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ABSTRACT

In most eukaryotes, recombination of homologous chromosomes during meiosis is necessary for proper
chromosome pairing and subsequent segregation. The molecular mechanisms of meiosis are still rela-
tively unknown, but numerous genes are known to be involved, among which are many mismatch repair
genes. One of them, mih1, colocalizes with presumptive sites of crossing over, but its exact action remains
unclear. We studied meiotic processes in a knockout line for mikI in zebrafish. Male mlhl mutants are
sterile and display an arrest in spermatogenesis at metaphase I, resulting in increased testis weight due to
accumulation of prophase I spermatocytes. In contrast, females are fully fertile, but their progeny shows
high rates of dysmorphology and mortality within the first days of development. SNP-based chromosome
analysis shows that this is caused by aneuploidy, resulting from meiosis I chromosomal missegregation.
Surprisingly, the small percentage of progeny that develops normally has a complete triploid genome,
consisting of both sets of maternal and one set of paternal chromosomes. As adults, these triploid fish are
infertile males with wild-type appearance. The frequency of triploid progeny of mlhl mutant females is
much higher than could be expected for random chromosome segregation. Together, these results show

that multiple solutions exist for meiotic crossover/segregation problems.

EIOSIS is the cell division that produces haploid

cells from diploid stem cells. This process consists

of two division steps, from which the first, meiosis I,

is the reduction division. The two homologs of each

chromosome separate in this step. In most eukaryotic

organisms, during the prophase of meiosis I recombi-

nation occurs between homologs, which is essential for

the formation of stable bivalents. This in turn is nec-

essary for proper alignment and spindle attachment in
metaphase I and subsequent cell division.

In prophase I five different stages are recognized:
leptotene, zygotene, pachytene, diplotene, and diaki-
nesis (HuNT and HassoLp 2002; MARCON and MOENS
2005). In leptotene, a large number of double-strand
breaks are generated in each chromosome (MARCON and
MoknNs 2005). The homologs are still apart, but begin to
search for homology. Synapsis, close association of ho-
mologs by binding of synaptonemal complex (SC) pro-
teins, starts in zygotene and is completed in pachytene.
During synapsis the double-strand breaks are being re-
paired. Only a fraction, on average one or two breaks
per pair, is repaired via homologous recombination with
a nonsister chromatid of the homolog. These crossing-
over sites become visible in diplotene, when desynapsis
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takes place. Finally, in diakinesis, crossing overs are
stabilized as chiasmata, which are then the only sites that
keep the chromosome pair together.

The involvement of mismatch repair (MMR) genes in
meiosis first became noted in the mouse, knockouts for
several of them displaying fertility problems (WEI et al.
2002). The MMR proteins function in similar types of
mutS and mutL heterodimeric complexes as they do in
repair of replication errors in mitotic cells (KoLAS et al.
2005). However, the mutS complex that acts in recom-
bination, mutSy, consists of msh4 and msh5, genes that
do not appear to play any role in mismatch repair (WE1
et al. 2002). MutSy binds in foci together with replica-
tion protein A (RPA) to the DNA during synapsis in
zygotene and pachytene (DE VRIES et al. 2005; MARCON
and MoENs 2005). The frequency of these foci in
mammals is 5- to 10-fold higher than the eventual num-
ber of crossing-over sites (KNEITZ et al. 2000) . MSH4 and
MSHb) promote synapsis, as the mouse mutants display
synapsis defects (DE VRIES el al. 1999; EDELMANN et al.
1999; KNEITZ et al. 2000). As a result of that, both sexes
do not have gametes and are sterile. This is much alike
the phenotype of the knockout for one of the synapto-
nemal complex proteins, SYCP1 (DE VRIES ef al. 2005).
In contrast, Caenorhabditis elegans msh4 and msh5 do not
act before pachytene stage and are essential for crossing
over, a function more like mlhl in mammals (ZALEVSKY
et al. 1999; KELLY et al. 2000).
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The mutL. complex involved in meiosis is also dif-
ferent from the MMR mutL complex and consists of
MLHI and MLH3, although a minor role for MLH3 in
MMR has been reported (HARFE et al. 2000; CANNAVO
et al. 2005). The MLH1/MLH3 complex is present in
distinct foci on the synapsed elements during pachy-
tene, at a later stage than the MSH4/MSH5 complex.
After MLH3 binding MLHI is recruited (LIPKIN et al.
2002; Kowras ef al. 2005). The MLH1/MLH3 foci co-
incide in timing, number, and position with the pre-
sumptive sites of crossing over (MARCON and MOENS
2003; MoeNs 2006). The idea is therefore that the
complex stabilizes a limited number of recombination
sites for repair by crossing over, while the other sites will
be repaired via different mechanisms. MIhl and mih3
knockout mice have very similar phenotypes in respect
to meiosis (BAKER et al. 1996; EDELMANN et al. 1996;
Woobs et al. 1999; EAKER et al. 2002; L1PKIN et al. 2002).
Both sexes are sterile, but where males lack spermatozoa
completely, females do have oocytes, which, however,
hardly ever finish meiosis (EDELMANN et al. 1996;
Woobs et al. 1999; LipkIN et al. 2002). The meiosis de-
fect in these animals also occurs at a later time point
than in msh4 and msh5 knockout mice. Synapsis is
normal, but the frequency of crossing overs is dramat-
ically reduced (BAKER et al. 1996; GUILLON et al. 2005),
and chromosomes are mostly present as univalents in-
stead of bivalents in metaphase I (BAKER et al. 1996;
Woobs et al. 1999).

Zebrafish as a vertebrate model organism has been
very important for the study of early embryonic de-
velopment, due to its frequently mentioned advantages
of external fertilization, high numbers of progeny, and
easily traceable development of transparent embryos.
These advantages apply similarly to meiosis research,
but this direction has hardly been followed so far in
zebrafish. We used our recently developed efficient re-
verse genetic procedure to generate a knockout for mlh 1
in the fish (WiENHOLDS et al. 2003; WIENHOLDS and
PLASTERK 2004). We show here that the necessity of mlhl
for recombination during meiosis in zebrafish is similar
to that in mammals, but that its absence in female
meiosis results in a different bypass of meiotic problems.

MATERIALS AND METHODS

Generation of mlhl mutant fish: Two amplicons, covering
exons 2—4 and 8-10 of the zebrafish mihl gene, respectively,
were used for target-selected mutagenesis (WIENHOLDS et al.
2003; WiENHOLDS and PLASTERK 2004). The obtained mutant
fish in TL background was outcrossed with an AB fish, and
heterozygous offspring was subsequently incrossed. Genotyp-
ing was done by amplification and resequencing, using exon
10-specific forward (5'-AGTGAAGGGCTTCATCTCC-3') and
reverse (5'-AAGTAGTGCATCTATTGAAAATG-3") primers.

Western blot was performed using standard procedures
with a monoclonal anti-human MLHI antibody (BD Biosci-
ences Pharmingen, Franklin Lake, NJ) and an anti-a-actin

antibody (Abcam, Cambridge, UK). Human Jurkat control
lysate was provided with the anti-MLLH1 antibody.

Histology and morphometry: Testes for histological and
morphometric evaluation were dissected, fixed in 4% glutar-
aldehyde, and subsequently weighed. They were embedded in
2-hydroxyethyl methacrylate, and 4-pm sections were stained
with toluidine blue.

For morphometric analysis, the weights of various testicular
tissue components were determined by light microscopy using
a 44l-intersection grid placed in the ocular of the light
microscope. Fifteen fields chosen randomly (6615 points)
were scored for each animal at 400X magnification. Staining
or cutting artifacts were rarely seen and were not considered in
the total number of points utilized to obtain weights. Points
were classified as one of the following: spermatogonia, primary
spermatocytes, secondary spermatocytes, spermatids, sperma-
tozoa, empty spaces, abnormal meiotic figures, apoptosis, and
others (somatic cells, blood and lymphatic vessels, and con-
nective tissue). The weight (milligrams) of each testis compo-
nentwas determined as the product of the volume density (%)
and the testis weight. To obtain a more precise measure of
testis weight the testis capsule, the efferent ductules, and
connective tissue associated with testes were excluded from
the testis weight using image analysis. For that, six longitudinal
testis sections were made and evaluated (~80 pwm apart from
each other) for each animal, considered to represent the
entire testes. All data are presented as the mean * SEM and
analyzed via ANOVA (Newman-Keuls test). The significance
level in comparisons was considered to be P < 0.05.

TUNEL labeling was performed on tissue fixed in 4%
paraformaldehyde, embedded in paraffin, and sectioned at
5 wm thickness. A commercial in situ cell-death detection kit
(In Situ Cell Death detection kit, POD; Roche Diagnostics,
Mannheim, Germany) was used. After labeling, the slides were
counterstained with Mayer hematoxylin and mounted.

Spermatocyte spreads and immunocytology: Spermatocyte
spreads were performed as described previously (MoENs 2006).
Testes were dissected and suspended in 50 pl phosphate-
buffered saline (PBS). One microliter of cell suspension was
added to 30 pl of 1:2 PBS:mQ) water on each well of a multiwell
slide. After settling for 20 min, the cells were fixed for 3 min
in 2% paraformaldehyde (PFA) + 0.03% SDS, fixed for an-
other 3 min in 2% PFA at pH 7.5-8, and washed in 0.4% Photo-
Flo 200 (Kodak, Rochester, NY) or Agepon (AGFA, Mortsel,
Belgium) and dried.

For immunocytology, the slides were blocked in 10%
antibody dilution buffer and incubated in primary antibodies
in antibody dilution buffer (10% goat serum, 3% bovine
serum albumin, 0.05% Triton X-100 in PBS) for 2-3 hr or
overnight. After washing, the cells were treated with secondary
antibodies for 1 hr at 37°, washed and dried, and mounted
in ProLong Antifade mounting agent (Molecular Probes,
Carlsbad, CA) or DAPI vectashield (Vector Labs, Burlingame,
CA). Primary antibodies for SYCP1, SYCP3, and SMC3 for
visualization of SCs, for MLLH1, and CREST serum to detect
centromeres were described previously (MogNs 2006).

Synapsis was visualized by silver staining, by putting a few
drops of 40% silver nitrate on the slide and covering it with a
piece of fine nylon mesh. Slides were stained in a 60° oven for
30-60 min until they turned brown.

SNP sequencing: SNPs for detection of aneuploidy were
selected from a large set of amplicons previously used for SNP
verification (GURYEV et al. 2006). A nearly genomewide set of
96 SNPs was compiled on two criteria: (1) being polymorphic
between a homozygous mutant female and a wild-type male
and (2) showing a quantitative relationship to artificial mixtures
of parental DNA in 1:1 and 1:2 proportions. This set covered
22 of 25 zebrafish chromosomes in the Zv4 genome assembly



Meiosis in Zebrafish Mlhl Mutants

A Arg265Term
0
20—}

7] DNA mismatch repair
__| ATP binding ATPase

ATPIGTP binding site

T TIC TAIGATITGAIT TG GT GIGA G

C H

MLH1, 85 kDa L "

HOHHOI0H

++

|

1563

724
FiGUure 1.—The generation of mikl knockout

zebrafish. (A) Genomic organization of the ze-
brafish mlhl gene. The position of the ENU-
induced point mutation introducing a premature
stop codon is marked by an arrowhead. (B) Se-
quence trace showing the C-to-T transition in
the heterozygous founder fish. (C) Western blot
of testes proteins and human Jurkat control lysate
(H) stained with antibodies for MLLH1 (85 kDa)
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and a-actin (42 kDa). MLH1 protein is com-
pletely absent in mlhl /" testes.
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of Ensembl. SNP database numbers are provided in supple-
mental Table 2 at http:/www.genetics.org/supplemental/.
Embryonic DNA was amplified and sequenced for these SNPs.
Peak area proportions were determined visually. They were
partly confirmed by calculating sequence trace peak areas
electronically (V. GUryEv, personal communication; h094.
niob.knaw.nl/peakarea).

Chromosome spreads: Twenty-four-hour postfertilization
(hpf) embryos were dechorionated and incubated for 90 min
in colchicine to arrest cells in metaphase. After hypotonic
treatment in 1.1% sodium citrate and fixation in 3:1 meth-
anol:acetic acid, cells were suspended in 50% HAc and spread
onto glass slides. Slides were mounted and stained with DAPI
vectashield (Vector Labs).

RESULTS

Generation of mlhl knockout zebrafish: The mihl
gene in zebrafish was annotated on the basis of homol-
ogy with other species and consists of 19 coding exons.
Using an ENU-driven target-selected mutagenesis screen,
we isolated an individual that has a C-to-T transition in
exon 10, thereby introducing a stop codon at position
265 (Figure 1, A and B). This individual was crossed out,
and the heterozygous offspring subsequently crossed in
to generate homozygous mutant zebrafish. Homozygous
mutants were obtained with the expected frequency of
25%, and they had normal appearance. The sex ratio in
the homozygote population was not significantly differ-
ent from the other genotypes. The knockout phenotype
was confirmed at the protein level by Western blotting,
where no full-length MLH1 protein was detectable in
testes of a homozygous mutant male (Figure 1C). As
expected, homozygous mutant fish develop tumors,
which become visible at ~6 months of age (H. FEITsma
and E. CuppEN, unpublished results).

Male mutant phenotype: Male ml/hl mutant zebrafish
showed normal mating behavior and could induce egg
lays from females, but none of the eggs became fer-
tilized. Histological analysis of the testes revealed that
postmeiosis I stages of spermatogenesis, that is, second-
ary spermatocytes, spermatids, and spermatozoa, as vis-
ible in the wild type (Figure 2A), were completely absent
in the mutant (Figure 2B). In metaphase of meiosis I,
wild-type primary spermatocytes showed strongly con-

densed chromosomes perfectly aligned on the meta-
phase plate (Figure 2A, inset). In contrast, in mutant
primary spermatocytes, chromosomes were dispersed
throughout the nucleus (Figure 2B, inset). Also, in mu-
tant testis groups of cells with strongly condensed nuclei
could be observed, which are cells in apoptosis (Figure
2B). The high incidence of apoptotic spermatocytes in
mutants was confirmed by TUNEL staining (Figure 2D),
while wild-type testis showed very low levels of apoptosis
(Figure 2C).

Quantitative morphometric analysis of testis tissue
components (six males for each group) showed that
apoptotic germ cells were indeed more prominent in
the mutant (Figure 2E; supplemental Table 1 at http:/
www.genetics.org/supplemental/), and a high incidence
of abnormal meiotic figures was observed. More strik-
ingly, we observed a strong accumulation (~150%) of
primary spermatocytes in mutant testis, whereas the
number of spermatogonia did not increase significantly
(Figure 2E; supplemental Table 1). As a result, absolute
and relative (expressed as percentage of body weight)
testis weight was higher in mutants. For all parameters,
no difference between wild-type and heterozygous
animals was observed (data not shown).

Synapsis and crossovers: To analyze further the
progress of prophase I in mlil mutant males, we per-
formed immunocytology experiments on meiotic chro-
mosome spreads of spermatocytes to follow synapsis of
homologous chromosomes. The formation of the SC,
which starts from the chromosome ends in zygotene and
is completed in early pachytene (Figure 3A), was normal
in mutants (Figure 3B). MLHI1 foci, which are at the
positions of crossing over, can clearly be seen in wild-
type spermatocytes (Figure 3A). Their number and
distribution per spermatocyte were similar to previous
findings (MoENs 2006), where 1 or occasionally 2 foci
per synapsed pair were seen, with in total 147 foci on 140
SCs analyzed. As expected, foci were completely absent
in the mutant (Figure 3B).

In diplotene, synaptonemal complex proteins have
dissociated from the chromosomes. In the wild-type sit-
uation, bivalents that are held together by one or two chi-
asmata per chromosome pair could be seen (Figure 3C),
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Ficure 2.—Testis histol-
ogy of mihl /"~ zebrafish. (A
and B) Cross section of
seminiferous tubule in
mlhI*"* (A) and mlhl "~ (B)
zebrafish, showing sper-
matogenic cysts with differ-
ent types of germ cells,
spermatogonia at different
mitotic divisions (SPG), pri-
mary spermatocytes (PS),
first meiotic division (MI),
secondary  spermatocytes
(SS), second meiotic divi-
sion (MII), spermatids
(ST), spermatozoa (SPERM),
and apoptoticspermatocytes
(A). Note the absence of
postmeiosis I stages and the

g
2

M prim. spermatocytes ¥

g 15 presence of apoptotic sper-
1.0

matocytes with strongly con-
densed nuclei in mlhl /"
testis. Inset shows a magni-
fied view of the first meiotic
division. In the wild type,
chromosomes are aligned

mih1++ mih1+

at the cell equator just prior to division. In the mutant, chromosomes are randomly distributed throughout the nucleus.
(C and D) TUNEL staining of mlhI*/* (C) and mihl /7 fish (D). High numbers of apoptotic spermatocytes can be seen in
mutant testis. Wild-type testis shows a very low incidence of apoptosis. (E) Morphometric analysis of testes sections. The mutant
shows a large increase in amounts of spermatocytes and apoptotic cells, but not of spermatogonia.

but in the mutant most chromosomes were present as
univalents (Figure 3D). This indicates a failure in the
stabilization of crossovers.

Female mutant phenotype: MIhI/~ female zebrafish
also showed normal mating behavior. They had average-
size clutches that were normally fertilized. Ovary histol-
ogy revealed no differences from wild type, including
no increased apoptosis (datanotshown). Fertilized eggs
started to develop normally, but embryos showed high

rates of dysmorphology and lethality within the first
days postfertilization (dpf) (Figure 4A). Only 1-20% per
cross were still alive and healthy at 7 dpf.

We crossed a mutant female with a wild-type male and
genotyped 44 of their progeny at 24 hpf for the point
mutation in the mlhl gene. Heterozygosity at this po-
sition for all embryos was expected, but in contrast to
that we observed that a large fraction have two or no
copies of the maternal allele, as quantified by the peak

FIGURE 3.—Chiasmata formation but not syn-
apsis is defective in mlhl ™/~ spermatocytes. (A
and B) Twenty-five synapsed pairs of chromo-
somes are visible in pachytene spermatocytes of
both wild-type (A) and mutant males (B). SCs
and centromeres (cen) are stained with green
fluorescence, labeled with FITC. MLLH1 is fluores-
cent red with rhodamine. One or two distinct
MLHI1 foci per synapsed pair can be seen in
wild-type cells, but are absent in mutants. (C
and D) DAPI-stained metaphase spermatocytes
have bivalents in wild types (C) and mostly univa-
lents in mihl /- mutants (D).
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height in the sequence trace (Figure 4B), indicating
chromosomal missegregation. To extend this observa-
tion to other chromosomes, we selected a set of SNPs
that were distributed throughout the genome (GURYEV
et al. 2006) and homozygously different between the
parental mih1 /- female and the wild-type male. This set
covered 22 of 25 zebrafish chromosomes. Quantitative
SNP analysis on 16 4-day-old embryos of a cross of these
two animals revealed that all 16 deviated severely from
the normal diploid chromosome number (Table 1),
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4 dpf but were clearly
malformed and/or did not
develop a swim bladder.
Category C (n = 65) con-
tained only healthy embryos
at 4 dpf. The frequency of
0, 1, or 2 maternal chromo-
somes is plotted for each
category. (D and E) Chro-
mosome spreads of cells of
24-hpf embryos. Embryos
from wild-type females (D)
have the normal diploid
number of 50 chromosomes
per cell. Embryos from mu-
tant females (E) have abnor-
mal chromosome numbers,
up to 75, which is equal to
triploidy.

-

J
o

’c.l’?u

showing missegregation of on average 14 of 22 chromo-
somes. This effect could always be assigned to the
maternal contribution of chromosomes, as in all cases
only a single paternal copy was present for each chro-
mosome. As a comparison, only 3 cases of 36 progeny
from heterozygous females were aneuploid and no an-
euploids were found in 30 progeny from wild-type
females (Table 1). A second category of SNPs, being
heterozygous in the mutant female, was used to be
able to distinguish the two maternal homologs of
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TABLE 1

Aneuploidy and triploidy in progeny of mihl /- females

Maternal genotype No. of polymorphic No. of chromosomes % % %
(no. of embryos)“ markers’ covered’ euploid’ aneuploid® triploid*
—/— (16) 48 22 0 75 25
+/— (36) 31/51/40° 19/21/17¢ 92 8 0
+/+ (30) 34 16 100 0 0

“Progeny of three outcrosses with females of the indicated genotype and wild-type males was genotyped for
96 SNP markers. The number of embryos assayed per genotype is given in parentheses.

"The number of polymorphic loci and hence the number of chromosomes covered differs between crosses
because different founders were used and zebrafish are highly outbred.

“Progeny was classified as euploid when all markers gave the expected 1:1 heterozygote ratio for all SNPs and
as aneuploid when at least one marker revealed only the paternal allele or when the ratio between male vs.
female alleles was 1:2. Triploidy was assigned to those embryos for which all polymorphic markers had a 1:2

ratio between male and female alleles.
“Three different crosses were used.

a chromosome. We found that in trisomies always both
maternal alleles were present, indicating a meiosis I
defect and not meiosis II (data not shown).

Surprisingly, 4 of the 16 mutant progeny had two
maternal copies of each chromosome tested, together
with one set of paternal chromosomes, which strongly
suggests a complete triploid genome (Table 1). To de-
termine the effect of triploidy on embryonic survival, we
assigned categories of embryos with increasing survival
rates and typed embryos from five pair crosses for
two SNPs on two different chromosomes (Figure 4C).
Category A (n = 407) contained all embryos that died
before day 4 or were unable to hatch. Category B (n =
63) embryos had hatched at 4 dpf but were clearly
malformed and/or did not develop a swim bladder.
Finally, category C (n = 65) contained only healthy
embryos at 4 dpf. Embryos from category A had no or
two maternal copies of the analyzed chromosomes in
~50% of the cases. For a single embryo this would mean
thatit has no or two maternal copies of around half of its
chromosomes. Embryos that survived longer in general
had more chromosomes. Category B embryos had one
or two maternal chromosomes and embryos from C had
two maternal copies of both chromosomes in 100% of
the cases. The latter will thus most likely have two
maternal copies of all chromosomes and will therefore
be the triploid embryos. Indeed, the fraction of embryos
in category Cis similar to the fraction of triploids found
in the more extensively genotyped set.

To confirm the abnormal chromosome numbers, we
performed chromosome counts in cells of 24-hpf
embryos of similar crosses. Offspring from wild-type
females had the normal diploid number of 50 chromo-
somes per cell (Figure 4D). In mutant female progeny
different cells of one embryo had the same chromo-
some number, but this number varied greatly between
embryos (Figure 4E). We also observed cases of 75
chromosomes per cell, confirming the frequent exis-
tence of fully triploid embryos.

Triploid progeny: From a new cross of an mlhl /-
female with a wild-type male, we followed the embryos of
the triploid category over a longer period. From 20
healthy embryos at 7 dpf, 17 survived until adulthood
with normal appearance, and all were males. Partial
SNP typing confirmed triploidy in 16 of these animals.
These 16 males had greatly reduced fertility. Some were
completely infertile, others were able to fertilize at max-
imum 3% of eggs, and all eggs that were fertilized
developed dysmorphologically and died before 7 dpf.

Morphological analysis of testes showed that mitotic
proliferation of germ cells appeared normal in the
triploid males. However, although some germ cells were
able to go through both meiotic divisions and in some
animals a few mature sperm were found, overall only
very low counts of spermatids and spermatozoa were
observed (Figure 5, A and B). Furthermore, abundant
apoptosis of primary spermatocytes was seen (Figure 5,
A and B), as well as an unusual cellular composition of
cysts during the second meiotic division, in which cells
had lost synchrony and were in different developmental
stages (Figure bA, inset). Silver-stained spermatocyte
spreads revealed that synapsis was strongly disorganized
in triploid animals (Figure 5D) as compared to wild type
(Figure 5C). Obviously, >25 chromosomal structures
are present in the triploid, and irregular synapsis figures
can be seen.

DISCUSSION

To obtain better insight into the role of MMR proteins
in meiotic processes, we have generated zebrafish that
are deficientin MLH1 protein. We found that male mih1
mutants are sterile because spermatogenesis is arrested
at the primary spermatocyte stage. A defectin chiasmata
formation causes chromosomes to be unpaired at meta-
phase I, and therefore no proper chromosome align-
ment, spindle attachment, and subsequent cell division
are possible. This indicates that the function of MLH1
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in zebrafish is similar to that in mammals and is
associated with stabilization of recombination sites that
are repaired via crossing over. The time point of arrestin
mutant males is also similar to what was reported in mice
(EAKER et al. 2002). The defect in formation of crossing
overs occurs already in late pachytene, but it is recog-
nized as a problem by the cell only in metaphase, when
the high number of univalents does not allow cell
division to progress. Apparently, after synapsis, spindle
assembly is the next checkpoint for meiotic division.

We observed a large accumulation of primary sper-
matocytes in mutant testes. This was also reported for
mouse, albeit not in a quantitative manner (EAKER et al.
2002). The accumulation reflects a prolonged period
during which mutant cells are arrested, eventually
leading to apoptotis. We did not observe a significant
difference in the amount of spermatogonia, indicating
that the mitotic stages of spermatogenesis proceed nor-
mally. Even though the fate of spermatocytes in zebra-
fish resembles that in mouse mlhl loss-of-function
mutants, a difference was observed with respect to the
mutants’ testis weight, which increased in zebrafish but
decreased in mice (EDELMANN et al. 1996; LIPKIN et al.
2002). A possible explanation for this difference may be
found in a different relative capacity of Sertoli cells to
remove dead germ cells, which could be lower in
zebrafish. On the other hand, there was very little
cellular debris in the tubular lumen of zebrafish mutant
testes, indicating that the Sertoli cells’ capacity was not
oversaturated.
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F1GURE 5.—Triploid males have
low fertility due to synapsis prob-
lems. (A and B) Cross sections
of seminiferous tubules in infer-
tile (A) and fertile (B) triploid
zebrafish, with spermatogonia
(SPG), primary spermatocytes (PS),
second meiotic division (MII),
and apoptotic germ cells (A). In-
set in A: magnification of second
meiotic division; note the con-
comitant presence of secondary
spermatocytes, cells in second
meiotic division, and spermatids.
Inset in B: magnification of sper-
matozoa in the efferent ductules.
(C and D) Synapsis in triploid
spermatocytes (D) is strongly dis-
organized as compared to that
in wild type (C). Irregular synap-
sis figures are indicated by arrow-
heads.

In females, the situation in zebrafish is markedly
different from that in mammals, as female mliI mutant
zebrafish show normal fertility. This seems, however,
rather a result of zebrafish biology than of the existence
of different mechanisms in zebrafish. Mouse female
mihl mutants do have a normal ovary and fully de-
veloped oocytes. A small part of these oocytes is able to
ovulate and extrude the first polar body, which means in
fact that they can finish meiosis I, despite the lack of
chiasmata (EDELMANN et al. 1996; Woobs et al. 1999).
The result is an aneuploid oocyte, which, upon fertiliza-
tion, is hardly able to finish the second meiotic division
and subsequent mitotic divisions (Woobs et al. 1999).
Oocytes from zebrafish mlhl mutants show the same
error-prone finishing of meiosis I resulting in aneuploid
eggs. The difference in this model is that after fertiliza-
tion the embryo makes little use of its own genome
initially, but instead develops on maternally supplied
mRNAs and proteins from the yolk. Transcription from
the zygotic genome does not commence before ~3 hpf
(Durry et al. 2005) and maternal supplies are active
until much later (WAGNER et al. 2004). In this respect,
severe aneuploidy would be tolerable during the first
hours of development. Only after the embryonic ge-
nome “starts up” will problems caused by abnormal
chromosomal content become manifest. This has also
been seen in other cases, such as for the futile cycle
mutant, in which oocytes fail to undergo nuclear
division but continue cell division, resulting in many
anucleate cells (DEKENS et al. 2003).
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The difference between sexes in this case is more
striking, but this has been reported for many meiotic
mutants (reviewed in HUNT and HassoLp 2002). Male
meiosis is an ongoing, regulated process that can be
highly selective on gametes as they are produced in
large numbers in successive generations during the
male’s reproductive life. Female meiosis is much more
programmed, producing only one generation of oo-
cytes during development, which is stored in dictyotene
until ovulation. To reproduce, the female needs oocytes
of this pool to finish meiosis, but that comes with a cost
of higher error rates. Recent studies on zebrafish female
meiosis suggest that also in zebrafish, oogenesis takes
place predominantly in young females (N. KOCHAKPOUR,
personal communication). The differences in female
fertility phenotypes in the different MMR mutants can
also partly be explained as a difference in timing of the
defects. In mlhl mutants, for both sexes the problem
occurs in pachytene, but the defect becomes noted only
in metaphase. In oogenesis, however, dictyotene arrest
is in diplotene, so just prior to the problem. The first
meiotic division is finished only at ovulation. This ex-
plains why female mutants still have adult germ cells and
males do not. It contrasts with msh4 and msh5> mouse
mutants, where the defect already occurs in zygotene
and early pachytene, and well before diplotene, and
where female mutants do not have oocytes. We predict
that female msh4 mutants in zebrafish would also be fully
sterile.

We found that progeny from mihl~’~ females had
high levels of aneuploidy. The overall frequency of
missegregation of chromosomes was close to 50%,
which suggests random chromosome segregation. That
is consistent with the observed unpairing of homologs
in male zebrafish and male and female mice, due to the
absence of chiasmata. As a result, chromosomes are
dispersed throughout the nucleus in metaphase of
MLH]1-deficient spermatocytes. In the subsequent di-
vision each chromosome might randomly go to either
side, which would result in an average missegregation
frequency of 50%. However, the chance then for all
chromosomes to go to one side, which would result in
triploid embryos, would be (0.5)* = <107, We find
triploids at a much higher frequency of up to 25%.
Several processes could be proposed to explain the high
frequency of triploids. Possibly, mechanisms exist to
circumvent meiotic problems and one of them could be
complete skipping of the first meiotic division when it is
strongly delayed due to, for example, spindle defects. In
this case, however, we do also see many cases where
embryos are close to triploidy but miss one or more
chromosomes. Another explanation could be that
chromosomes have a tendency to go to one spindle
pole. An important characteristic of female meiosis is
that both divisions have the spatially unequal result of
an oocyte of original size and a small polar body. If
chromosomes are not aligned at the metaphase plate

but are randomly spaced, they might not be pulled
properly to the polar body pole. Then it would be
spatially more likely that most chromosomes stay within
the oocyte. In line with this, human embryos resulting
from maternal meiosis I missegregation commonly had
extra chromosomes rather than missing chromosomes
(KurLiev and VERLINSKY 2004). In addition to this,
monopolar spindles are frequent in female gametes
(Woobs et al. 1999), but absent in males. More gen-
erally, one could also speculate that it could be an
advantage to keep most chromosomes in the oocyte and
less in the polar body, since the latter will be degraded
anyway. In our study we did, however, also see embryos
with <25 chromosomes from the mother, which indi-
cates that this does not hold true for all cases.

Interestingly, triploid but not aneuploid zebrafish
embryos were found to develop normally. The fact that
they were all males is striking, but the numbers are too
small to draw conclusions, as sex ratios in zebrafish are
known to vary highly between crosses. Breeding of more
triploid zebrafish is necessary to verify if this is a fully
penetrant phenotype. Polyploid individuals of many
lower animal species and plants are viable (MENEELY
1994; MARIAN 1997; HENRY ef al. 2005), but in mammals
they generally are not. However, in humans, where trip-
loidy is often due to double sperm fertilizations, triploid
embryos reach further developmental stages than most
aneuploid ones, and rare cases of shortly surviving triploid
humans have been reported (HASEGAWA et al. 1999).

Triploidy in fish can be induced by applying early
pressure or heat shock of oocytes to block the second
meiotic division (MARIAN 1997; M1ZGIREUV ef al. 2004).
In zebrafish, gametogenesis has not been studied before
in triploids, but in rainbow trout (CARRASCO et al. 1998)
and sea bass (FELIP et al. 2001) it was shown to result in
compromised fertility. As expected, we now also see in
zebrafish that spermatogenesis is impaired due to dis-
organized synapsis, which is a logical consequence of
the odd chromosome number. Apparently, spermato-
genesis is not completely blocked, but the few resulting
spermatozoa are aneuploid, resulting in nonviable
embryos upon fertilization.

Taken together, we illustrate the versatility of zebra-
fish as a model for studying meiotic processes and
defects. Our results on meiotic segregation problems in
zebrafish show interesting similarities to mechanisms
underlying human miscarriages, especially with respect
to the female origin of aneuploidies and the substantial
fraction of triploids within those.
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