

isolated by FAIRE. Recent reports have shown that Spo11-binding

sites do not necessarily incur DSBs (Kugou et al. 2009), and even

the strongest DSB hotspots in S. cerevisiae undergo DSBs in fewer

than 10% of DNA molecules (Baudat and Nicolas 1997). Therefore,

some hotspots may be highly occupied by recombination com-

plexes regardless of whether they actually incur a DSB. Addition-

ally, DSBs may be required for a transition to open chromatin

at some loci. Last, DSBs that occur in a small percentage of cells

may be detected by nuclease sensitivity assays, which are likely

more sensitive in this context, but not FAIRE. However, the

assertion that some hotspots occur in closed chromatin sites is

independently supported by H3 ChIP-chip data, because hotspots

not associated with FAIRE enrichment also exhibited positive en-

richment by H3 ChIP-chip (Fig. 2B; Supplemental Fig. S1) (Borde

et al. 2009).

Many DSBs occur in chromatin that had been
recently open during mitotic growth

We next asked whether some of the DSB hotspots that occur in

closed meiotic chromatin were open during mitotic growth. In-

deed, 62 of the 156 sites open during YPD and closed in all of

the meiotic samples corresponded to published DSB hotspots

Table 1. Sites of open chromatin are preferentially associated with DSB hotspots

What percentage of open chromatin bases in the samples. . .

YPD
(689 kb)

0 h
(667 kb)

1.5 h
(738 kb)

3 h
(585 kb)

ANY
(961 kb)

ALL
(507 kb)

. . . overlap with the 2299 kb (1179 hotspots) identified by Buhler et al. (2007) (Threshold 5)?
Experiment 46.6 48.7 47.9 49.8 44.6 51.9
Permuted (SD) 19.6 (2.1) 20.1 (0.9) 20.7 (1.5) 19.9 (1.5) 20.4 (1.1) 21.2 (1)
Obs/expa 2.4b 2.4b 2.3b 2.5b 2.2b 2.5b

. . . overlap with the 673 kb (258 hotspots) identified by Blitzblau et al. (2007)?
Experiment 16.8 18.3 18.6 20 16.1 20.5
Permuted (SD) 5.7 (0.8) 6.1 (0.8) 6 (0.8) 6.1 (0.9) 6 (0.6) 5.9 (0.6)
Obs/expa 3.0b 3.0b 3.1b 3.3b 2.7b 3.5b

Shown are the percentages of base pairs from each sample (top) that overlap with DSB hotspots
(Blitzblau et al. 2007; Buhler et al. 2007). Permuted values are the average derived from 10 permuta-
tions of FAIRE site positions (Methods).
aObserved/expected ratios indicate the strength of association between the sample and DSB hotspots.
bP < 0.0001.
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(Blitzblau et al. 2007; Buhler et al. 2007) (expected = 34.69; P <

0.0001). This is unlikely to be due to a threshold effect, whereby

the mitosis-specific sites of open chromatin barely miss the meiotic

cutoff. The mean FAIRE enrichment z score of these sites in YPD

(2.13) is significantly higher than any of the meiotic time points

(average of all meiotic samples = 0.96; two tailed t-test P < 0.0001)

(Supplemental Fig. S2). While the fact that a locus was open during

mitosis was predictive of a hotspot, the degree of mitotic openness

was not, in contrast to meiotic openess (Fig. 4A).

The prevalence of DSB occurrence in recently open chromatin

could be due to hotspots specified by pre-meiotic events, such as

transcription-factor binding or histone modification patterns. For

example, the presence of histone modification H3K4me3 is

strongly elevated 0–2 kb from DSB sites and this pattern is estab-

lished in vegetative cells (Borde et al. 2009). Additionally, some

hotspots are known to require transcription-factor binding to

stimulate meiotic recombination. A particularly well-studied ex-

ample is the HIS4 locus, which requires the binding of transcrip-

tion factors Rap1, Bas1, or Bas2 for hotspot activity, although it is

unknown whether binding is required during meiosis or mitosis

(White et al. 1991, 1993; Kirkpatrick et al. 1999a). We find the HIS4

hotspot to be open in mitosis (max z score = 5) and closed by the

1.5-h time point of meiosis. Independent H3 ChIP-chip experi-

ments show the HIS4 region to be closed from 0 to 2 h in meiosis

(Borde et al. 2009) (HIS4) (Fig. 3).

Chromatin adjacent to subtelomeric sequences
is open specifically during meiosis

Telomeres play a critical role in the meiotic process. Telomere

clustering and attachment to the nuclear membrane has been

postulated to be involved in homologous chromosome pairing

(Rockmill and Roeder 1998; Zickler and Kleckner 1998). However,

it has been proposed that since telomeres and subtelomeres are

very high in repetitive and nonunique DNA (Barton et al. 2003),

a homology-based pairing search using these regions would be

difficult. Concordantly, in S. cerevisiae, crossovers are suppressed at

telomeres and heterochromatic subtelomeres, presumably to sup-

press nonhomologous exchanges between the repetitive and

nonunique sequences that occur at chromosome ends (Su et al.

2000; Barton et al. 2003, 2008). In contrast, euchromatic se-

quences directly proximal to the subtelomeres, which could play

a role in the homology search (see Discussion), have crossover rates

that are greater than twice the genome average (Barton et al. 2008).

Based on this and the proposed role of telomeres for homologous

chromosome pairing, we hypothesized that the euchromatic DNA

sequences adjacent to the subtelomeres would exhibit meiosis-

specific changes in chromatin architecture.

We found significantly elevated levels of meiosis-specific

open chromatin proximal to the previously defined (Barton et al.

2008) subtelomeric-euchromatic borders (defined in Fig. 5A and

legend; Methods; Supplemental Tables S3, S4). Sites open in all

meiotic samples, but not open in YPD (Category IV) were enriched

most dramatically, occurring 2.8 times more frequently than

expected 0–10 kb proximal to the subtelomeric border (P < 0.001),

2.1 times greater 10–20 kb from the border (P < 0.05), and 2.1 times

greater 30–40 kb from the border (P < 0.05) (Fig. 5B; Supplemental

Table S3). Expected values were derived from 10,000 permutations

of the open chromatin chromosomal positions, and P-values were

calculated using a x2-test (Methods; Supplemental Table S3). In

DNA located 20–30 kb proximal from the subtelomeric border, the

distribution of open chromatin at any of the time points was in-

distinguishable from the average of permuted distributions. DSB

hotspots are under-represented from the telomere to 10 kb proxi-

mal to the subtelomeric border, and are enriched 10–40 kb proxi-

mal to the subtelomeric border (Fig. 5C) (Blitzblau et al. 2007;

Buhler et al. 2007). Interestingly, recombination rate peaks 0–10 kb

proximal to the subtelomeric border, decline, and then climb again

at 30–40 kb from the border (Fig. 5D). Since category IV FAIRE data

displays a similar pattern of enrichment, we speculate that meiosis-

specific open chromatin may play a role in the elevated rates of

recombination in these regions (Discussion).

Constitutive open chromatin is found at the centromeres
and pericentromeric regions

Crossovers are repressed at S. cerevisiae centromeres and pericen-

tromeric regions (Lambie and Roeder 1986; Chen et al. 2008), and

exchanges at these regions are implicated in elevated frequencies

of nondisjunction at meiosis II (Koehler et al. 1996; Lamb et al.

1996). However, in some studies, regions around centromeres have

Figure 2. The distribution of open chromatin and DSB hotspots across
a representative 110-kb genomic region containing 53 genes. Chromo-
some coordinates are plotted along the x-axis, with FAIRE enrichment
(z score) plotted on the y. FAIRE data were loaded into the UCSC Genome
Browser along with published DSB hotspots (black and dark gray)
(Blitzblau et al. 2007; Buhler et al. 2007). FAIRE data from YPD (red), 0-h
(green), 1.5-h (blue), and 3-h (purple) samples are plotted.
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normal levels of meiotic DSBs (Blitzblau et al. 2007). This has led to

the suggestion that DSBs near centromeres might be repaired by

the sister chromatid (Chen et al. 2008), and that centromere-as-

sociated proteins such as cohesins and Sgo1 could create a chro-

matin environment that favors DSB repair from the sister. We

speculated that repression of crossovers and noncrossovers near

the centromeres is aided by a dense chromatin configuration

present during meiosis, which predicts that these regions will not

be enriched by FAIRE.

We analyzed the centromeres and associated regions 30 kb to

the left and right of each centromere in 10-kb windows, using the

same categorical groupings as above (I–IV) (Fig. 6; Supplemental

Table S3). Contrary to our hypothesis, regions spanning centro-

meres were often open (12/16 centromeres, 1.29 expected P <

0.0001). Ten of the 16 centromeres were constitutively open (P <

0.0001), and none of the open sites that occurred within a centro-

mere were meiosis specific. The pericentromeric sequences (defined

as the DNA extending 10 kb on either side of the centromeres) were

also constitutively open, containing more open chromatin than

expected (P < 0.05 to the left; P < 0.01 to the right). Again, these sites

of open chromatin were not specific to meiosis. This result does not

support the hypothesis that dense chromatin near the centromeres

plays a role in the suppression of cross-

overs and noncrossovers in the pericen-

tromeric regions. Indeed, it raises the

possibility that open chromatin some-

how plays a role in this suppression.

A 15-bp DNA sequence motif
is over-represented in
meiosis-specific open chromatin

We examined whether sites of open

chromatin might be specified by one or

more DNA sequence motifs. When the

open chromatin sites isolated either in

any one of the conditions or all condi-

tions were used as an input for the motif-

finding algorithm BioProspector, no

strong motif was identified. However,

when sites of open chromatin specific for

meiosis (category III or IV) were used as

an input, we identified a 15-bp DNA

sequence motif: SSGGTTCGANYCCSS

(Fig. 7). This motif is similar to the B-box

motif involved in regulation of tRNA

expression (D’Ambrosio et al. 2008).

Sites of open chromatin containing the

B-box-related motif tended to be centered

downstream rather than upstream of

tRNA genes. Of the 29 meiotic open sites

adjacent to a tRNA gene and containing

a B-box related motif, 19 are downstream,

eight straddle, and only two are upstream

of the tRNA gene. Of the 55 sites that

meet the same criteria, but are open in

any one meiosis time point, the numbers

are 34, 19, and two, respectively. There-

fore, there is a strong bias for the B-box

related motif to occur downstream of

tRNA genes that are located in meiotic

open chromatin.

Based on these results, we asked whether tRNA genes were

associated with meiosis-specific open chromatin. We examined

the chromatin profiles at all 275 cytoplasmic tRNA genes in the S.

cerevisiae genome (Fig. 7). A total of 98 tRNA genes are associated

with a site of open chromatin and 177 are not. Of these 98 tRNA

genes, 65 were not open in YPD. Meiosis-specific open chromatin

sites (Category III) were associated with tRNA genes far more than

any other gene class, and over 25% of category III sites were asso-

ciated with a tRNA gene, significantly greater than the expected

proportion. However, meiosis-specific open chromatin at tRNA

genes is unlikely to have a connection to recombination because

DSB hotspots are not strongly associated with either tRNA coding

sequences themselves or sequences 500-bp upstream and

downstream of tRNAs (Supplemental Table S5). The enrichment of

open chromatin downstream from tRNA genes suggests a mecha-

nism other than transcriptional clearing of a tRNA gene promoter

may be establishing these meiosis-specific chromatin changes.

Discussion
We used FAIRE on a synchronized meiotic time course in S. cer-

evisiae to investigate patterns of open chromatin during the first

Figure 3. Chromatin at known hotspots is dynamic. Chromosome coordinates are plotted along the
x-axis, with FAIRE enrichment (z score) plotted on the y. Positive z scores indicate relatively open
chromatin, and negative numbers indicate relatively closed chromatin. FAIRE data from YPD (red), 0-h
(dashed green), 1.5-h (blue fine dashes), and 3-h (purple and dotted) samples are plotted. Among the
1204 sites, 151 were open in all the meiosis samples (1.5 and 3 h), but not during mitotic growth (e.g.,
YAT1). Conversely, 156 sites were open during mitotic growth, but were not open in any of the meiotic
samples. Meiotic histone H3 ChIP-chip data from 0 h (orange), 1 h (brown), and 2 h (dark brown and
dotted) are plotted (Borde et al. 2009). Hotspot regions identified by Buhler et al. (2007) (light-green
bars), and by Blitzblau et al. (2007) (dark-green bars) are shown. Arrows represent the coding regions of
genes, with those above the x-axis coded from the Watson strand and those below coded from the Crick
strand. (A) Chromatin dynamics at the CDC19 hotspot on chromosome I, an example of a hotspot with
constitutively open chromatin. (B) Chromatin dynamics at the YAT1 hotspot on chromosome I, an ex-
ample of a meiosis-specific site of open chromatin. (C) Chromatin dynamics at the ARG4_DED81 hotspot
on chromosome VIII (Wu and Lichten 1994; Ohta et al. 1999), an example of a DSB hotspot with no
observed open chromatin in any sample. (D) Chromatin dynamics at the HIS4 hotspot on chromosome
III, an example of a hotspot at which the chromatin is open in YPD and closes as meiosis progresses.
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3 h of meiosis. Up-regulation of SPO11, DMC1, and RAD51 in our

samples and previous studies (Goyon and Lichten 1993; Allers

and Lichten 2001) indicate that cells are processing DSBs into

joint molecules during this time. An association between open

chromatin and recombination hotspots had been established

through many locus-specific studies, but whether and to what

degree this association held on a genome-wide scale had yet to be

determined.

Challenges

Several challenges were associated with our analysis of chromatin

organization in meiosis. First, the biological function of open

chromatin is likely dependent on chromosomal and physiological

context. However, we used a strict P-value cutoff to define ‘‘open

chromatin’’ uniformly across the genome. This cutoff likely sacri-

fices some biologically relevant true-positives for the sake of min-

imizing false negatives. ROC curve analysis indicates that sites

identified at the low end of our P-value threshold are less likely to

intersect with a DSB hotspot, and this trend intensifies as the cutoff

is made more lenient. A second related challenge was defining

a significant change in the openness of chromatin between sam-

ples or time points. Again, determining the degree of change likely

to be linked to a biological outcome is difficult. Furthermore, we

categorized sites as ‘‘open’’ or ‘‘not open’’ at individual time points

without using quantitative information from adjacent time points

to aid our calls.

Third, FAIRE may miss some sites such as the ARG4 locus that

have been classified as open by other assays (Results). We speculate

that sites that are highly occupied by recombination complexes

could be identified as closed by FAIRE, but recognized as open by

nuclease-sensitivity assays. Chromatin profiles generated by FAIRE

may differ from those created by other assays such as DNase or

MNase sensitivity or histone ChIP-chip. FAIRE probes chromatin

with a reactive small molecule, while DNase and MNase probe

chromatin by accessibility to a much larger enzyme. ChIP is de-

pendent on the affinity of an antibody for its substrate. Each assay

has its own advantages and disadvantages, and each is likely to

be more sensitive than another in measuring some specific aspect

of chromatin organization. Therefore, each assay reveals in-

dependent, nonredundant information about the chromatin

profile at each locus, and carries a different definition as to what

‘‘open chromatin’’ means. DNase and MNase sensitivity assays may

indeed be most sensitive in detecting open chromatin that occurs in

sites that are highly occupied by recombination complexes, but not

nucleosomal proteins. Conversely, openness as defined by FAIRE

may in some cases fail to recognize sites that are highly occupied by

non-histone proteins.

Fourth, we used tiling microarrays with a resolution of ;270

bp, which is slightly less than the size of two nucleosomes. This

resolution, together with the 250-bp minimum call size of our

peak-finding algorithm, makes it possible that our analysis missed

small sites of open chromatin that are relevant to our assertions.

For example, DSB hotspot mapping on chromosome III by

Southern blot analysis showed that some DSB hotspots can be re-

solved to ;150 bp (de Massy et al. 1995; Liu et al. 1995; Baudat and

Nicolas 1997). A fifth caveat stems from the low resolution of DSB

hotspot mapping provided by the detection of meiosis-specific

ssDNA. Although every DSB occurs at a single base, the ssDNA tails

are often greater than 1 kb in length, and the corresponding hot-

spot calls can be 2 kb or greater in length (Blitzblau et al. 2007;

Buhler et al. 2007).

Conclusions

Despite the challenges, our results provide clear evidence for the

following:

(1) DSB hotspots are generally associated with open chromatin.

(2) A class of DSB hotspots occur in regions that are no more open

than the genomic average, illustrating that open chromatin is

not a requirement for DSB formation. The close spacing of our

Figure 4. The degree of chromatin openness is predictive of DSB hot-
spots. (A) ROC curve analysis of the five categories of open chromatin.
True-positives and false-positives are defined with respect to DSB hotspots
(Buhler et al. 2007) (Methods). The FAIRE sites plotted are ordered such
that those to the left are most open according to FAIRE (lowest P-value),
and those to right, while still significantly open, have higher P-values. Data
from category I (solid red), category II (maroon dashes), category III (light-
blue dashes), category IV (dark-blue dots), and category V sites (solid
green) are plotted. AUC values are listed next to the sample name, and the
minimum and maximum AUC values of the random permutations follow
in parentheses. (B) ROC curve analysis of sites of open chromatin in in-
dividual time points. Data from YPD (red), 0-h (green dashes), 1.5-h (light-
blue dashes), and 3-h (purple dots) samples are plotted. (C) DSB pre-
dictive value of individual probes with FAIRE z scores above the indicated
threshold, expressed as likelihood ratios. Values in the table are TPF/FPF at
decreasing z score thresholds, listed vertically on the left. Time points are
organized on the horizontal axis. Predictive value is expressed with respect
to two DSB hotspot datasets (Blitzblau et al. 2007; Buhler et al. 2007).
Because this analysis is probe based, multiple true-positives may be de-
rived from a single DSB hotspot.
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time points in relation to DSB formation, and the incomplete

synchrony of meiotic samples makes it unlikely that we failed

to capture opening of chromatin at these DSB hotspots. DSB

hotspots that occur in closed chro-

matin could be specified by other

properties such as histone modifica-

tions.

(3) Among sites of meiotic open chro-

matin, the degree of chromatin

openness as defined by P-value is

predictive of DSB hotspots. However,

among sites of mitotic open chroma-

tin, the degree of openness is not

predictive of meiotic DSB hotspots.

(4) Regions 0–20 and 30–40 kb proxi-

mal to the subtelomeric borders are

enriched for meiosis-specific sites of

open chromatin (see pairing function

section, below).

(5) The chromatin surrounding centro-

meres is open in mitosis and the first

3 h of meiosis.

(6) Many tRNA genes are open specifi-

cally in meiosis, with the open site

usually occurring downstream of the

annotated gene.

tRNAs and chromatin

The biological significance of meiosis-

specific open chromatin around tRNA

genes is not obvious to us. If this enrich-

ment were connected in some way to re-

combination, we would expect an asso-

ciation between DSB hotspots and tRNA

loci, which is not apparent. However, in

S. pombe and humans, B-box motifs and

tRNA-associated sequences do function

in modulating chromatin modification

(Kundu et al. 1999; Scott et al. 2006).

They also serve as condensin and cohesin

loading sites in mitotic cells in both S.

cerevisiae and S. pombe (D’Ambrosio et al.

2008; Schmidt et al. 2009). In S. pombe,

deletion of a ;489-bp sequence contain-

ing two tRNA genes that form a cohesin-

binding site resulted in a complete loss

of cohesin loading at that site (Schmidt

et al. 2009). Additionally, in S. pombe, the

tRNA alanine (tRNAAla) gene specifies a

heterochromatin boundary that is impor-

tant for meiotic chromosome disjunction

(Scott et al. 2006). Deletion of the cen-

tromere-proximal tRNAAla gene causes

H3 histones dimethylated at lysine 9

(H3K9me2) to spread beyond the wild-

type boundary at tRNAAla. This mutant

also exhibits defective meiotic chromo-

some segregation (Scott et al. 2006),

suggesting that in S. pombe chromatin

changes directed by tRNAs are important

for accurate meiotic disjunction. A recent

study in S. pombe showed that long, polyadenylated, noncoding

RNA genes often colocalize with meiotic DSB hotspots (Wahls et al.

2008), but did not address tRNA genes.

Figure 5. Regions proximally adjacent to the subtelomere borders exhibit meiosis-specific open
chromatin. (A) Examples of meiosis-specific open chromatin at the subtelomeric borders. Distance from
the subtelomeric border (coordinate 0) is plotted on the x-axis and FAIRE enrichment is plotted on the
y-axis. Subtelomeres (orange bars) are shown. FAIRE data from YPD (red), 0-h (green), 1.5-h (blue
dashes), and 3-h (purple dots) samples are plotted. Asterisks indicate sites significantly open (P < 0.01).
(B) Analysis of telomeric regions. The x-axis reports the region analyzed and the y-axis reports the ratio of
observed sites of open chromatin to the expected number from random sampling. (Red) Category I;
(maroon) category II; (light-blue) category III; (dark-blue) category IV sites. The telomere and sub-
telomeres do not deviate from the genomic averages of expected/observed sites of open chromatin.
Meiosis-specific open chromatin is most prominent in the 10 kb adjacent to the subtelomeres. In the
10–20-kb and 30–40-kb windows, only category IV sites are significantly above expected values. (C) The
ratio of observed to expected number of DSB hotspots as plotted as a function from distance from the
subtelomeric border. Data from Buhler et al. (2007) (blue) and Blitzblau et al. (2007) (red) are shown.
(D) Recombination in the subtelomeric regions as measured by linkage mapping (Barton et al. 2008).
Distance from the subtelomeric border is plotted on the x-axis and recombination rate (cM/kb) is shown
on the y-axis. Recombination rates are presented as the average of the 15 reported rates closest to each
position plotted. Subtelomeric regions are defined as having either >50% DNA sequence identity to
another region of the genome or as having <60% nondubious ORFs using a 20-kb sliding window
(Barton et al. 2008). The subtelomeric border is the point at which neither of these criteria is met. The
gray line represents the genomic average recombination rate of 0.37 cM/kb (Barton et al. 2008).
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In S. cerevisiae, tRNA genes have been shown to play a role in

the specification of heterochromatin boundaries. For example, the

tRNA threonine (tRNAThr) gene is necessary and sufficient to stop

the spread of heterochromatin from the HMR locus on chromo-

some III (Donze and Kamakaka 2001). Similarly, the tRNA gluta-

mine (tRNAGln) is required for halting the spread of heterochro-

matin extending from rDNA arrays on chromosome XII (Biswas

et al. 2009). The barrier activity of both tRNAThr and tRNAGln is

abrogated in histone acetyltransferase mutants sas2 and gcn5,

reinforcing an important function for tRNA in chromatin organi-

zation (Biswas et al. 2009).

A pairing function for meiosis-specific
open chromatin at the subtelomeric
borders?

We observed a strong enrichment of

meiosis-specific open chromatin at the

subtelomeric border regions. Approxi-

mately 8% of the sites we identified to be

open during all meiotic time points, but

closed in YPD exist 0–10 kb proximal to

the subtelomeric border, which is signif-

icantly above the expected proportion

of 3%. DSB mapping studies based on

rad50S have reported an under-represen-

tation of meiotic DSBs 40–100 kb from

the telomeres (Gerton et al. 2000; Borde

et al. 2004; Robine et al. 2007). However,

studies using ssDNA mapping in a dmc1

mutant strain report that the depletion

of DSBs extends only 0–20 kb from telo-

meres, and that regions 20–120 kb from

telomeres exhibit an over-representation

of DSBs (Blitzblau et al. 2007; Buhler et al.

2007). It is attractive to propose that

meiosis-specific opening of the chroma-

tin in the regions proximal to the sub-

telomeric border (which are generally

0–40 kb from the telomere) provides ac-

cess for recombination protein com-

plexes and a unique substrate for ho-

mology searching to facilitate homo-

logous pairing. It will be interesting to see

whether mutants defective for pairing

also show an absence of meiosis-specific

open chromatin in these regions. Some

factors that promote meiosis-specific

open chromatin have been identified in

S. pombe (Yamada et al. 2004; Hirota et al.

2007; Hirota et al. 2008), and the idea

that meiosis-specific open chromatin aids

chromosome pairing predicts that mu-

tants for this process will be pairing de-

fective.

Future applications in other systems

FAIRE is a low-cost, reproducible method

that can be used to identify sites of open

chromatin. Our results demonstrate that

chromatin that is constitutively open in

mitosis or meiosis is correlated with DSBs,

and therefore FAIRE holds promise for the identification of puta-

tive hotspots in organisms in which meiotic synchrony cannot be

established. It is also useful in organisms that lack convenient

mutations that arrest meiosis after ssDNA has formed. FAIRE may

be especially useful in organisms in which meiotic prophase stag-

ing is possible, such as Caenorhabditis elegans and Arabidopsis

thaliana. In C. elegans, oocytes at all stages of meiotic prophase

exist within each gonad in an unambiguous temporal/spatial ar-

rangement (Zalevsky et al. 1999), although it may be challenging

to obtain the estimated 500,000 germ cells required for FAIRE. In A.

thaliana meiotic staging is more difficult, but cells undergoing

Figure 6. Centromeres and pericentromeric regions exhibit constitutively open chromatin. (A) FAIRE
profiles of each of the 16 S. cerevisiae centromeres (CEN). Asterisks indicate sites significantly open at P <
0.01. Chromosomal coordinates are plotted on the x-axis and FAIRE enrichment is plotted on the y-axis.
FAIRE data from YPD (red line), 0-h (green dashes), 1.5-h (blue dashes), and 3-h (purple dots) samples
are plotted. (•) Centromeres. (B) Analysis of centromere-associated regions. The x-axis reports the
region analyzed and the y-axis reports the ratio of observed sites of open chromatin to the expected
number from random sampling. (Red) Category I; (maroon) category II; (light-blue) category III; (dark-
blue) category IV sites.
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meiosis can be quickly and cheaply isolated by capillary collection

(C Chen, A Smith, H Ma, unpubl.).

Methods

Strains and growth conditions
Vegetative cells were grown in YPD (1% yeast extract, 2% peptone,
2% dextrose) to an OD600 of 0.6–0.8. Synchronous sporulation was
carried out for each biological replicate (three total) by using YPD
overnight cultures of wild-type cells (SK1 strain SHy02 [MATa/
MATa ho::LYS2/ho::LYS2 leu2::hisG/leu2::hisG lys2/lys2 ura3/ura3])
to inoculate YPA (1% yeast extract, 2% peptone, 2% potassium
acetate) cultures at an OD600 of 0.1. We grew the cultures at 30°C to
an OD600 of 0.8–1.2 (about 16 h), collected cells by centrifugation,
and washed with SM (2% potassium acetate). We then resuspended
cells at an OD600 of 2.0 in SM and incubated 600-mL cultures in 2-L
flasks at 30°C, shaking at 265 rpm.

Sample collection and FAIRE

Cells used for FAIRE were collected during vegetative growth (100
mL of culture per sample) and after 0, 1.5, and 3 h after placement
in SM (50 mL of culture per sample). Three biological replicates of
each time point were taken. To monitor meiotic entry, progression,
and synchrony in our biological replicates, we collected RNA
samples for expression microarray analysis at each FAIRE time
point. Additionally, we collected RNA from premeiotic cells that
had been starved of a fermentable carbon source for 8 h (acetate)
and from synchronized cells that had been incubated in sporula-
tion medium for 4.5, 6, 9, and 12 h to assay the transcriptional
profile of key early, middle, and late meiotic genes. Total RNA was
isolated from frozen samples using hot acid-phenol as previously
described (Ausubel 1997). FAIRE samples were fixed with 1%
formaldehyde for 20 min at room temperature and washed twice
with 1X cold PBS. The samples were then snap frozen in a dry-ice/
ethanol bath and stored at �80°C. FAIRE was carried out as de-
scribed (Hogan et al. 2006). Briefly, cells were thawed and lysed
with glass beads and the chromatin was sheared to an average size

of ;800 bp by sonication as measured
by agarose gel electrophoresis. We con-
ducted a phenol-chloroform extraction
on the cross-linked samples to remove
proteins and protein-associated DNA.
The resulting DNA samples were further
purified using Zymo Clean and Concen-
trator kit per the manufacturers’ proto-
col (Zymo Research). Genomic reference
DNA samples were generated using the
YPD samples without formaldehyde
cross-linking.

FAIRE amplification and labeling

FAIRE and reference DNA was amplified
from ;100 ng starting material using
the Whole-Genome Amplification kit
(Sigma) (O’Geen et al. 2006). Two micro-
grams of amplified DNA was labeled with
either Cy3 or Cy5-conjugated dUTP using
the BioPrime Array CGH kit (Invitrogen).
For replicates 1 and 3 the FAIRE samples
were labeled with Cy5 and the reference
Cy3. A dye swap was performed on rep-
licate 2. DNA concentration and dye in-

corporation were measured using a Nanodrop spectrometer. Four
micrograms of each fluorescently labeled sample and reference
were used in the hybridization.

Expression sample labeling

For expression experiments, total RNA was reverse-transcribed
using SuperScript II reverse transcriptase (Invitrogen) incor-
porating amino-allyl dUTP (Sigma) at a ratio of 3:2 with dTTP.
Genomic DNA (used as a reference) was amplified with Klenow
(NEB) incorporating amino-allyl dUTP (Sigma) at a ratio of 3:2 with
dTTP. Reactive Cy3 or Cy5 (Amersham) was coupled to the amino-
allyl of the resulting DNA fragments in the presence of sodium
bicarbonate.

Microarray hybridization and image acquisition

FAIRE samples were hybridized simultaneously with the reference
at 52°C for 16 h in a Maui hybridization chamber to yeast whole-
genome 4 3 44 k tiling microarrays (Agilent; ;270-bp resolution).
Expression samples were hybridized simultaneously with the
reference sample to yeast whole-genome PCR product spotted
microarrays containing coding and noncoding regions at ;1-kb
resolution. The arrays were scanned with an Axon 4000 scanner,
and data was extracted using GenePix 6.0 software. Only spots of
high quality by visual inspection, with fewer than 10% saturated
pixels in either channel, with a background corrected sum of
medians for both channels greater than 500, were used for the
analysis.

Data processing and statistical analysis

The ratio of FAIRE intensity (sample) to genomic DNA intensity
(reference) for each spot on the microarray was converted to a log2

ratio, which is referred to as a ‘‘FAIRE log ratio.’’ Mitochondrial
probes were removed from the analysis prior to data processing.
FAIRE log ratios were converted to z scores by centering at a mean
of zero and scaling the standard deviation to one. The median
z score was determined for each sample across all three biological

Figure 7. A 15-bp motif is over-represented in meiosis-specific open chromatin surrounding tRNA
genes. (A) The 15-bp motif identified from FAIRE-enriched sites isolated from any meiotic sample, but
not YPD, and FAIRE-enriched sites isolated from all meiotic samples, but not YPD, are represented
(Crooks et al. 2004). (B) Open chromatin increases during meiosis at sites associated with tRNA genes.
The position relative to tRNA annotated start sites (base pair) is plotted on the x-axis, and FAIRE
enrichment is plotted on the y-axis. Cytoplasmic tRNA genes associated with a site of open chromatin
were aligned at their annotated transcription start. Shown is a moving average of the average FAIRE-
enrichment z score (window size = 15 probes). FAIRE data from YPD (red), 0-h (green dashes), 1.5-h
(blue dashes), and 3-h (purple dots) samples are plotted. Regions corresponding to the functional tRNA
have a median length of 72 bp (minimum of 70 bp and a maximum of 132 bp). The graph includes the
98 tRNA-associated sequences that overlap a site of open chromatin (P < 0.01).
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replicates and the values were then recentered and scaled. These
rescaled median z scores were used as input for the peak-finding
algorithm ChIPOTle (V1.02) (Buck et al. 2005) with the following
parameters: Gaussian background distribution, step-size 125 bp,
and window size 500 bp (Buck et al. 2005). Peaks representing
sites of open chromatin were collected from all samples using a
Bonferroni corrected threshold of P <0.01. Sites of open chromatin
were initially organized as an output from each time point (YPD, 0,
1.5, and 3 h). Among samples, sites were considered to be co-
incident if they shared >50% bp overlap or an identical high spot,
defined as the probe with the highest z score. For analysis using
these groupings, the site with the most significant P-value was
used.

Overlaps with published hotspot coordinates as defined by
ssDNA enrichment (Blitzblau et al. 2007; Buhler et al. 2007) or by
genome tiling recombination maps (Mancera et al. 2008) were
calculated using the Galaxy web application (Giardine et al. 2005).
Overlaps with ORFs were calculated by determining the inter-
secting regions with samples and the Saccharomyces Genome Da-
tabase (SGD) ORF annotations using Galaxy (Giardine et al. 2005).
Regions were considered to overlap between two datasets if at least
1 bp overlapped. As a control, 10 permutations of each sample set
of regions were generated using a PERL algorithm, which centers
the start and end coordinates of each region on a random probe
from the array (Giresi et al. 2007). Percent overlap was determined
for each permutation as with the samples using Galaxy to generate
a distribution of random overlaps for each sample. We tested the
distributions of random overlaps for normality using a Shapiro-
Wilk goodness of fit test (Shapiro and Wilk 1965). The normal
distribution could not be excluded in any case, and we used a Z-test
to determine the P-values of our experimental overlaps (Sprinthall
2003). The means of the distributions of random overlaps were
used as the expected values.

We presented FAIRE enrichment over DSB hotspots and
tRNA-associated sequences as moving averages of probe z scores.
This was done by first determining all probes that fell within DSB
hotspots or within 500 bp of a tRNA-annotated start or stop. We
then aligned DSB hotspots (Buhler et al. 2007) (all are 2 kb) and
tRNAs at their annotated starts. At each position within the aligned
DSB hotspots or tRNA associated sequences, we calculated the
moving average of the closest 15 probes.

We assessed the ability of FAIRE to predict DSB hotspots
using ROC curve analysis (Zweig and Campbell 1993). Briefly,
a ROC curve is a plot of the rates at which true-positives and false-
positives are compiled with respect to an ordering statistic. In this
case, the ordering statistic is the P-value of a site of open chro-
matin. A true-positive occurs when a FAIRE site intersects (250-bp
overlap) with the coordinates of a DSB hotspot (Blitzblau et al.
2007; Buhler et al. 2007), and a false-positive occurs when a site
does not intersect with a DSB hotspot. We ordered FAIRE sites by
P-value and plotted the FPF, scaled to 1, on the x-axis vs. the TPF,
scaled to 1, on the y-axis. We measured the AUC, which is
a summary of the predictive value of the ordering statistic. An
AUC value of 0.5 indicates a random predictor, while an AUC
value of 1.0 indicates a perfect predictor. We compared each re-
sult with 10 control ROC curves generated by random placement
of the analyzed FAIRE sites (as above). Additionally, we per-
formed ROC curve analysis to quantify the ability of raw FAIRE
data to predict DSB hotspots. We conducted the analysis as above
ordering probes by FAIRE enrichment z score and defining a true-
positive as when the probe intersected (44-bp overlap) a DSB
hotspot (Blitzblau et al. 2007; Buhler et al. 2007). We calculated
likelihood ratios (TPF/FPF) at various z score thresholds to express
the predictability of FAIRE enrichment z scores in each time
point.

Chromatin profiles at the regions associated with centromeres
and telomeres were analyzed by calculating the total counts of sites
of open chromatin that intersect the regions of interest (either
centromeric or telomeric associated regions). Our experimental
values were compared with the counts of intersecting regions
expected from 10,000 random permutations of each sample. The
mean counts of the random permutations were used as the expec-
ted values for experimental samples and the statistical significance
of the expected overlaps to observed overlaps were assessed by
a x2-test. This method of analysis was also used to compare the
overlap of sites of open chromatin with DSB hotspots where the
centers of the permuted sites were restricted to intergenic space.

Motif determination

Over-represented sequence motifs were determined for each group
of regions of open chromatin using BioProspector (Liu et al. 2001),
set to find 10-, 13-, and 15-bp motifs. Yeast intergenic sequences
were used as the background model.

Acknowledgments
We thank Arnold Barton and David Kaback for providing the
chromosomal coordinates for the computationally defined
boundaries between the subtelomeres and euchromatin. We also
thank Paul Giresi for help with data analysis and three anonymous
reviewers for very helpful comments. L.E.B. and G.P.C. thank NSF
(MCB-0618691) and DOE (DE-FGO2-05ER15651) for financial
support. This work was supported by NIH grant R01-GM072518 to
J.D.L. We also thank The University of North Carolina at Chapel
Hill’s Office of the Vice Chancellor for Research and Economic
Development for providing support for Open Access publication.

References

Allers T, Lichten M. 2001. Differential timing and control of noncrossover
and crossover recombination during meiosis. Cell 106: 47–57.

Ausubel FM. 1997. Short protocols in molecular biology: A compendium of methods
from Current protocols in molecular biology, 3rd ed. Wiley, Chichester, NY.

Barton AB, Su Y, Lamb J, Barber D, Kaback DB. 2003. A function for
subtelomeric DNA in Saccharomyces cerevisiae. Genetics 165: 929–934.

Barton AB, Pekosz MR, Kurvathi RS, Kaback DB. 2008. Meiotic
recombination at the ends of chromosomes in Saccharomyces cerevisiae.
Genetics 179: 1221–1235.

Baudat F, Nicolas A. 1997. Clustering of meiotic double-strand breaks on
yeast chromosome III. Proc Natl Acad Sci 94: 5213–5218.

Bishop DK, Park D, Xu L, Kleckner N. 1992. DMC1: A meiosis-specific yeast
homolog of E. coli recA required for recombination, synaptonemal
complex formation, and cell cycle progression. Cell 69: 439–456.

Biswas M, Maqani N, Rai R, Kumaran SP, Iyer KR, Sendinc E, Smith JS,
Laloraya S. 2009. Limiting the extent of the RDN1 heterochromatin
domain by a silencing barrier and Sir2 protein levels in Saccharomyces
cerevisiae. Mol Cell Biol 29: 2889–2898.

Blitzblau HG, Bell GW, Rodriguez J, Bell SP, Hochwagen A. 2007. Mapping of
meiotic single-stranded DNA reveals double-stranded-break hotspots
near centromeres and telomeres. Curr Biol 17: 2003–2012.

Borde V, Wu TC, Lichten M. 1999. Use of a recombination reporter insert to
define meiotic recombination domains on chromosome III of
Saccharomyces cerevisiae. Mol Cell Biol 19: 4832–4842.

Borde V, Lin W, Novikov E, Petrini JH, Lichten M, Nicolas A. 2004.
Association of Mre11p with double-strand break sites during yeast
meiosis. Mol Cell 13: 389–401.

Borde V, Robine N, Lin W, Bonfils S, Geli V, Nicolas A. 2009. Histone H3
lysine 4 trimethylation marks meiotic recombination initiation sites.
EMBO J 28: 99–111.

Buck MJ, Nobel AB, Lieb JD. 2005. ChIPOTle: A user-friendly tool for the
analysis of ChIP-chip data. Genome Biol 6: R97. doi: 10.1186/gb-2005-6-
11-r97.

Buhler C, Borde V, Lichten M. 2007. Mapping meiotic single-strand
DNA reveals a new landscape of DNA double-strand breaks in

Nucleosome occupancy in meiosis

Genome Research 2255
www.genome.org



Saccharomyces cerevisiae. PLoS Biol 5: e324. doi: 10.1371/journal.pbio.
0050324.

Cao L, Alani E, Kleckner N. 1990. A pathway for generation and processing
of double-strand breaks during meiotic recombination in S. cerevisiae.
Cell 61: 1089–1101.

Chen SY, Tsubouchi T, Rockmill B, Sandler JS, Richards DR, Vader G,
Hochwagen A, Roeder GS, Fung JC. 2008. Global analysis of the meiotic
crossover landscape. Dev Cell 15: 401–415.

Chu S, DeRisi J, Eisen M, Mulholland J, Botstein D, Brown PO, Herskowitz I.
1998. The transcriptional program of sporulation in budding yeast.
Science 282: 699–705.

Crooks GE, Hon G, Chandonia JM, Brenner SE. 2004. WebLogo: A sequence
logo generator. Genome Res 14: 1188–1190.

D’Ambrosio C, Schmidt CK, Katou Y, Kelly G, Itoh T, Shirahige K, Uhlmann
F. 2008. Identification of cis-acting sites for condensin loading onto
budding yeast chromosomes. Genes & Dev 22: 2215–2227.

de Massy B, Rocco V, Nicolas A. 1995. The nucleotide mapping of DNA
double-strand breaks at the CYS3 initiation site of meiotic
recombination in Saccharomyces cerevisiae. EMBO J 14: 4589–4598.

Donze D, Kamakaka RT. 2001. RNA polymerase III and RNA polymerase II
promoter complexes are heterochromatin barriers in Saccharomyces
cerevisiae. EMBO J 20: 520–531.

Eeckhoute J, Lupien M, Meyer CA, Verzi MP, Shivdasani RA, Liu XS, Brown
M. 2009. Cell-type selective chromatin remodeling defines the active
subset of FOXA1-bound enhancers. Genome Res 19: 372–380.

Fan QQ, Petes TD. 1996. Relationship between nuclease-hypersensitive sites
and meiotic recombination hot spot activity at the HIS4 locus of
Saccharomyces cerevisiae. Mol Cell Biol 16: 2037–2043.

Fan Q, Xu F, Petes TD. 1995. Meiosis-specific double-strand DNA breaks at
the HIS4 recombination hot spot in the yeast Saccharomyces cerevisiae:
Control in cis and trans. Mol Cell Biol 15: 1679–1688.

Felsenstein J. 1974. The evolutionary advantage of recombination. Genetics
78: 737–756.

Gerton JL, Hawley RS. 2005. Homologous chromosome interactions in
meiosis: Diversity amidst conservation. Nat Rev Genet 6: 477–487.

Gerton JL, DeRisi J, Shroff R, Lichten M, Brown PO, Petes TD. 2000.
Inaugural article: Global mapping of meiotic recombination hotspots
and coldspots in the yeast Saccharomyces cerevisiae. Proc Natl Acad Sci 97:
11383–11390.

Giardine B, Riemer C, Hardison RC, Burhans R, Elnitski L, Shah P, Zhang Y,
Blankenberg D, Albert I, Taylor J, et al. 2005. Galaxy: A platform for
interactive large-scale genome analysis. Genome Res 15: 1451–1455.

Giresi PG, Kim J, McDaniell RM, Iyer VR, Lieb JD. 2007. FAIRE
(Formaldehyde-Assisted Isolation of Regulatory Elements) isolates active
regulatory elements from human chromatin. Genome Res 17: 877–885.

Goldway M, Sherman A, Zenvirth D, Arbel T, Simchen G. 1993. A short
chromosomal region with major roles in yeast chromosome III meiotic
disjunction, recombination and double strand breaks. Genetics 133:
159–169.

Goyon C, Lichten M. 1993. Timing of molecular events in meiosis in
Saccharomyces cerevisiae: Stable heteroduplex DNA is formed late in
meiotic prophase. Mol Cell Biol 13: 373–382.

Han M, Grunstein M. 1988. Nucleosome loss activates yeast downstream
promoters in vivo. Cell 55: 1137–1145.

Han M, Kim UJ, Kayne P, Grunstein M. 1988. Depletion of histone H4 and
nucleosomes activates the PHO5 gene in Saccharomyces cerevisiae. EMBO
J 7: 2221–2228.

Hirota K, Steiner WW, Shibata T, Ohta K. 2007. Multiple modes of
chromatin configuration at natural meiotic recombination hot spots in
fission yeast. Eukaryot Cell 6: 2072–2080.

Hirota K, Mizuno KI, Shibata T, Ohta K. 2008. Distinct chromatin
modulators regulate the formation of accessible and repressive
chromatin at the fission yeast recombination hotspot ade6-M26. Mol
Biol Cell 19: 1162–1173.

Hogan GJ, Lee CK, Lieb JD. 2006. Cell cycle-specified fluctuation of
nucleosome occupancy at gene promoters. PLoS Genet 2: e158. doi:
10.1371/journal.pgen.0020158.

Keeney S, Giroux CN, Kleckner N. 1997. Meiosis-specific DNA double-strand
breaks are catalyzed by Spo11, a member of a widely conserved protein
family. Cell 88: 375–384.

Kirkpatrick DT, Fan Q, Petes TD. 1999a. Maximal stimulation of meiotic
recombination by a yeast transcription factor requires the transcription
activation domain and a DNA-binding domain. Genetics 152: 101–115.

Kirkpatrick DT, Wang YH, Dominska M, Griffith JD, Petes TD. 1999b.
Control of meiotic recombination and gene expression in yeast by
a simple repetitive DNA sequence that excludes nucleosomes. Mol Cell
Biol 19: 7661–7671.

Koehler KE, Boulton CL, Collins HE, French RL, Herman KC, Lacefield SM,
Madden LD, Schuetz CD, Hawley RS. 1996. Spontaneous X chromosome
MI and MII nondisjunction events in Drosophila melanogaster oocytes
have different recombinational histories. Nat Genet 14: 406–414.

Kugou K, Fukuda T, Yamada S, Ito M, Sasanuma H, Mori S, Katou Y, Itoh T,
Matsumoto K, Shibata T, et al. 2009. Rec8 guides canonical Spo11
distribution along yeast meiotic chromosomes. Mol Biol Cell 20: 3064–
3076.

Kundu TK, Wang Z, Roeder RG. 1999. Human TFIIIC relieves chromatin-
mediated repression of RNA polymerase III transcription and contains an
intrinsic histone acetyltransferase activity. Mol Cell Biol 19: 1605–1615.

Lamb NE, Freeman SB, Savage-Austin A, Pettay D, Taft L, Hersey J, Gu Y,
Shen J, Saker D, May KM, et al. 1996. Susceptible chiasmate
configurations of chromosome 21 predispose to non-disjunction in
both maternal meiosis I and meiosis II. Nat Genet 14: 400–405.

Lambie EJ, Roeder GS. 1986. Repression of meiotic crossing over by a
centromere (CEN3) in Saccharomyces cerevisiae. Genetics 114: 769–789.

Lee CK, Shibata Y, Rao B, Strahl BD, Lieb JD. 2004. Evidence for nucleosome
depletion at active regulatory regions genome-wide. Nat Genet 36: 900–
905.

Lichten M, Goldman AS. 1995. Meiotic recombination hotspots. Annu Rev
Genet 29: 423–444.

Liu J, Wu TC, Lichten M. 1995. The location and structure of double-strand
DNA breaks induced during yeast meiosis: Evidence for a covalently
linked DNA-protein intermediate. EMBO J 14: 4599–4608.

Liu X, Brutlag DL, Liu JS. 2001. BioProspector: Discovering conserved DNA
motifs in upstream regulatory regions of co-expressed genes. Pac Symp
Biocomput 6: 127–138.

Luger K, Mader AW, Richmond RK, Sargent DF, Richmond TJ. 1997. Crystal
structure of the nucleosome core particle at 2.8 Å resolution. Nature 389:
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