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Recombination and pairing of homologous chromosomes are crit-
ical for bivalent formation in meiotic prophase. In many organisms,
including yeast, mammals, and plants, pairing and recombination
are intimately interconnected. The POOR HOMOLOGOUS SYNAP-
SIS1 (PHS1) gene acts in coordination of chromosome pairing and
early recombination steps in plants, ensuring pairing fidelity and
proper repair of meiotic DNA double-strand-breaks. In phs1 mu-
tants, chromosomes exhibit early recombination defects and fre-
quently associate with non-homologous partners, instead of pair-
ing with their proper homologs. Here, we show that the product
of the PHS1 gene is a cytoplasmic protein that functions by
controlling transport of RAD50 from cytoplasm to the nucleus.
RAD50 is a component of the MRN protein complex that processes
meiotic double-strand-breaks to produce single-stranded DNA
ends, which act in the homology search and recombination. We
demonstrate that PHS1 plays the same role in homologous pairing
in both Arabidopsis and maize, whose genomes differ dramatically
in size and repetitive element content. This suggests that PHS1
affects pairing of the gene-rich fraction of the genome rather than
preventing pairing between repetitive DNA elements. We propose
that PHS1 is part of a system that regulates the progression of
meiotic prophase by controlling entry of meiotic proteins into the
nucleus. We also document that in phs1 mutants in Arabidopsis,
centromeres interact before pairing commences along chromo-
some arms. Centromere coupling was previously observed in yeast
and polyploid wheat while our data suggest that it may be a more
common feature of meiosis.

maize � meiosis � recombination � chromosome pairing

Meiotic prophase I encompasses a large number of tightly
regulated and coordinated processes (1). Although many

structural proteins involved in these processes are now known,
mechanisms regulating meiotic prophase progression remain
largely unexplored. In this study, we describe the function of the
POOR HOMOLOGOUS SYNAPSIS (PHS1) gene in higher
plants that regulates prophase I by coordinating recombination
and homologous chromosome pairing (2). Meiotic recombina-
tion is initiated by SPO11-mediated formation of double-strand
breaks (DSBs) in chromosomal DNA (3). In plants, this occurs
in or before early leptotene (2, 4). The DSBs are subsequently
resected by the MRN protein complex in plants and animals, and
a similar MRX complex in S. cerevisiae, to generate single-
stranded DNA (ssDNA) overhangs. The MRN complex contains
MRE11, RAD50, and NBS1 (5, 6). MRE11 is a DNA-binding
protein with endonuclease, exonuclease, and helicase activities
that directly facilitate ssDNA overhang formation (6, 7). RAD50
most likely plays a structural role in the complex (6, 8). NBS1
regulates the activity of MRE11 and signals DSB presence (5, 6).
ssDNA tails created by DSB resection are coated by two DNA
strand-exchange proteins, RAD51 and DMC1 (9). The nucleo-
protein filaments formed in this way find and invade double-

stranded DNA regions on the homologous chromosome in the
process of single-end invasion (SEI).

In plants, mammals, and fungi, although not in C. elegans or
Drosophila, the initiation and progression of meiotic recombi-
nation are closely linked to homologous chromosome pairing
(10). Pairing is an interaction between chromosomes that in-
cludes recognition of homology (the homology search) and
juxtaposition of the homologs, which is closely followed by
synapsis, a process of installing a proteinaceous structure of the
synaptonemal complex (SC) (3). Plant, mammalian, and fungal
mutants defective in meiotic recombination frequently show
pairing defects. In Arabidopsis, mutations in the two meiosis-
specific SPO11 homologs, SPO11–1 and SPO11–2, prevent chro-
mosome pairing and synapsis, leading to the presence of uni-
valents (unsynapsed chromosomes) at pachytene (11, 12).
Similar defects are observed in Arabidopsis RAD50 and MRE11
knockouts (13, 14). A well-studied link between pairing and
recombination is the RAD51/DMC1-mediated SEI step of mei-
otic recombination. Both RAD51 and DMC1 have been shown
to facilitate homologous interactions between kilobase-long
DNA substrates in vitro (15). Moreover, severe pairing defects
have been observed in Arabidopsis rad51 and dmc1 mutants, the
maize rad51 mutant, as well as in rad51 and dmc1 mutants in
yeast, and the dmc1 mutant in mouse (16–20).

In contrast to the lack of synapsis observed in the spo11,
mre11, and rad50 mutants, the phs1-O mutant in maize showed
an unusual phenotype wherein synapsis took place almost ex-
clusively (95% of the time) between nonhomologous chromo-
some segments (2). The mutant also exhibited a severe recom-
bination defect, showing less than 1% of the normal number of
RAD51 foci at mid-zygotene, even though the formation of
meiotic DSBs and accumulation of the RAD51 protein in
anthers were not affected. Here, we demonstrate that PHS1 is a
cytoplasmic protein that regulates the progression of meiotic
prophase I by controlling the entry of MRN complex protein
RAD50 to the nucleus.

Results
The Arabidopsis PHS1 Homolog Exhibits a Similar Role in Chromosome
Pairing as the Maize Phs1 Gene, Despite the Large Difference in
Genome Size and Complexity Between the Two Species. The maize
genome is about 2.4 Gb in size and contains about 70% repetitive
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DNA (21). In addition, it shows extensive internal duplications
as a consequence of its tetraploid origin (22). This genome
complexity suggests that the nonhomologous chromosome as-
sociations observed in the maize phs1 mutant may be the result
of ectopic pairing between repetitive DNA elements and/or
duplicated (homoeologous) chromosome segments. To examine
this possibility, we investigated chromosome pairing in mutants
in the Arabidopsis homolog of Phs1. The Arabidopsis genome is
about 20-fold smaller than the genome of maize, contains about
100-fold less repetitive DNA, and does not show large duplicated
collinear chromosome segments (23). Consequently, in Arabi-
dopsis, a mutation in a gene that prevents pairing between
homoeologous genome regions or repetitive elements would not
lead to extensive ectopic chromosome associations.

Only a single Arabidopsis gene (At1g10710, AtPHS1) shows
significant homology to maize Phs1 (Fig. S1). To explore the
function of AtPHS1, we generated RNAi knockdown lines using
constructs with the constitutive CaMV 35S promoter and the
meiosis-specific AtDMC1 promoter (24). Analyses of seven lines
carrying the 35S:AtPHS1 construct and ten lines containing the
pDMC1:AtPHS1 construct indicated that the presence of the
transgene was associated with strong meiotic sterility (Fig. S2).
In addition, we identified a line in the RIKEN collection (25)
that carried an insertion of a modified maize Ds transposon in
the first exon of AtPHS1 (Fig. 1A) resulting in severe sterility
(Fig. S3). The sterility phenotypes corresponded to defects in
meiotic chromosome behavior. Analyses of male meiocytes in
the Ds-induced mutant (named Atphs1–1), and two RNAi lines,
each carrying a different silencing construct, revealed that
although chromosomes in pachytene showed complete or nearly
complete bivalent formation, pairing defects, such as misalign-
ment of chromosome ends in bivalents, were visible in many cells
(Fig. S4). In diakinesis, mostly univalents were observed.

To examine homologous chromosome pairing in the mutant
meiocytes, we used 3-D microscopy coupled with fluorescent in
situ hybridization (FISH) with probes recognizing the 5S and 25S
rRNA loci, which we found to be the most robustly working
probes in our previous experiments (Fig. 1B and Table S1). In
wild-type meiocytes, we always observed distinct pairs of ho-
mologously associated 5S and 25S rRNA loci in pachytene. In
contrast, in mutant meiocytes we found homologous pairing at
the 5S and 25S rRNA loci only about 45% of the time, while in
the other 55% of cases, we observed associations of the rRNA
loci with nonhomologous chromosome regions. Overall, the
Arabidopsis phs1 mutants showed significant homologous pair-

ing defects that were similar, albeit less severe, to the defects
observed in the phs1 mutant in maize (2). These data suggest that
the nonhomologous chromosome associations in phs1 mutants
do not result from ectopic pairing between repetitive genome
regions. Instead, the target for the PHS1-mediated regulation of
chromosome pairing is most likely the gene-rich fraction of the
genome.

Chromosome Dynamics: Arabidopsis phs1 Mutants Show Coupling of
Centromeres. To further understand the pairing defects in the
Atpsh1 mutants, we investigated the telomere behavior during
prophase I in the Atphs1–1 mutant and in a pDMC1:AtPHS1
RNAi line using a telomere-specific FISH probe. Telomere
dynamics in mutant meiocytes, including prezygotene telomere
clustering around the nucleolus (26) was indistinguishable from
the wild-type (Fig. S5).

We also used a centromere-specific probe to examine the
behavior of centromeres during prophase I. We found, surpris-
ingly, that pachytene meiocytes from both mutant sources
showed always the normal number of five centromere FISH
signals (Fig. 2 and Fig. S5) (for Atphs1–1 n � 14; for the
pDMC1:AtPHS1 RNAi line n � 11). This observation indicated
that even though loci located on chromosome arms mispaired
frequently, centromeric regions always associated with other
centromeric regions, although we do not know whether these
associations were between centromeres of homologous or non-
homologous chromosomes. This centromere coupling was first
seen in zygotene, while in leptotene the 10 centromeres were
always separate. Centromere coupling was preceded by a tran-
sient clustering of most, or sometimes all, Arabidopsis centro-
meres in early zygotene. The early zygotene clustering of all
centromeres has been previously observed in wild-type Arabi-
dopsis meiosis (26). However, in wild-type meiocytes, following
the resolution of the cluster, the centromeres pair homologously
concomitantly with pairing along the chromosome arms, and
centromere coupling has not been observed as a separate
chromosome pairing step.

Synaptonemal Complex and Chromosome Axis Components Are In-
stalled on Chromosomes in phs1 Mutants. To elucidate whether the
nonhomologous chromosome associations in phs1 mutants are
caused by SC defects, we examined installation of chromosome
axis and SC proteins. The chromosome axis forms in early
leptotene and becomes the lateral element of the SC after
chromosomes synapse in zygotene (3). To investigate chromo-
some axis formation, we analyzed installation of ASY1 (Fig. 3A),
a protein associated with the chromosome axis in plants (27, 28).
In maize, we also examined the installation of AFD1 (Fig. 3B),

Fig. 1. The Arabidopsis thaliana PHS1 homolog. (A) The AtPHS1 gene. Blue
triangle � position of the Ds insertion in the Atphs1–1 mutant. (B) Paring of
5S rRNA loci in a wild-type and Atphs1–1 mutant meiocytes. Only one 5S locus
associated with a nonhomologous chromosome segment is shown in the
mutant. Closeups are shown in insets. Images are flat projection of several
consecutive optical sections but do not represent entire nuclei. (Scale bar,
5 �m.)

Fig. 2. Centromere coupling in the Arabidopsis Atphs1 mutant. Each image
is a flat projection across the entire nucleus. (Scale bar, 5 �m.)
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a homolog of the meiosis-specific alpha-kleisin Rec8 required for
meiotic sister-chromatid cohesion and chromosome axis forma-
tion (28). However, in both cases, we found that mutant meio-
cytes were very similar to wild-type meiocytes.

To investigate installation of the central element of the SC, we
followed localization of the central element protein ZYP1 (29).
In wild-type meiocytes in both species, the ZYP1 antibody
showed staining from zygotene to diplotene and was localized
along each bivalent, between the two homologous chromosomes
(Fig. 3B). In phs1 mutants, ZYP1 installation was delayed as
some bivalent segments, and occasionally entire bivalents, still
lacked ZYP1 at the end of zygotene (Fig. 3B). However, the
ZYP1 protein was only installed in bivalents and the ZYP1
stretches were contiguous, suggesting that the basic pattern of
the SC central element installation was similar to the wild-type.

Overall, these data showed that the patterns of installation of
chromosome axis and SC proteins in phs1 mutant meiocytes
were not significantly different from those in the wild-type,
which suggests the pairing defects in phs1 mutants are unlikely
to be results of abnormal chromosome axis or SC installation.

A Maize Point Mutation Allele, phs1-R148H, Identifies an Essential
Functional Domain in PHS1. Sequence alignment of PHS1 ho-
mologs from several species identified two relatively short
conserved regions, CR1 (Conserved Region 1) and CR2 (Fig.
S1). The C-terminal CR2 encompasses a putative SUMOylation
site (30). Modifications by SUMO are associated with various
cellular processes, including transport from cytosol to the nu-
cleus (31). In contrast, no known functional sequence motifs
were apparent in CR1, which is located in the central portion of
PHS1. To investigate whether CR1 corresponds to a functional
domain, we generated a point mutation in this region using a
reverse genetics TILLING approach (32). The mutation, named

phs1-R148H, changes a conserved arginine at position 148 to a
histidine (Fig. 4A and Fig. S1).

Plants homozygous for the phs1-R148H allele exhibited uni-
valents at diakinesis and showed meiotic sterility (Fig. S6). Using
FISH with the 5S rRNA locus probe we found that they showed
pairing defects (Fig. 4B) similar to those observed in the maize
phs1-O mutant (2). The 5S loci were homologously paired in only
8% of mutant meiocytes at pachytene while in 92% of cells, they
were associated with nonhomologous chromosome segments.
These data suggest that CR1 defines a functional domain
required for the role of PHS1 in homologous chromosome
pairing.

In contrast to phs1-R148H, none of several point mutations
outside of the conserved CR1 and CR2 regions that we examined
in Arabidopsis (Fig. S1) when searching for phs1 mutant alleles,
showed meiotic defects, suggesting that the nonconserved PHS1
regions are not critical for the protein function.

PHS1 Is Required for Nuclear Localization of RAD50 in Meiosis.
Analyses of the maize phs1-O mutant showed that meiotic DSBs
were generated in chromosomal DNA but the number of
RAD51 foci on chromosomes was greatly reduced (2). To
identify the first step of the recombination pathway that is
defective in phs1 mutants, we studied the localization patterns of
RAD50, a well-conserved component of the MRN complex
involved in an early step of DSB processing that precedes
RAD51 loading onto the DSB sites. Absence of RAD50 leads to
defective DSB repair (13). In wild-type maize and Arabidopsis
meiocytes, the anti-AtRAD50 antibody showed staining from
leptotene to pachytene, both in the cytoplasm and inside the
nucleus, with some foci located on chromatin and some present
in the nucleoplasm but not associated with chromatin (Fig. 5). In
maize, the average number of foci inside the nucleus in leptotene
was 364 (�71, n � 19). The foci number peaked at 548 per
nucleus (�98, n � 17) in early zygotene and then decreased to
275 (�33, n � 25) in mid-zygotene. Only about 20 foci were still
present in mid to late pachytene. No RAD50 signal was observed
in diplotene. In Arabidopsis, the dynamics of RAD50 foci was
similar to maize (Fig. 5) but the foci numbers were smaller: 171
foci per nucleus (�60, n � 16) in early zygotene and 8 (�4, n �
9) in pachytene. The anti-RAD50 antibody did not detect any

Fig. 4. The maize phs1-R148H mutation. (A) The maize Phs1 gene. Blue
triangle � position of Mutator transposon insertion resulting in the original
phs1-O mutation. Violet box � region used for the TILLING screen. Asterisk �
positions of the phs1-R148H mutation. (B) Paring of 5S rRNA loci in a wild-type
and phs1-R148H mutant meiocytes. Both loci in the mutant are associated
with nonhomologous chromosome segments. Closeups of homologously
paired 5S rRNA loci in the wild-type and one of the loci in the mutant are
shown in insets. The other 5S locus in the mutant is visible in the lower right
corner of the cell. Images are flat projection of several consecutive optical
sections but do not represent entire nuclei. (Scale bar, 5 �m.)

Fig. 3. Installation of chromosome axis and SC proteins on meiotic chromo-
somes in phs1 mutants in Arabidopsis and maize. (A) Installation of ASY1, a
chromosome-axis associated protein in zygotene meiocytes. (B) Installation of
ZYP1, the central element protein of the SC, and AFD1, a meiosis-specific
cohesin, in pachytene. (Scale bar, 5 �m.)
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signal in the Arabidopsis rad50–1 mutant (13), confirming that
it was specific to RAD50.

In contrast to the wild-type, in the phs1 mutants in both maize
and Arabidopsis at all meiosis stages, very few RAD50 foci were
observed inside the nucleus (Fig. 5) even though the protein was
still present in the cytoplasm. For example, in the maize phs1-O
mutant, only 26 foci (�4, n � 38) were found at mid zygotene,
which represents less than 5% of the foci number observed in the
wild-type at the same stage. Overall, our findings suggest that
RAD50 fails to enter the nucleus from the cytoplasm in phs1
mutants.

The PHS1 Protein Localizes to the Cytoplasm During Leptotene and
Zygotene. To investigate the subcellular localization of PHS1, we
developed two polyclonal antibodies, one against the maize
PHS1 and another one against the Arabidopsis homolog. In
wild-type meiocytes in both species in leptotene and zygotene,
PHS1 showed diffuse staining throughout the meiocyte but
mostly formed numerous granules in the cytoplasm and not in
the nucleus (Fig. 6). The protein was first visible in mid-leptotene
but the peak of PHS1 accumulation was during zygotene. In
zygotene, some maize meiocytes (fewer than 10%) showed PHS1
foci clusters specifically located along the nuclear envelope.

However, such pattern was never observed in Arabidopsis. In
late zygotene in both maize and Arabidopsis, PHS1 staining in
the cytoplasm decreased and a few PHS1 foci were found inside
the nucleus. After pachytene, the protein was no longer detect-
able. PHS1 was also absent from somatic cells in maize and
Arabidopsis anthers and Arabidopsis petals (Fig. 6). No detect-
able PHS1 signal was also seen in the maize phs1-O and the
Arabidopsis Atphs1–1 mutants (Fig. 6), indicating that the
antibodies were PHS1-specific and confirming that phs1-O and
Atphs1–1 are both null mutants.

Subcellular Localization of PHS1 Does Not Depend on Meiotic Recom-
bination. To elucidate whether the localization pattern of PHS1
is dependent on meiotic recombination, we examined the protein
localization in male meiocytes of the Arabidopsis spo11–1-1
mutant. We found that the PHS1 localization pattern in the
mutant meiocytes was similar to the wild-type (Fig. S7). These
data suggest that PHS1 localization does not depend on SPO11
or the presence of DSBs on meiotic chromosomes.

Fig. 5. Immunolocalization of RAD50 in wild-type and phs1 mutant meio-
cytes. Each image is a single optical section. (Scale bar, 5 �m.) Fig. 6. Immunolocalization of the PHS1 protein. The phs1 mutants pictured

are Atphs1–1 in Arabidopsis and phs1-O in maize. Each image is a single optical
section. (Scale bar, 10 �m.)
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Discussion
PHS1 Controls Nuclear Import of RAD50 in Meiosis. Our observations
indicate that the earliest defect in phs1 mutants is the failure of
RAD50 to enter the nucleus. In plants, the MRN complex
proteins are not required for the formation of meiotic DSBs, in
contrast to budding yeast or C. elegans (6, 13, 14). However, their
nuclear import is not a response to DSB formation because
normal numbers of nuclear foci of MRE11 are present in
Arabidopsis mutants lacking meiotic DSBs (33). As neither
RAD50 nor MRE11 contain nuclear localization signals, these
data suggest that the import of the MRN protein complex into
the nucleus is a regulated process independent from recombi-
nation initiation.

Our experiments in maize and Arabidopsis using two different
species-specific antibodies showed that the PHS1 protein accu-
mulates in the cytoplasm during leptotene and most of zygotene.
During the same time, PHS1 affects nuclear localization of
RAD50. These results indicate that PHS1 regulates the import
of RAD50 into the nucleus by acting in the cytoplasm. PHS1
does not have a broad role in shuttling meiotic proteins into the
nucleus since several other meiotic proteins, including ASY1,
AFD1, and ZYP1, do enter the nucleus in phs1 mutants. In
mammalian cells, NBS1 is known to be required for nuclear
localization of the MRN complex (34). Interestingly, nbs1 mu-
tants in Arabidopsis do not show a meiotic defect on their own
(5), suggesting that MRN proteins in plants may use a different
mechanism to enter the nucleus. Although it is possible that
PHS1 is directly involved in physically shuttling RAD50 into the
nucleus, we do not favor this possibility because if this was the
case, we would expect to see larger amounts of the PHS1 protein
inside the nucleus during leptotene and zygotene. Instead, we
propose that PHS1 plays a regulatory role in this process.

We previously showed that in the maize phs1-O mutant
meiotic DSBs were formed but RAD51 foci were absent from
the sites of DSBs (2). As RAD51 is recruited to single-stranded
DNA ends created through resection of meiotic DSBs by MRN
(9), the absence of RAD51 foci in the phs1-O mutant is a direct
consequence of the absence of RAD50 from the nucleus.
However, the presence of RAD50 in the nucleus is not com-
pletely eliminated in phs1 mutants, suggesting that an alternative
mechanism, albeit a less efficient one, exists for nuclear import
of the two proteins. The roughly 5% remaining RAD50 foci
likely lead to proper repair of some DSBs and could account for
the observation of a small number of RAD51 foci in the maize
phs1-O mutant (2). These foci may also be responsible for the
fact that the chromosome fragmentation observed in rad50
knockout mutants (13, 14) is not seen in phs1 mutants, although
even in the rad50 knockouts most DSBs are repaired by MRN-
independent mechanisms since the numbers of observed broken
chromosome fragments in these mutants is minuscule compared
to the number of SPO11-generated DSBs.

Why Do Homologous Chromosomes Fail to Pair Properly in phs1
Mutants? Maize and Arabidopsis phs1 mutants show severe
defects in chromosome homology recognition and meiotic re-
combination. In contrast, other prophase I processes are not
defective, including telomere clustering, sister-chromatid cohe-
sion, and chromosome axis formation. Chromatin structure
appears normal in light microscopy examination. Installation of
the SC central element protein ZYP1 is also largely unaffected,
although it is delayed and may be incomplete. Based on these
data, we conclude that the failure of RAD50 to enter the nucleus
and resect meiotic DSB is the primary defect in phs1 mutants.

Arabidopsis mutants lacking MRN complex proteins RAD50
and MRE11 show chromosome pairing defects, although these
defects are mostly lack of synapsis (13, 14) rather than the extensive
nonhomologous synapsis that we observe in the phs1 mutants.

However, in phs1 mutants, a small number of DSBs are properly
processed and repaired, as evidenced by the few RAD50 and
RAD51 foci present on chromosomes. This hypomorphic pheno-
type could result in a different chromosome pairing defect than the
complete absence of RAD50 in a knockout mutant. A hypomor-
phic mre11S mutation in budding yeast, which blocks DBS process-
ing but not their formation, has been shown to lead to nonhomolo-
gous synapsis (35). Conceivably, a small number of ssDNA ends that
are available for the RAD51/DMC1-facilitated process of homol-
ogy search could lead to ectopic pairing interactions between
nonhomologous loci.

Centromere Coupling. The observation of centromere coupling in
phs1 mutants suggests that interactions between centromeric
regions precede pairing along chromosome arms. Presynaptic
centromere coupling has been reported in yeast and polyploid
wheat (36, 37). Our observations suggest that it may be a more
universal phenomenon. Although centromere coupling is not
distinguishable as a separate chromosome pairing step in wild-
type Arabidopsis, it may be because in wild-type meiosis cen-
tromere coupling is ephemeral and quickly followed by chro-
mosome arm pairing. Centromere coupling in wheat precedes
meiosis and is also present in somatic cells that do not become
meiocytes (37). In contrast to wheat, but similarly to Arabidop-
sis, centromere coupling in yeast is transient and occurs at the
onset of meiotic chromosome pairing (36). However, centromere
coupling in yeast is mediated by the installation of the SC central
element protein at the centromeres (36, 38), while our obser-
vations showed that in some cases the ZYP1 protein appeared to
be absent from entire bivalents in the Atphs1 mutant, which
suggests that the mechanism of centromere coupling in Arabi-
dopsis may be different from the one in yeast. Centromere
coupling in the Arabidopsis phs1 mutant implies that PHS1 is
required for homologous pairing along chromosome arms, but
chromosome interactions at the centromeres are governed by a
different mechanism.

PHS1 Is a Part of a Regulatory System That Controls Nuclear Local-
ization of Meiotic Proteins. An intriguing question is whether the
action of PHS1 is a unique way of regulating meiosis or a part of a
broader system that directs meiosis progression by controlling entry
of meiotic proteins into the nucleus. Meiotic prophase I events
require coordination between seemingly independent processes (1).
It is conceivable that for this complex coordination to work, meiotic
proteins must be delivered to their place of action at a specific time
and in the correct order. The Arabidopsis MPA1 gene is be required
for nuclear localization of the RAD51 and MSH4 proteins (39) and
it is possible that it plays a direct role in regulating the entry of
RAD51 and MSH4 to the nucleus. We propose that PHS1 and
MPA1 are both components of a regulatory network that controls
the progression of meiotic prophase by regulating nuclear import of
specific meiotic proteins (Fig. 7).

Fig. 7. A model for meiotic prophase regulation by controlling transport of
meiotic proteins into the nucleus. PHS1 regulates DSB resection by controlling
nuclear import of RAD50. MPA1 regulates DSB repair by controlling nuclear
import of RAD51 and MSH4.

Ronceret et al. PNAS � November 24, 2009 � vol. 106 � no. 47 � 20125

PL
A

N
T

BI
O

LO
G

Y
SE

E
CO

M
M

EN
TA

RY



We found sequence homologs of PHS1 only in Angiosperms.
This recent evolutionary origin may be linked to the function of
this protein. In contrast to other taxa, plants show little temporal
regulation of meiotic gene expression: plant homologs of some
meiotic genes that show tight transcriptional regulation in other
species, such as SPO11 or HOP2, are ubiquitously expressed in
plants (11, 40). Regulating the entry of meiotic proteins into the
nucleus may be a way of compensating for the lack of transcrip-
tional control.

Materials and Methods
AtPHS1 RNAi Lines. To silence the AtPHS1 gene with RNAi, we used a 524-bp
fragment of AtPHS1 (nt 26–549), and followed the method described by Siaud
et al. (24).

Screening for TILLING Alleles. In maize, EMS-mutagenized maize lines were
screened with primers TGATTAGATTTCCTCGCACTCGCAGAA and TGCATA-
AGGGCAACACTGAAAGACATG. In Arabidopsis, primers TCTTCGACGGTT-
TCTCTCCACATTGTC and GCTTCACAGTTGTTTGGCCTGCATCTA were used.

PHS1 Antibody. Full-length maize and Arabidopsis PHS1 cDNAs were cloned in
to the pDONR221 vector (Invitrogen). The constructs were then recombined
into the pET160-DEST vector (Invitrogen) and transformed into E. coli Arctic
express (DE3) cells (Stratagen). The recombinant proteins were purified using
Ni-NTA columns (Qiagen) under native conditions and the antigen was used

to immunize rats (Rockland Immunochemicals). The antibodies were affinity-
purified using their respective antigens.

Fluorescent in Situ Hybridization (FISH). Arabidopsis 5S rRNA and 25S rRNA and
maize 5S RNA repeats were labeled with fluorescein isothiocyanate (FITC)
using nick translation (Roche). A cyanine 3-labeled oligonucleotide
(CCCTAAA)4 was used to detect telomeres. A cyanine 5-labeled oligonucleo-
tide YGGTTGCGGTTTAAGTTCTTATACTCAATC (Proligo) was used to detect
the AL1 repeat present in Arabidopsis centromeres (41). FISH and 3-D micro-
scopic imaging were carried out as previously described (42, 43).

Immunolocalization. Immunolocalization experiments were performed as pre-
viously described (28, 43) using the following antibodies: rabbit anti-AtASY1
(26) diluted 1:50, rabbit anti-AtZYP1 (29) diluted 1:100, rat anti-AFD1 (28)
diluted 1:100, guinea pig anti-ZmZYP1, diluted 1:50, and rabbit anti-AtRAD50
(44) diluted 1:200. The anti-PHS1 antibodies were used at 1:100.
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