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The Arabidopsis MutS homolog AtMSHS is required for
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MSHS, a member of the MutS homolog DNA mismatch repair protein family, has been shown to be required for
proper homologous chromosome recombination in diverse organisms such as mouse, budding yeast and Caenorhab-
ditis elegans. In this paper, we show that a mutant Arabidopsis plant carrying the putative disrupted AtMSHS5 gene
exhibits defects during meiotic division, producing a proportion of nonviable pollen grains and abnormal embryo
sacs, and thereby leading to a decrease in fertility. AtMSHS5 expression is confined to meiotic floral buds, which is
consistent with a possible role during meiosis. Cytological analysis of male meiosis revealed the presence of numerous
univalents from diplotene to metaphase I, which were associated with a great reduction in chiasma frequencies. The
average number of residual chiasmata in the mutant is reduced to 2.54 per meiocyte, which accounts for ~25% of the
amount in the wild type. Here, quantitative cytogenetical analysis reveals that the residual chiasmata in Atmsh5 mu-
tants are randomly distributed among meiocytes, suggesting that 4¢zMSH5 has an essential role during interference-
sensitive chiasma formation. Taken together, the evidence indicates that AtMSHS promotes homologous recombina-

tion through facilitating chiasma formation during prophase I in Arabidopsis.
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Introduction

Eukaryotic cells such as those from yeast, Caenorhab-
ditis elegans, mice, humans and Arabidopsis possess
DNA mismatch repair (MMR) proteins. These MMR
proteins are crucial to the fidelity of both DNA replica-
tion and the chromosome interactions that involve a se-
ries of interrelated events, including chromosome paring,
synapsis and recombination. They are classified as MutS
and MutL homologs, which refer to the Escherichia coli
MutS and MutL post-replicative MMR model systems
[1]. MutS proteins are heterodimers that recognize and
bind mismatched base pairs that arise from erroneous
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DNA replication or from recombination, whereas MutL
may act as a bridging factor that binds to the DNA-MutS
complex and is required for triggering excision and re-
synthesis of the error-containing DNA strand [2].

In the budding yeast Saccharomyces cerivisiae, there
are six MutS homologs. Five of these genes (Msh2-6) en-
code proteins that act on nuclear DNA, whereas Mshl is
required for the stability of the mitochondrial genome [3,
4]. Unlike other MutS family members, Msh4 and Msh5
do not need to recognize mismatched base pairs; instead,
it has been proposed that the ability to recognize aberrant
DNA structures is modulated in these proteins through
evolution. They can recognize recombination intermedi-
ates such as Holliday junctions, which are four-stranded
DNA structures, and reduce the free energy of these
intermediates to facilitate recombination [5, 6]. Mutants
of Msh4 and/or Msh5 display reduced levels of meiotic
crossover and spore viability by as much as 30-50% of
the wild type.

Homologs of Msh4 and/or Msh5 have also been found



@ AtMSH5 in meiosis

590

in nematodes [7], mice [8, 9], humans [10, 11] and Ara-
bidopsis [12]. It has been reported that MSH4 and MSH5
function in mammals in a similar way to yeast; they
function as heterodimers to specifically promote cross-
ing-over during meiotic recombination. Mouse MSHS is
required for chromosome pairing and synapsis in male
and female meiosis [8, 9] and can physically interact
with MSH4 to form heterodimers [13]. Mice that carry
disrupted Msh5 have been reported to display defective
chromosome synapsis, resulting in testicular and ovarian
degeneration and, therefore, male and female sterility
[8]. In humans, genetic variations in MSHS are associ-
ated with IgA deficiency and common variable immune
deficiency, which are probably due to the regulation of Ig
class switch recombination [14].

Previously, a homology-based search revealed seven
MutS homologs, which were designated AtMSHI-7, and
at least four MutL homologs, AtMLH1, AtMLH3, AtML-
HX and AtPMS1, in Arabidopsis. AtMSH1 is involved in
maintenance of the mitochondrial genome [15]. AAMSH2
has an anti-recombination effect, which is a function of
homolog sequence divergence [16], and is essential for
maintaining nuclear genome integrity during diploid
growth by limiting the accumulation of insertion/dele-
tion mutations during seed-to-seed propagation [17].
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Arabidopsis plants deficient in AtMSH4 exhibited normal
vegetative growth but severe reduction in fertility, which
is consistent with delayed and incomplete chromosome
prophase I synapsis. Moreover, metaphase I chiasma
frequency was greatly reduced to as much as ~15% of
the wild type, leading to univalence and nondisjunction.
However, although it is known that AtMSH2-AtMSH3,
AtMSH2-AtMSH6 and AtMSH2-AtMSH7 form het-
erodimers and bind to various forms of DNA base pair
mismatches [18], the biological function of other Ara-
bidopsis MutS homologs, including AtMSH3, AtMSHS,
AtMSH6 and AtMSH?7, awaits further investigation.

In this study, we demonstrate that an Arabidopsis
T-DNA insertion mutant A¢fmsh5 exhibits defects in male
meiosis, which include the presence of numerous uni-
valents, a random distribution of residual chiasmata and
decreased levels of chiasma frequency during prophase |
of meiotic division.

Results

Isolation and characterization of a T-DNA insertion At-
mshS5 mutant

In our previous study of the gene expression pattern of
AtNPC2 (unpublished observations), the promoter fused

i -

Figure 1 Phenotypic characterization of the T-DNA insertion mutant. (A) Schematic representation of the NPC2 promoter
GFP-GUS fusion construct. The scheme illustrates the construct structure only, and is not to scale. LB and RB represent the
left border and right border on T-DNA. attB1 and attB2 represent the two short stretches of sequences that participate in the
recombination reaction of the Gateway system. T35S indicates 35S terminator. (B) Wild-type plant. (C) T-DNA insertion mu-
tant plant, with vegetative growth that is similar to that of the wild type. (D) Wild-type flower. (E) T-DNA insertion mutant flower
in which all flower organs appear normal. (F) Siliques of the wild-type plant. (G) Siliques of the T-DNA insertion mutant are
smaller than those of the wild type. (H) A dissected silique of the wild type, showing normal developing seeds. (l) A dissected
silique of the T-DNA insertion mutant, showing only a few developing seeds.
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Figure 2 AtMSH5 gene structure and its homologs from humans, mice and C. elegans. (A) Exon/intron structure of the At-
MSHS5 gene. Solid black boxes represent exons. 5' UTR and 3' UTR are shown in solid red boxes. The triangle indicates the
site of T-DNA insertion, and the two arrows show the positions of the primers that were used for RT-PCR analysis of AtIMSH5
expression (Figure 3). (B) Alignments of the deduced amino-acid sequences of AtMSH5 with its homologs in humans, mice
and yeast. These four MSH5 homologs were aligned using the ClustalW program from the European Bioinformatics Institute
(http://www.ebi.ac.uk/clustalw/). 3-level conservation shading was accomplished using the GeneDoc program. Residues that
are conserved across all four sequences are shaded black; residues that are conserved across two or three sequences are
shaded light gray or dark gray, respectively. Consensus sequences are shown underneath; conserved amino-acid groups are
as follows: 1 = DN, 2 = EQ, 3 = ST (hydroxylated), 4 = KR (basic), 5 = FYW (aromatic) and 6 = LIVM (aliphatic or M).
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with the GFP-GUS gene was transformed into Arabi-
dopsis (Columbia) via Agrobacterium-mediated transfor-
mation (Figure 1A), and tens of independent transgenic
plants were obtained. One of these transgenics resembled
the wild type during vegetative development under
normal growth conditions, and its flowers had normal
morphology, including normal floral organ identity and
number (Figure 1B-1E). However, drastically reduced
silique length and seed-set, compared with the wild type,
was observed in this transgenic (Figure 1F-11), which
is indicative of probable fertility defects. Mean silique
length was reduced to 7.5 = 0.59 mm in the transgenic
(n =150 from 10 individual plants), compared with 12.0
+ 0.54 mm in the wild type, and the mean seed-set was
only 9 £ 1.34 per silique, accounting for 16.6% of the
normal seed-set in the wild-type Columbia ecotype (n =
150 from 10 individual plants). Some of the mutant seeds
were abnormal in appearance with dark (red arrow) and
shrunken (red arrowhead) seed coats (Figure 11).

To identify the gene that is mutated in the transgenic,
we sought to identify the position of the T-DNA insertion
through PCR-walking (see Materials and Methods). Two
PCR products were obtained using Scal- and EcoRV-
digested genomic DNA as templates. Sequencing of
the two PCR products confirmed the T-DNA insertion
and precisely mapped both of the products to a po-
sition 87 523 bp along the BAC clone MQC1 (locus
At3g20475). Results from an NCBI blast search indicate
that this locus encodes a putative Arabidopsis thaliana
MutS-like protein 5 (AtMSHS), and that the T-DNA has
inserted into exon 33 (Figure 2A). The T-DNA inser-
tion was confirmed through amplification of the flanking
region using the primer specific to the left border of the
T-DNA and the primer specific to the genomic DNA se-
quences that were isolated through PCR-based walking.
PCR amplification from genomic DNA of the homozy-
gous mutant line confirmed the absence of the wild-type
allele (data not shown). RT-PCR analysis using the gene-
specific primers did not detect AtMSHS transcripts even
after 33 cycles of amplification in the T-DNA insertion
mutant (Figure 3).

S L F

B Atmshb
AtMSH5
TUB4
Figure 3 AtMSH5 expression is tissue specific. RT-PCR analy-
sis of AtMSHS5 transcript expression in the wild-type leaf (L),
stem (S), open flower (F) and meiotic floral bud (B), and in the

Atmsh5 mutant meiotic floral bud (mut). The tubulin gene was
used as a control.

To confirm the causal relationship between disruption
of the AtMSHS5 gene and reduced fertility, the AtmshS
mutant was crossed with the wild-type male or female
parent, and co-segregation of the phenotype with the
genotype was analyzed in the F2 progeny. As many as 92
F2 progeny were genotyped using both the T-DNA left
border specific primer and the primers designed against
the AtMSHS5 genomic DNA sequence to detect the homo-
zygosity of the mutated 4tMSH5 gene; they were then
phenotypically scored for their fertility. The results show
that the mutation was monogenic and recessive, and that
the T-DNA insertion in the AtMSHS5 gene was tightly
linked with the mutant phenotype (P < 0.001) (data not
shown).

The gene structure of Arabidopsis MSH5

To identify the gene structure of the putative MSHS
in Arabidopsis, 5'- and 3’-RACE PCR analyses were
performed to isolate full-length cDNA using primers
specific to parts of the coding region sequences, and the
results confirmed the cDNA sequences with open read-
ing frames of 2 424 bp, released by Genbank (accession
number EF471448).

Aligning the cDNA sequence against the published ge-
nomic DNA sequence of At3g20475 (TAIR) allowed the
determination of the intron/exon gene structure. AtMSHS
comprises 34 exons and 33 introns (Figure 2A), of which
there are 14 exons smaller than 50 bp. This is different
from the predicted gene structure, which contains only
14 exons that are 990 bp long and 13 introns (NM112939).
The predicted gene omits the experimentally derived ex-
ons 1-20, and the predicted 5’ UTR falls into exon 20.

AtMSHS comprises conserved MutS domains

The AtMSHS5 open reading frame encodes a predicted
protein that consists of 807 amino-acid residues with
a molecular mass of 91.09 kDa and a theoretical pl of
5.08. Comparison of this amino-acid sequence with other
MutS homologs that are deposited in the Genbank data-
bases indicated that it is most related to human MSHS5,
with 31% identity and 50% similarity (Figure 2B). It also
has significant homology with MSHS5 in mouse (30%
identity and 50% similarity) and in yeast (29% identity
and 47% similarity). A motif scan (http://myhits.isb-
sib.ch/cgi-bin/motif scan) indicated that there is one
ATP/GTP binding site (residues 569-576, also named the
p-loop), and some highly conserved domains, includ-
ing one MutS family signature (residues 642-658), one
MutS domain II (residues 13-41), two MutS domain III
(residues 180-283 and 476-520), one MutS domain IV
(residues 371-392) and three MutS domain V (residues
523-610, 635-661 and 562-576). These domains are
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present in meiosis-specific MutS homologs from yeast,
humans and C. elegans. However, AtMSHS is devoid of
MutS domain I, which is critical for MMR activity. At-
MSHS also contains an ATPase domain, encompassed in
domain V, with an ATP/GTP binding site (GPNYSGKS).

AtMSHYS expression is tissue-specific

Expression of the AtMSHS5 transcript was examined in
different tissues using RT-PCR with gene-specific prim-
ers. Transcript expression was detected only in young
floral buds at the meiotic stage, not in open flowers or
vegetative tissues such as stems and leaves (Figure 3).
This indicates that 4tMSH5 may play an important role
in meiosis during a very narrow developmental window.
These results are in accordance with those from other
species such as yeast, where the expression of MSHS is
detectable only during meiosis [5], and mouse, where the
expression of MuMSHS is limited to the testes and ova-
ries [8].

Male and female fertility is affected in Atmsh5 mutants

In order to examine the effects of A#msh5 mutation
on male and female fertility, five Atmsh5 homozygous
mutant plants were used as either the female or the male
parent crossed with five wild-type plants. When the mu-
tant was the female parent, there were 8 seeds per silique
on average (n = 20), among which 30% were found to be
abnormal in appearance. When the mutant was the male
parent, 12 seeds per silique were observed on average
(n = 15), among which 33% were abnormal (dark and
shrunk). These crosses indicate that both male and fe-
male fertility is impaired in the Atmsh5 mutant.

The viability of the Atmsh5 pollen grains was checked
using Alexander’s staining solution. Almost half of the
pollen grains were not viable (376 out of 707 mutant pol-

Figure 4 Pollen viabilities of the wild type and the Atmsh5 mu-
tant. Anthers of the wild type (A) and the Atmsh5 mutant (B),
which are stained with Alexander’s solution. The red-purple-
stained cytoplasm indicates viable pollen grains, whereas the
pollen cell wall is counterstained in green and the dead pollen
grains are stained blue.
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Figure 5 Ovule development revealed by confoncal laser scan-
ning microscopy (CLSM) in wild-type and Atmsh5 mutant plants.
(A) A wild-type female gametophyte at stage FGO. (B) An At-
mshb female gametophyte at FGO. (C) A mature ovule from a
wild-type plant. (D) A one-functional megaspore embryo sac
from an Atmsh5 mutant plant. (E) An ovule without embryo sac
from a Atmsh5 mutant plant. MMC, megaspore mother cell; AN,
antipodal nucleus; CN, central cell nucleus; EN, egg nucleus;
SN, synergid nucleus; V, vacuole; FM, functional megaspore;
DM, degenerating megaspore.

len grains: 53.2%), as indicated by blue staining (Figure
4). Embryo sac development was also perturbed in the
Atmsh5 mutant. In wild-type ovules, a single nuclear cell
differentiates into the megaspore mother cell (MMC)
(Figure 5A) and undergoes meiosis to produce four
haploid megaspores, only one of which survives. This
functional megaspore undergoes three mitotic divisions
to produce an eight-nuclei coenocytic embryo sac, which
will then cellularize into a seven-celled embryo sac
(Figure 5C). Wild-type and Atmsh5 mutant pistils were
investigated using confocal laser scanning microscopy
(CLSM). At the MMC stage, there was no difference
between the wild type and the mutant (Figure 5A and
5B). At the mature female gametophyte stage, however,
only 15% (n = 500) of the mutant ovules displayed nor-
mal female gametophytes. Embryo sacs containing one
functional megaspore or one cell were observed in the
remaining abnormal ovules in the mutant (Figure 5D and
5E).

Disruption of AtMSHYS causes abnormal male meiosis

As the mutant had shorter siliques and less seed-set
than the wild type, it is speculated that AtMSHS5 may
be necessary for normal meiosis. Male meiosis in wild-
type and mutant plants was compared using chromosome

593



@ AtMSH5 in meiosis

594

spreads stained with 4’,6-diamidino-2-phenylindole
(DAPI). In wild-type plants, male meiosis I started with
the condensation of chromatin, forming distinct thin
chromosome threads at the leptotene stage (Figure 6A)
and undergoing synapsis at the zygotene stage (Figure
6B). Juxtaposed homologs were observed at the pachy-
tene stage (Figure 6C). Chromosomes then underwent
further condensation at the diplotene and diakinesis stag-
es (Figure 6D and 6E) and aligned at the division plane
at metaphase I (Figure 6F). At anaphase I, homologous
chromosomes segregated and moved to opposite poles
(Figure 6G), and eventually tetrads formed at anaphase II
(Figure 6H-6L). In mutant plants, the early development
stages of meiotic nuclei, in other words from leptotene
to pachytene, appeared to proceed normally (Figure
7A-7C). The presence of unpaired homologous chromo-
somes was observed at the diplotene stage in the mutant
(Figure 7D), and numerous univalents were observed
at diakinesis/metaphase I (Figure 7E and 7F), which is
in contrast to the five bivalents that were observed dur-
ing the corresponding meiotic stages in the wild-type
meiocytes (Figure 6E and 6F). At metaphase I in the mu-
tants, the bivalents aligned at the equator of the spindle,
whereas the univalents were distributed randomly (Figure
7F), behaving differently from the wild type (Figure 6F).
During anaphase I, the univalents segregated abnormally,
resulting in an uneven distribution of univalents (Figure
7G and 7H). At anaphase II, segregation of the sister
chromotids was also disturbed (Figure 7J and 7K), char-

Figure 6 Male meiosis in wild-
type Arabidopsis plants. (A)
Leptotene stage. (B) Zygotene
stage. (C) Pachytene stage.
(D) Late diplotene stage. (E)
Diakinesis stage. (F) Meta-
phase | stage. (G) Anaphase |
stage. (H) Telophase | stage. (l)
Metaphase Il stage. (J) Ana-
phase Il stage. (K) Telophase
Il stage. (L) Tetrad stage. “a”
indicates double crossover bi-
valents. Bar = 10 um.

acterized strikingly by the presence of abnormal numbers
of chromosomes in polyads (Figure 7L). It was found
that there were often three to six nuclei formed in the
mutant meiotic cells in contrast to four in the wild type.
Taken together, the characteristics of the resulting mutant
nuclei with abnormal chromosome numbers may account
for the reduction in pollen viability and fertility described
previously.

The Atmsh5 mutant exhibits reduced numbers of chias-
mata and bivalents

At prophase I, the mutant meiocytes exhibited a re-
duction in chiasma frequency compared with the wild-
type meiocytes. The structure of the bivalents was used
to count the chiasmata as described by Sanchez-Moran et
al. [19]. The distribution of the number of chiasmata per
cell in the Atmsh5 mutant and in the wild type is shown
graphically in Figure 8. Counts from 50 Afmsh5 mutant
pollen mother cells from 5 inflorescences showed an av-
erage of 2.54 chiasmata per cell (0.51 per chromosome
pair), compared with an average of 9.85 chiasmata per
cell in wild-type meiocytes (1.97 per chromosome pair)
(Figure 8A and 8B). In fact, 12% of Atmsh5 mutant cells
lacked chiasmata completely. As expected, this resulted
in frequent errors in chromosome segregation and nuclei
with variable chromosome numbers from both the first
and second division (Figure 7). Despite the low mean
chiasma frequency in the Afmsh5 mutant, the number of
chiasmata per cell was variable, ranging from 0 to 8. The
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number of chiasmata per wild-type meiocytes (n = 67)
was close to the average, and never less than 8 nor more
than 12 chiasmata per cell (Figure 8A). As numerous
univalents were present in the AfmshS5 mutant meiocytes
at late prophase I to metaphase I (Figure 7E and 7F), we
next counted the number of bivalents on a single-celled
basis. Among 50 Atmsh5 meiocytes at the diakinesis
stage, 12% had no bivalents; 32%, 26%, 24%, 6% and
0% of the meiocytes were found to have 1, 2, 3,4 and 5
bivalents, respectively, with an average of 1.8 bivalents
per cell, compared with an average of 4.95 bivalents per
cell in the wild type (Figure 8C).

Finally and more importantly, the chiasma distribu-
tion in the Armsh5 mutant was found to be close to the
predicted Poisson distribution (y’ = 9.08, P > 0.1) (Fig-
ure 8B), suggesting a near random distribution of these
residual chiasmata among cells. However, in the wild
type, chiasma distribution deviated significantly from the
predicted Poisson distribution (¢’ = 117.53, P < 0.001)
(Figure 8A).

Discussion

Unlike the MSHI and MSH?2 families of MutS homo-
logs, in various organisms, including yeast, mice, C. el-
egans and humans, MSHS5 has been reported to be essen-
tial for the interrelated and consecutive events that occur
during meiosis, such as chromosome pairing, synapsis
and recombination, rather than to be involved in DNA
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MMR in somatic cells. To our knowledge, the function
of the MutS homolog MSHS in plants has not yet been
characterized. In this report, we describe the phenotype
of an Arabidopsis mutant, Atmsh5. The mutant exhibits a
drastic reduction in fertility, embodied by a smaller seed
set and fewer viable pollen grains in the anthers than
found in the wild type. Cytological observations of pol-
len mother cells over a range of meiotic stages revealed
that abnormal meiosis occurs in the Atmsh5 mutant. In
addition, quantitative cytogenetical analysis of chiasma
frequency and distribution shows that the residual chi-
asmata in Atmsh5, about 25% of the number in the wild
type, are randomly distributed among the meiocytes.
AtMSHS contains several conserved MutS domains.
MutS domain I is the mismatch recognition site, and its
absence eliminates recognition of mismatched DNA bas-
es, as evidenced by the crystal structures of MutS-DNA
complexes [20-22]. This domain is present in all MutS
homologs and has an important role in MMR [23]. The
absence of MutS domain I from AtMSHS5 leads us to pro-
pose that AtMSH5 may not be involved in MMR. MutS
domain II is a conserved intervening region that has been
proposed to have a structural role, linking MutS domain
I to DNA-association domain [20-22], and resembling
RNase H and RNase H-like domains [24]. MutS domain
111 is entirely a-helical and central to the MutS structure,
and is directly connected to domains II, IV and V by pep-
tide bonds; it shares its most extensive interdomain con-
tacts with domain V [22]. MutS domain IV is involved in

Figure 7 Male meiosis is
disrupted in Atmsh5 mutant
plants. (A) Leptotene stage. (B)
Zygotene stage. (C) Pachy-
tene stage. (D) Late diplotene
stage. (E) Diakinesis stage. (F)
Late metaphase | stage. (G)
Anaphase | stage. (H) Telo-
phase | stage. (I) Metaphase I
stage. (J) Anaphase |l stage.
(K) Telophase Il stage. (L)
Polyads stage. “b” indicates
single crossover bivalents and
“u” indicates univalents. Bar =
10 pum.
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Figure 8 Distribution of chiasmata and bivalents in wild-type
and Atmsh5 mutant meiocytes. The frequency of chiasmata per
meiocyte in the wild type (A) and in the Atmsh5 mutant (B) is
shown. OD, observed distribution. PD, predicted Poisson distri-
bution. The frequency of bivalents per meiocyte in the wild type
(white bars) and in the Atmsh5 mutant (black bars) is presented
in (C).

DNA binding by clamping DNA crossovers or Holliday
junctions, and is independently folded and appended to
the core of MutS by flexible peptide linkages and limited
interactions, which indicates a possibility for domain re-
arrangement [22, 25]. Domain V contains the helix-turn-
helix motif that is involved in dimerization and ATPase
activity [22, 26].

Loss of Msh5 function in yeast leads to a specific defi-
cit in crossover recombination events, but cells progress
through meiosis and sporulate efficiently [5]. Likewise,

progression through the meiotic prophase remains largely
unperturbed in the C. elegans msh5 mutant, leading to
completion of meiosis and consequent survival of germ
cells, apart from a severe reduction in crossover frequen-
cies and a lack of chiasmata between homologous chro-
mosomes [7]. By contrast, germ lines in the mouse msh5
mutant exhibit an arrest of meiosis at the zygotene stage,
which is characterized by impaired and aberrant chromo-
some synapsis, and is followed by apoptotic cell death
[8]. These observations may indicate that there has been
a functional divergence of MSHS in various organisms.

S. cerevisiae msh4 and msh5 mutant strains show a
meiotic defect that is characterized by reduced spore vi-
ability, as well as increased levels of metaphase I nondis-
junction and decreased levels of reciprocal exchange be-
tween homologous chromosomes [5, 27, 28]. Assessing
spore viability and recombination in a yeast msh4 mshS
double mutant led to a hypothesis that, rather than work-
ing in separate pathways, Msh4 and Msh5 function in the
same process [5]. Therefore, Msh4 and Msh5 probably
function as a heterodimeric protein complex in yeast
meiotic cells [29].

Higgins et al. reported that the Arabidopsis msh4
mutant exhibits a severe reduction in fertility, which is
consistent with a meiotic defect. This defect is charac-
terized by greatly reduced chiasma frequency, leading
to univalence and nondisjunction, and by delayed and
incomplete prophase I chromosome synapsis [12]. A
similar phenotype has been described in Arabidopsis
mlh3 [30]. However, a detailed comparison of chiasma
frequencies between Atmsh4 and Atmlh3 suggests that
these two classes of MMR proteins have differing roles
in crossover formation, even though it has been proposed
that MutL homologs combine with the MutS homologs
MSH4 and MSHS in some structural role to promote
meiotic Crossovers.

It has been proposed that there are two distinct classes
of crossovers in S. cerevisiae [27, 31], and that these two
classes are promoted by biochemically distinct pathways
[32]. Class I crossovers are interference sensitive and
promoted by an Msh4/5-based complex, whereas class
II crossovers are randomly distributed and promoted
by an MMS4/MUSS81-based complex. The decrease in
crossover in yeast mms4 and mus8/ mutants is modest,
indicating that the majority of crossovers in wild-type
yeast belong to class I [12, 32]. Several studies have sug-
gested the existence of two pathways in Arabidopsis.
Copenhaver et al. showed that genetically determined
crossover distribution better fitted the hypothesis of two
pathways [33]. Thereafter, two genes, AtMSH4 and At-
MER3/AtRCK, were identified as the components in class
I crossovers [12, 34, 35]. Recently, AtMUSS81 was also
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reported to be involved in interference-insensitive cross-
overs [36]. Our analysis of Atmsh5 meiocytes indicates
that although the number of chiasmata is greatly reduced,
there is still a subset of chiasmata remaining that are in-
dependent of AtMSHS. The residual chiasmata are close
to the Poisson distribution of random events, suggest-
ing that AtMSHS functions in the interference-sensitive
pathway of meiotic recombination. The main phenotype
of our mutant is similar to the Atmsh4 mutant. Therefore,
evidence from our phenotype strongly supports the idea
that MSH4 and MSHS are in the same pathway and prob-
ably form a heterodimer to facilitate chiasma formation.

Material and Methods

Plant materials

The A. thaliana ecotype Columbia was used in this study for
wild-type analysis. Plants were grown in a greenhouse under
supplementary light (cycles of 16 h of light and 8 h of darkness)
at 22 °C.

Isolation of T-DNA flanking sequence tag

The T-DNA flanking sequence was amplified as described pre-
viously [37]. Two oligomers, ADPR1 and ADPR2, were mixed
and incubated at 95 °C for 5 min and then at 28 °C for 5 min to al-
low them to anneal to form an adaptor. This adaptor was stored at
—20 °C until it was used. The genomic DNA isolated from the Ara-
bidopsis mutant was cut with blunt-end restriction enzymes, Sca
I, Hpa 1 or Dra 1, and ligated to the adaptor in the same reaction at
a volume of 10 pL, with 100 ng DNA, 1 U digestion enzyme, 0.5
U T4 ligase, 1xT4 ligase buffer and 375 nM adaptor. PCR analy-
sis was performed using the LB1 primer together with the AP1
primer, and then nested PCR was performed using the LB2 primer
together with the AP2 primer. The PCR products were directly
sequenced using the LB2 primer. The oligomers used to make the
adaptor are listed as follows — ADPR1: 5-GTA ATA CGA CTC
ACT ATA GGG CAC GCG TGG TCG ACG GCC CGG GCT
GGT-3"; and ADPR2: 3'-H,N-CCC GAC CA-POs-5". The prim-
ers used are listed as follows — AP1: 5'-GTA ATA CGA CTC ACT
ATA GGG C-3'; AP2: 5'-ACT ATA GGG CAC GCG TGG T-3';
LBI1: 5-GAC TCT AGC TAG AGT CAA GCA GAT CGT-3'; and
LB2: 5'-GAT CGA CCG GCA TGC AAG-3".

Cloning the full-length AtMSH5 cDNA

Full-length AtMSH5 cDNA was cloned according to the
GeneRcer ™ Kit (Invitrogen). In brief, 5 ug of the total bud RNA
of the wild type was treated with calf intestinal phosphatase (CIP)
to remove the 5’ phosphates, then the dephosphorylated RNA was
treated with tobacco acid pyrophosphatase (TAP) to remove the
5’ cap structure from intact full-length mRNA. The GeneRacer
RNA oligomers (5-CGA CUG GAG CAC GAG GAC ACU GAC
AUG GAC UGA AGG AGU AGA AA-3') were then ligated to
the 5" end of the mRNA using T4 RNA ligase. Reverse transcrip-
tion was carried out with the RNA oligomer-added mRNA, using
AMVRT and the GeneRacer oligo-dT primer (5'-GCT GTC
AAC GAT ACG CTA CGT AAC GGC ATG ACA GTG (T)iz-3"),
to create RACE-ready first-strand cDNA with known priming sites
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at the 5’ and 3’ ends. To obtain the 3’ ends, the PCR reaction was
performed using the first strand of cDNA as a template with a for-
ward gene-specific primer (GSP1: 5-AGT GTT AGA TCG CCG
TCT CAA TGC TA-3") and the GeneRacer " 3’ primer (5'-GCT
GTC AAC GAT ACG CTA CGT AAC G-3'), and then nested
PCR was carried out with a forward gene-specific nested primer
(GSP2: 5'-GTC TAT GAA CTG GTC ATT GGA GTC A-3’) and
the GeneRacer' 3’ nested primer (5'-CGC TAC GTA ACG GCA
TGA CAG TG-3'). To obtain the 5’ ends, the PCR reaction was
performed using a reverse gene-specific primer (GSP3: 5'-CTG
TCA GGA CAG GCC TTA CGT AGT T-3") and the GeneRacer
5" primer (5'-CGA CTG GAG CAC GAG GAC ACT GA-3"), fol-
lowed by nested PCR with a reverse gene-specific nested primer
(GSP4: 5-GCC TTC AGC AGG TGA GCC GAG AAC A-3’) and
the GeneRacer'" 5' nested primer (5'-GGA CAC TGA CAT GGA
CTG AAG GAG TA-3").

Semi-quantitative RT-PCR for transcript expression

A First Strand DNA Synthesis Kit (TOYOBO) was used to syn-
thesize cDNA from DNase I-treated total RNA that was extracted
from Arabidopsis wild-type (Col) leaf, stem, bud, flower, and
bud tissue from Afmsh5 mutant plants. Primers were designed to
amplify a housekeeping gene TUBLIN 4 to equalize RNA loading
into the RT-PCR reaction. These were TUB4F: 5-CGA AAA CGC
TGA CGA GTG TA-3' and TUB4R: 5'-CCT TGG GAA TGG GAT
AAG GT-3'. The AtMSHS5 gene-specific primers were F1: 5'- GCA
CTT GAC TGA GCT ACT TAA CGA GA-3' and R1: 5'-TGA
AAG AAG GCA TGG ATG TCA C-3'. The RT-PCR products
were recovered and sequenced to confirm their authenticity and to
exclude the possibility of RT-PCR template contamination by ge-
nomic DNA.

Characterization of mutant phenotypes

Plants were photographed with a Sony digital camera,
DSC-W50 (Sony Corp., Tokyo, Japan). Pictures of the flower
were taken using a Nikon SMZ1000 dissecting microscope (Nikon
Corp., Tokyo, Japan). To determine pollen viability, mature anthers
were stained with Alexander’s staining solution [38] and photo-
graphed under an Olympus BX-51 microscope (Olympus, Tokyo,
Japan). The confocal observation of ovules was performed accord-
ing to the method described by Christensen et al. [39]. Chromo-
some spreading and DAPI staining were performed as described
previously [40]. The number of chiasmata and the number of biva-
lents/univalents were counted according to the method described
by Sanchez-Moran et al. [19].
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