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Abstract

Epigenetic marks such as histone modifications play roles in various chromosome dynamics in mitosis and meiosis.
Methylation of histones H3 at positions K4 and K79 is involved in the initiation of recombination and the recombination
checkpoint, respectively, during meiosis in the budding yeast. Set1 promotes H3K4 methylation while Dot1 promotes
H3K79 methylation. In this study, we carried out detailed analyses of meiosis in mutants of the SET1 and DOT1 genes as well
as methylation-defective mutants of histone H3. We confirmed the role of Set1-dependent H3K4 methylation in the
formation of double-strand breaks (DSBs) in meiosis for the initiation of meiotic recombination, and we showed the
involvement of Dot1 (H3K79 methylation) in DSB formation in the absence of Set1-dependent H3K4 methylation. In
addition, we showed that the histone H3K4 methylation-defective mutants are defective in SC elongation, although they
seem to have moderate reduction of DSBs. This suggests that high levels of DSBs mediated by histone H3K4 methylation
promote SC elongation.
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Introduction

Germ cells undergo meiosis to generate haploid gametes.

Meiosis involves two consecutive chromosome segregations

following one round of DNA replication. During meiosis I,

homologous chromosomes segregate to opposite poles, and during

meiosis II, as in mitosis, sister chromatids are separated [1].

Physical linkages between the homologous chromosomes ensure

the proper segregation of the chromosomes during meiosis I. This

physical linkage is cytologically visualized as the chiasma. The

formation of chiasmata requires exchanges between parental

homologous chromosomes, products of homologous recombina-

tion during meiosis [2].

Meiotic recombination occurs at distinct regions of the genome,

called recombination hotspots [3,4]. The hotspots are distributed

non-randomly along chromosomes. The recombination is initiated

by the formation of double-strand breaks (DSBs) at the hotspot by

a meiosis-specific topoisomerase II-like protein, Spo11, and its

associated partner proteins [3,4]. Meiotic DSB formation in yeast

often occurs in intergenic regions, which are depleted in

nucleosomes [5,6]. Meiotic recombination hotspots are marked

with histone post-translational modifications such as histone H3K4

methylation in budding yeast and mammals, and histone H3K9

acetylation in fission yeast [7–9]. Histone H3K4 methylation at

the hotspot is catalyzed by Set1 and Prdm9 methyltransferases in

budding yeast and in mammals, respectively [8,10]. Deletion of

Set1 in the yeast reduces DSB formation and changes its

distribution, and Prdm9 knockout in mouse changes the distribu-

tion of DSBs across the genome [11,12]. Indeed, substitution of

histone H3K4 modulates DSB formation, as seen in the set1

mutant [12,13]. Moreover, Spp1, a component of the Set1

complex (COMPASS), recognizes H3K4 methylation through its

PHD finger and binds to a Spo11 partner, Mer2, by tethering the

hotspot located in chromatin loops to the chromosome axis-

associated DSB machinery [12,13]. Importantly, the set1 mutant of

yeast and prdm9 mutant mice still show significant residual DSB

formation, and therefore show meiotic recombination [7,11]. The

yeast set1 mutant affects DSB distribution with creation of new

recombination hotspots [7], suggesting the presence of an

alternative pathway for DSB formation. How the formation of

these residual DSBs is promoted in the absence of H3K4

methylation remains unsolved.

DSBs are processed to generate 39-OH over-hanged single-

stranded DNAs (ssDNA). This ssDNA is engaged in the interaction

with intact duplex DNA on a homologous chromosome. Once

homology is matched, the ssDNA invades the duplex DNA to form

a recombination intermediate; this is called single-stranded

invasion (SEI) [14]. The homology search and strand exchange

is dependent on two RecA homologs, Rad51 and Dmc1,

particularly Dmc1 [15–17]. The SEI is then converted into an

intermediate with two Holliday junctions, called a double-Holliday

junction (dHJ) [18]. The dHJ is then preferentially resolved into a

crossover product for a chiasma. Non-crossovers are formed
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through an early-branched pathway prior to SEI and dHJ

formation [14,19].

During this recombination, a meiotic cell undergoes drastic

changes in chromosome structures [20]. One prominent meiosis-

specific chromosome structure is the synaptonemal complex (SC),

which has a zipper-like morphology. Two sister chromatids are

tightly connected to form a chromosome axis. In the SC, 2

chromosome axes from homologous chromosomes pair with each

other through transverse filaments between the axes. Chromosome

axis structures in SCs are referred to as axial/lateral elements. The

formation of SCs is tightly coupled with ongoing recombination in

the budding yeast [21].

It has been proposed that meiotic recombination and possibly

SC formation are subject to surveillance. One of the surveillance

mechanisms is a coupling mechanism of the meiotic events with

cell cycle progression, which is often referred as to the pachytene

checkpoint or the recombination checkpoint [22]. This surveil-

lance mechanism has been studied extensively using mutants

defective in meiotic recombination and/or SC formation; e.g., the

dmc1 mutant for meiotic recombination and zip1 mutant for SC

formation [15,23]. These mutants show delay or arrest in entry

into meiosis I. When recombination is defective, meiotic cells

cannot exit the middle of the pachytene phase. This is due to an

inability of the mutant cell to express the Ndt80 transcriptional

activator [24], which promotes the expression of so-called ‘‘middle

sporulation’’ genes such as Cdc5 polo-like kinase and Clb1 cyclin

for exit from the pachytene phase [25]. Increased Cdc5 as well as

increased Cdk1 activities are key to exiting the mid-pachytene

phase for SC disassembly and resolution of dHJs [26,27]. Genetic

screens have identified several mutations that suppress meiotic cell

progression delay/arrest by the dmc1 or zip1 mutations. Mutations

of the DOT1(PCH1) and PCH2 genes have been found to alleviate

arrest in the zip1 mutant [28,29]. The PCH2 gene encoding a

meiosis-specific AAA+ ATPase is also involved in chromosome

morphogenesis and recombination [28,30,31]. The DOT1 gene

encodes a histone H3K79 methyltransferase which is required for

gene silencing and control of some DNA damage repair pathways

in mitosis [32–36]. Interestingly, both Set1-dependent H3K4

methylation and Dot1-dependent H3K79 methylation are pro-

moted by the Rad6/Bre1-dependent ubiquitination of the histone

H2BK123 [37,38]. In meiosis, H2BK123 ubiquitination is also

important for DSB formation and for timely entry into meiosis I

[39].

In this study, we analyzed the role of Set1 and Dot1 histone H3

methyltransferases in DSB formation and SC formation during

meiosis. Consistent with previous studies, the set1 mutant reduces

DSBs on the genome as revealed by immunostaining studies for

Rad51 foci. Surprisingly, set1 deletion or H3K4 methylation-

defective mutants still retain two-thirds the levels of Rad51 foci,

and thus presumably DSBs, compared to those in the wild type.

This suggests the presence of additional determinants in hotspots

for DSB formation. Indeed, we find that Dot1-dependent H3K79

methylation is critical for the efficient formation of DSBs in the

absence of Set1. Therefore, there might be multiple histone

modifications controlling the formation of meiotic DSBs. These

studies reinforce the importance of histone posttranslational

modifications for chromosome dynamics during meiosis.

Materials and Methods

Strains and plasmids
All strains described here are derivatives of the S. cerevisiae SK1

diploid strain NKY1551 (MATa/MATa, HO::LYS2/’’, lys2/’’,

ura3/’’, leu2::hisG/’’, his4X-LEU2-URA3/his4B-LEU2, arg4-nsp/

arg4-bgl). The genotypes of each strain used in this study are

described in Table S1. The hht1-K4R hht2-K4R mutant was

constructed by PCR-based mutagenesis. Briefly, wild-type HHT1

and HHT2 genes were cloned onto pBluescript II KS+
(Stratagene). PCR-based site-directed mutagenesis using mutant

primers was carried out and the presence of the mutation was

confirmed by DNA sequencing. The hht1-K4R hht2-K4R mutant

genes were cloned into YIplac211 and pRS406, respectively. After

digestion with KpnI, the DNA was integrated by transformation.

The URA3 gene was popped-out by counter-selection for the ura2

phenotype on a 5-FOA plate. Mutant sequences were verified by

DNA sequencing using genomic DNAs for candidates. The hht1-

K79R hht2-K79R strain was a generous gift from Dr. Takehiko

Usui. The primers for strain construction are shown in Table S2.

Cytological analysis and antibodies
Immunostaining was conducted as described [40]. Stained

samples were observed using an epifluorescence microscope

(BL51; Olympus, Tokyo, Japan) with a 1006 objective (NA1.4).

Images were captured by CCD camera (Cool Snap; Photometrics)

at room temperature, and then processed using iVision (Sillicon,

California) software. Pseudo-coloring was performed using Photo-

shop (Adobe) software. At each timepoint, about 100 spreads were

analyzed for counting foci. Primary antibodies directed against

Rad51 (guinea pig, 1:500 dilution), Dmc1 (rabbit, 1:500 dilution),

Zip1 (rabbit, 1:1000 dilution), Red1 (chicken, 1:400 dilution), and

Rec8 (rabbit, 1:1000 dilution) were used. Secondary antibodies

(Alexa-fluor-488 and -594, Molecular Probes, Carlsbad, CA)

directed against primary antibodies from the different species were

used at a 1:2000 dilution. Open-reading frames of Hop1 were

PCR-amplified and inserted into a pET21a plasmid (Novagen) in

which the C-terminus was tagged with hexahistidine (His6). Fusion

proteins with His6 were affinity-purified on nickel/cobalt columns,

which was performed by the manufacturers, and used for

immunization of guinea pig (MBL Co. Ltd, Nagoya, Japan).

The resulting antibody preparation was used at a 1:1000 dilution

for western blotting and at a 1:500 dilution for immunostaining. A

monoclonal antibody directed against the a-subunit of rat tubulin

was also used (AbD Serotec, Oxford, UK). Meiotic time course

analysis for cytology was carried out 3 times and a representative

result is shown.

Figure 1. Dot1 plays a meiotic role in the absence of Set1. (A) Schematic representation of events during meiosis. (B, C) Spore viability of
various strains was measured by dissecting spores. Spores were incubated at 30uC for 3 days. Each bar indicates percentage of spore viability and
actual number of total dissected tetrads (parenthesis). Distribution of viable spores per tetrad is shown in (C). Wild type, NKY1303/1543; set1 mutant,
MBY015/016; dot1 mutant, MBY005/006; set1 dot1 double mutant, MBY037/039. (D) Meiotic cell division I was analyzed by DAPI staining of wild type
(blue circles; NKY1303/1543), dot1 (green circles; MBY005/006), set1 (purple triangles; MBY005/006 and set1 dot1 (red triangle; MBY037/039) mutant
cells. At least 150 cells were counted by DAPI staining for each time point. Plotted values are the mean values with standard deviation (S.D.) from four
independent time courses. (E) Expression of various meiotic proteins was verified by western blotting. At each time point, cells were fixed with TCA
and cell lysates were subject to the analysis. Representative images are shown. Phosphorylated species of Zip1, Hop1, Rec8, and Clb1 are shown by
arrows. Wild type, NKY1303/1543; set1, MBY015/016; dot1, MBY005/006; set1 dot1 double mutant, MBY037/039.
doi:10.1371/journal.pone.0096648.g001
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Southern and western blotting
For western blotting, cell precipitates were washed twice with

20% (w/v) trichloroacetic acid (TCA) and then disrupted using a

bead beater (Yasui Kikai Co. Ltd., Osaka, Japan). Precipitated

proteins were recovered by centrifugation and then suspended in

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) sample buffer. After adjusting the pH to 8.8, samples were

incubated at 95uC for 2 min. Antibodies against Cdc5 (sc-33625,

SantaCruz), Clb1 (sc-50440, SantaCruz), Hop1, Zip1, Rec8,

Red1, and the a-subunit of rat tubulin (Serotec, UK) were used.

Antibodies against histone H3K4-me3 (ab8580) and H3K79-me3

(ab2621) were from Abcam (Cambridge, UK).

For Pulse Field Gel Electrophoresis (PFGE), DNAs were

prepared in agarose plugs as described [41], and run under the

Figure 2. Set1 is necessary for meiotic recombination. (A) Schematic representation of the HIS4-LEU2 locus. Sizes of fragments for DSB and
recombinant analysis are shown with lines below. (B) DSB formation and repair at the HIS4-LEU2 locus in different strains were verified by Southern
blotting. The experiments were independently performed several times and representative blots are shown. Genomic DNAs were digested with PstI.
(C) Formation of crossovers and no-crossovers was also analyzed. The experiments were independently performed several times and representative
blots are shown. Genomic DNAs were digested with MluI and XhoI. (D) The bands of DSB I (top left) and DSB II (top right), R1 (crossovers; CO; bottom
right), R2 (CO; bottom middle) and R3 (non-crossovers; NCO; bottom left) and were quantified. The symbols represent the wild type (blue circles;
NKY1303/1543), dot1 mutant (green circles; MBY005/006), set1 mutant (purple triangles; MBY015/016) and set1 dot1 mutant (red triangle; MBY037/
039). Plotted values are the mean values with standard deviation (S.D.) from three independent time courses.
doi:10.1371/journal.pone.0096648.g002
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Figure 3. Dot1 promotes Rad51-focus formation in the absence of Set1. (A) Immunostaining analysis of Rad51 (green) and Dmc1 (red) for
wild type (NKY1303/1543), dot1 (MBY005/006), set1 (MBY015/016) and set1 dot1 (MBY037/039) mutant strains was carried out. The bar indicates 2 mm.
(B) Kinetics of Rad51 (left) or Dmc1 (right)-focus positive cells in various strains. A focus-positive cell was defined as a cell with more than 5 foci. More
than 100 nuclei were counted at each time point. The symbols represent the wild type (blue circles; NKY1303/1543), dot1 mutant (green circles;
MBY005/006), set1 mutant (purple triangles; MBY015/016), and set1 dot1 mutant (red triangle; MBY037/039). (C) A number of foci of Rad51 were
counted in different strains. The symbols represent the wild type (blue circles; NKY1303/1543), dot1 mutant (green circles; MBY005/006), set1 mutant
(purple triangles; MBY015/016), and set1 dot1 mutant (red triangle; MBY037/039). The average number of foci per positive nucleus with S.D. is shown
on top. (D) Immunostaining analysis of Rad51 (green) for the dmc1 mutant (MBY009/010), dmc1 dot1 mutant (MBY003/004), dmc1 set1 mutant
MBY021/022), and dmc1 set1 dot1 mutant (MBY282/285) was carried out. The bar indicates 2 mm. (E) Meiotic cell division I was analyzed by DAPI
staining of the dmc1 mutant (blue circles; MBY009/010), dmc1 dot1 mutant (green circles; MBY003/004), dmc1 set1 mutant (purple triangles; MBY021/
022), and dmc1 set1 dot1 mutant (red triangle; MBY282/285) cells. At least 150 cells were counted by DAPI staining for each time point. (F) Kinetics of
Rad51-focus positive cells in the dmc1 mutant (blue circles; MBY009/010), dmc1 dot1 mutant (green circles; MBY003/004), dmc1 set1 mutant (purple
triangles; MBY021/022), and dmc1 set1 dot1 mutant (red triangle; MBY282/285) strains. A focus-positive cell was defined as a cell with more than 5
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condition (120u, 14Cu, 46 h at 6 V/cm) by CHEF DR-III

(BioRad). Switching time was 25 to 125 seconds.

Southern blotting was performed as described previously

[42,43]. For the HIS4-LEU2 locus, genomic DNA was digested

using MluI and XhoI (for CO and NCO) or PstI (for meiotic DSB).

For the YCR048W locus, the DNA was digested with BglII. Probes

for Southern blotting were ‘‘Probe 155’’ for CO/NCO, and

‘‘Probe 291’’ for DSB detection at the HIS4-LEU2 locus [43]. For

DSBs at the YCR047C/048W locus, a probe for the YCR052W

locus (215426-216686) was used. For DSBs along chromosome III

and VII, CHA1 and CUP2 were used as a probe, respectively.

Image Gauge software (Fujifilm Co. Ltd., Tokyo, Japan) was used

to quantify bands.

Results

Set1 and Dot1 play differential roles during meiosis
Previous studies established the role of Set1-mediated histone

H3K4 methylation in DSB formation and the role of Dot1-

mediated histone H3K79 methylation in signaling for defective SC

formation [10,29]. To understand the role of these methyltrans-

ferases in events during meiosis, we characterized the meiotic

phenotypes of the set1 and dot1 single mutants, and the set1 dot1

double mutant in the SK1 background, which confers synchro-

nous meiosis (Figure 1A). As shown previously [29], the dot1 single

mutant exhibits wild-type spore viability. On the other hand, the

set1 single mutant shows a slight reduction to 86.8%, compared to

98.4% in the wild type (Figure 1B). This is different from a

published result in which spore viability in the set1 deletion mutant

is not different from that in wild type [12]. The set1 dot1 double

mutant shows a synergistic decrease in viability to 46.5%

compared to either single mutant, indicating that Set1 and Dot1

work independently in meiosis. Importantly, the distribution of

viable spores per tetrad indicated that the double mutant is more

biased towards 4-, 2-, and 0-viable spores rather than 3- and 1-

viable spores (Figure 1C), suggesting non-disjunction of homolo-

gous chromosomes at meiosis I, which is caused by a defect in

meiotic prophase-I. However, among 122 2-spore-viable tetrads,

we found that only 1 spore was non-mater, which is indicative for

non-disjunction of chromosome III, indicating that non-disjunc-

tion of chromosome III is not elevated in the mutant (see

Discussion).

49,6-Diamidino-2-phenylindole (DAPI) staining reveals that the

dot1 mutant shows wild-type like entry into meiosis I (Figure 1D).

As reported [10,12], the set1 single mutant delays the entry of

meiosis I by 2 h compared to wild type, which is mainly caused by

delay in the meiotic S-phase [10]. The set1 dot1 double mutant cells

exhibit similar delay to the set1 single mutant, although the double

mutant is more heterogeneous in synchronous progression of the

meiotic division than the set1 single mutant.

We also studied the expression of various proteins in the meiotic

prophase, including the SC components Zip1, Hop1, Red1, and

Rec8, as well as the pachytene marker proteins Clb1 cyclin and

Cdc5 polo-like kinase (Figure 1E). Consistent with the DAPI

analysis described above, western blot analysis showed that, in wild

type, the appearance of Clb1 and Cdc5 is consistent with decrease

of Rec8 level, which is roughly consistent with the entry into MI.

The dot1 mutant shows similar expression pattern of Hop1, Red1,

Cdc5 and Clb1 to wild type with slight delayed disappearance of

Rec8. The set1 mutant shows normal appearance of Hop1 and

Zip1, but a ,1-h delay in the appearance of phosphorylated Hop1

and phosphorylated Zip1, a ,3-h delay in the appearance of Cdc5

and Clb1, a ,3-h delay in the disappearance of Rec8 and more

than 3-h delay in the disappearance of Zip1, compared to the wild

type. Like the set1 mutant, the set1 dot1 double mutant shows

normal appearance of Hop1 and Zip1, but a ,1-h delay in the

appearance of phosphorylated Hop1 and phosphorylated Zip1.

Importantly, the double mutant exhibits ,1-h delay in appearance

of Cdc5 and Clb1 compared to wild type, but about 2 h earlier

appearance than the set1 mutant. Consistent with this, disappear-

ance of Zip1, Rec8, and phospho-Hop1 in the double mutant is

earlier than the set1 single mutant. These could be explained by

the role of Dot1 in coupling of recombination with exist of

pachytene in the absence of Set1 (see below). This is consistent

with the role of Dot1 in the pachytene checkpoint when the

recombination is perturbed [28,29].

In order to know the role of Set1 and Dot1 in meiotic

recombination, we studied DSB repair and recombinant forma-

tion at a recombination hotspot, the HIS4-LEU2 locus (Figure 2A)

[44]. In the wild type, DSB starts at 2 h, peaks at 3 h, and then

gradually disappears (Figure 2B and 2D). The dot1 mutant exhibits

slight delay in the formation of DSBs and delay in the DSB repair

relative to the wild type. As reported [10], the set1 mutant shows a

delay in DSB appearance by ,2 h and a peak at 5 h with reduced

steady-state levels of DSBs at site I to 18% of the levels seen in the

wild type (at 3 h vs. 5 h in the set1). This confirms the role of Set1

in efficient DSB formation [7,10]. The set1 dot1 double mutant

exhibits similar kinetics to those seen in the set1 single mutant. The

double mutant shows a similar level of steady-state DSBs as seen in

the set1 single mutant, suggesting that Dot1 does not play a role in

DSB formation at the HIS4-LEU2 locus in the absence of Set1.

Using restriction site polymorphisms present on 2 parental

DNAs, formation of both CO (R1 and R2) and NCO (R3) was

assessed at the HIS4-LEU2 locus [43] (Figure 2A). The dot1 mutant

exhibits delayed formation of both COs and NCOs by 1–2 h

relative to wild type, but the CO and NCO levels in the mutant

are almost similar to those in the wild type (Figure 2C and 2D).

The set1 single mutant shows a delay in the formation of

recombinants by 3 h and decreases COs (R2) to ,35% and

NCOs (R3) to ,25% of the levels in the wild type (at 7 h),

supporting a role for Set1 in efficient meiotic recombinant

formation. The levels of the 2 recombinants in the set1 dot1

double mutant are almost indistinguishable from those in the set1

single mutant (Figure 2D).

Dot1 plays a role in DSB formation in the absence of Set1
To address the role of Set1 and Dot1 in the formation and

repair of DSBs across the genome, we carried out immunostaining

analysis for Rad51, a RecA homolog [40], involved in both mitotic

and meiotic recombination, and the meiosis-specific RecA

homolog, Dmc1 [15]. The collaboration of Rad51 and Dmc1 is

key to interhomolog recombination [16,45,46]. As shown previ-

ously [47], Rad51 shows punctate staining on meiotic chromo-

somes (Figure 3A). Rad51 foci correspond with sites of ongoing

recombination [40,48]. Counting of nuclei positive for Rad51 foci

(more than 5 foci) shows the kinetics of DSB repair (Figure 3B).

The dot1 mutant shows the similar kinetics of Rad51-focus

appearance as seen in the wild type. However, the disappearance

of Rad51 foci occurs earlier in the dot1 mutant than the wild type.

The appearance of Rad51 foci in the set1 mutant is delayed by

foci. More than 100 nuclei were counted at each time point. (G) The number of Rad51 foci was counted in different strains as described above. The
average numbers of foci per a Rad51-foci positive nucleus with S.D. is shown on top.
doi:10.1371/journal.pone.0096648.g003
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about 2 h relative to the wild type, consistent with the delay of the

onset of the pre-meiotic S phase in the mutant. On the other hand,

disappearance of Rad51 foci in the mutant shows a ,3-h delay

compared to the wild type. If the S-phase delay is accounted for

[10], the set1 mutant delays Rad51-focus disassembly by about

1 h, suggesting a role for Set1 in DSB repair in meiosis. The set1

dot1 double mutant shows delayed appearance of Rad51 similar to

the set1 single mutant. However, the disappearance of Rad51 foci

in the double mutant is 1 h later than that in the single mutant.

This suggests a role for Dot1 in meiotic DSB repair in the absence

of Set1.

Numbers of Rad51 foci per focus-positive cell are indicative of

the steady-state numbers of DSBs in a cell (Figure 3C). The

average numbers of foci in the wild type and the dot1 mutant at 4 h

are 36610 (n = 78) and 32612 (n = 89), respectively (P value =

0.01; Mann-Whitney’s U-test). The set1 mutant shows a slightly

reduced number of foci (3168.9; n = 95; 86% of wild-type level)

at 4 h and more reduced number (2168.8; n = 79; 58% of wild-

type level at 4 h) at 6 h, consistent with the reduction of DSBs in

this mutant (wild type; P value = 0.0041, 2.2 6 10215,

respectively, Mann-Whitney’s U-test). Reduced focus number at

6 h compared to that at 4 h may be due to disassembly of Rad51

from chromosomes by DSB repair in the mutant. Moreover, the

set1 dot1 double mutant shows a reduced Rad51-focus number

(1766.6; n = 116) at 6 h, which is much lower than that in the

set1 single mutant (at 6 h; P value = 5.361025), as well as at 4 h

(1967.0; n = 78; versus at 4 h in the set1, P value = 2.2610216),

suggesting a significant role for Dot1 in DSB formation in the

absence of Set1. Mutations in the SET1 and/or DOT1 genes show

similar effects in the kinetic analysis of Dmc1 as those seen with

Rad51 foci (Figure 3B).

Given the critical role of Set1-dependent histone H3K4 tri-

methylation in DSB formation across genome [7,12,13], relatively

high numbers of Rad51 foci, thus DSBs, in the set1 single mutant

are a bit surprising. Consistent with significant DSB formation in

the set1 mutant, we observed that steady levels of Hop1

phosphorylation, which depends on DSBs through the activation

of Mec1/Tel1 kinases [49], in the set1 mutant were comparable to

those in wild type (shifted bands [arrows] in Figure 1E). To

confirm the results, we also counted the number of Rad51 foci in

the background of the dmc1 mutant (Figure 3D), which is defective

in the repair of DSBs and, as a result, accumulates the foci [15]. As

reported [29], the dot1 mutation weakly suppresses dmc1-induced

cell cycle arrest (Figure 3E). Interestingly, the combination of set1

and dot1 mutations alleviates dmc1 arrest to a greater extent than

does the dot1 mutation alone. As expected, all 4 strains with the

dmc1 mutation accumulate Rad51-focus positive cells (Figure 3D

and 3F). As with Rad51-focus counting, we analyzed early time

points up to 5 h when Rad51 is in the assembly stage. In the dmc1

and dot1 dmc1 mutants, the average numbers of Rad51 foci at 3 h

are 41613 (n = 41) and 42 617 (n = 30), respectively

(Figure 3G). The set1 dmc1 mutant shows a reduced number of foci

(34612; n = 42) at 5 h (P value = 1.5 6 1024, versus at 3h in

dmc1, Mann-Whitney’s U-test), confirming the role of Set1 in DSB

formation, although the effect of the set1 mutant is 30% reduction

compared to wild type. Again, the set1 dot1 dmc1 triple mutant

shows a decreased number of foci, to 1966.9 (n = 52) at 5 h,

which is much lower than that in the set1 dmc1 mutant (P value =

5.6 61026, versus dmc1 set1 at 5 h, Mann-Whitney’s U-test). This

supports a role for Dot1 in DSB formation without Set1.

Dot1 plays a role in DSB formation at some regions of
chromosomes

The above cytological analysis of Rad51 foci across the genome

indicates a role of Dot1 for DSB formation in the absence of Set1.

On the other hand, physical analysis at the artificial recombination

hotspot, HIS4-LEU2, did not support this idea (Figure 2D). To

know the role of Dot1 in genome-wide DSB formation, we studied

the distribution of DSBs on single chromosomes by using pulse-

field gel electrophoresis (PFGE) [41]. We analyzed DSB distribu-

tion on chromosome III as a representative of small chromosomes

of yeast and VII as a long chromosome in the dmc1 mutant

background (Figure 4A and 4B). For the mapping, we used the

dmc1 rather than the rad50S, in which Tel1/ATM kinase is

activated to down-regulate DSB formation, particularly on long

chromosomes [50]. The DSB mapping showed region-specific

enrichment of DSBs on chromosome III and VII in the dmc1

mutant. We also chose several regions hot for DSB formation and

quantified the amounts of DSBs at the regions (Figure 4C and 4D).

The dot1 mutant (with the dmc1) shows similar patterns of DSB

distributions on both chromosomes III and VII with similar DSB

formation efficiencies to the control wild type. The set1 mutant

greatly reduces DSB formation along chromosomes with variation

in its effect. This is consistent with previous observations by

ChIP(Chromatin Immunoprecipitation)-chip [7,12]. The set1

mutation not only reduces DSB formation but also increases

DSB formation at several loci [7,12]. Increased levels of DSBs in

the set1 dmc1 mutant are seen at regions, a, b and d on

chromosome III compared to the dmc1 mutant (Figure 4C).

Although the dot1 mutation did not affect DSB formation at

regions c and e + f of chromosome III in the absence of the SET1,

the mutation reduced DSB formation at regions a, b, and d on

chromosome III, and g and h on chromosome VII. The positive

role of Dot1 in DSB formation is clearly seen in regions in which

DSB formation is increased in the absence of Set1. Interestingly,

the dot1 (and set1 dot1) mutant shows novel DSB hotspots at a late

Figure 4. Dot1 promotes the formation of DSBs in the absence of Set1. (A) Distribution of DSBs along Chromosome III was analyzed by PFGE
followed by indirect labeling of one chromosome end using the CHA1. Samples from meiotic time courses of the dmc1 mutant (MSY2630/2632), dmc1
dot1 mutant (MBY003/004), dmc1 set1 mutant (MBY021/022), and dmc1 set1 dot1 mutant (MBY282/285) were analyzed. Band positions used for the
quantification in (C) are shown on right. On left, approximate size of chromosomes and the position of two recombination hotspots, HIS4-LEU2 and
THR4 are indicated. Green bars on the right side are a possible ‘‘Dot1’’-dependent DSB bands. (B) Distribution of DSBs along Chromosome VII was
analyzed by PFGE followed by indirect labeling of one chromosome end using the CUP2. Band positions used for the quantification in (D) are shown
on right. (C) Quantification of DSB frequencies at defined positions on chromosome III were carried out for the dmc1 mutant (Blue bars, MSY2630/
2632), dmc1 dot1 mutant (Green Bars, MBY003/004), dmc1 set1 mutant (purple bars, MBY021/022), and dmc1 set1 dot1 mutant (red bars, MBY282/
285). Total amounts of DSBs along the chromosome are also shown in right. Plotted values are the mean values with standard deviation (S.D.) at 7 h
from three independent time courses. (D) Quantification of DSB frequencies at defined positions on chromosome VII were carried out as shown in (C).
Plotted values are the mean values standard deviation (S.D.) at 7 h from two independent time courses. (E) Schematic representation of the YCR047C/
CR048W locus. Sizes of fragments for DSB are shown with lines below. (F) DSB formation at the YCR047C/CR048W locus in different strains was verified
by Southern blotting. Genomic DNAs were digested with BglII. (G) The bands of DSBs I (left) and II (right) at the YCR047C/CR048W locus were
quantified. The experiments were independently performed three times and representative blots are shown. The symbols represent the dmc1 (blue
circles; MSY2630/2632), dmc1 dot1 mutant (green circles; MBY003/004), dmc1 set1 mutant (purple triangles; MBY021/022) and dmc1 set1 dot1 mutant
(red triangle; MBY282/285). Plotted values are the mean values with standard deviation (S.D.) from three independent time courses.
doi:10.1371/journal.pone.0096648.g004
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Figure 5. Set1 promotes the formation of synaptonemal complex. (A) Immunostaining analysis of chromosome proteins, Zip1 (red) and
Hop1 (green), was carried out for wild type and different mutant strains. Representative images are shown for each strain. Representative images for
parallel Hop1 lines in the set1 mutants are shown in right. White arrows indicate polycomplexes of Zip1. Wild type, NKY1303/1543; set1 mutant,
MBY015/016; dot1 mutant, MBY005/006; set1 dot1 double mutant, MBY037/039. The bar indicates 2 mm. (B) Zip1 staining in wild type and mutant
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time point (green bars around ,150 kb region of chromosome III,

right green bar in Figure 4A), supporting a possible role of Dot1 in

DSB formation even in normal meiosis.

We also analyzed the role of Dot1 on DSB formation at a single

locus. We focused on a hotspot, YCR047C/YCR048W locus on

chromosome III (Figure 4E). The dmc1 mutant accumulates DSBs

at the YCR047C/YCR048W locus (Figure 4F and 4G). On the

other hand, DSBs in the dot1 dmc1 double mutant accumulate as in

the dmc1 mutant but gradually reduce during further incubation.

This might be due to either more resection of DSB ends or DNA

repair [15]. The set1 dmc1 double mutant shows decreased DSB

levels (for DSB I) to 23% of wild type (at 6 h). Importantly, the set1

dot1 dmc1 triple mutant reduced the DSB levels to 48% (for DSB I)

compared to the set1 dmc1 double mutant (P = 0.0089, Student’s t-

test). These results support the idea that Dot1 is involved in DSB

formation in the absence of Set1.

Set1 and Dot1 play a role in the formation of
synaptonemal complex

Previously, the role of 2 histone H3 methyltransferases in the

formation of meiotic chromosome structures had not been

described well. We first examined the formation of the

synaptonemal complex (SC) by immunolocalization of Zip1,

which is a component in the central region of the SC [23]. Zip1

staining was classified into 3 classes: dots, partial lines and full

lines, which may roughly correspond with the leptotene, zygotene,

and pachytene stages, respectively (Figure 5A). Immunostaining

reveals unique contributions of Set1 and Dot1 to SC formation.

The dot1 single mutant shows near wild-type kinetics for Zip1

assembly and disassembly, except that dotty staining of Zip1

appears earlier and Zip1 assembly disappears a bit earlier in the

dot1 cells relative to wild type (Figure 5B).

The set1 single mutant shows clear defects in SC assembly

(Figure 5A and 5B). The appearance of Zip1 dotty staining is

delayed by ,1 h, probably due to a delay in the S-phase.

strains was classified as follows: dot (dots I, blue), partial linear (short lines, green), full SC (long lines, red). More than 100 nuclei were counted at each
time point. Wild type, NKY1303/1543; set1 mutant, MBY015/016; dot1 mutant, MBY005/006; set1 dot1 double mutant, MBY037/039. (C) Kinetics of
spreads with Zip1-PCs were analyzed. Wild type, blue circles; set1 mutant, green circles; dot1 mutant, purple triangles; set1 dot1 double mutant, red
triangles. (D) Kinetics of spreads positive for Hop1 were verified in different strains. Wild type, blue circles; set1 mutant, green circles; dot1 mutant,
purple triangles; set1 dot1 double mutant, red triangles. (E) Hop1-staining in different strains was classified: short lines (green) and long lines (red).
Positive cells for each class were counted. More than 100 nuclei were counted at each time point.
doi:10.1371/journal.pone.0096648.g005

Figure 6. Set1 promotes normal assembly of chromosome axes. (A) Immunostaining analysis of chromosome proteins, Red1 (red) and Rec8
(green), were carried out for wild type and different mutant strains. Representative images for pachytene (wild type dot1) and pseudo-pachytene (set1
and set1 dot1) stages are shown for each strain; wild type 5 h; the dot1, 5h; the set1, 6 h; the set1 dot1, 6 h. White arrows in the set1 or set1 dot1
mutants shows Rec8/Red1 aggregates. An image for Rec8/Red1 aggregates in the set1 dot1 mutant is enlarged and shown in right. Wild type,
NKY1303/1543; set1 mutant, MBY015/016; dot1 mutant, MBY005/006; set1 dot1 double mutant, MBY037/039. The bar indicates 2 mm. (B) Kinetics of
spreads positive for Red1 (right) and Rec8 (left) were verified in different strains. The symbols indicate the wild type (blue circles; NKY1303/1543), dot1
mutant (green circles; MBY005/006), set1 mutant (purple triangles; MBY015/016), and set1 dot1 mutant (red triangle; MBY037/039). (C) Kinetics of
spreads with Red1/Rec8-PCs were analyzed. Wild type, blue circles; set1 mutant, green circles; dot1 mutant, purple triangles; set1 dot1 double mutant,
red triangles.
doi:10.1371/journal.pone.0096648.g006
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Moreover, the mutant shows reduced frequencies of full-length

SCs. Furthermore, Zip1 disassembly occurs ,1 h later than in

wild type, even after compensating for the delay in assembly.

Consistent with the defect in Zip1 assembly in the set1 mutant, the

mutant accumulates an aggregate of Zip1, referred to as a

polycomplex (PC; Figure 5A and 5C). This confirms previous

observation that the set1 mutant is defective in SC formation [51].

The set1 dot1 double mutant exhibits more defects in Zip1

elongation (reduced pachytene cells) and a greater delay in Zip1-

disassembly than does the set1 single mutant, suggesting a role for

Dot1 in SC formation in the absence of Set1. This SC-defect in

the double mutant may be caused by the repair defect and/or

reduced DSB formation in the mutant (see above).

To analyze SC defects seen in the set1 mutant in more detail, we

also examined the localization of Hop1 (Figure 5A), which is a

component of the chromosome axis and is required for SC

formation as well as meiotic recombination [52]. In the wild type,

Hop1 appearance occurs as early as 2 h after the induction of

meiosis, and Hop1 disappearance takes place around the

pachytene stage; e.g., 5 h (Figure 5D). In wild-type cells, Hop1

shows punctate staining in early meiotic prophase I and reduced

staining during late prophase (Figure 5A). The dot1 single mutant

shows very similar Hop1 staining patterns to those seen in the wild

type, although, as seen for Zip1, Hop1-loading occurs earlier in

the mutant than in wild type. Importantly, the set1 single mutant

shows a 1-h delay in the assembly of Hop1 foci relative to the wild

type, and a 3-h delay in the disassembly. Moreover, in addition to

dotty staining of Hop1, set1 cells show elongated lines of Hop1,

which is rarely seen in the wild type (Figure 5A and 5E). In some

nuclei, 2 lines of Hop1 are aligned side-by-side (Figure 5A, shown

by a pair of arrows), suggesting that the pairing of homologous

chromosomes takes place normally, but full synapsis is impaired in

the set1 mutant. The dot1 set1 double mutant exhibits very similar

patterns with the exception of greater proportions of long Hop1

lines and delayed disappearance of Hop1 from chromosomes

relative to the set1 mutant, consistent with a role for Dot1 in SC

formation without Set1.

Consistent with a previous observation [30], double staining of

Zip1 and Hop1 clearly shows that Hop1-enriched regions lack

strong Zip1 signals in all strains including wild type (Figure 5A),

confirming the previous idea that Hop1 in yeast is disassembled

along with Zip1 elongation as seen in other eukaryotic organisms,

such as Hormad1 in mammals [53] and Asy1 in plants [54]. The

accumulated localization of Hop1 along the chromosomes in the

set1 mutant is possibly consistent with the fact that Set1 is required

for Zip1 elongation.

We also analyzed the localization of another axis protein, Red1

[55], as well as that of the meiosis-specific kleisin, Rec8, which is a

component of the cohesion complex [56](Figure 6). Red1 works

together with Hop1 as well as with Mek1/Mre4 in both meiotic

recombination and chromosome morphogenesis [57,58]. Red1

initially appears as focal staining like Hop1, but later, unlike Hop1,

it forms discontinuous lines as the SC elongates (Figure 6A and 6B)

[59]. In the set1 and set1 dot1 mutants, both of which shows delay in

the assembly and disassembly of Red1 (Figure 6B), there are little

thick Red1 lines, consistent with defective SC elongation in the

mutants. Rec8 localization is similar to that of Red1 in wild type

and dot1 strains. On the other hand, the set1 and set1 dot1 mutants

rarely form thick lines of Rec8 as seen in the wild-type and dot1

mutant cells, consistent with the lack of full SCs in the mutants

(Figure 5A). Notably, we observed aggregates of Red1 and Rec8 in

the set1 and set1 dot1 mutants (Figure 6A). At 6 h, about 35% of set1

mutant cells contain Red1 and Rec8 aggregates (Figure 6C). This

number is increased to 55% at 5 h in the set1 dot1 double mutant.

In the PC-like structure, Red1 shows bipolar staining on a large

Rec8-block (Figure 6A). It is important to point out that these

Red1 and Rec8 aggregates are not formed in other SC-deficient

mutants such as the dmc1 mutant. These results show that Set1 is

important for SC elongation and that Dot1 plays a role in SC

formation only in the absence of Set1. Set1 may be important for

the organization of the chromosome axis containing Red1 and

Rec8 for synapsis. On the other hand, recent ChIP-chip study

shows that the set1 mutant shows wild-type distribution of Rec8

along chromosomes [12]. Therefore, more higher order structure

of chromosome axes might be compromised in the mutant.

The histone H3K4 mutant is defective in SC formation
Set1 is a H3K4 methyltransferase [38]. To confirm the role of

Set1 in meiotic chromosome metabolism through this histone

modification, we constructed a hht1-K4R hht2-K4R double mutant

(hereafter, hht1,2-K4R) at the native chromosomal loci. This strain

construct is different from a previous strain, in which both HHT1

and HHT2 were deleted, but an ARS-CEN plasmid with the hht1-

K4R hht2-K4R mutations were present [13]. The absence of H3K4

tri-methylation was confirmed by western blotting (Figure 7A).

The hht1,2-K4R double mutant shows wild-type spore viability

(Figure 7C). This is different from slight reduction of spore viability

of the set1 mutant. The hht1,2-K4R cells show a greater delay

(,3 h) in the entry into meiosis I than does the set1 single mutant

with ,2 h delay (Figure 7B). The hht1,2-K4R almost recapitulates

the meiotic phenotype of the set1 single mutant. The hht1,2-K4R

mutant shows reduced DSBs and is defective in SC assembly.

Rad51/Dmc1 staining (Figure 7D and 7E) shows that steady state

number of Rad51 foci in the hht1,2-K4R mutant is, on average,

2666.8 (n = 143) at 6 h (Figure 7F; statistically significant from

numbers at 3 h in wild type, P value = 1.4 6 10-5, Mann-

Figure 7. Histone H3K4 is critical for DSB and SC formation. (A) Expression of histone H3K4 trimethylation during meiosis. Western blotting
analysis for wild type (NKY1303/1543), hht1,2-K4R (MBY211/218) was carried out using anti-histone H3K4-me3. (B) Meiotic cell division I was analyzed
by DAPI staining of wild-type (blue circles; NKY1303/1543), hht1,2-K4R (purple triangles; MBY211/218), and hht1,2-K4R dot1 (red triangles; MBY233/
237) strains. At least 150 cells were counted by DAPI staining for each time point. (C) Distribution of viable spores per tetrad in wild-type and hht1,2-
K4R dot1 (MBY233/237) strains. For each strain, 100 tetrads were dissected. (D) Immunostaining analysis of Rad51 (green) and Dmc1 (red) for wild type
(NKY1303/1543), hht1,2-K4R (MBY211/218), and hht1,2-K4R dot1 (MBY233/237) strains was carried out. The bar indicates 2 mm. (E) Kinetics of Rad51
focus-positive cells in various strains. A focus-positive cell was defined as a cell with more than 5 foci. More than 100 nuclei were counted at each
time point. The symbols indicate the wild type (blue circles; NKY1303/1543), hht1,2-K4R (purple triangles; MBY211/218), and hht1,2-K4R dot1 (red
triangles; MBY233/237) strains. (F) Rad51 focus numbers per nucleus were counted in different strains. The symbols indicate the wild type (blue
circles; NKY1303/1543), hht1,2-K4R (purple triangles; MBY211/218), and hht1,2-K4R dot1 (red triangle; MBY233/237) strains. The average number of foci
is shown per positive nucleus. (G) Representative images for staining of Zip1(red) and Hop1(green) in wild-type and mutant strains are shown. Hop1
parallel lines the hht1,2-K4R mutant are shown in a pair of arrows on the right. The bar indicates 2 mm. (H) Zip1-staining was classified into 3 classes:
dot (dots, blue), partial linear (short lines, green), and full SC (long lines, red). More than 100 nuclei were counted at each time point Kinetics of
spreads (Zip1 polycomplexes) were analyzed. Wild type, NKY1303/1543; hht1,2-K4R, MBY211/218; hht1,2-K4R dot1, MBY233/237. (I) Kinetics of Zip1-PC
in different strains. The number of spreads containing Zip1-PC was counted in each strain. The symbols indicate the wild type (blue circles; NKY1303/
1543), hht1,2-K4R (purple triangles; MBY211/218), and hht1,2-K4R dot1 (red triangle; MBY233/237) strains.
doi:10.1371/journal.pone.0096648.g007
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Whitney’s U-test), indicating the role of H3K4 in DSB formation.

Moreover, the hht1,2-K4R mutant with the dot1 mutation, with a

greater reduction in spore viability (63.5%) compared to the wild

type, shows a greater reduction in Rad51-focus number with

1765.6 (n = 140) at 6 h (versus wild type; P value < 0, Mann-

Whitney’s U-test). Rad51 focus number in the hht1,2-K4R dot1

mutant is 65% of the number in the hht1,2-K4R mutant. These

support the notion that the Dot1 plays a role in DSB formation in

the absence of H3K4 methylation.

The hht1,2-K4R double mutant is also defective in Zip1

elongation, and therefore in SC formation like the set1 mutant

(Figure 7G and 7I). The hht1,2-K4R dot1 mutant shows more delay

in SC disassembly compared to hht1,2-K4R (Figure 7G and 7H).

We also found that the hht1,2-K4R double mutant often shows 2

parallel Hop1 lines like the set1 mutant (Figure 7G). These strongly

suggest a role for Set1 in SC formation as well as DSB formation

through the methylation of histone H3K4.

Histone H3K79 is critical for DSB formation in the
absence of SET1

In order to know the involvement of histone H3K79-methyl-

ation in DSB formation, we also used a strain with histone

H3K79R mutations at the native chromosomal loci (hht1-K79R

hht2-K79R, hereafter hht1,2-K79R; Takehiko Usui and A.S.,

unpublished). The absence of H3K79 methylation was confirmed

by western blot analysis using an anti-histone H3K79 methylation

antibody (Figure 8A). The hht1,2-K79R mutant shows wild-type

spore viability (Figure 8B). Importantly, when hht1,2-K79R was

Figure 8. Histone H3K79 is critical for DSB without Set1. (A) Expression of histone H3K79-methylation during meiosis. Western blotting
analysis for the wild-type (NKY1303/1543) and hht1,2-K79R (MBY151/152) strains was carried out using anti-H3K79-methylation. (B) Distribution of
viable spores per tetrad in the hht1,2-K79R (MBY151/152) and set1 hht1,2-K79R (MBY219/221) strains. For each strain, 100 tetrads were dissected. (C)
Immunostaining analysis of Rad51 (green) and Dmc1 (red) in wild-type cells at 3 h (NKY1303/1543) and set1 hht1,2-K79R (MBY219/221) cells at 6 h.
The bar indicates 2 mm. (D) Rad51 focus numbers per nucleus were counted in different strains. Wild type (blue circles; NKY1303/1543), hht1,2-K79R
(green circles; MBY219/221), the set1 (purple triangles; MBY015/016) and hht1,2-K79R set1 (red triangle; MBY219/221). Both the set1 and set1 hht1,2-
K79R mutants show delayed appearance of Rad51 foci on chromosomes. Thus, focus numbers of Rad51 at 6 h was measured. The number for the set1
is the same as that in Figure 3C. The average number of foci with SD is shown per positive nucleus.
doi:10.1371/journal.pone.0096648.g008

Role of Dot1 in Meiotic DSB Formation

PLOS ONE | www.plosone.org 13 May 2014 | Volume 9 | Issue 5 | e96648



combined with the set1 deletion, the triple mutant shows 47.8%

spore viability (Figure 8B), similar to the set1 dot1 double mutant

(see Figure 1). We found that the set1 hht1,2-K79R mutant shows a

decreased number of Rad51 foci (Figure 8C and 8D; 12.163.5; n

= 62), which is more reduced in the set1 mutant. This supports the

idea that Dot1-dependent histone H3K79 methylation promotes

meiotic DSB formation in the absence of Set1-dependent histone

H3K4 methylation. The Rad51 focus number in the set1 hht1,2-

K79R mutant is smaller than that in the set1 dot1 mutant (Figure 8C

and 8D; versus 6 h, P value = 1.5 6 1025, Mann-Whitney’s U-

test). This may be due to culture-to culture difference.

Discussion

Previous studies have shown that 2 histone-modifications,

H3K4 methylation and H2BK123 ubiquitination, play a critical

role in the formation of meiotic DSBs [7,12,13,39]. The effect of

H2BK123 ubiquitination seems to be indirect since this mark

promotes H3K4 methylation in trans [38]. In this study, we have

demonstrated the role of Dot1 H3K79 methyltransferase in DSB

formation in the absence of Set1.

Cytological analysis of Rad51 foci, which mark sites of ongoing

recombination [47], showed that, even in the absence of Set1-

dependent H3K4-methylation, meiotic cells form significant

numbers of DSBs, about 2/3–3/4 of the levels seen in wild type,

consistent with high spore viability of the mutants defective in

H3K4 methylation. In contrast, previous studies using whole

genome mapping showed a large reduction of DSBs at some

regions in the absence of either SET1 or H3K4 methylation [7]. In

addition, the lack of Set1-dependent H3K4 methylation changes

the distribution of DSBs along chromosomes [7,12]. However,

such studies used ChIP-chip for mapping using dmc1 or rad50S

(sae2) mutants which block recombination; therefore, it is very

difficult to quantify/estimate how much DSBs are dependent on

the specific histone marks. Our results of Southern blotting for

individual loci (Figure 2D and 4G) confirm the previous results. It

is reported that the set1 mutant showed increased DSBs at a

specific chromosomal locus [7,12], suggesting the presence of a

backup system for DSB formation. We used counting of Rad51

foci to get a rough estimate of DSB numbers in a nucleus. Our

ongoing research showed that the number of Rad51 foci is roughly

proportional to the number of DSBs (M. S., unpublished). We

found that the set1 mutant showed a mild reduction of Rad51

focus numbers along the genome. Indeed, DSB mapping on

individual chromosomes in the mutant support the idea (Figure 4).

Thus, we believe that the contribution of Set1-dependent H3K4

methylation to DSB formation is weaker than expected, at least in

the budding yeast. These data suggest the presence of other critical

determinants for DSB formation. Indeed, we found that elimina-

tion of Dot1-dependent H3K79 methylation reduces DSB levels to

about half of that seen in the set1 deletion mutant. This indicates

the involvement of the histone post-translational modification in

DSB formation. In the fission yeast, H3K9 acetylation is known to

promote DSB formation, while H3K4 methylation is not involved

in DSB formation [9]. Moreover, in mice, meiosis-specific Prdm9-

dependent H3K4 methylation shapes hotspot activity for recom-

bination. Interestingly, even the absence of Prdm9 methyltrans-

ferase changes the distribution of the hotspot by creating new spots

[11]. In Prdm9 KO mice, Prdm9-INdependent H3K4 methyla-

tion might be responsible for this activity [11]. These studies

confirm that multiple histone post-translational modifications

determine the site of initiation of meiotic recombination. We

want to stress that, even in the absence of both Set1 and Dot1,

mutant cells form 40–50% of the wild-type levels of Rad51 foci,

likely DSBs, suggesting the presence of other determinant(s) for

hotspot activity. Recently, it is shown that, in a plant, Arabidopsis

thaliana, a histone H2A variant, H2A.Z, plays a role in

recombination hotspot activity during meiosis [60].

Our results suggest that H3K79 methylation plays a role in DSB

formation. H3K79 methylation is recognized by the Tudor

domain of Rad9 in yeast [61]. Since the rad9 mutant is proficient

in meiosis [62], it is unlikely that Rad9 plays a role in DSB

formation. However, we need to analyze a rad9 mutant with the

set1 deletion to know the exact role of this protein in DSB

formation, since the effect of the dot1 is only seen in the absence of

the SET1. Alternatively, the other protein involved in DSB

formation may recognize this mark. Recent reports suggest a role

for Dot1-dependent H3K79-methylation in the recombination

checkpoint during meiosis [63]. In the recombination checkpoint,

Dot1-dependent H3K79 methylation promotes the efficient

binding of the Hop1 protein in the zip1 mutant. This could be

interpreted simply as that H3K79 methylation is bound to Hop1.

However, this is unlikely, since we showed that the dot1 mutant is

proficient in Hop1 binding at least in the wild-type background. In

wild type meiotic cells, there is another pathway to recruit Hop1 in

a Dot1-independent manner. Recently, Dot1 has been shown to

play a role in the Tel1/ATM pathway in meiotic recombination

[31,63], which somehow controls DSB formation [49,50,64]. If

this is true in wild-type meiosis, the role of Dot1 in DSB formation

described here is indirect; e.g. signaling. Indeed, recent genome-

wide mapping showed that H3K79 methylation is less in promoter

regions than coding regions [65]. This suggests that the Dot1-

dependent H3K79 methylation play a negative role rather than a

positive role in the DSB formation. We suggest that meiotic

chromosomes adapt different alternatives to create the recombi-

nation hotspot, possibly using different histone marks. This kind of

multiple alternatives or flexibility may contribute to the rapid

evolution of the recombination hotspots.

The effect of the dot1 mutation on DSB formation is clearly seen

in the absence of H3K4 methylation. In this line, it is interesting to

see subtle effects of the dot1 mutation on DSB formation in the

presence of H3K4 methylation. This includes altered kinetics of

DSB repair (Figure 2D), slight but significant reduction of Rad51

focus number (Figure 3C) and the appearance of late DSBs

formation (Figure 4A) in the dot1 mutant. We need further careful

evaluation on the role of the Dot1-dependent H3K79 mutation on

DSB formation.

Although our studies described here suggest a direct link of Dot1

with DSB formation in the absence of Set1, we cannot exclude the

possibility that the effect of dot1 mutation is indirect through the

transcription [37]. We also need more careful evaluation on the

role of any histone posttranslational modifications in meiotic

recombination such as DSB formation.

We also revealed a role for Set1-dependent H3K4 methylation

in chromosome morphogenesis in meiosis, such as SC formation.

Both the set1 and hht1,2-K4R mutants produce viable spores and

retain high levels of DSBs relative to wild type, as judged from the

number of Rad51 foci. However, the 2 mutants are almost

defective in SC elongation. The SC elongation defect in the set1

and hht1,2-K4R mutants reflects persistent loading of Hop1, which

often forms a linear line. The defect in SC elongation in the

mutants may be caused by abnormal assembly of chromosome

axes. This idea is supported by the accumulation of several axis

proteins such as Rec8 and Red1 as abnormal aggregates. This

abnormal assembly of the axis proteins has not been seen in other

mutants defective in synapsis; e.g., zip1 or dmc1 mutants [59].

Thus, the recombination defect cannot account for the accumu-

lation of this aggregate. Set1-dependent H3K4 methylation may
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promote the assembly of Red1 or Rec8 in the context of meiotic

chromosomes.

Alternatively, reduced DSBs might be directly linked with a

defect in SC elongation. In this scenario, excess DSBs in wild-type

cells are necessary for normal levels of chromosome synapsis

rather than recombination. This idea is somehow consistent with

previous proposal of 2 types of DSBs; one for synapsis and the

other for recombination [66,67]. Indeed, a moderate reduction in

DSBs does not affect the frequency of COs due to CO homeostasis

[68].
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