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The duplicated Arabidopsis genes ZYP1a/ZYP1b encode closely related proteins with structural similarity to
the synaptonemal complex (SC) transverse filament proteins from other species. Immunolocalization detects
ZYP1 foci at late leptotene, which lengthen until at pachytene fluorescent signals extending the entire length
of the fully synapsed homologs are observed. Analysis of zyp1a and zyp1b T-DNA insertion mutants indicates
that the proteins are functionally redundant. The SC is not formed in the absence of ZYP1 and prophase I
progression is significantly delayed suggesting the existence of an intraprophase I surveillance mechanism.
Recombination is only slightly reduced in the absence of ZYP1 such that the chiasma frequency at metaphase
I is ∼80% of wild type. Moreover cytological analysis indicates that chiasma distribution within zyp1
bivalents is indistinguishable from wild type, providing evidence that the SC is not required for the
imposition of interference. Importantly in the absence of ZYP1, recombination occurs between both
homologous and nonhomologous chromosomes suggesting the protein is required to ensure the fidelity of
meiotic chromosome associations.
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The pairing and synapsis of homologous chromosomes
during prophase I of meiosis are essential for their sub-
sequent orderly segregation during anaphase of the first
meiotic division. During this process each homologous
chromosome pair becomes intimately associated (syn-
apsed) by a cytologically prominent ultrastructural fea-
ture, the synaptonemal complex (SC). Establishment of
the SC follows an initial alignment and loose pairing of
the homologous chromosomes that occurs in early pro-
phase I. Initially a linear protein axis, the axial element
(AE), forms in association with the paired sister chroma-
tids of each chromosome. As prophase I progresses from
leptotene through zygotene, the homologous chromo-
somes are increasingly juxtaposed into a close align-
ment, such that the AEs lie within ∼400 nm of each
other. This initial pairing leads to homolog synapsis that
is characterized by the appearance of transverse fila-

ments (TFs) that span the gap between the chromosome
axes, now referred to as lateral elements. The zone where
the TFs meet and interdigitate constitutes the central
element that runs parallel to and between the lateral
elements. This process is completed by pachytene, at
which time the homologous chromosomes are com-
pletely synapsed and linked by a fully formed tripartite
SC along their length. As meiosis progresses through dip-
lotene/diakinesis the SC disassembles, so that the ho-
mologous chromosomes remain associated only by chi-
asmata, the cytologically visible structures that corre-
spond to sites of reciprocal crossovers (COs) (for review,
see Heyting 1996; Zickler and Kleckner 1999).

Despite the high degree of ultrastructural similarity
between SCs from a wide variety of eukaryotic organ-
isms, the degree of conservation at the primary sequence
level of the protein components that comprise the SC is
remarkably limited. This is exemplified by the TF pro-
teins Zip1, SYP1, C(3)G, and SCP1 from budding yeast,
Caenorhabditis elegans, Drosophila, and mammals, re-
spectively (Meuwissen et al. 1992; Sym et al. 1993; Heyt-
ing 1996; Zickler and Kleckner 1999; Page and Hawley
2001; MacQueen et al. 2002; Vazquez et al. 2002). None
of these proteins exhibit significant homology at the
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amino acid level, yet they share similar structural prop-
erties that account for conservation of SC ultrastructure.
These proteins possess a central domain that is mainly
comprised of coiled-coil, flanked at the N and C termini
by globular domains (Heyting 1996; Page and Hawley
2004). Studies of Zip1 in yeast and SCP1 in mouse indi-

cate that the TFs form parallel homodimers that are ori-
ented such that their C termini align along the lateral
elements. The N termini of opposed dimers overlap in
the central region of the SC, giving rise to the central
element (Fig. 1A).

Evidence from a variety of sources points to a complex

Figure 1. SC structure: organization of
the ZYP1 locus, protein alignment, and
gene expression analysis. (A) Diagram of
the SC structure showing the organization
of the TFs, which form parallel ho-
modimers with their C termini associated
with the lateral elements and the N ter-
mini of opposing dimers overlapping in
the central region of the SC. (B) The 13-kb
ZYP1 locus showing the orientations of
ZYP1a and ZYP1b. Exons are represented
by black boxes and the triangles show lo-
cations of the SALK T-DNA insertions.
The arrows below the exons represent the
positions of the gene-specific primers used
for expression analysis, and the double-
headed arrow shows the region of the
cDNA used for the RNAi construct. (C) A
ClustalW alignment of ZYP1a and ZYP1b
protein sequences. (D) RT–PCR expression
analysis of ZYP1a and ZYP1b with wild-
type (WT) leaf (L) and bud (B), and
Salk_040213 (zyp1a) and Salk_050581
(zyp1b) bud (B) tissue performed with gene-
specific primers. The housekeeping gene
GAPD is the control for ZYP1 expression.
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interrelationship between the SC and meiotic recombi-
nation. Studies in yeast, mouse and Arabidopsis have
revealed that SC formation is dependent upon recombi-
nation initiation and processing of early recombination
intermediates. (Baudat et al. 2000; Romanienko and
Camerini-Otero 2000; Grelon et al. 2001; Mahadevaiah
et al. 2001). It has been proposed that in a broad range of
organisms close juxtaposition of homolog axes and for-
mation of SC between them are mediated by axial asso-
ciations arising from early recombination events (Albini
and Jones 1987; Rockmill et al. 1995; Tesse et al. 2003).
In contrast, C. elegans and Drosophila possess cis-acting
pairing regions that promote local pairing stabilization
(MacQueen et al. 2002).

The SC has been extensively investigated in plants,
but identification and cloning of genes encoding plant
SC proteins has proved elusive. While a number of asyn-
aptic and desynaptic mutants have been identified in a
variety of plant species, including Arabidopsis, so far
this has not led to the identification of genes encoding
SC proteins. In all the Arabidopsis mutants analyzed to
date, the synaptic phenotype has arisen as a consequence
of a primary failure in sister chromatid cohesion, homo-
log pairing or recombination (Jones et al. 2003).

A recent in silico study has sought to overcome the
problem of lack of primary sequence homology for iden-
tification of SC proteins (Bogdanov et al. 2003). Using the
example of the TF proteins, database searching based
upon conserved secondary structure was used to identify
potential homologs in different species. In this study we
applied a similar in silico strategy in order to identify a
candidate for the Arabidopsis TF protein. This led to the
identification of two virtually identical genes designated
ZYP1a and ZYP1b located adjacent to each other on
chromosome 1. Subsequent analysis of Arabidopsis lines
that are deficient in the two corresponding proteins,
coupled with immunolocalization studies indicates that
they localize to the central region of the SC and are re-
quired for normal chromosome synapsis during prophase
I of meiosis. Our data provide the first characterization
of a plant SC gene and provide new insights into the
function of the SC and its relationship with meiotic re-
combination.

Results

Identification of ZYP1a and ZYP1b

The TF proteins previously characterized in mammals
(Meuwissen et al. 1992, 1997), yeast (Sym et al. 1993),
Drosophila (Page and Hawley 2001), and C. elegans
(MacQueen et al. 2002) were used in a BLAST search
against the Arabidopsis proteome. This gave a list of 220
proteins that were ranked according to the BLAST
scores. The structural constraints acting on the TF pro-
teins give a mean amino acid number of 866, a mass of
100 KDa and an isoelectric point (pI) of 6. The proteins
have an extended coiled-coil flanked by globular do-
mains at the N and C termini. The C-terminal domain
has a very high pI (10) and contains putative DNA-bind-

ing repeats S/TPXX (Suzuki 1989). Two of the proteins,
ranked 30 and 40 in the BLAST search, were found to
possess these properties.

Genes At1g22260 and At1g22275 designated ZYP1a
and ZYP1b respectively are encoded on opposite strands
of a 13-kb region on chromosome 1 (Fig. 1B). The start
codons are separated by 2 kb and transcribed in opposite
directions. cDNA clones of each gene were obtained us-
ing RT–PCR combined with 5�- and 3�-RACE–PCR.
ZYP1a encodes a 2920-base-pair (bp) mRNA transcript of
which 2616 bp is coding region and ZYP1b produces a
2874-bp transcript with a 2571-bp coding region. At the
nucleotide level the genes share 93% homology. ZYP1a
encodes a protein of 871 amino acid residues and ZYP1b
856 residues (Fig. 1C). The N-terminal globular domains
are basic with 55 residues that share 83% similarity. The
central coiled-coil regions both comprise 650 residues
and share 95% similarity. The C-globular domains of
ZYP1a and ZYP1b are 166 and 151 residues, respectively,
and share 75% similarity. RT–PCR expression analysis
revealed that both genes are expressed in meiotic flower
buds, but not in leaf tissue (Fig. 1D).

ZYP1a and ZYP1b localization

The distribution and chronology of ZYP1a and ZYP1b
proteins, referred to collectively as ZYP1, was investi-
gated by fluorescence immunolocalization on DAPI-
stained spread preparations of anthers from young flower
buds using a polyclonal antibody raised against a recom-
binant protein comprising amino acids residues 422–845
of ZYP1b. Our assumption that the antibody would rec-
ognize both ZYP1a and ZYP1b was confirmed by immu-
nolocalization studies in T-DNA insertion lines lacking
either ZYP1a or ZYP1b (see later). The results reveal that
ZYP1 is restricted to meiocytes at prophase I of meiosis.
Twenty to 25 fluorescent ZYP1 foci per nucleus (n = 50)
first became visible at leptotene. During zygotene the
individual foci extended and coalesced to form linear sig-
nals such that by pachytene single fluorescent signals
extended the entire lengths of the five fully synapsed
homologs (Fig. 2A–D). This interpretation assumes that
the leptotene foci are the sites of SC nucleation. In iso-
lation these observations are insufficient evidence to
draw such conclusion, but the behavior of ZYP1 in a
dmc1 mutant (see below) suggests that this is probably
the case.

To define the spatial and temporal distribution of
ZYP1 more precisely dual immunolocalization studies
were carried out using anti-ZYP1 Ab in conjunction with
anti-ASY1 Ab. ASY1 is an axis-associated protein that is
required for synapsis and a normal level of recombina-
tion (Armstrong et al. 2002). ASY1 is first detectable at
late G2/early leptotene as discrete foci and precedes the
appearance of ZYP1. By the time ZYP1 foci appear ASY1
has developed to form more continuous signals along the
unsynapsed chromosome axes. As synapsis progresses
both proteins are found along the prophase I bivalents
with the ZYP1 signal becoming progressively more con-
tinuous. At pachytene both proteins form linear signals
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along each bivalent. The ZYP1 signal is flanked on either
side by the axis-associated ASY1 signal, consistent with
ZYP1 forming a component of the SC (Fig. 2E–H).

Ultrastructural localization using immunogold la-
belled anti-ZYP1 Ab confirmed that ZYP1 localizes to
the SC (Fig. 2I). The spacing and distribution of the gold
particles indicates that they align along the inner surface
of the lateral elements consistent with the Ab having
been raised against the C-terminal region of ZYP1.

ZYP1 localization requires initiation of recombination

To determine if the appearance of axis-associated ZYP1
foci is dependent on initiation and progression of recom-
bination, immunolocalization of ZYP1 was performed in
two mutants defective in the recombination pathway.
The SPO11 protein catalyzes the formation of meiotic
DNA double-strand breaks (DSBs), and hence the Arabi-
dopsis spo11 mutant is unable to form DSBs and fails to
make COs (Grelon et al. 2001). ZYP1 localization did not
occur in this mutant, but instead the protein was found
in the cytoplasm surrounding the chromatin (Fig. 3A)
indicating that the correct localization of ZYP1 is depen-
dent on DSB formation.

The DMC1 protein forms a complex with its homolo-
gous partner RAD51 to catalyze strand invasion of ho-
mologous chromosomes by free 3� DNA strands that
arise from the 5�–3� directed resection of DSBs (Bishop et
al. 1992; Bishop 1994). Hence dmc1 mutants are profi-
cient in DSB formation, but are blocked thereafter at an

early stage in the recombination pathway. Dual-immu-
nolocalization using anti-ZYP1 Ab and anti-ASY1 Ab on
early prophase I chromosome spread preparations from
the Arabidopsis dmc1 mutant (Klimyuk and Jones 1997)
revealed ZYP1 foci localized to or closely associated
with the unsynapsed chromosome axes (Fig. 3B). As far
as could be discerned the ZYP1 foci were associated with
sites where the chromosome axes converge or lie in close
proximity. In a few cases the foci appeared to have elon-
gated very slightly. Overall this distribution was indis-
tinguishable from that observed in wild-type meiocytes
at early prophase I but, in contrast to wild type, the ZYP1
foci failed to develop to form extended linear signals.
Thus it appears that initial localization of ZYP1 is de-
pendent upon DSB formation and occurs when recombi-
nation is at an early stage, prior to extensive strand in-
vasion. However, subsequent ZYP1 polymerization to
bring about homologous chromosome synapsis cannot
occur if recombination is blocked at an early step.

Identical distribution of ZYP1a and ZYP1b

To investigate the function of ZYP1a and ZYP1b and to
resolve whether they are functionally redundant, two
SALK T-DNA insertion lines SALK_040213 (zyp1a) and
SALK_050581 (zyp1b) were identified. The insertion site
within locus ZYP1a was mapped to position 7862830 in
intron 7 and that of ZYP1b to position 7867882 in exon
3. RT–PCR analysis using gene specific primers revealed
no evidence of residual transcripts suggesting that in

Figure 2. Immunolocalization of ZYP1
protein (green) to leptotene (A), early zygo-
tene (B), mid-zygotene (C), and pachytene
(D) of wild type. Counterstained with
DAPI (blue). Bar, 10 µm. (E–H) Dual im-
munolocalization of ZYP1 protein (green)
and ASY1 protein (red) to early leptotene
(E), early zygotene (F), mid-zygotene (G),
and pachytene (H) showing that ZYP1 pro-
tein appears after ASY1 loading and the
localization of ZYP1 protein between axis-
associated ASY1. Bar, 10 µm. (I) Immuno-
gold localization of anti-ZYP1 Ab. The dis-
tribution and spacing of the gold particles
(arrows) is consistent with localization to
the inner surface of the lateral elements.
Bar, 100 nm.
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both instances the T-DNA insertion had resulted in a
null mutation (Fig. 1D). Both lines showed normal veg-
etative growth and development but exhibited a reduc-
tion in fertility, indicative of a possible meiotic defect.
The mean seed set per silique for zyp1a was 30.2 and for
zyp1b 33.2, an overall reduction of ∼30%–40% compared
with the Col(0) accession. This indicated that both pro-
teins are required for wild-type levels of fertility. Immu-
nolocalization studies using the anti-ZYP1 Ab were car-
ried out on prophase I stage meiocytes isolated from the
mutant lines. Since RT–PCR analysis indicated that the
T-DNA insertion in both zyp1a and zyp1b had resulted
in a null-mutation it was presumed that the residual
ZYP1 protein in the former was ZYP1b and in the latter
ZYP1a. In both cases an identical spatial and temporal
distribution of ZYP1 protein was observed and this ap-
peared to be the same as in wild type (cf. Figs. 4A–D and
2C,D). Thus, the pattern of localization, combined with
their identical mutant phenotypes suggest that ZYP1a
and ZYP1b are functionally redundant and that the loss
of one protein through mutation can be compensated to
a significant degree by the remaining protein.

Depletion of ZYP1 results in a delay in progression
through meiotic prophase I

Despite chromosome synapsis appearing complete in
both mutants, they exhibited a ∼40% reduction in seed
set. A cytological survey of zyp1a and zyp1b revealed no
major differences from wild type aside from a small re-
duction in mean chiasma frequency from the wild-type
level of 9.86 to 8.95 in zyp1a and to 9.05 in zyp1b. Mu-
tations in SC TF components in other organisms show
delayed progression through prophase I, specifically due
to a block at the leptotene/zygotene transition. The zyp1
mutants exhibited a disproportionately low number of
late zygotene/pachytene meiocytes, consistent with this
possibility. To assess prophase I progression directly
meiotic time courses were determined for the mutant
lines using pulse-chase labelling of nuclear DNA in mei-
otic S phase followed by sampling and assessment of
meiotic progress by anti-BrdU Ab detection in chromo-
some spread preparations (Armstrong et al. 2003). In
wild-type plants the duration of meiosis from the end of
S phase to the tetrad stage is ∼33 h. The majority of this
is occupied by prophase I, which takes some 30 h. In both

zyp1a and zyp1b progress through prophase I was de-
layed by ∼6 h (Fig. 5A).

RNA interference confirms chromosome synapsis
is dependent on ZYP1

The analysis of the T-DNA insertion lines suggested that
ZYP1a and ZYP1b are functionally redundant and hence
to investigate their role more fully we constructed lines
lacking both proteins simultaneously. Despite the avail-
ability of the T-DNA insertion mutants, using them to
generate a T-DNA double knockout of ZYP1a and
ZYP1b was not feasible because it would require a CO
event in the 2-kb region that separates the start codons of
the two genes. An RNA interference (RNAi) construct
was made based on a 476-bp cDNA fragment of the
ZYP1b gene, which shared 97% nucleotide identity with
the paralogous region in ZYP1a (Fig. 1B). To maximize
efficiency, the RNAi construct was placed under control
of the meiosis specific DMC1 promoter and used to
transform homozygous zyp1a and zyp1b plants as these
were already depleted for either ZYP1a or ZYP1b and
therefore potentially more susceptible to RNAi knock-

Figure 3. Dual immunolocalization of ASY1 (red) and ZYP1
(green) to prophase I nuclei of spo11 (A) and dmc1 (B) mutants.
ZYP1 foci are localized to chromosome axes in dmc1 (B) but not
in spo11 (A) where the protein is present but not localized to the
chromosomes. Bar, 10 µm.

Figure 4. Immunolocalization of ZYP1 protein to zygotene
(A,C) and pachytene (B,D) of T-DNA mutants zyp1a (A,B) and
zyp1b (C,D) showing that the patterns of ZYP1 localization are
identical in the two mutants. Counterstained with DAPI (blue).
Immunolocalization of ZYP1 protein to prophase nuclei of
ZYP1RNAi1 (E) and ZYP1RNAi4 (F) plants showing no detectable
ZYP1 protein. Counterstained with DAPI (blue). Bar, 10 µm.
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down of the remaining ZYP1 protein. Sixty transfor-
mants were obtained in the zyp1a background and 80 in
zyp1b. These displayed a range of effects on fertility from
plants with short (<5 mm) siliques to plants with normal
(∼12 mm) silique lengths. Three transformed lines from
each background (ZYPRNAi1–3 in zyp1a and ZYPRNAi4–6

in zyp1b) exhibiting short siliques and with a mean seed
set per silique ranging from 0.5 to 6.2 were selected for
further analysis.

To determine if RNAi had resulted in a substantial or
complete knockdown of ZYP1 expression, immunolo-
calization studies were conducted using anti-ZYP1 Ab
on chromosome spreads from meiocytes at prophase I. In
contrast to the wild-type and T-DNA insertion lines, the
ZYP1 protein could not be detected in the meiocytes
from the ZYPRNAi1–6 lines suggesting that expression of
the protein had been abolished (Fig. 4E,F). Similarly RT–
PCR analysis failed to detect residual ZYP1 RNA tran-
scripts (data not shown).

Prophase I progression is delayed in the absence
of ZYP1

Cytological examination of ZYPRNAi1–6 chromosome
spreads revealed that AE development in early prophase
was normal, but the majority of prophase I nuclei
showed little or no chromosome alignment. However a
small proportion of nuclei (<1%) showed extensive align-
ment that was evident at the LM and EM levels (Fig.
5B,C); fully synapsed pachytene stage nuclei were not
seen. In these nuclei the chromosomes were arranged in
parallel alignment over long distances, resembling pre-
synaptic alignment, suggesting that all the interactions
that hold presynaptically aligned chromosome axes to-
gether are still present at this stage. This resembles the
situation in the corresponding mouse mutant (de Vries et
al. 2005), but not what is seen in yeast where alignment
or association of axes occurs only in specific sites corre-
sponding to CO sites, alternating with regions of axis
separation (Sym et al. 1993). The huge preponderance of
nuclei lacking chromosome alignment indicates a
greatly extended duration of this early prophase I stage,
suggesting a problem in meiotic progression.

This was confirmed by a BrdU time course showing
that progress through prophase I was severely delayed in
ZYPRNAi1 such that the first meiotic division did not
occur until ∼50 h after meiotic S phase. This represents
a delay of ∼20 h compared with wild type and some 14 h
longer than observed in the zyp1a and zyp1b T-DNA
mutants (Fig. 5A).

Loss of ZYP1 results in aberrant associations
and recombination between nonhomologous
chromosomes

Synaptic failure and delay in progression through pro-
phase I are likely symptomatic of a defect or defects in
meiotic recombination. To investigate this possibility
we conducted immunological and cytogenetical assays
of CO-correlated structures that are detectable in later
stages of meiosis. Immunolocalization studies were con-
ducted using an antibody that recognizes the MutL ho-
molog MLH1 that is known to be present at and to mark
CO sites (Marcon and Moens 2003). Although the exact
function of this protein and the related MLH3 have not
been fully resolved it is clear that they are crucial at later
stages of the meiotic recombination pathway with a role
in the resolution of double Holliday junctions to pro-
mote CO formation (Roeder 1997). Fluorescent foci cor-
responding to MLH1 were detected in association with
the axes in chromosome spreads of late prophase I nuclei
from ZYPRNAi1 (Fig. 6A,B; Supplementary Fig. 1). The
average number of foci per nucleus was lower than wild-
type nuclei. In the case of ZYPRNAi1 a mean of 7.3 (range,
6–9) MLH1 foci (n = 22) was recorded compared with 10
in wild type (n = 32). We have previously noted that mei-
otic mutants blocked at an early stage in the recombina-
tion pathway display aberrant MLH1 localization, accu-
mulating in the nucleolus (Sanchez-Moran et al. 2004).
Thus, the reduction in the number of foci aside, the ap-
parently normal localization of MLH1 suggested that

Figure 5. (A) Meiotic time courses for wild-type, zyp1 T-DNA
mutant, and ZYP1RNAi plants. Light (B) and electron (C) micro-
graphs showing axis alignment but absence of synapsis in
ZYP1RNAi plant(s). Inset shows normal tripartite SC in wild
type. Bars: B, 10 µm; C, 2 µm.
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loss of ZYP1 protein did not prevent progress to the later
stages of recombination.

The later meiotic phenotypes of ZYPRNAi1–6 plants
were analyzed with the original intention of determining
the effect(s) of ZYP1 depletion on chiasma formation.
FISH using the 45S and 5S rDNA probes was applied to
the preparations for individual chromosome recognition
as previously described (Sanchez-Moran et al. 2002). A
striking feature of the ZYPRNAi1–6 plants analyzed in this
way was the presence of multiple chromosome associa-
tions (multivalents) in meiocytes that had progressed to
late prophase I and metaphase I. These multivalents
ranged in size from associations of three chromosomes
to the extreme case of all ten chromosomes being asso-
ciated. In addition bivalents and some univalents were
also present in many cells (Fig. 6C–G).

Two different first generation (T1) transformants
ZYP

RNAi1
and ZYPRNAi4, were analyzed, with the RNAi

construct inserted in zyp1a or in zyp1b respectively. In
addition meiosis was analyzed in second generation (T2)
descendants of these initial transformants. The data are
summarized in Table 1 and presented in full in Supple-
mentary Tables 1–4. The association patterns of chromo-
somes at metaphase I were strikingly similar in all four
ZYPRNAi plants analyzed, independently of generation
(T1 or T2) and of the genetic background (zyp1a or
zyp1b). Most cells had either one or two multivalent
associations each, ranging in size from three to 10 chro-
mosomes, but averaging between 4.41 and 5.29 chromo-
somes per multivalent in different plants. Similarly the

mean numbers of bivalent associations and univalents
were also rather similar in the different plants. In most
cases bivalent associations involved homologous pairs of
chromosomes, but in a few instances two nonhomolo-
gous chromosomes were associated as bivalents. Overall
the ratio of homologous to nonhomologous associations
was 2.63:1 (384 associations in 59 cells).

The FISH analysis clearly shows that the multivalent
associations involve various combinations of homolo-
gous and nonhomologous chromosome associations (Fig.
6C–G). Since the homologous bivalents can be clearly
seen to be maintained by chiasmatic associations, as in
wild type, there is a sound basis for inferring that the
homologous associations within multivalents are also
chiasmatic, and indeed in many instances this can be
clearly observed (Fig. 6E). Direct observation of meta-
phase I multivalents and nonhomologous bivalents indi-
cate that nonhomologous associations are also chias-
matic. In many cases there is clear evidence of typical
cross-shaped structures diagnostic of interstitial chias-
mata (Fig. 6F). To confirm the existence of nonhomolo-
gous chiasmata we sought evidence for recombination
between nonhomologous chromosomes in post-meta-
phase I stages. For this purpose, the 5S rDNA FISH probe
that marks chromosomes 3, 4, and 5 was combined with
a triple-BAC probe (three contiguous BACs) that marks
the subterminal region of chromosome 1. Anaphase I and
metaphase II stages were then screened for evidence of
nonhomologous recombination between chromosome 1
and any of the other three marked chromosomes. Al-

Figure 6. (A) Dual immunolocalization
of ZYP1 protein (green) and MLH1 protein
(red) to wild type showing localization of
MLH1 foci to synapsed chromosomes. (B)
MLH1 foci on unsynapsed chromosomes
of ZYP1RNAi. Chromosomes are counter-
stained with DAPI (blue). (C–G) FISH of
metaphase I nuclei to show examples of
chromosome associations. (C) Five biva-
lents in a wild-type nucleus. (D) Three ho-
mologous bivalents, one nonhomologous
bivalent (1,5), and two univalents. (E) Two
bivalents and an association of six chro-
mosomes (2,2,4,4,5,5). (F) Three bivalents
and an association of four chromosomes
(2,2,5,5) showing interstitial (solid arrow)
and distal (open arrow) nonhomologous
chiasmata. (G) A complicated association
of all 10 chromosomes. (H) An anaphase I
nucleus from a T2 plant showing transfer,
by crossing over, of a chromosome 1 distal
triple BAC (green) to chromosome 4,
marked by the 5srRNA probe (boxed). The
crossover event detected must have oc-
curred in the T1 generation. This plant
also has 11 chromosomes resulting from
meiotic nondisjunction of chromosome 5
in the T1 generation. Bars, 10 µm.
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though such cases were infrequent, clear and unequivo-
cal examples of such recombination events were ob-
served (Fig. 6H), thus confirming that COs leading to
chiasmata do occur between nonhomologs in the ab-
sence of ZYP1.

Estimating the mean chiasma frequencies of the
ZYPRNAi plants presented some problems due to the dif-
ficulty, in some cases, of fully interpreting complex mul-
tivalent structures. To overcome this we resorted, in
problem cases, to assuming the minimum numbers of
chiasmata that would be required to maintain the mul-
tivalent associations. On this basis the chiasma scores
could be somewhat underestimated. However, this could
be counterbalanced by the fact that some multivalents
may include chromosomes held in by persistent, unre-
solved, interlocks (see Discussion) that are not chiasma-
dependent. The estimated mean chiasma frequencies of
the four ZYPRNAi plants range between 6.96 and 8.10 per
cell. Although these values are somewhat lower than
wild type (9.86) they are still reasonably high, indicating
that the ZYP1 protein is not an absolute requirement for
crossing over and chiasma formation. Nevertheless the
chiasma frequencies of these plants are clearly depressed
relative to wild type. This is additionally confirmed by
the occurrence of between 1 and 4 univalents in most
cells, that could reflect an overall reduction in CO fre-
quency or loss of the ability to specify the first (obliga-
tory) CO.

Discussion

Since its discovery in 1956 the SC has been extensively
characterized at the cytological level in a wide range of
species including many plants (Zickler and Kleckner
1999). The SC is found in the majority of eukaryotes and
is ultrastructurally conserved. Genes encoding SC com-
ponents have been identified in a number of organisms;
however, ZYP1 is the first SC gene to be identified and
characterized from a plant. Moreover functional analysis
of ZYP1 has provided new insights into SC function that
has not previously been reported in any organism.

ZYP1a and ZYP1b: a duplicated gene that encodes
a component of the Arabidopsis SC with similarity
to the TF proteins from other eukaryotes

Chromosome synapsis commences at the onset of zygo-
tene and is complete at pachytene. During this period

the TF protein polymerizes along the closely juxtaposed
homologous chromosomes to form the central region of
the SC that links the lateral elements of the homologs.
Evidence presented in this study provides strong evi-
dence that ZYP1a and ZYP1b form the TFs of the Ara-
bidopsis SC.

Proteins encoding the TF of the SC identified in bud-
ding yeast, mammals, Drosophila and C. elegans exhibit
extensive structural similarities. However these are not
reflected at the primary amino acid sequence level,
hence the identification of the corresponding proteins in
different species is not straightforward. To overcome
this limitation, Bogdanov et al. (2003) applied an in silico
approach based on the analysis of conserved protein do-
mains coupled with physico-chemical properties of the
proteins. They proposed the Arabidopsis protein
AAD10695 as a TF candidate, although no functional
evidence was presented to confirm this. In this study, we
adopted a similar approach, but initiated the screen by
conducting a BLAST search of the Arabidopsis pro-
teome. By this means we identified proteins ZYP1a and
ZYP1b as primary candidates, but protein AAD10695
was not ranked in our analysis. It also contains a struc-
tural domain that exhibits significant homology to a gua-
nylate-binding protein (E = 4e−81), a feature that is not
found in other TFs. The limited primary sequence ho-
mology between TF proteins is emphasized in the com-
parison of the Arabidopsis ZYP1 proteins with Zip1
from budding yeast, SCP1 from mammals and C(3)G
from Drosophila, with which they share 18%–20% se-
quence identity and 36%–40% similarity.

The localization of ZYP1 protein during leptotene/zy-
gotene is dependent on SPO11 catalyzed DSB formation.
This seems different to budding yeast where recent stud-
ies indicate that some Zip1 protein associates with the
centromeres in the absence of DSBs (Tsubouchi and
Roeder 2005) suggesting that this centromeric interac-
tion is important in homolog pairing. However previous
studies indicate that homolog pairing in Arabidopsis is
telomere-led (Armstrong et al. 2001), and centromeres
play no active part in this process.

Localization of the ZYP1 protein to the the SC is in-
dicated by dual-immunolabeling with anti-ASY Ab and
immunogold labeling. Confirmation that ZYP1 is inte-
gral to SC formation was obtained using RNAi inter-
ference to simultaneously knock-down expression of
ZYP1a and ZYP1b. As far as we can deduce using both
immunolocalization with anti-ZYP1 Ab and RT–PCR,

Table 1. Mean numbers of multivalents, bivalents and univalents, multivalent sizes, and chiasma frequencies for selected T1
and T2 ZYPRNAi plants

Plants ZYPRNAi1 (T1) ZYPRNAi1 (T2) ZYPRNAi4 (T1) ZYPRNA4 (T2)

Multivalents 1.13 (1–2) 0.89 (0–1) 1.27 (0–2) 0.79 (0–2)
Bivalents 2.00 (1–3) 2.11 (1–3) 1.27 (0–3) 2.50 (0–5)
Univalents 1.20 (1–4) 2.00 (1–4) 0.91 (0–2) 1.21 (0–4)
Multivalent size 4.41 (3–7) 4.75 (3–6) 5.29 (3–10) 4.79 (3–8)
Chiasmata 7.40 (5–9) 7.00 (5–9) 8.10 (7–10) 6.96 (4–10)
Number of cells 15 9 11 24
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expression of both proteins is abolished in the lines se-
lected for analysis. As a result plants fail to establish
tripartite SC and have dramatically reduced fertility. To-
gether these observations provide compelling evidence
that ZYP1a and ZYP1b encode the Arabidopsis TF and
as such represent the first SC gene(s) to be isolated from
a higher plant.

ZYP1a and ZYP1b are functionally indistinguishable

Several lines of evidence suggest that ZYP1a and ZYP1b
share identical or largely overlapping functions. First,
the two genes that encode them are 93% identical at the
nucleotide level and are located in reverse tandem ori-
entation on chromosome 1. It seems likely that they
arose from a gene duplication event following the diver-
gence of the Arabidopsis and Brassica genera 12–19 mil-
lion years ago (Arabidopsis Genome Initiative 2000).
This is based on the observation that Brassica oleracea
possesses a single ZYP1 gene and the fact that the two
Arabidopsis homologs are more closely related to each
other than either is to their Brassica counterpart (J.D.
Higgins, unpubl.). Second, immunolocalization studies
have established that their temporal and spatial distri-
bution is, as far we can discern, identical. Third, T-DNA
insertion lines zyp1a and zyp1b display identical pheno-
types. Both mutants exhibit a reduction in chiasma fre-
quency, producing on average about one fewer chiasma
per nucleus than the wild type. Although our analysis
indicates that full synapsis is achieved in both mutant
lines, this is delayed by ∼6 h compared with wild type. A
reduction in fertility of some 40% is also observed in
both cases.

When RNAi was used to knockdown ZYP1a expres-
sion in the zyp1b line and ZYP1b in zyp1a, the effect was
identical. These two classes of knockdown dramatically
reduced fertility, were indistinguishable at a cytological
level, and had a delay of ∼20 h in progression through
prophase I. Thus, while it is conceivable that subtle dif-
ferences in function do exist and may emerge following
further analysis, current data strongly suggest that
ZYP1a and ZYP1b are functionally redundant.

Delayed progression through meiotic prophase I

Recent studies in budding yeast of the ZMM complex,
which comprises Zip1/2/3, Msh4/5, and Mer3, have led
to the proposal of a surveillance mechanism that moni-
tors progression through prophase I (Borner et al. 2004).
Analysis of individual zmm mutants at high tempera-
ture (33°C) has revealed a defect preventing the progres-
sion of CO-designated DSBs to the single-end invasion
stage. Importantly, this prophase arrest is the result of a
block in recombination and not SC formation, suggest-
ing the existence of a recombination checkpoint at late
leptotene. In zmm mutants grown at low temperature
(23°C), recombination and prophase I progression is effi-
cient, but subject to a long delay. Under these conditions

it is suggested that CO-designated DSBs are initially un-
able to progress, but in contrast to high-temperature con-
ditions, they eventually do so. However, it appears that a
proportion of them lose their CO designation and instead
mature as non-COs (Borner et al. 2004). It is suggested
that the differential responses of zmm mutants to differ-
ent conditions are a consequence of the surveillance
mechanism sensing underlying problems with chromo-
somal processes and then ensuring the correct regulatory
response. A delay in prophase I progression or prophase I
arrest dependent on the conditions under which meiosis
is functioning is also observed in some mouse meiotic
mutants (Hunt and Hassold 2002). In this case female
meiosis continues, albeit with an increase in aneuploidy,
whereas the corresponding mutation in male results in
prophase I arrest.

The ZYP1-deficient lines analyzed in this study
progress through prophase I to form COs, but in all cases
progress through prophase is delayed. In the case of the
T-DNA mutants there is a modest delay of 6 h, whereas
in ZYPRNAi1 a substantial delay of ∼20 h is observed that
appears to be due to an extension of early prophase I.
This behavior is remarkably similar to that of the bud-
ding yeast zmm mutants at low temperature. Hence it
seems likely that as in budding yeast, Arabidopsis has an
intraprophase I surveillance mechanism that monitors
problems in the progression of recombination.

Recombination occurs in the absence of ZYP1 proteins

Despite a delay in prophase progression our studies have
revealed that loss of ZYP1 reduces, but does not prevent
recombination. The ZYPRNAi plants have a mean chi-
asma frequency of 7–8, some 70%–80% of the normal
wild-type level. This corresponds closely to the number
of MLH1 foci that are detectable in late prophase I nuclei
using immunocytochemistry. Using the number of
MLH1 foci to infer the number of CO interactions does
assume that in the absence of ZYP1 their turnover re-
mains normal and that there is no delay that could lead
to an overestimation of recombination events. However,
the close correspondence between the number of MLH1
foci and chiasmata suggests that the estimate of CO in-
teractions based on MLH1 foci is valid.

The chiasmata that are formed appear entirely normal
in appearance and the chromosomes segregate cleanly at
anaphase I, forming few if any sticky bridges. This sug-
gests that double Holliday junctions are resolved as nor-
mal. It has been proposed that the yeast Zip1 protein has
a recombination function that is separable from its role
in chromosome synapsis that might involve a few mol-
ecules of Zip1 at the CO site (Storlazzi et al. 1996). In
this study, we have down-regulated ZYP1 expression us-
ing RNAi. Molecular analysis of the lines selected for
study revealed no evidence for any residual ZYP1 expres-
sion. Thus, it would appear that ZYP1 is not essential for
recombination per se, but loss of the protein does di-
rectly or indirectly affect the overall level of recombina-
tion.

Higgins et al.

2496 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on September 5, 2024 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Crossover interference in the absence of ZYP1

Initial analysis of Saccharomyces cerevisiae zip1 mu-
tants led to the conclusion that SC assembly is required
for the establishment of interference (Sym et al. 1993).
However, recent studies have questioned the role of Zip1
and hence SC polymerization in the mediation of inter-
ference. Zip1 localization and subsequent polymeriza-
tion has been shown to be dependent on the prior, inde-
pendent formation of Zip2/3 foci, which form a synaptic
initiation complex (SIC). The Zip2/3 foci are found at
designated CO sites and, significantly, their distribution
in a zip1 background displays interference (Fung et al.
2004). Moreover, analysis of single and double mutants
in genes encoding components of the ZMM complex
have revealed that the CO/nonCO decision is made in
early prophase I prior to stable strand exchange and is not
dependent on SC formation (Borner et al. 2004). To-
gether, these data argue against a role for Zip1 in medi-
ating crossover interference. Similarly studies of Dro-
sophila lines expressing mutant alleles of the TF protein
C(3)G that result in abnormal SC formation reveal that
CO interference is only marginally reduced (Page and
Hawley 2001). Based on our analysis, it seems that ZYP1
is unlikely to have a role in interference. Reduction in
the level of ZYP1 protein by T-DNA insertion of either
ZYP1a or ZYP1b clearly has a detrimental effect on the
rate of SC assembly, yet the number of COs per bivalent
and their distribution appears normal. In the ZYPRNAi

lines where ZYP1 is absent, most cells contain multiva-
lents in which the distribution of the chiasmata is diffi-
cult to assess. Nevertheless, most cells also contain from
one to three bivalents (see Supplemental Material). In a
sample of 60 bivalents from 24 cells (ZYPRNAi4), the
number of chiasmata per bivalent is within the range of
one to three, which is identical to that seen in wild type.
Moreover, in 49 bivalents having two chiasmata, these
are nearly always (46/49) in opposite chromosome arms,
as in wild type. Although the level of interference in this
material has not been assessed by rigorous genetic test-
ing, these cytological observations strongly suggest that
CO interference is maintained in the absence of ZYP1
protein. The observed distribution of chiasmata between
bivalent arms is consistent with the operation of inter-
ference across the centromere, as detected in other spe-
cies (Jones 1984).

The SC is essential for fidelity of meiotic
recombination

The most notable feature of the cytological analysis of
the ZYPRNAi lines was the detection of extensive multi-
valent formation involving both homologous and non-
homologous chromosomes. In some cells the complexity
of the multivalent associations was such that the possi-
bility that these associations contained interlocked chro-
mosomes could not be discounted. It has been argued
that budding yeast Zip1 protein is not required for inter-
lock resolution (Sym et al. 1993). However, it should be
noted that the chromosomes of S. cerevisiae are small

(range, 0.23–1.5 Mb) and it is reported that interlockings
are rare in species with short chromosomes compared
with organisms with larger chromosomes (Zickler and
Kleckner 1999). The size range of the Arabidopsis chro-
mosomes is 17.5–29 Mb, and hence interlocks may well
occur. In this regard it is interesting to note that ZYP1a
and ZYP1b contain a domain with similarity to the bac-
terial DNA topoisomerase IV (ParC; residues 180–491), a
subfamily of the type IIA topisomerases. It has been pro-
posed that topoisomerase II activity may have a role in
interlock resolution (von Wettstein et al. 1984). A rice
ZYP1 homolog (CAE75876) also contains this domain
(residues 597–714), but nothing similar is found in the
yeast Zip1 protein (NCBI-CDD).

Regardless of whether some of the multivalents con-
tain interlocked chromosomes it is quite clear that in the
absence of ZYP1 and thus homolog synapsis, both ho-
mologous and nonhomologous recombination occurs.
Such nonhomologous associations are not found in wild-
type Arabidopsis. Recombination between nonhomolo-
gous chromosomes has not been reported in SC mutants
from other species including yeast. Hence, it could re-
flect a diverged function for ZYP1 compared with TFs
from other organisms. However an important feature of
the Arabidopsis genome is that it contains extensive du-
plications amounting to an estimated 58% of the ge-
nome, suggesting that it may have arisen from a tetra-
ploid ancestor. Polyploidy is widespread among plants
and is proposed to have had an important role in the
evolution of 70%–80% of plant species (Moore and Pu-
rugganan 2005). The existence of extensive regions of
duplicated DNA creates particular problems for accurate
pairing and synapsis during meiosis. Plants have evolved
mechanisms to deal with this, such as the extensively
studied Ph1 gene in hexaploid wheat, which is required
to prevent associations between homeologous chromo-
somes (Martinez-Perez et al. 2003). Recently the maize
PHS1 gene has been described that has a role in chromo-
some homology recognition (Pawlowski et al. 2004). Mu-
tation of this gene results in extensive (95%) nonho-
mologous synapsis. Significantly, maize is also believed
to have undergone genome duplication during its evolu-
tion. Although PHS1 is not thought to be an SC compo-
nent, it is interesting to note that despite lack of overall
homology with ZYP1, a database search reveals the pres-
ence of a bacterial DNA topoisomerase IV domain
within the protein, albeit a different region to that in
ZYP1.

It is clear that nonhomologous recombination is an
important consequence of ZYP1 loss. Nevertheless, the
underlying reason for it remains to be resolved. One ex-
planation is that nonhomologous associations normally
occur but are removed by formation of the SC or by some
other meiotic process that is dependent on SC formation.
One such possibility is the reorganization of the chro-
mosomes into the synizetic knot that occurs concur-
rently with SC assembly in Arabidopsis (Ross et al.
1996). Alternatively, it is possible that the recombina-
tion defect in the ZYP1-deficient lines destabilizes the
normal homologous interactions at leptotene/zygotene,
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such that a proportion forms new aberrant associations
elsewhere.

Materials and methods

Plant material and nucleic acid extraction

Arabidopsis thaliana ecotype Columbia (0) [Col (0)] was used in
this study for wild-type analysis. The T-DNA insertion lines
SALK_040213 and SALK_050581 were obtained from the SALK
Institute via NASC for mutant analysis. Plants were grown,
material was harvested, and nucleic acid extractions were per-
formed as previously described by Higgins et al. (2004).

Cloning the full-length ZYP1a and ZYP1b cDNAs

Superscript II RNase− reverse transcriptase (Invitrogen) was
used with an Oligo-dT(16) primer to synthesize cDNA from 10
µg Col (0) total bud RNA. The cDNA was subject to PCR using
REDTAQ (ABgene) with gene specific primers F1 (5�-ATGCA
GAAGTTAGGGTTTCCG-3�) and R1 (5�-CAATCAAATGCAT
AGGGATCATC-3�) designed to amplify the predicted coding
regions of At1g22260 (ZYP1a) and At1g22275 (ZYP1b). The
PCR products were cloned into pCR2.1 (Invitrogen) and se-
quenced. This sequence was used to design specific primers
for RACE PCR. 3�RACE was carried out using the 17AP [5�-
GACTCGAGTCGACATCGA(T)17-3�] and ZYP1a3�RACE (5�-
GGAAGCGTACTGAGCATTCC-3�) and ZYP1b3�RACE (5�-
CACATTCGTCGGTCAAAGTG-3�) and 3�RACE nested (5�-
GGGAGCCACAAAGACGCAG-3�) primer for both genes. The
5�RACE was carried out as follows: cDNA was synthesized
from 20 µg of total bud RNA using Superscript II RNase− reverse
transcriptase with the 5�RACE primer 5�-CATCCTGAACTT
GAGAAGCC-3�. The cDNA was tailed with dCTP using Ter-
minal Transferase (Roche). Nested PCR was then performed
with the following gene specific primers: ZYP1a5�RACE (5�-
CTGATCCTTCACCAGTT-3�) and ZYP1b5�RACE nested (5�-
TGCTGCAGAGTCTCAGTAAG-3�), together with the 5�RACE
Abridged Anchor primer (5�-GGCCACGCGTCGACTAGTAC
GGGIIGGGIIGGGIIG-3�) (Invitrogen). The PCR products were
cloned into pDrive (Qiagen) and sequenced.

Semi-quantitative RT–PCR for transcript expression

RT–PCR was carried out as previously described (Higgins et al.
2004). The gene specific primers for ZYP1a were 5�-GAGCTAC
TGGCAACTGCTGA-3� and 5�-CCTCACTCTTATATGCTCG
C-3� and for ZYP1b were 5�-GGATTCTCAATATTCGGGAG-
3� and R1 (see above).

T-DNA insertion site mapping

The T-DNA insertion site of SALK_040213 was mapped with
primers LBa1 (5�-TGGTTCACGTAGTGGGCCATCG-3�) and
ZYP1aT-DNAR1 (5�-ATGCTGATGCAGAATCAGCG-3�). The
T-DNA insertion site of SALK_050581 was mapped with LBa1
and F1 primers. The PCR products were cloned into pDrive
(Qiagen) and sequenced. Pairs of primers were used to determine
if the plants were homozygous or heterozygous for the T-DNA
insertion. Primers F1 and ZYP1aR2 (5�-TACCTGGTCGTT
CCTCTGTG-3�) were used to amplify the wild-type genomic
region of SALK_040213 and primers F1 and ZYP1bR2 (5�-CAT
CCTGAACTTGAGAAGCC-3�) for SALK_050581.

Construction of ZYP1b RNA interference cassette

A 476-bp fragment of ZYP1b (between 1583 and 2059 bp relative
to the ATG+1) was amplified from Arabidopsis bud cDNA with
the following primer pairs: 5�-GGAATTCTTTCAACTGAGC
ATCATGCTC-3� (EcoRI)/5�-GCTCGAGAAGCAAA-GAAGCA
ATATGACCTG-3� (XhoI) and 5�-GAAGCTTTCAACTGAG
CATCATGCTCACTC-3� (HindIII)/5�-AGGATCCAGAAGCAA
AGAAGCAATATGACCTG-3� (BamHI). The PCR fragments
were cloned into pDrive (Qiagen) and sequenced. An EcoRI/
XhoI digest produced a sense fragment when ligated into the
same sites of pHannibal (Wesley et al. 2001) and a HindIII/
BamHI digest produced an antisense insert when ligated into
pHannibal. A XhoI/SpeI digest gave a 2.7-kb fragment contain-
ing the sense-intron–antisense ZYP1b sequences and the OCS
terminator, which was ligated into the same sites of pPF408,
downstream of the Arabidopsis DMC1 promoter (Klimyuk and
Jones 1997).

Plant transformation

The binary plasmid pPF408 containing the ZYP1b RNAi
construct was introduced into Agrobacterium tumefaciens
(LBA4404) and plants were transformed as previously described
(Higgins et al. 2004). To select transformants, cotyledons were
sprayed with glufosinate-ammonium (0.25 g/L). Plants were
then sprayed twice more at 8–10-d intervals. PCR was per-
formed on the selected plants for presence of the pHannibal
intron with primers pHanF (5�-TCCCAACTGTAATCAATCC-
3�) and pHanR (5�-GACAAGTGATGTGTAAGACG-3�).

Antibody production

A 1272-bp fragment of ZYP1b (amino acids 422–845) was am-
plified from Arabidopsis bud cDNA. An NdeI site was designed
into primer ZYP1bF (5�-CGCATATGTGGATACTTTATTGG
AAAGTG-3�) and a NotI site into primer ZYP1bR (5�-TAGCG
GCCGCGGGGAACCTTCTGAAAAC-3�). The PCR fragment
was digested with NdeI/NotI and ligated into the expression
vector pET21b (Novagen). The construct was transferred to
Escherichia coli BL21 cells (Novagen) and purified refolded re-
combinant protein was prepared as described previously (Kak-
eda et al. 1998). Rabbit and rat polyclonal antisera were pro-
duced against the recombinant protein (ISL).

Nucleic acid sequencing

Nucleotide sequencing was carried out by the genomics labora-
tory, Biosciences, The University of Birmingham.

Cytological procedures

The cytological methods were carried out as previously de-
scribed (Higgins et al. 2004) using the following antibodies: anti-
ZYP1 (rabbit/rat), anti-ASY1 (rabbit) and anti-AtMLH1 (rabbit).
FISH with BACs F19K16, F9E10, and F5I6 (chromosome 1), and
the 5S rDNA probe was used to identify recombination of het-
erologous chromosomes.
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