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Summary

Fission yeast does not form synaptonemal complexes in strongly impaired linear elements with morphologies
meiotic prophase. Instead, linear elements appear that specific for these meiotic cohesin mutants. Theec10and
resemble the axial cores of other eukaryotes. They have recl6/replmutants lack linear elements completely. The
been proposed to be minimal structures necessary for region specificity of loss of recombination in theec8 rec10
proper meiotic chromosome functions. We examined linear and recl1l mutants can be explained by their defects in
element formation in meiotic recombination deficient linear element formation. Investigation of thereclOmutant
mutants. The recl2 recl4 and meul3 mutants showed showed that linear elements are basically dispensable for
altered linear element formation. Examination ofrecl2  sister chromatid cohesion, but contribute to full level
and other mutants deficient in the initiation of meiotic  pairing of homologous chromosomes.

recombination revealed that occurrence of meiosis-specific

DNA breaks is not a precondition for the formation of  Key words: Meiosis, Fission yeast, Linear elements, Sister chromatid
linear elements. Therecll and rec8 mutants exhibited  cohesion, Homologous chromosome pairing

Introduction meiotic nucleus oscillates between the cell poles (Chikashige
In the life cycle of sexually reproducing organisms meiosi€t al., 1994). These movements confer an elongated shape to
halves the chromosome number in the germ line cells arifie nucleus [horse-tail nucleus (Robinow, 1977)], and are led
produces haploid gametes. This halving is achieved by twly the SPB and the attached telomere cluster (Chikashige et
consecutive divisions following a single round of DNA al., 1994; Chikashige et al., 1997). Thus, the bouquet structure
replication. The second (equational) division resemble§f chromosomes bundled at the telomeres is maintained during
mitotis: sister chromatids segregate into daughter nucleihe whole meiotic prophase in fission yeast. Homologous
However, the first (reductional) division has unique featuresshromosome pairing and recombination occur during horse-tail
During the first meiotic division homologous chromosomegnovements. Mutants impaired in telomere clustering or
pair, undergo high levels of recombination, and the resultinguclear movement show decreased homologous pairing and
chiasma formation assists their segregation into daughtéecombination, indicating the importance of these events in
nuclei. In most organisms, pairing of homologoushomolog juxtaposition (Shimanuki et al., 1997; Cooper et al.,
chromosomes in meiotic prophase is accompanied by tHE98; Nimmo et al., 1998; Yamamoto et al., 1999). Fission
formation of synaptonemal complexes (SC). The synaptonemygéast is highly proficient in meiotic recombination but shows
complex is an evolutionary well-conserved, strictly meiosigo crossover interference (Munz, 1994).
specific, proteinaceous structure. In early prophase, after DNA It has been long known that fission yeast does not form
replication axial elements (AE) start to connect the sistesynaptonemal complexes. Instead, filamentous structures
chromatids. By the pachytene stage of meiotic prophaséjnear elements) appear in meiotic prophase. They resemble
chromosome pairing and synaptonemal complex developmetite axial cores of other eukaryotes (Olson et al., 1978; Hirata
culminate in the formation of a tripartite structure: the axialand Tanaka, 1982). The adaptation of the nuclear spreading
elements (now called lateral elements, LE) are connected bytechnique to fission yeast made possible a detailed analysis of
central component (for reviews, see Zickler and Klecknedinear element formation in meiotic time-course experiments
1999; Roeder, 1997; Kleckner, 1996). (Bahler et al., 1993). Linear elements do not form continuously
The fission yeaschizosaccharomyces ponibea haploid, along the chromosomes and undergo morphological changes
unicellular eukaryote. NaturallyS. pombecells undergo during meiotic prophase. Béhler et al. have proposed that the
meiosis directly after mating of two cells of opposite mating-organization of chromatin in the linear elements may facilitate
type (zygotic meiosis). However, diploid cells heterozygous fomeiotic chromosome functions, such as sister chromatid
mating-type can be maintained, and synchronous meiosis canhesion, chiasma maintenance, homologous pairing and the
be induced by shifting the culture to nitrogen-free mediunresolution of interlocks (Béhler et al., 1993). Analysis of the
(azygotic meiosis) (Egel, 1973; Egel and Egel-Mitani, 1974)rec8-110mutant revealed coincidence of impairment of linear
Meiosis in fission yeast has unusual features. In prophase, takement formation, precocious sister chromatid separation, and
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Table 1. Strains used in this study

Strain Genotype

JB6 h*/h~ ade6-M210/ade6-M216

ED1 h*/h~rec6-151::LEU2/rec6-151::LEU2 leul-32/leul-32 ade6-M210/ade6-M216
ED2 h*/h~rec8::ura4"/rec8::ura4" ura4-D18/ura4-D18 rec11-156::LEU2/rec11-156::LEU2 leul-32/leul-32 ade6-M210/ade6-M216
ED3 h*/h~rec10-155::LEU2/rec10-155::LEU2 leul-32/leul-32 ade6-M210/ade6-M216
ED4 h*/h~rec11-156::LEU2/rec11-156::LEU2 leul-32/leul-32 ade6-M210/ade6-M216
ED5 h*/h~rec12-152::LEU2/rec12-152::LEU2 leul-32/leul-32 ade6-M210/ade6-M216
ED6 h*/h~rec14-161::LEU2/rec14-161::LEU2 leul-32/leul-32 ade6-M210/ade6-M216
ED7 h*/h~rec15::kanMX/rec15::kanMX ade6-M210/ade6-M216

ED8 h*/h~ meul3::ura4/meul3::ura4 ura4-D18/ura4-D18 leul-32/leul-32 his2/+ ade6-M210/ade6-M216
ED9 h*/h~repl::uradt/repl::ura4" ura4-D18/ura4-D18 ade6-M210/ade6-M216

L 975 h*

AY261-1C h-leul lysl cen2(D107)::kédrura®-lacOp his7::lacl-GFP

67 h* rec10-155::LEU2 leul-32 ade6-M216

95 h~rec10-155::LEU2 leul cen2(D107)::kaara%lacOp his7::lacl-GFP

68-2710 h* rec8::ura4* ura4-D18 lys1-131

101 h-rec8::ura4* leul lysl ura4 cen2(D107)::k&ura*-lacOp his7::lacl-GFP

70 h* rec11-156::LEU2 leul-32 ade6-M216

100 h~rec11-156::LEU2 leul ade6-M216 cen2(D107)::kama*-lacOp his7 ::lacl-GFP
CT2111-2 h%leul lys1 ura4 ade6-M216 cen2(D107)::kama-lacOp his7::lacl-GFP

119 h% rec10-155::LEU2 leul ura4 ade6-M216 cen2(D107):kara*-lacOp his7::lacl-GFP
161 h%rec8::ura4* leul lys1 ura4 ade6-149 cen2(D107)::kama*-lacOp his7::lacl-GFP
121 h%rec11-156::LEU2 leul ura4 ade6-M210 cen2(D107):’kara*-lacOp his7::lacl-GFP
153 h~leul lysl ura4 ade6-M216 his2[::kanra*-lacOp] his7 ::lacl-GFP

156 h~rec10-155::LEU2 leul ura4 ade6-M216 his2[::Kaura®-lacOp] his7 ::lacl-GFP

157 h~rec8::ura4* leul lys1 ura4 his2[::kaura®lacOp] his7 ::lacl-GFP

155 h-rec11-156::LEU2 leul ura4 ade6-M216 his2[::Kaura®-lacOp] his7 ::lacl-GFP

105 h~ura4-D18 leul-32

AY234-6B h* leul lys1 ura4 ade6-M216 adel[::Kanra®-lacOp] his7 ::lacl-GFP

68 h~rec10-155::LEU2 leul-32 ade6-M210

116 h* rec10-155::LEU2 leul lys1 ura4 ade6-M216 adel[::kana?-lacOp] his7 ::lacl-GFP
128 h~rec8::ura4" ura4-D18 leul-32 ade6-149

143 h* rec8::ura4" leul ura4 ade6 adel[::kdrura®-lacOp] his7 ::lacl-GFP

132 h~rec11-156::LEU2 leul-32 lysl ade6-M210

117 h* rec11-156::LEU2 leul lys1 ade6 adel[::Kaura®-lacOp] his7 ::lacl-GFP
AY208-21A h~leul lys1 ura4 ade8[::kdrura®-lacOp] his7 ::lacl-GFP

143 h~rec10-155::LEU2 leul ura4 ade6-M216 ade8[::kama*-lacOp] his7 ::lacl-GFP

142 h~rec8::ura4* leul lysl ura4 ade8[::kdrura®-lacOp] his7 ::lacl-GFP

146 h~rec11-156::LEU2 leul ade6-M216 ade8[::Kama?-lacOp] his7 ::lacl-GFP

JW555 h%Jeu1-32 lys1 ura4-D18 ade6-M216 his2[::Kama-lacOp] his7"::lacl-GFP

148 h%rec10-155::LEU2 leul ura4-D18 ade6-M216 his2[::kama-lacOp] his7 ::lacl-GFP
JW558 h%leul lys1 ura4-D18 ade6-M216 adel[::Kaura®-lacOp] his7 ::lacl-GFP

149 h%rec10-155::LEU2 leul lysl ade6 ura4-D18 adel[::kama’-lacOp] his7 ::lacl-GFP
159 h%leul ura4 ade8[::kaRura®lacOp] his7 ::lacl-GFP

166 h% rec10-155::LEU2 leul ade8[::kdrurat-lacOp] his7 ::lacl-GFP

decreased homologous pairing for the first time (Molnar et alfprmation has provided a structural explanation for the region-
1995). Howeverec8turned out to be a meiotic cohesin (Parisispecificity of loss of recombination observed inrée8, rec10
et al., 1999; Watanabe and Nurse, 1999). As a consequene@d recll mutants. We show that linear elements are
direct evidence for the involvement of linear elements irdispensable for sister chromatid cohesion, but contribute to full
meiotic chromosome functions is still lacking. level homologous pairing of chromosome arms.

Our preliminary observations have shown that linear
elements are altered or impaired in several meiotic
recombination-deficient mutants, indicating a connectiodMaterials and Methods
between linear element formation, recombination, and perhajrains, media and standard genetic methods
other meiotic chromosome functions. To learn more abous. pombestrains used in this study are listed in Table 1. The
the functions of linear elements we studied linear elemengecl5::kanMXmutant was created according to the method of Bahler
formation in thoseec mutants that show a strong¢6, rec12, et al. (Bahler et al., 1998). In this construct the whole OREaif5
recl4, recl5, recl6or intermediaterécl0, recl) decrease Was replaced by th&anMX6 module. Other deletions/disruptions
in meiotic recombination (Ponticelli and Smith, 1989: used in this study were described previoustecd::.ura4" (Parisi

DeVeaux et al., 1992). Because of its important role in meioti BSL)lrzgfgiﬁlféuL;ﬁ ﬁa;':(;eg%nzlﬂlleg;%ﬁ%l'gig‘ésl_rgﬁhz
chromosome pairingmeul3, homolog of HOP2 in S. = |ie1'3) "1997)rec14-161::LEUXEvans et al., 1997)neul3: urad
cerevisiag(Nabeshima et al., 2001), was also investigated. IfiNabeshima et al., 2001); amelpl::urad*. repl (Sugiyama et al.,

this study we describe several mutants with altered lineargoa) is identical tarec16 (Ding and Smith, 1998). To visualize
element morphology, and discuss the possible reasons for thifferent chromosomal regions, the lacl/lacO system was used. Strains
morphological changes. This investigation of linear elemendlesignatedhis7*::lacl-GFP have GFP-tagged lacl inserted at tie?
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locus (Nabeshima et al., 1998). The lacO tandem repeats, togettraeiotic events followed by DAPI staining (Fig. 1F) in a time-

with theura4" andkarf genes, were integrated at chromosomal locicourse of the JB6 strain. A control time-course can be

indicated in Fig. 7F. o described briefly as follows. First, nuclei with a few, short
YEA (yeast extract agar) and YEL (yeast extract liquid) completgs|ements can be detected (class |, Fig. 1A). Later the elements

media, and MEA (malt extract agar) sporulation medium were ageqam 1o contact each other and become entangled (class lla
described previously (Gutz et al., 1974). Diploid strains JB6 and EDEetwork; Fig. 1B), or in other nuclei several elements align

to ED9 (Table 1) were constructed through interrupted mating (Gut

et al., 1974). Diploid colonies are prototrophic and white on YEACIosely (class llb, bundle; Fig. 1C). Then nuclei with single,

medium as a result of interallelic complementation betweeadgg-  10Ng elements appear (class Ill, Fig. 1D). The degradation of
M216andade6-M21mutations (Moreno et al., 1991). PB.(oombe  €lements occurs through class | morphology. [For a more
minimal) and PM-N (PM without NkCI) media used for meiotic detailed description of a standard meiotic time course, see
time-courses were as described (Beach et al., 1985; Watanabe et Bahler et al. (Bahler et al., 1993).]
1988). Induction of mating and meiosis was done on MEA plates, A comparison of the morphology of elements and the
and living cells were observed microscopically in EMM2-N liquid frequency of their classes in the different meiotic
medium [EMM2 minimal medium without nitrogen source (Moreno recombination-deficient mutants with the control revealed that
etal,, 1991)]. the mutants fall into four groups. (1) Some recombination-
deficient mutants showed regular phenotype qualitatively
Time-course experiments (morphology of elements) and quantitatively (frequency of
Meiotic cultures of diploid strains were prepared as described (Bahiglasses).rec6, recl5 and the previously investigateec?
etal., 1993). Shifting a culture to meiotic conditions at highly differentmutant (Molnar et al., 2001b) belong to this group (data not
cell titers changes the overall progression of the meiotic time-coursghown). (2) In theecl12 recl4 and meul3mutants both the
[e.g. compare Fig. 5B and Fig. 5C in Molnar et al. (Molnar et al. morphology and frequency of certain classes were altered, but
1995)]. Therefore, in order to compare the different mutants, care wakie observed morphologies still resembled wild-typerg8).1
taken to grow each culture to a cell titer ofl07 to 2¢10” in PM  ghowed strongly impaired linear element morphology that had
medium, before meiosis was induced in PM-N. Samples were tak%ben observed before with the other cohesin mutacs

hourly for DAPI staining of nuclei (Bahler et al., 1993) and for
spreading. Nuclear spreads were prepared and silver-stained (al\ét?[lnar et ?Ii.’ 1995)I. (4) Ir: thecl()fand(rjech/ repImutants
described (Béahler et al., 1993), with one modification. To digest thBO traces of linear elements were found.

cell walls 1 mg/ml lysing enzyme L2265 (Sigma) was used instead
of Novozyme 234. Silver-stained nuclei were examined with am . . .
Philips EM300 at 60 kv (Philips Eindhoven, The Netherlands)Mutants with altered linear element formation

Approximately 100 silver-stained and 200 DAPI-stained nuclei werélo investigate the phenotype of linear elements inr¢aé2
evaluated at each time point. At least two independent time cours@sutant meiotic time courses of strain ED5 (Table 1) were

were carried out with each mutant. analyzed. In this mutant two of the observed morphologies of

linear elements: class | (short elements, Fig. 2A) and class lla
Examination of sister chromatid cohesion, chromosome (network, Fig. 2B) strongly resembled those seen in the control
segregation and homologous pairing strain. However, class llb and class Il looked different. Instead

Sister chromatid cohesion, chromosome segregation and pairing 8f having a single, long bundle (Fig. 1C), class lib nuclei
homologous chromosomes were monitored in living fission yeast cel@ontained several, shorter pieces of bundles (Fig. 2C). The
carrying the lacl/lacO system. Mating and meiosis were induced bglass Ill nuclei ofrec12can be characterized by an abundance
transferring homothallich®9) or crossing heterothallicht and h) of single long elements, some of which were unusually long
strains on MEA and incubating the plates overnight at 26°C. Hoechg¢Fig. 2D). The most striking feature of thec12 mutant was
33342, a DNA-specific fluorescence dye, was used to identify thghe high frequency of class Il nuclei throughout the whole

different meiotic stages in living cells. Cells were stained wila/nl  ime-course (Fig. 2E). A statistical analysis of the time course
Hoechst 33342 in distilled water for 15 minutes at room temperaturegyo taple test) clearly indicated that the distribution of
resuspended in EMM2-N, and mounted on a coverslip for microscopi ifferent classes of linear elements in teel2 mutant is

examination. Specimens were observed at 26°C on the CCD. ~._ . .
microscope system described previously (Molnar et al., 2001a). | ignificantly different from that of the wild-typé><0.005).

order to monitor the position and number of GFP signals, images wefelass Ill was the most frequently observed phenotype in
taken with an exposure time of 0.5 seconds, in 10 optical sectiorgatistical sense as well, while class | was rare inreh&2
covering the whole nucleus. Images were analyzed afteutant. This suggests that short elements (class I) elongated
deconvolution using the Delta Vision program (Applied Precisionquickly at the beginning of the time course, and their
Seattle, WA). disassembling at late phases was also quicker in this mutant
than in the wild-type. Meiotic divisions occurred early in this
mutant (Fig. 2F), and the intensive sporulation prevented the

Results S o preparation and evaluation of spreads at later than 8 hour time
Linear element formation in meiotic recombination- points.
deficient mutants In the rec14 mutant (strain ED6, Table 1) linear element

To study the phenotype of linear elements in meiotidormation began with regular class | morphology (Fig. 3A), but
recombination-deficient ~ mutants  meiotic  time-coursenuclei of this type remained scarce throughout prophase (Fig.
experiments were carried out with strains ED1 to ED9, an8E). The single short elements developed into networks (class
with JB6 as a control (Table 1). Fig. 1 shows the four regulaia, Fig. 3B), which is the most frequently seen morphology in
morphological classes of linear elements (Fig. 1A-D), theecl4 (Fig. 3E). Many of these networks contained loosely
quantitation of the different classes (Fig. 1E) and the timing ofonnected elements and showed a sort of ‘moth-eaten’
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Fig. 1.Linear element morphologies and temporal comparison of cytological events in a time-course of the JB6 control strainc{@gwD) Ele
micrographs of spread and silver-stained nuclei of different linear element morphologies. (A) Single, short elementd imualelass
Arrowheads indicate linear elements; ‘n’ is the nucleolus. (B) Developing network in a class Ila nucleus. The arrow lpospindtd pole
body (SPB), which is located close to the nucleolus (n). (C) Bundle in a class IlIb nucleus. (D) Single, long elemensslihraicless. Bar,

1 pm. (E) Quantitation and temporal order of the different morphological classes. (F) Timing of cytological events as follarRld by
staining. Horse-tail nuclei indicate meiotic prophase. Cells with more than one nucleus have progressed through thecfatstisimiothfter
meiotic induction cells undergo a final mitotic division (peak at 1 hour) before they enter meiosis from G1 phase.

appearance (Fig. 3B, right). These nuclei may represesizes and linear element morphologies (Fig. 4E, see time points

impaired network morphology. Alternatively, since the high5 to 7 hours), these compact nuclei are not likely to be

frequency of networks suggests thet14nuclei spend longer spreading artifacts. Nuclei designated class IlIb late (Fig. 4C)

time at this stage, the moth-eaten morphology may represenere larger and contained 2 to 4 short bundle pieces. Networks

processing or disassembly of networks. Class Ilb nuclei werglass 1la) were also altered in thmeul3 mutant. They

rare, and contained 2-4 short pieces of bundles (Fig. 3C). THieequently appeared as a kind of combination of the network

processing of linear elements seems to pass through the singled regular bundle morphologies (Fig. 4B). Single long

long element stage (class Ill, Fig. 3D), but the quickelements was the morphology observed latest (Fig. 4D).

progression to meiosis | and the heavy sporulation preventdaivisions in meul3occurred with a timing similar to the

an evaluation of the latest stages (Fig. 3E,F). The difference oontrol (Fig. 4F). Because thmeul3mutant showed some

the distribution of linear element classes betweenreitiBdand  obvious differences in LE organization compared to the wild-

wild-type strains is statistically significar®<0.005). Classes type (lack of class | nuclei and two types of bundles), we did

| and lla show the major differences. not carry out a statistical analysis on the distribution of
Time-course experiments with strain ED8 (Table 1) revealedifferent LE classes. The same applies for the cohesin mutants

that linear element formation begins in an unusual way in thésee below).

meul3mutant. Instead of class I, small, compact nuclei with

1-2 pieces of bundle-like structures started the process (class ] ]

llb early, Fig. 4A). These nuclei were distinguishable fromLinear elements in cohesin mutants

those appearing later (class llb late, Fig. 4C) by their smalléExperiments with strain ED4 (Table 1) revealed that the

size. Because the same specimens contained nuclei of differentrphologies of linear elements in tmecll mutant are
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Fig. 2. Meiotic time-course experiment in thec12mutant. The morphologies of linear elements in
spread and silver-stained nuclei and the timing of cytological events were analyzed in strain ED5.
(A) Class | nucleus. Arrowheads show short linear elements; the arrow points to the spindle pole
body; ‘n’ indicates the nucleolus. (B) Class lla nucleus with a network of elements. (C) Several short
bundles in a class Ilb nucleus. (D) Two class Il nuclei showing an abundance of long elements. Bar,
1 um. (E) Quantitation of the different classes of linear elements. (F) Timing of cytological events as
] followed by DAPI staining.

virtually indistinguishable from those seenr@t8 Therefore, Mutants that do not form linear elements

the same designation of classes was used to desecibkas Two of the meiotic recombination-deficient mutants,
that previously used for theec8-110mutant (Molnar et al., rec16/repl and reclQ did not contain any element-like
1995). Class A stands for nuclei with a few, very short elementstructures. The majority of cells in thec16/replstrain ED9
(Fig. 5A). In class B nuclei usually 2 or 3 short and thick(Table 1) did not undergo meiosis. In two time-course
elements were visible (Fig. 5B). Class C nuclei appeared lasixperiments, 18% and 25% final sporulation was measured.
and contained a single long element (Fig. 5C,D). The abowelthough only a small fraction of cells underwent meiosis,
morphologies suggest a severe defect in linear elementclei in meiotic prophase were still detectable in the electron
formation. It is a distinct phenotype, observed so far only irmicroscope. Before meiotic prophase, the spindle pole body
the meiotic cohesin mutantsc8 andrecll[(Molnar et al., (SPB) locates far from the nucleolus, and consists of a single
1995) and this study]. Thus we call it the cohesion-defedbody or two bodies of equal sizes (Bahler et al., 1993).
phenotype of linear elements. The same morphologies weMormally, meiotic prophase nuclei contain linear elements and
detected in strain ED2 (Table 1) where both meiotic cohesinsave their spindle pole body (SPB) located close to the
are deleted (compare the nuclei in Fig. 5B and C, and data naiicleolus. The SPB consists of a large and two adjacent
shown). smaller bodies in meiotic prophase [see Figs 1-5 (Bahler et al.,
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Fig. 3. Meiotic time-course experiment in thec14mutant. Nuclear spreading and DAPI staining were
carried out in a time-course of strain ED6. (A) Electron micrograph of a silver-stained class | nucleus.
Arrowheads indicate short linear elements, the arrow points to the spindle pole body; ‘n’ is the
nucleolus. (B) Two class Ila nuclei. The nucleus on the left-hand side shows a regular network, the
nucleus on the right-hand side has a ‘moth-eaten’ network. (C) Short bundles in a class IIb nucleus.
(D) Class lll nucleus bearing single, long linear elements. Bam.1(E) Quantitation of the different
classes. (F) Timing of cytological events as followed by DAPI staining.

0 1 2 3 4 5 6 7 8 8 10 20

1993)]. At time points 3 to 9 hours, up to 20% of nuclei showedRegular sister chromatid cohesion in rec10
this morphology in theecl6 mutant, but these meiotic nuclei It has been proposed that linear elements have a role in meiotic
never contained linear elements (Fig. 6A). Sugiyama et al. hawhromatin organization and that they may be necessary for the
shown thatec16/replis deficient in premeiotic DNA synthesis proper completion of meiotic chromosome functions (Bahler
(Sugiyama et al., 1994). This explains the described seveet al., 1993). In order to test the involvement of linear elements
defects. in sister chromatid cohesiorec10and control heterothallic
Meiotic time-courses with strain ED3 (Table 1) gave arstrains bearing the lacl-GFP/lacO recognition system were
unexpected result. In theecl0 mutant no trace of linear crossed with strains lacking GFP labeling (heterozygous cross
elements could be observed. Theel0 mutant progressed for GFP). Deletion strains of the meiotic cohesies8 and
through meiosis similarly to the JB6 control strain (Fig. 6B).rec11 (Table 1) were also investigated. Sister chromatid
In reclQ empty nuclei with meiotic prophase SPB cohesion was checked at the centromere and three different loci
configuration were observed with a frequency similar to thaalong the right arm of chromosome Il (Fig. 7F). Cells in
seen in linear-element-containing nuclei in the control. Horsemeiotic prophase (horse-tail nuclei) were identified after
tail nuclei appeared with similar dynamics in the two strainsHoechst 33342 staining, and the number of GFP signals was
In contrast taec16/repl therecl0mutant underwent meiosis determined in living cells (see Materials and Methods). In a
efficiently (Fig. 6B). ThuseclOcan be a useful tool to evaluate heterozygous cross a single GFP signal indicates regular sister
the consequences of the lack of linear elements in fission yeashromatid cohesion. Appearance of two separated GFP signals
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B0

T0

i)

il Fig. 4. Meiotic time-course experiment in theeul3mutant. The morphologies of linear elements
e and the temporal comparison of cytological events were analyzed in a time-course of strain EDS8.
0 (A) Electron micrograph of an early class IIb nucleus. Arrowheads indicate short bundles; the arrow
204 points to the spindle pole body; ‘n’ is the nucleolus. (B) Two class Il nuclei representing networks.
" The nucleus on the right-hand side shows a transition of the network to the bundle phenotype.
(C) Bundles in a late class llb nucleus. (D) Class Il nucleus with single, long elements. jBars, 1
T 2 3 4 & 5 7 s s m m (E)Quantitation and temporal comparison of the different classes. (F) Meiotic time-course as

- followed by DAPI staining.

is an obvious sign of the loss of sister chromatid cohesioexamined inrec8 In recll, a slight increase was observed
Sometimes nuclei with two closely associated but stiltowards the telomere. This is in contrast to ré&l0 mutant
unseparated signals were detected. Because it was frequentligere only slight aberrancies were detected at each locus (Fig.
seen in the cohesin mutants, this doubling of the GFP sign@A-D).
probably indicates a loosening of sister chromatid association. x2 test showed no statistical difference in sister chromatid
Nuclei with separated and doubled GFP signals were score@dhesion between the wild-type and thkelOmutant at any of
separately (Fig. 7). the chromosomal loci. A comparisonre€8andrecllshowed
Sister chromatids were rarely separated at the centromerethmat there clearly was no difference between them either. To
prophase in theec8 andrecl1mutants (Fig. 7A). In contrast, get an idea about the difference between the wild-type and the
an increased impairment of sister chromatid cohesion wahesin mutants, we compared the combined data of the wild-
detected along the chromosome arm in both mutants (Fig. 7B¢pe strains (wt ancec1Q to the combined data of the cohesin
D). The degree of impairment was fairly constant at all locmutant strains réc8 and recll). The reduction in sister
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8

——>1 nucleus
—&— horse-tall nuclel

Fig. 5. Meiotic time-course experiment in thecl1mutant. The cohesion-defect phenotype of

linear elements and the temporal comparison of cytological events were analyzed in a time-course
of strain ED4. (A) Arrowheads point to very small linear elements in a class A nucleus of the
recllmutant. Arrow shows the spindle pole body; ‘n’ is the nucleolus. (B) Class B morphology
seen in theecllmutant (nucleus on left-hand side) and inrde8recl1double deletion strain

ED2 (right-hand side). Arrowheads point at aberrant linear elements. (C) Class C morphology seen
in therecl1mutant (nucleus on the left-hand side) and inr¢éle8rec11double deletion strain ED2

o 1 2 3 4 5 & 7 8 o w0 24 (right-hand side). Arrowhead shows a linear element. Bam.1(D) Quantitation of the different

o classes. (E) Meiotic time-course as followed by DAPI staining.

¥ 8 &8 8 2 3 8 8

3
&

chromatid cohesion in the cohesin mutants was statistically nétoechst 33342 staining and the number of GFP signals was
significant at the centromere (0.0%<0.1). In contrast, determined. When both nuclei carried a GFP signal in a
cohesion is significantly reduced at all the other I0i$23, heterozygous cross, sister chromatids segregated prematurely.
adel, adeBexamined in the cohesin mutanB®=0.005). We To examine segregation of homologous chromosomes,
conclude that the cohesion of sister chromatids is basicallyomothallic strains (homozygous cross for GFP, Table 1) were
intact despite the lack of linear elements in meiotic prophasalso analyzed. In a homozygous cross both homologous
of reclQ chromosomes have GFP labeling. If one of the sister nuclei

Precocious separation of sister chromatids may occur at tladter meiosis | had no GFP signal, nondisjunction of
first meiotic division. It is conceivable that cytologically homologous chromosomes had occurred. In accordance with
invisible pieces of linear elements remain at the chiasmata amdevious studies (Watanabe and Nurse, 1999; Molnar et al.,
support the proper segregation at meiosis |I. Therefore, w&d01a), a high level of precocious sister chromatid separation
examined chromosome segregation at the first meiotic divisiomas detected inmec8 (PSSC; Fig. 7E). Precocious sister
in each mutant. Cells having two nuclei were identified aftechromatid separation was rare rec10 and recll, but both
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—— mueiotic nuclei in EM wt
—— horse-tal nuclei wi 4\
—k— =1 nucheus wi 1*
—4— melotic nuclel in EM rec10
—H— horse-tall nuclel rec10
—— =1 nucheus rec10

Fig. 6. Meiotic time-course
experiment in theec10mutant.

(A) Empty meiotic nucleus. The
chromatin region is faintly stained
by silver nitrate; ‘n’ indicates the
more densely stained nucleolus.
The arrow points to the spindle
pole body which consists of a
large and two small bodies. (B) A : :
comparison of the timing of
cytological events in theec10 S e Sy
mutant ED3 and the control JB6 R Sl e T e
strain. Meiotic nuclei were ' 4 o SR e
identified in the electron

microscope after spreading and

silver staining. The horse-tail

stage and the progression of ; : - -
meiotic divisions were analyzed in o 1 2 a2 4 5 & 1 8 @
DAPI-stained cells. hours

Table 2. Homologous chromosome pairing

cen2locus his2locus adellocus ade8locus
Pairing (%) N* Pairing (%) N* Pairing (%) N* Pairing (%) N*
rec 40 220 24.5 220 31.4 204 35.5 220
rec10 39.6 202 20.9 220 21.4 220 30.9 220

*Number of horse-tail nuclei examined.

mutants showed high level of chromosomal nondisjunction & comparison of the homologous pairing fiec10 to the

the first division (NDJI; Fig. 7E). A comparison of the control (Fig. 8) revealed that irec10 the impairment was

combined data of theecl0andrecllstrains to the combined slight (statistically not significant) at thes2 and ade8loci.

data of the wt andec10strains showed a statistically highly These loci are located towards the centromere and telomere

significant difference in NDJIR=0.005). In summary, our ends of the chromosome arm, respectively (Fig. 7F). At the

observations with GFP-labeled chromosomes in living cellsdellocus, which is situated in the middle of the right arm

suggest that linear elements are dispensable for sistef chromosome |II, significantly decreased pairing

chromatid cohesion in fission yeast. (0.01<P<0.025) was detected. These results suggest that linear
elements contribute to regular homologous chromosome

S ) pairing and their role is especially important in the interstitial
Homologous chromosome pairing is decreased in rec10 regions of chromosome arms.

in a region-specific manner
Next we asked whether linear elements are necessary for ]
homologous chromosome pairing. Homothalliec10  Discussion
(strains 119, 148, 149 and 166) and control (CT2111-2A distinguishing feature of meiosis is the appearance of
JW555, JW558 and 159) strains (Table 1) bearing GFPBroteinaceous structures that connect homologous
labeling at different chromosomal loci (Fig. 7F) werechromosomes. In most of the examined eukaryotes
examined. Horse-tail stage cells were identified aftesynaptonemal complexes (SC) develop during the first meiotic
Hoechst 33342 staining and the GFP signals were analyz@dophase. The functions of this complicated structure are not
as described in Materials and Methods. Homologouseally understood (Zickler and Kleckner, 1999; Roeder, 1997;
chromosomes were scored as paired when their GFP sign&keckner, 1996). Fission yeast is an exception. It does not
touched each other or only a single signal was visible. Thierm SC but instead linear elements, which have been
results are summarized in Table 2. proposed to be minimal structures required for proper
The highest level of chromosome ‘pairing’ was measured athromosome functions during meiotic prophase and at the first
the centromere in the control strain. [Actually, in fission yeasineiotic division (Bahler et al., 1993; Kohli, 1994; Kohli and
a clustering of all the centromeres occurs in prophasBahler, 1994; Scherthan et al., 1994). The elaboration of the
(Scherthan et al.,, 1994).] Along the chromosome arm, afunction(s) of linear elements may contribute to a better
increase of pairing was detectable towards the telomere. Thmderstanding of the mechanism of meiosis and may help to
recl0 mutant showed wild-type level of clustering of understand the functions of the synaptonemal complex as
centromeres but decreased pairing at all other loci examinedell.
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Conclusions from the analysis of mutants with altered Recl2 is a homolog of Spoll, a protein that forms
linear element formation and processing recombination-initiating double-strand breaksSincerevisiae
Three of the recombination deficient mutargs12 recl4and  (Cervantes et al., 2000; Davis and Smith, 2001; Keeney et al.,
meul3 showed altered linear element formation, but thel997). The conservation of the catalytic site suggests an
morphology patterns were close to those seen in wild-typédentical function inS. pombdgKeeney et al., 1997; Cervantes
Because the prophase stages in other organisms are definecebwl., 2000). In theec12mutant of fission yeast no detectable
the development of the synaptonemal complex, a similameiosis-specific breakage of chromosomes occurs (Cervantes
subdivision of meiotic prophase in fission yeast is not possiblet al., 2000; Young et al., 2002). Therefore, rénel 2 mutant

A correlation of recombination events other than DSBs, as an appropriate tool to address a possible interdependence of
detected by physical analysis, with the cytological changes fermation of double-strand breaks and linear elements. Linear
still missing in fission yeast. Nevertheless, it is noteworthy thaglements, although with altered morphology, were observed in
the three mutations caused different changes of morphologidiserec12mutant (Fig. 2). Consequently, the formation of linear
and their frequencies, at different stages of meiotic prophaselements is not dependent on the occurrence of double-strand
This argues for a biological significance of the different lineabreaks. Analysis of the=c6, rec7(Molnar et al., 2001b) and
element morphologies. recl15mutants confirmed this conclusion. They are defective in

A B

35 1 35 -
@doubled signals Bdoubled signals
30 4 W separated signals 30 4 M separated signals
Fig. 7. Meiotic sister chromatid cohesion and

chromosome segregation in tlee1Q rec8and 37 %
recllmutants. (A-D) Sister chromatid cohesion
in meiotic prophase at different loci.
Heterozygous crosses were carried out with
GFP-labeled strains, and the numbers of GFP
signals were determined in living cells as 101 10 1
described in Materials and Methods. 50 horse-
tail nuclei were examined in each experiment. 5 51
(A) Sister chromatid cohesion at tben2locus. .
GFP labeledh control (AY261-1C)recl10 0 0
(95),rec8(101) andrec11(100) strains were rect rec10 rec8 recil rect rec10 recs recl1
crossed to unlabeldd control (L975),rec10 cen2locus his2 locus
(67),rec8(68-2710) andec11(70) strains, N C . D
respectively. (B) Sister chromatid cohesion at [ Er— | @ doubied signas
thehis2locus. GFP labeleld- control (153), 307 30,
rec10(156),rec8(157) andrec11(155) strains
were crossed to unlabeléd strains. The same
h* strains were used as described forabe2
locus. (C) Sister chromatid cohesion atldel 201 20 1
locus. GFP labeleld* control (AY234-6B), 8
rec10(116),rec8(143) andrec11(117) strains 15 151
were crossed to unlabeledcontrol (105),
rec10(68),rec8(128) andec11(132) strains, 101 107
respectively. (D) Sister chromatid cohesion at |
theade8locus. GFP labeleld- control (AY ]

0 : 0

20 4

%

25 4 25 |

%

208-21A),rec10(143),rec8(142) andecll |
(146) strains were crossed to unlabdied rec+ reci0 rec8 recil rec+ rec10 rec8 recii
strains. The samt& strains were used as adel locus ades locus

described for theen2locus. (E) Evaluation of E =

chromosomal mis-segregation in tlee1Q rec8 100 -
andrecllmutants. To assess PSSC (precocious
sister chromatid separation), the same % [messc
heterozygous crosses were carried out as 801
described for the analysis of sister chromatid 70
cohesion at the cen2 locus. NDJI

(nondisjunction at the first division) was .
examined in strains bearing a homozygous GFP

his2 adel ade8

8
o
N

labeling at theen2locus. Control (CT2111-2); 401

rec10(119);rec8(161); andec11(121). Cells 30

having two nuclei were identified after Hoechst o

33342 staining and the GFP signals were

analyzed in 50 cells in each experiment. (F) A 101 D ’_‘
schematic representation of chromosome Il 0

with the positions of the GFP labeled loci along rec+ rec10 recs rec11

the right arm. missegregation
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DSB formation (Cervantes et al., 2000; Davis and Smithpther recombination genes in fission yeast: its transcript is
2001), but show normal linear element morphology. Inpresent both in meiotic and mitotically dividing cells, and the
addition, meiotic breakage of chromosomes does not occur mutant shows a slow mitotic growth phenotype (Evans et al.,
strains lacking theecl4gene product (Cervantes et al., 2000;1997). Thus it is conceivable that the observed alteration in
Davis and Smith, 2001), but it showed altered linear elementmear element formation is a consequence of a disturbance of
(Fig. 3) that differed from those nec12(Fig. 2). basic chromosome structure not directly related to the initiation
Conversely, although LE formation does not depend on DSBf recombination.
formation, some early prophase proteins influence both meul3participates in homologous chromosome pairing in
processes and recombination. TéeBandrec10mutants were fission yeast in a recombination-independent mechanism and
shown to form meiotic breaks with reduced efficiencyshows significant sequence homology to Hop2 (Nabeshima et
(Cervantes et al., 2000). In the cohesin mutead8 (Molnar  al., 2001), a protein that ensures synapsis between homologous
et al., 1995) andecl], as well as in the double mutant chromosomes . cerevisiaélLeu et al., 1998). Double-strand
rec8recll (Fig. 5), identical and, from wild-type, strongly breaks form inmeul3deletion strains and their repair is
deviating LE structures were observed. rét10 the linear retarded (Shimada et al., 2002). The typical morphological
elements were missing completely (Fig. 5). Obviouslychange in this mutant was the frequent occurrence of network-
cohesins andecl0are involved in LE and DSB formation (see and bundle-like structures (Fig. 4), some of which rather
below).recl2andrecl4are also involved in both processes.resembled an unspecific deposition of linear element material
The most striking feature of thec12mutant was the abundant than a functional structure (Fig. 4A). Meul3p is localized to
occurrence of nuclei with single long elements at the expenseeiotic chromatin during the horse-tail nuclear movement
of networks and bundles (Fig. 2E). Networks and bundles atage (Nabeshima et al., 2001). Because linear elements were
the most complicated linear element morphologies. Their raritynost aberrant at early prophase stages imtbel3mutant
indicates that linear element processing is altered iret?  (Fig. 4A), it is suggested that Meul3 might serve as a loading
mutant. Thus fission yeast Rec12 is similar to its budding yeasite for linear element proteins. In turn, linear elements are
homolog in the sense that both proteins are involved in theeeded to achieve the full level of meiotic chromosome pairing
initiation of homologous recombination and also in propelTable 2; Fig. 8). Thus the decreased meiotic pairing and
chromosome organization. However, their role in chromosomeecombination observed in th@eul3 mutant might be a
organization might be somewhat differespol1null mutants consequence of imperfect formation of linear elements.
are capable of forming axial elements, but exhibit severe
homolog synapsis defects (Loidl et al., 1994). . ] ) o
The most striking feature of thec14mutant was the high A possible explanation for the regional specificity of
frequency of networks (Fig. 3jecl4is a functional homolog recombination loss in rec8, rec10 and rec11 mutants
of REC103 ofS. cerevisiadEvans et al., 1997). Both genes DeVeaux and Smith have observed first a regional specificity
were shown to be involved in early stages of meiotiof loss of meiotic recombination in thec8, recl0andrecll
recombination (Evans et al., 1997; Gardiner et al., 1997nutants (DeVeaux and Smith, 1994). They have found that
Cervantes et al., 2000), but the known phenotypes of themeiotic recombination was impaired most severely in a ~2 Mb
mutants do not allow a clear conclusion about the function afgion surrounding thade6locus of chromosome llI, while
recl4in linear element formation. However, it should be notedther loci examined were less severely affected. Parisi et al.
that the expression pattern @ic14is different from that of and Krawchuck et al. extended their study and showed that
meiotic recombination is decreased severely in the centromeric
region of each chromosome in these mutants (Parisi et al.,
120 1 1999; Krawchuck et al., 1999). Based on epistasis analysis and
classical chromosome segregation studies, Krawchuk et al.
proposed that Rec8, Recl0 and Recll are involved in a
‘meiotic sister chromatid cohesion pathway’ and promote

80 1 homologous chromosome pairing in the centromer proximal
regions of chromosomes (Krawchuk et al., 1999). Our results

60 1 largely confirm this hypothesis and suggest that the underlying
structural reason for the regional specificity is a defect in the

40 1 formation of linear elements in thec8 recl0 and recll
mutants.

20 1 Rec8 and Recl1 are meiotic cohesins (Watanabe and Nurse,
1999; Parisi et al., 1999; Davis and Smith, 2001). Rec8 has

o1 two different functions correlating with distinguishable

cen2 his2 ade1 ade8 localization. It was found to locate to the centromeres of
locu's chromosomes (Watanabe and Nurse, 1999) and to ensure
. o ) reductional segregation at the first meiotic division (Watanabe
E)'%Vi?d!‘t';pngoI_Ic_’gZﬁp%g;?eofﬁemsaﬁﬁ:gngréggfgelsog‘ﬁenﬁnﬁgm’ethe and Nurse, 1999; Molnar et al., 2001a). In addition, Rec8 as
persentage.of homologous chromosome pairing in the different  Well as Recl1l are involved in sister chromatid cohesion along
chromosomal regions iec10was expressed relative to that the chromosome arms (Fig. 6). We have found a severe defect
measured in the wild-type strain. (The original data are presented in" linear element formation irec8andrec11mutants (Molnar
Table 2.) et al., 1995) (Fig. 5). Deletion of either of the meiotic cohesins

100 +

%
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resulted in a typical morphological change observed so far ontye middle of the chromosome arm, and the most severe defect
in these mutants. Moreover, the double mutant showeith chromosome pairing was detected at this locus (Fig. 8).
the same phenotype (Fig. 5). The most straightforwardiinear elements are thus likely to be most important for
interpretation of these observations is that Rec8 and Recthromosome pairing at interstitial arm regions. Clustering of
work in a complex, and that functional cohesin complexes arelomeres and centromeres provide for alignment of the
indispensable for proper linear element formation. Cohesitelomere and centromere proximal regions, respectively. This
complexes may serve as loading sites for linear elememptrobably ensures frequent contact of the corresponding
polymerization. A similar function 08. cerevisiadRec8 for  regions, and homologous sequences may have a better chance
axial element formation has been suggested (Klein et alfor pairing despite the lack of chromatin organization by linear
1999). ThaeclOmutant does not form linear element materialelements.

at all, but it undergoes meiosis with similar timing and

efficiency to that of a wild-type strain (Fig. 6). Direct
investigation of the sister chromatid cohesion alon
chromosome I in theecl0 mutant has shown that linear
elements are basically dispensable for sister chromat
cohesion in fission yeast (Fig. 7).

Concluding remarks

q’eclO-lSS::LEUZis a partial deletion lacking residues 683 to
igP1 (Lin and Smith, 1995). This mutant undergoes meiosis
similarly to wild-type, but lacks linear elements completely. This
provided a good opportunity to analyze the role of linear
elements in meiosis. We have found that linear elements are
The role of linear elements in chromosome pairing basically dispensable for sister chromatid cohesion, but

Cells employ several mechanisms to effect chromosomg@ntribute to homologous paring of chromosomes. Although we

pairing. The contribution of horse-tail movements and telomer&2nnot rule out the possibility thec10promotes homologous

clustering to homologous chromosome pairing is well.chromosome pairing independently from its function in linear
; gigment formation, the most straightforward interpretation of our

data is that Rec10 exerts its effect on homologous chromosome

movements (M.M., unpublished). Because mutants impaired ipairing through its function in linear element formation. What is
telomere clustering perform aberrant nuclear movemeri{'® role ofrecl0in linear element formationfec10 might
(Cooper et al., 1998; Nimmo et al., 1998; Hiraoka et al., 2000 ncode a structural protein of linear elements. However, a
the above observation indirectly indicates that telomer&egulatory role is also plausibleec10 may regulate linear
clustering is regular imeclQ Therefore, the decrease in element formation directly or thr_ough more ge_neral processes,
chromosome pairing in theec10 mutant is likely to be for example, through the regulation of chromatin structure.
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