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Arabidopsis Development But Is Dispensable
for Viability' ™!

Junjie Li and Xuemei Chen*

Waksman Institute, Rutgers University, Piscataway, New Jersey 08854 (J.L., X.C.)

Exportin-t was first identified in humans as a protein that mediates the export of tRNAs from the nucleus to the cytoplasm.
Mutations in Loslp, the Saccharomyces cerevisiae exportin-t homolog, result in nuclear accumulation of tRNAs. Because no
exportin-t mutants have been reported in multicellular organisms, the developmental functions of exportin-t have not been
determined. Here, we report the isolation and characterization of two Arabidopsis exportin-t mutants, paused-5 and paused-6.
The mutant phenotypes indicate that exportin-t acts pleiotropically in plant development. In particular, paused-5 and
paused-6 result in delayed leaf formation during vegetative development. The two paused mutations also cause the
transformation of reproductive organs into perianth organs in the hual-1 hua2-1 background, which is partially defective in
reproductive organ identity specification. The floral phenotypes of hual-1 hua2-1 paused mutants resemble those of mutations
in the floral homeotic gene AGAMOUS. Moreover, paused-5 enhances the mutant phenotypes of two floral meristem identity
genes, LEAFY and APETALAI. The developmental defects caused by paused mutations confirm the important roles of
exportin-t in gene expression in multicellular organisms. In addition, a paused null allele, paused-6, is still viable, suggesting

the presence of redundant tRNA export pathway(s) in Arabidopsis.

In plants, postembryonic development results from
the activities of the apical meristems. The shoot api-
cal meristem (SAM) generates leaves during the veg-
etative stage of plant development and floral meris-
tems during reproductive development. In
Arabidopsis, four types of floral organs, sepal, petal,
stamen, and carpel, are produced by a floral meris-
tem in four concentric rings, or whorls. The identities
of the four floral organ types are specified by the
combinatorial activities of four classes of floral ho-
meotic genes known as A, B, C, and SEPALLATA
genes (for review, see Theissen and Saedler, 2001;
Lohmann and Weigel, 2002). AGAMOUS (AG), a
class C gene, is a master regulator of reproductive
organ identities. Severe loss-of-function mutations in
AG result in the transformation of reproductive or-
gans into perianth organs (Bowman et al., 1989). In
addition, AG acts in the proper termination of floral
meristem activity such that flowers are determinate
structures. This AG activity results from its ability to
repress the stem cell maintenance gene WUSCHEL
(WUS) in the center of flowers (Lenhard et al., 2001;
Lohmann et al., 2001).

Several new genes that also act in reproductive
organ identity and floral determinacy specification

! This work was supported by the National Institute of Health
(grant no. 1-R01-GM-61146 to X.C.).

™1 The online version of this article contains Web-only data. The
supplemental material is available at http:/ /www.plantphysiol.org.

* Corresponding author; e-mail xuemei@waksman.rutgers.edu;
fax 732-445-5735.

Article, publication date, and citation information can be found
at www.plantphysiol.org/cgi/doi/10.1104/pp.103.023291.

were identified from two genetic screens in sensi-
tized backgrounds. In a genetic screen in the ag-4
background, recessive mutations in HUAT and HUA2
were found to enhance the phenotypes of the weak
ag-4 allele such that ag-4 hual-1 hua2-1 flowers resem-
ble severe ag mutants, such as ag-1, ag-2, or ag-3
(Chen and Meyerowitz, 1999). The hual-1 hua2-1
double-mutant flowers have occasional petaloid sta-
mens and gynoecia with partial sepal character
(Chen and Meyerowitz, 1999; Chen et al., 2002; West-
ern et al., 2002), phenotypes that indicate partial loss
of class C activity. In a genetic screen in the hual-1
hua2-1 background, extragenic, recessive mutations
in three HUA ENHANCER (HEN) loci, HEN1, HEN2,
and HEN4, were found to enhance the weak hual-1
hua2-1 phenotypes to severe ag-like phenotypes, sug-
gesting that the HEN genes also act in reproductive
organ identity and floral determinacy specification
(Chen et al., 2002, Cheng et al., 2003; Western et al.,
2002).

Among the newly identified HUA and HEN genes,
HUA1, HUA2, HEN2, and HEN4 appear to promote
AG pre-mRNA processing. Mutations in these genes
result in the accumulation of AG transcripts contain-
ing part of the large AG second intron (Cheng et al.,
2003). HUAT1 is a nuclear RNA-binding protein (Li et
al.,, 2001) and interacts with HEN4, a protein with
KH-type RNA-binding motifs (Cheng et al., 2003).
HUA?2 encodes a protein with motifs found in tran-
scription coactivators and nuclear RNA-processing
proteins (Chen and Meyerowitz, 1999; Cheng et al.,
2003). HEN2 encodes a protein with similarity to
Saccharomyces cerevisite Doblp (Mtrdp), a putative
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RNA helicase (Western et al., 2002). HEN1 differs
from other HUA and HEN genes in that it does not
appear to be required for AG pre-mRNA processing.
Two recessive mutations in HENI result in no or
reduced accumulation of microRNAs (Park et al.,,
2002; W. Park and X. Chen, unpublished data), sug-
gesting that HEN1 acts in microRNA metabolism.
The fact that hual-1 hua2-1 henl-1 flowers show ag-
like phenotypes (Chen et al.,, 2002) suggests that a
microRNA(s) acts in reproductive organ identity and
floral determinacy specification.

In this report, we describe two recessive mutations
in a locus that we initially named HUA ENHANCER
5 (HEND), hen5-1 and hen5-2, which cause stamen-to-
petal and carpel-to-sepal transformation in the hual-1
hua2-1 background. We show that HENS is identical
to PAUSED (PSD), a gene previously identified as a
regulator of developmental phase transitions (Telfer
et al., 1997). We have renamed hen5-1 and hen5-2 as
psd-5 and psd-6, respectively. We show that PSD is
required for the proper function of not only the SAM,
but also the floral meristems and floral organ primor-
dia. We demonstrate that PSD is required for the
normal accumulation of AG mRNA and protein.

PSD encodes the only protein in the Arabidopsis
genome with significant similarity to human
exportin-t and yeast Loslp, which are nuclear export
receptors of tRNA (Arts et al., 1998; Hellmuth et al.,
1998; Kutay et al., 1998). All three proteins have a
conserved Ran-binding domain, a signature of the
importin-B protein family (Gorlich et al., 1997), at the
N terminus of the proteins (see below). Ran is a small
GTPase and is a crucial component in many nucleo-
cytoplasmic transport processes (for review, see Gor-
lich and Kutay, 1999; Kuersten et al., 2001). Members
of the importin-g family can bind Ran and many act
in nucleocytoplasmic transport (for review, see Gor-

Figure 1. psd phenotypes in seedlings. A, A
15-d-old Landsberg erecta (Len plant. B, A 15-
d-old psd-5 plant with fewer true leaves than
wild type at the same stage. C, A 15-d-old psd-5
plant with no true leaves. D, A 15-d-old psd-5
plant with a terminal leaf. E, A 14-d-old Colum-
bia (Col) plant. F and G, 14-d-old psd-6 plants
with fewer true leaves than Col. One cotyledon
was absent in G. H, A 20-d-old psd-6 plant with
a terminal leaf. I, A 20-d-old F; plant from a
cross between Col and Ler. J, A 20-d-old F,
plant from a cross between psd-5 and psd-6.
Fewer rosette leaves are found than the corre-
sponding wild type (I) at the same stage. K, A
13-d-old psd-5 hua2-1 (Ler) transgenic seedling
containing pPZP211-HEN5p3/4 showing nor-
mal true leaf formation. L, A 13-d-old psd-5
hua2-1 (Ler) transgenic seedling containing
pPZP-35S-green  fluorescent protein (GFP)
showing the psd-5 phenotype. The magnifica-
tion in K and L is different from that in A through
J.
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lich and Kutay, 1999; Cullen, 2000; Grosshans et al.,
2000). Despite the critical function of Los1p in nucle-
ocytoplasmic transport of tRNAs, los] mutants are
viable (Hurt et al., 1987), suggesting the presence of
redundant tRNA export pathways in yeast. Expor-
tin-5, another mammalian importin-B protein, has
been recently demonstrated to also serve as a tRNA
export receptor (Bohnsack et al., 2002; Calado et al.,
2002). We demonstrate that psd-6 is a null allele with
undetectable PSD mRNA but is still viable and fer-
tile. Therefore, exportin-t, which appears to be dis-
pensable in yeast, is also dispensable in a multicellu-
lar organism for viability, suggesting that redundant
tRNA export pathway(s) must exist. However, the
pleiotropic phenotypes of psd mutants suggest that
exportin-t is required for multiple developmental
pathways in Arabidopsis.

RESULTS
PSD Is Required for the Proper Activities of the SAM

We isolated the psd-5 mutation from the hual-1
hua2-1 mutagenesis screen as a recessive mutation
that enhanced the weak hual-1 hua2-1 loss-of-C-
function phenotypes. The psd-5 allele was later seg-
regated away from the hual-1 hua2-1 background and
was found to exhibit a vegetative phenotype on its
own. While a wild-type SAM continues to generate
leaves on its flanks during vegetative development,
leaf formation was variably delayed in psd-5. In most
psd-5 plants, the leaf-generating activity of the SAM
appeared to be compromised such that fewer leaves
were formed than wild type in the same period of
time (Fig. 1, A and B). In approximately 17% of the
plants, no leaf or only one leaf was generated at d 15
after the transfer of the psd-5 seeds to the growth
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Figure 2. Floral phenotypes of psd mutants and interactions with mutations in A, B, and C genes. A, A huai-1 hua2-1 (Col)
flower. B, An early hual-1 hua2-1 psd-5 flower with petals instead of stamens in the third whorl (arrow). C, A late hual-1
hua2-1 psd-5 flower with petals in the third whorl and an additional flower in the fourth whorl. D, A huai-1 hua2-1 psd-6
(Col) flower showing stamen-to-petal transformation in the third whorl. E, Comparison of hual-1 hua2-1 (1), hual-1 hua2-1
psd-5(2), and hual-1 hua2-1 psd-6 (3 and 4) gynoecia. F, A hual-1 hua2-1 psd-6 flower with an internal flower in the fourth
whorl. G, A psd-5 flower with normal floral organ types. H and I, Abaxial surfaces of the base of a huai-1 hua2-1 (H) and
a huai-1 hua2-1 psd-5 valve (1). ] and K, Abaxial surfaces of the apical portion of an Ler (J) and a psd-5 valve (K). The psd-5
valve has a few cells with typical sepal epicuticular striations (arrow). L, A hual-1 hua2-1 ag-1 flower. M, A hual-1 hua2-1
psd-5 ag-1 flower. N, A hual-1 hua2-1 ap2-2 flower. O, A hual-1 hua2-1 psd-5 ap2-2 flower. P, A hual-1 hua2-1 pi-3
flower with filaments (arrow) in the third whorl. Q, A hual-1 hua2-1 psd-5 pi-3 flower with sepals in the third whorl. R, A
huat-1 hua2-1 ap1-1 flower. S, A hual-1 hua2-1 psd-5 ap1-1 “flower” with leaf-like organs in a spiral phyllotaxy, and an
internal terminal structure with carpel character. Size bars in H through K = 10 pm.

room (Fig. 1, C and D). At the time of bolting, there
were fewer rosette leaves produced in psd-5 plants
(data not shown). After the cloning of the PSD gene
(see below), we identified another mutant, psd-6,
which contained a T-DNA insertion in the PSD cod-
ing region from the Salk T-DNA collection. psd-6,
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which was from a different ecotype, exhibited similar
phenotypes as psd-5 (Fig. 1, E-H), although the fre-
quency of plants with no or only 1 leaf at d 15 was
only 4%. These vegetative phenotypes were similar
to those of previously described psd mutants (Telfer
et al., 1997). The layered structure of the SAM is
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abnormal in psd mutants, and psd seedlings appear to
contain dead cells at the meristem center (Telfer et al.,
1997). The SAM defects may lead to the observed
delay in leaf appearance in psd plants (Telfer et al.,
1997). Thus, PSD is required for the proper activity of
the SAM.

psd Mutations Result in Floral Organ Identity and
Floral Determinacy Defects

In the hual-1 hua2-1 background, psd-5 resulted in
stamen-to-petal and carpel-to-sepal transformation
in the flower (Fig. 2, A-C), whereas hual-1 psd-5 or
hua2-1 psd-5 flowers were indistinguishable from
psd-5 flowers, which were largely normal (Fig. 2G)
except for reduced fertility. hual-1 hua2-1 psd-5 flow-
ers had petals in the third whorl and gynoecia with
smaller and irregularly shaped ovary in the fourth
whorl (Fig. 2, B and E). Occasionally in late-arising
flowers, additional flowers appeared in the center
(Fig. 2C), suggesting loss of floral determinacy. Scan-
ning electron microscopy (SEM) showed that valve
epidermal cells throughout hual-1 hua2-1 psd-5 ova-
ries had epicuticular striations that resembled sepal
instead of valve epidermal cells (Fig. 2, H and I),
whereas cells with sepal characteristics were only
found at the apical portion of hual-1 hua2-1 valves
(Chen et al., 2002; Western et al., 2002). Furthermore,
although psd-5 single mutant flowers were appar-
ently normal (Fig. 2G), occasional valve cells with
epicuticular striations could be found in the apical
portion of the psd-5 ovaries (Fig. 2K). Cells with such
sepal characteristics were never found in wild-type
ovaries (Fig. 2J). In summary, psd-5 exhibited ex-
tremely weak loss-of-C function defects on its own
and enhanced the partial loss-of-C function defects of
the hual-1 hua2-1 mutants.

Another allele, psd-6, was isolated from the Salk
T-DNA collection and was in the Col background.
psd-6 single-mutant flowers did not display any floral
homeotic phenotypes. The psd-6 allele was crossed
into hual-1 hua2-1 (Col), a strain in which the hual-1
and hua2-1 mutations were introgressed into the Col
background to determine if this psd allele also be-
haved similarly to psd-5. The flowers of hual-1 hua2-1
(Col) usually had normal stamens (Fig. 2A) and oc-
casionally had petaloid stamens in the third whorl.
The hual-1 hua2-1 psd-6 flowers had petals in the
third whorl (Fig. 2D) and gynoecia with elongated
gynophores or another flower in the fourth whorl
(Fig. 2, E and F). We also crossed psd-6 into hual-1
hua2-1 in the Ler background and the F, triple mu-
tants displayed floral phenotypes similar to those of
hual-1 hua2-1 psd-5 or hual-1 hua2-1 psd-6 in the Col
background (data not shown). Thus, the two psd
alleles exhibit similar defects in organ identity and
floral determinacy and reveal a requirement for PSD
in floral patterning.

1916

PSD Is Most Probably the Ortholog of Human
Exportin-t

To better understand the molecular basis of the psd
mutant phenotypes, a map-based cloning approach
was used to identify the PSD gene. PSD was mapped
to a 27-kb region at the south end of chromosome I on
the bacterial artificial chromosome (BAC) F28P22
(Fig. 3A). Sequencing four genes in this region re-
vealed a single nucleotide deletion in the ninth exon
of the gene Atl1g72560 (Fig. 3A). The deletion of a G
is predicted to cause a premature stop codon 11 bp
after the mutation site. Therefore, Atlg72560 is likely
the PSD gene. To confirm this, a 7-kb genomic frag-
ment surrounding the coding region of Atlg72560
was amplified by PCR and cloned into the plant
expression vector pPZP211. The resulting construct
pPZP211-HEN5p3/4 and another unrelated con-
struct pPZP211-355-GFP were transformed into psd-5
hua2-1 plants. All 30 transgenic plants containing
pPZP211-HEN5p3/4 had normal true leaf initiation
or appearance (Fig. 1K). In contrast, transgenic plants
containing pPZP211-355-GFP exhibited similar leaf
initiation defects to those of psd-5 (Fig. 1L). Thus,
Atlg72560 complements the psd mutant phenotypes.

To further confirm that Atlg72560 is PSD, we ob-
tained a T-DNA insertion line, which we later named
psd-6, from the Salk T-DNA collection. We verified
that this line had a T-DNA inserted in the first exon
of the Atlg72560 gene (Fig. 3A). Compared with
wild-type Col plants, these plants had a slower rate
of leaf appearance, fewer rosette leaves, and lighter
colored leaves (Fig. 1, F-H), phenotypes also exhib-
ited by psd-5 plants. This T-DNA insertion line was
kanamycin sensitive, probably due to silencing of the
NPTII gene in the T-DNA. To confirm that the phe-
notypes observed were due to a T-DNA insertion in
PSD rather than another mutation in the background,
we crossed this line with psd-5. The F; plants showed
the psd phenotypes, in contrast to the F, plants that
resulted from crosses between Col and Ler plants
(Fig. 1, I and J). Therefore, the T-DNA mutant is
another psd allele, which we named psd-6. When we
introduced this mutation into the hual-1 hua2-1 (Col)
background, the flowers of the resulting triple-
mutant plants had phenotypes similar to hual-1
hua2-1 psd-5: petals in the third whorl instead of
stamens, gynoecia with elongated gynophores, or an-
other flower in the center (Fig. 2, D-F).

A PSD cDNA was isolated by reverse transcrip-
tion-PCR from inflorescence tissue. The gene con-
tained 13 exons and 12 introns (Fig. 3A). The
predicted PSD protein has 988 amino acids and
shares 27% identity and 48% similarity to human
exportin-t, and 21% identity and 41% similarity to
yeast Loslp throughout the proteins (Fig. 3B). Hu-
man exportin-t shares 19% identity and 41% simi-
larity to Los1p. Thus, PSD and human exportin-t are
more closely related to each other than either one is
to Loslp. All three proteins have a conserved Ran-
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Figure 3. The PSD gene and protein. A, Positional cloning of PSD. The black lines represent BACs with the BAC names
indicated above. The recombination frequencies at the markers (vertical lines) are shown below the BACs as number
recombination/number chromosome. The PSD genomic structure is shown with rectangles representing exons and lines
representing introns. The psd-5 single nucleotide deletion is marked as a star in exon 9 and the psd-6 T-DNA insertion
mutation is represented as an inverted triangle in exon 1. B, A clustalW alignment of PSD protein with exportin-t (human,
Homo sapiens) and Los1p (Saccharomyces cerevisiae). The amino acids showing identity and ones showing similarity are
outlined, and highlighted in dark and light gray, respectively. The lines below the alignment denote the Ran-binding domain.
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binding domain, a signature of the importin-g pro-
tein family, at the N terminus of the proteins (Fig.
3B). No other proteins with comparable similarity
with exportin-t and Loslp exist in the Arabidopsis
genome. Therefore, PSD is most likely a unique
ortholog of exportin-t in Arabidopsis and possibly
acts in the nucleocytoplasmic transport of tRNA in a
Ran-dependent manner.

Expression of A, B, and C genes in hual-1 hua2-1 psd-5

We examined the expression of a class A gene
APETALAI1 (AP1), the two class B genes APETALA3
(AP3) and PISTILLATA (PI), and the class C gene AG
in hual-1 hua2-1 and hual-1 hua2-1 psd-5 flowers to
begin to understand the molecular basis of the ho-
meotic transformation in hual-1 hua2-1 psd-5. Consis-
tent with the observed stamen-to-petal transforma-
tion in the third whorl and carpel-to-sepal
transformation in the fourth whorl of hual-1 hua2-1
psd-5 flowers, AP1 RNA was present in the inner two
whorls (Fig. 4, A and B). Despite the fact that hual-1
hua2-1 psd-5 flowers showed loss-of-C function phe-
notypes, AG RNA was readily detected in the inner
two whorls (Fig. 4, C and D). We did not detect any
difference in the temporal or spatial patterns of AG
expression between hual-1 hua2-1 and hual-1 hua2-1
psd-5 (Fig. 4, C and D, and data not shown). The class
B gene PI also showed similar expression patterns in
the two genotypes (data not shown). Interestingly,
although AP3 RNA was found exclusively in whorls
2 and 3 in hual-1 hua2-1 flowers (Fig. 4E), AP3 RNA
was detected in some cells on the adaxial side of the
ovary in hual-1 hua2-1 psd-5 flowers (Fig. 4F). This
suggests a factor that acts to restrict the expression of

Figure 4. AP1, AG, AP3, and PSD RNA accumu-
lation as determined by in situ hybridization. The
brown/purple color represents positive hybridiza-
tion signals. A, A stage 12 hual-1 hua2-1 flower
without APT expression in the inner two whorls.
B, A hual-1 hua2-1 psd-5 flower with ectopic
AP1 expression in the inner two whorls (arrows).
C, A stage 5-6 hual-1 hua2-1 flower showing
AG RNA in the center. D, A stage 6 hual-1
hua2-1 psd-5 flower showing AG RNA in the
center. E, A stage 12 hual-1 hua2-1 flower with
AP3 expression in the second and third whorls. F,
A stage 12 hual-1 hua2-1 psd-5 flower showing
ectopic expression of AP3 on the adaxial side of
the ovary (arrow). G, A longitudinal section of an
Ler inflorescence hybridized to a PSD sense
probe. H through J, Hybridization of Ler (H and 1)
and ag-1 (J) tissues to a PSD antisense probe. PSD
expression can be detected in young stamens and
carpels (white arrows) in a stage 10 flower and in
young floral meristems (black arrow; H), in the
ovules of a stage 12 flower (I) and in the central
young floral organs and the meristem (arrow) in
the ag-T flower (). Size bar = 50 um.
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AP3 from ovary cells in the fourth whorl is affected
by mutations in PSD, a putative exportin-t.

PSD Is Required for Multiple Processes in Flower
Development

We introduced mutations in the class A, B, or C
genes into the hual-1 hua2-1 psd-5 background to
further determine whether PSD, as a putative
exportin-t, specifically affects the class C pathway in
flower development. Although the phenotypes of
hual-1 hua2-1 psd-5 ap2-2, hual-1 hua2-1 psd-5 pi-3, or
hual-1 hua2-1 psd-5 ag-1 flowers indicate that primar-
ily C function is affected in hual-1 hua2-1 psd-5 flow-
ers, the hual-1 hua2-1 psd-5 apl-1 combination re-
vealed that psd-5 also affects an earlier step in floral
patterning. The finding that psd-5 results in multiple
developmental defects in the flower is consistent
with the molecular role of PSD as a putative
exportin-t.

hual-1 hua2-1 psd-5 ap2-2

hual-1 hua2-1 ap2-2 flowers resemble ap2-2 flowers
in the outer three whorls and hual-1 hua2-1 flowers in
the fourth whorl (Chen and Meyerowitz, 1999; Fig.
2N). The hual-1 hua2-1 psd-5 ap2-2 quadruple mutant
differed from hual-1 hua2-1 ap2-2 in that it had flow-
ers with leaf-like organs in the outer three whorls and
sepaloid carpels in the fourth whorl (Fig. 20). This
phenotype resembles that of ag-1 ap2-2 (Bowman et
al., 1991) and is consistent with the assumption that
hual-1 hua2-1 psd-5 plants are compromised in class C
function in the flower.

Plant Physiol. Vol. 132, 2003



hual-1 hua2-1 psd-5 pi-3

pi-3 is a week allele with sepals in the outer two
whorls and carpels in the inner two whorls (Bowman
et al., 1991). hual-1 hua2-1 enhances the pi-3 pheno-
type such that the third whorl organs in hual-1 hua2-1
pi-3 show reduced carpel character and develop into
sepals, carpelloid sepals, and/or filaments (Chen and
Meyerowitz, 1999; Fig. 2P). The third whorl pheno-
type of hual-1 hua2-1 pi-3 was further enhanced by
psd-5, such that only sepals were present in the third
whorl of hual-1 hua2-1 psd-5 pi-3 flowers (Fig. 2Q).
The lack of carpel characteristics in the third whorl of
hual-1 hua2-1 psd-5 pi-3 flowers is consistent with the
assumption that class C activity is greatly reduced in
hual-1 hua2-1 psd-5.

hual-1 hua2-1 psd-5 ag-1

hual-1 hua2-1 ag-1 flowers resemble those of ag-1
(Chen and Meyerowitz, 1999; Fig. 2L). hual-1 hua2-1
psd-5 ag-1 quadruple mutants were indistinguishable
from hual-1 hua2-1 ag-1 triple mutants in terms of the
homeotic transformation defects in the third whorl or
the floral determinacy defects in the fourth whorl
(Fig. 2M), indicating that ag-1 is epistatic to psd-5.

hual-1 hua2-1 psd-5 ap1-1

apl-1 is a severe loss of function mutation in the
class A gene AP1 (Irish and Sussex, 1990; Bowman et
al., 1993). In addition to its role in floral organ iden-
tity specification, AP1 also specifies floral meristem
identity (Mandel et al., 1992; Mandel and Yanofsky,
1995). hual-1 hua2-1 apl-1 flowers resemble apl-1
flowers (Chen and Meyerowitz, 1999; Fig. 2R). We
generated the hual-1 hua2-1 psd-5 apl-1 quadruple
mutant to determine whether the ectopic AP1 expres-
sion in the third whorl of hual-1 hua2-1 psd-5 flowers
was responsible for the stamen-to-petal transforma-
tion. The introduction of apl-1 into hual-1 hua2-1
hen4-1, which has petals in the third whorl, rescued
the third whorl defect of hual-1 hua2-1 hen4-1 such
that stamens were found in the quadruple mutant
(Cheng et al., 2003). However, hual-1 hua2-1 psd-5
ap1-1 plants showed a novel phenotype. The quadru-
ple mutant “flowers” resembled shoots in that they
contained sepal/leaf-like organs with a spiral phyl-
lotaxy and a few carpelloid organs in the center (Fig.
2S). The lack of recognizable third whorl organs in
the quadruple mutants prevented the assessment of
the role of AP1 in the stamen-to-petal transformation
in the third whorl of hual-1 hua2-1 psd-5 flowers.
However, the novel phenotype suggests that psd-5
not only affects C function in flower development,
but also affects an earlier activity, which specifies the
identity of the floral meristem or to allow its proper
development. This is consistent with the observation
that psd-5 also enhanced the floral meristem defects
of Ify mutants (see below).
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PSD Is Required for the Specification or Proper
Development of the Floral Meristem

psd mutants had slightly more cauline leaves than
wild type (data not shown), a phenotype that sug-
gests delayed transition of the SAM from generating
shoots to making flowers. To elucidate the possible
requirement for PSD in the process of shoot-to-
flower transition, we generated psd-5 Ify-5 and psd-5
Ify-6 double mutants. LEAFY (LFY) confers floral
meristem identity and transcriptionally activates var-
ious floral homeotic genes (Weigel et al., 1992; Man-
del and Yanofsky, 1995; Weigel and Nilsson, 1995;
Busch et al., 1999; Wagner et al., 1999; Lamb et al,,
2002). Ify-6, a strong Ify allele, produces flowers sub-
tended by bracts and early flowers with leaf-like
organs arranged in a spiral instead of a whorled
pattern, suggesting loss of floral identity and gain of
inflorescence shoot characteristics (Weigel et al,
1992). Most of the floral organs in later flowers are
sepaloid or carpelloid organs (Weigel et al., 1992; Fig.
5D). In contrast to Ify-6, the weak Ify-5 allele has
flowers with more normal floral organs (Weigel et al.,
1992; Fig. 5A) and is fertile. Nevertheless, Ify-5 also
displays defects in shoot-to-flower transition (Weigel
et al., 1992). psd-5 enhanced the phenotypes of Ify-5
and Ify-6 in terms of production of flowers from the
SAM. psd-5 Ify-6 plants were similar to psd-5 until the
stage of flower generation. After a few cauline leaves
emerged, the primary inflorescence developed a
number of lateral outgrowths with unknown identi-
ties (data not shown) and then terminated in a carpel-
like structure with stigmatic tissue (Fig. 5E) or in
filaments (Fig. 5F). The lateral outgrowths never de-
veloped further to flowers or any structures other
than filaments (Fig. 5, E and F). Like in psd-5 Ify-6, the
primary inflorescence in psd-5 Ify-5 plants also pro-
duced lateral outgrowths that lacked apparent differ-
entiation (Fig. 5, B and C). The synergistic interaction
of psd-5 and Ify and the absence of most floral organs
in hual-1 hua2-1 psd-5 ap1-1 plants (Fig. 2S) indicate a
requirement for PSD in floral meristem identity spec-
ification or in the subsequent development of the
floral meristem after its identity has been correctly
specified.

PSD Is Required for AG Expression

To determine the molecular basis of the floral phe-
notypes of hual-1 hua2-1 psd-5 plants, we examined
the expression of AG at the RNA and protein levels.
HUA1 and HUA? are required for the proper pro-
cessing of AG pre-mRNA (Cheng et al., 2003). Aber-
rant AG RNAs with part of the AG second intron
were produced in hual-1 hua2-1 flowers (Cheng et al.,
2003; Fig. 6A). The levels of AG mRNA and aberrant
AG RNA were reduced approximately 25% in hual-1
hua2-1 psd-5 as compared with hual-1 hua2-1 (Fig.
6A). Similarly, AG mRNA accumulation was reduced
by approximately 22% in psd-6 as compared with
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Figure 5. Interactions between psd and Ify. A, A
Ify-5 inflorescence with flowers. B, A psd-5 Ify-5
primary inflorescence (arrow) without the for-
mation of flowers. C, A magnification of the
inflorescence stem in B. Outgrowths that appear
undifferentiated (arrow) are found along the
stem and the internodes are more compact than
those in Ify-5. D, A Ify-6 inflorescence with
abnormal flowers lacking petals and stamens. E,
A psd-5 Ify-6 inflorescence, which produces fil-
amentous organs at positions normally occupied
by flowers and terminates in a structure with
stigmatic tissues at the top. F, A psd-5 Ify-6
inflorescence terminating in filamentous organs
that sometimes have two-branched trichomes
(arrow), suggesting that the organs have leaf
character.

wild type (Col; Fig. 6A). Thus, we conclude that PSD
is required for the accumulation of AG mRNA and
likely acts independently of HUAI and HUA2 be-
cause psd-5 did not result in an increase in the level of
aberrant AG RNAs. Considering that PSD is the or-
tholog of exportin-t, it is likely that the expression of
a positive regulator of AG is reduced below a thresh-
old level by psd mutations. Previous studies showed
that 40% to 50% of wild-type AG mRNA levels could
result in flowers with floral homeotic and determi-
nacy defects similar to those in hual-1 hua2-1 psd
flowers (Mizukami and Ma, 1995; Cheng et al., 2003).
Therefore, the reduced AG mRNA level in hual-1
hua2-1 psd-5 can be sufficient to result in its floral
phenotypes.

We also examined AG protein accumulation in
wild-type and various psd mutants. AG protein was
readily detected in psd-5, psd-6 (Ler), and psd-6 (Fig.
6B), although the levels of AG, relative to PEP car-
boxylase, may be slightly reduced in the psd single
mutants as compared with the wild-type controls.
This was largely consistent with the slight reduction
of AG mRNA levels in psd single mutants. However,
a dramatic difference in AG protein levels was de-
tected between hual-1 hua2-1 psd-5 and hual-1 hua2-1,
although the difference at the AG mRNA level was
not as great. This suggests that PSD may contribute
to AG expression at the translational or posttransla-
tional levels. Because PSD encodes a putative tRNA
nuclear export receptor, it is likely that the low level
of AG protein in hual-1 hua2-1 psd-5 results from
defects in AG RNA translation. The fact that the effect
of psd mutations on AG protein level is only obvious
in the hual-1 hua2-1 background could be due to the
reduced AG RNA level in hual-1 hua2-1, which may
cause AG RNA translation to be more sensitive to
global perturbation in protein synthesis.
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Expression of PSD in Plants

PSD was expressed in seedlings, leaves, stems, and
inflorescences as determined by RNA filter hybrid-
ization (Fig. 7). Several forms of PSD RNA were
detected. The major one corresponded in size to the
full-length mRNA (approximately 3 kb) and consti-
tuted more than 75% of total PSD RNA. The molec-
ular nature of the smaller RNA species, which were
less abundant, was unclear. They were unlikely de-
graded PSD RNA from RNA isolation because the
same RNA samples did not show degradation of
UBQ5 RNA. We also examined the accumulation of
PSD RNA in different mutants (Fig. 7). Similar levels
of PSD RNA in Ler and hual-1 hua2-1 were found,
suggesting that PSD is not regulated by HUAI or
HUA2. PSD RNA abundance was increased in ag-1
inflorescences (Fig. 7), which may simply be due to
the presence of more young floral organs in ag-1
flowers (see below). No PSD RNA species were de-
tected in psd-6 inflorescence (Fig. 7), suggesting that
psd-6 is a complete loss-of-function allele and indi-
cating that all the RNA species detected in RNA filter
hybridization correspond to PSD RNA. The fact that
the psd-6 plants are viable and fertile suggests that
there must be other proteins with a similar molecular
function. Despite being a potentially more severe
allele than psd-5, psd-6 results in less severe vegeta-
tive defects compared with psd-5. This is likely due to
the presence of genetic modifiers in the two different
ecotypes because psd-6 (Ler), which was derived from
two backcrosses of psd-6 to Ler, appeared very similar
to psd-5 in terms of the vegetative phenotypes.

We examined PSD RNA expression patterns in
flowers by in situ hybridization with a probe corre-
sponding to the first exon of the PSD gene. PSD RNA
was detected in all four types of young floral organs
(Fig. 4, G-I and data not shown). Expression in stages
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Figure 6. AG RNA and protein accumulation.
A, AG RNA accumulation in various genetic
backgrounds as determined by RNA filter hy-
bridization (top panel). The same blot was hy-
bridized with UBQ5 for comparison (bottom
panel). The numbers shown below indicate the
relative abundance of AG mRNA among differ-
ent genotypes. These numbers were derived
from statistical analysis of three independent
experiments. Note that although some hybrid-
ization signals may appear saturated in this pic-
ture, the signal intensity was in the linear range
of phosphorimager quantitation. B, AG protein
accumulation in different genotypes (arrow, top
panel) as determined by western blotting. As a
loading and blotting control, phosphoenolpyru-
vate (PEP) carboxylase (Kandasamy et al., 2002)
accumulation is shown in the bottom panel. The

L ffa:i f&ﬁ 10 f;foaz AGLBE> psd-6 (Ler) strain was obtained by two back-
crosses of psd-6 (Col) to Ler.
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one to two floral meristems (Fig. 4H) was also de-
tected, consistent with the role of PSD in floral mer-
istem identity. Expression of PSD RNA was also
examined in ag-1 flowers. High levels of PSD RNA
were detected in young internal flowers and in the
meristems in the center of ag-1 flowers (Fig. 4]). The
abundance of young floral organs expressing PSD in
ag-1 flowers may explain the increased PSD RNA
abundance in ag-1 flowers (Fig. 7).

DISCUSSION
PSD Is Required in the SAM and Floral Meristems

The hual-1 hua2-1 psd-5 flowers have petals in the
third whorl and sepaloid carpels or an internal
flower in the fourth whorl, phenotypes that resemble
those of ag mutants. psd-5 single mutants exhibit
occasional sepal cells in the valves of the gynoecium.
These phenotypes suggest that PSD is required for C
function in the flower. Unlike HUA1 and HEN4,
which seem to be specific for the class C pathway in
flower development, PSD is required more broadly
in flower development. This is reflected by the fact
that AP3 is misexpressed in hual-1 hua2-1 psd-5 but
not hual-1 hua2-1 flowers, and that psd-5 enhances
the floral meristem identity defects of ap1-1 and Ify
mutants. As a putative tRNA export receptor, it is
unlikely that PSD acts directly to specify the identi-
ties of the floral meristem or floral organ primordia.
Instead, it is more likely that PSD is required for the
proper expression of genes in the regulatory net-
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works that specify these identities. The delayed leaf
appearance in psd mutants may reflect a requirement
for PSD in cell division and/or differentiation in the
SAM or in the lateral primordia originated from the
SAM. The fact that psd-5 enhances Ify and ap1 in floral
meristem identity defects suggests that PSD is re-
quired for lateral meristems to adopt their proper
identities or to develop properly. In fact, almost all
vegetative and floral defects of psd mutants point to
a role for PSD in tissues undergoing cell division

huat-1
huat-1 hua2-1

hua2-1 psd-5 Col psd-6 ag-1
Inflo. Inflo. Inflo. Inflo. Inflo.

Ler Ler Ler Ler
Seedling Stem Leaf Inflo.

PSD

~. .

- ...... UBQ5

Figure 7. PSD RNA accumulation in total RNAs from different tissues
and genotypes (top panel) as determined by RNA filter hybridization.
The same blot was hybridized with a UBQ5 probe for comparison
(bottom panel). Inflo., Inflorescences.
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and/or differentiation, such as the SAM, lateral mer-
istems, or organ primordia. Consistent with this, in
transgenic plants containing the uidA gene driven by
the PSD promoter, B-glucuronidase (GUS) activity
can be detected at high levels in regions undergoing
fast cell division and/or differentiation, such as
young leaf, growing leaf blades, young floral organs,
and root tips (Supplemental Fig. 1 available at
http:/ /www.plantphysiol.org). In contrast, little
GUS expression was detected in mature organs (Sup-
plemental Fig. 1). In light of the fact that PSD is likely
a tRNA export receptor, the PSD expression patterns
and the psd mutant phenotypes may reflect more
active tRNA export in meristems and young organs.

PSD Is Required for Proper Expression of Multiple
Genes in Plant Development

The PSD protein is most probably the Arabidopsis
ortholog of exportin-t and Los1p, nuclear receptors of
tRNA export in humans and yeast, respectively.
Hunter et al. (C. Hunter et al., 2003) showed that PSD
rescued the los1 mutant phenotype in yeast, suggest-
ing that PSD can act in tRNA nuclear export. It is
then reasonable to hypothesize that cytoplasmic
tRNA abundance would decrease in psd mutants,
leading to an overall reduced rate of translation and
consequently lower level of protein accumulation.
Such a potential molecular function of PSD is consis-
tent with the fact that PSD is required in multiple
processes in development. This model also predicts
that expression of almost all proteins should be af-
fected because the function of tRNA export is funda-
mental. However, although many developmental
processes are affected in psd mutants, leaf formation
and SAM organization in seedlings appear to be most
sensitive to loss of PSD function. Floral organ iden-
tity defects are only found in the hual-1 hua2-1 back-
ground. We hypothesize that the apparent differen-
tial sensitivity of various developmental processes to
loss of PSD activity may be due to the following
reasons. First, PSD may not be required to the same
extent for the expression of different proteins. Pro-
teins required for SAM organization and leaf initia-
tion may be affected more than other proteins by psd
mutations. It was shown that the nuclear export of
some tRNAs is not affected by los1 mutations in yeast
(Grosshans et al., 2000) and that all tRNA species
may not be transported by human exportin-t (Bohn-
sack et al., 2002). Therefore, some proteins may be
preferentially sensitive to defects in the nuclear ex-
port of a subset of tRNAs in psd mutants. This is
consistent with our observation that AG abundance
is more affected in hual-1 hua2-1 psd-5 than that of
PEP carboxylase. Second, all proteins may be affected
by psd mutations, but different developmental pro-
cesses may require different threshold levels of their
key regulator proteins such that some processes are
more sensitive to reduction of protein abundance.
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Finally, the somewhat limited developmental defects
of psd mutants may not reflect a differential effect of
psd mutations on different cellular proteins, but
rather a stronger requirement for tRNA export in
actively growing tissues.

It is unknown what proteins are responsible for the
various psd phenotypes, as a result of presumably
globally reduced protein synthesis in psd mutants.
The psd early seedling phenotypes are similar to that
of pinhead/zwille mutants. PINHEAD (PNH)/ZWILLE
(ZLL) is important for SAM formation and/or main-
tenance such that mutations in PNH/ZLL result in
seedlings with terminal leaves (Moussian et al., 1998;
Lynn et al., 1999), phenotypes also found in some
psd-5 plants. Therefore, decreased expression of
PNH/ZLL in psd plants may cause the defects in seed-
ling development. The translation of AG RNA is
probably affected by psd mutations. This is supported
by the observation that AG protein abundance is
greatly reduced in hual-1 hua2-1 psd-5 compared with
hual-1 hua2-1, whereas the difference at the AG
mRNA level is not so great. Expression of other
gene(s) upstream of AG may also be directly facili-
tated by PSD because the AG mRNA level is reduced
in psd single mutants compared with wild type. The
reduced accumulation of AG RNA and protein is
likely causing the homeotic phenotypes in hual-1
hua2-1 psd flowers. psd-5, hual-1 psd-5, and hua2-1
psd-5 plants show reduced fertility. We presume that
psd-5 affects the expression of a gene or genes in-
volved in fertility.

Redundant tRNA Export Pathway(s) in Arabidopsis

Because tRNA is an essential element required for
translation, it would be expected that efficient tRNA
export from the nucleus to the cytoplasm is essential
for viability. However, Loslp, a tRNA exportin from
yeast (Hellmuth et al.,, 1998; Sarkar and Hopper,
1998) is nonessential (Hurt et al., 1987), indicating
that Loslp is dispensable for tRNA export in yeast
and that there must be other tRNA export pathways.
Several Loslp-independent pathways have been re-
ported in yeast (Grosshans et al., 2000; Feng and
Hopper, 2002), although none of the proteins found
in these pathways seems to be a transport receptor,
like Loslp, which is a member of the importin-8
protein family (Gorlich et al.,, 1997). The role of a
mammalian importin-B protein, exportin-5, in tRNA
export was recently reported (Bohnsack et al., 2002;
Calado et al., 2002). Exportin-5, known previously to
export double-stranded RNA-binding proteins
(Brownawell and Macara, 2002), binds eukaryotic
elongation factor 1A (eEF1A) via aminoacylated
tRNAs and exports them out of the nucleus (Bohn-
sack et al.,, 2002, Calado et al.,, 2002). Here, we
showed that plants are still viable even when PSD
RNAs are completely depleted (i.e. in psd-6). This
suggests that in Arabidopsis, as in yeast and mam-
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mals, there may be redundant pathways for tRNA
nuclear export. Arabidopsis has an exportin-5 ho-
molog, namely HASTY, loss-of-function mutations in
which cause defects in many different processes in
plant development (Bollman et al., 2003). Although a
role in nucleocytoplasmic transport has yet to be
demonstrated, HASTY interacts with Ran in a yeast
two-hybrid assay (Bollman et al., 2003), which is
consistent with such a potential role. An alternative
possibility is that passive diffusion of tRNAs through
nuclear pores is sufficient for viability. Although not
essential for viability, the defects of psd mutants in-
dicate that PSD is necessary for multiple develop-
mental processes in a multicellular organism.

MATERIALS AND METHODS
Plant Strains and Ethyl Methanesulfonate Mutagenesis

The strains used in this work are hual-1, hua2-1, hual-1 hua2-1, hual-1
hua2-1 ap1-1, hual-1 hua2-1 ap2-2, hual-1 hua2-1 pi-3, hual-1 hua2-1 ag-1
(Chen and Meyerowitz, 1999), Ify-5, and Ify-6 (Weigel et al., 1992) in the Ler
background. psd-5, in the Ler background, and psd-6, in the Col background,
were isolated in this study. hual-1 and hua2-1 were introgressed into the Col
background by crossing hual-1 hua2-1 to Col four times, resulting in hual-1
hua2-1 (Col). All plants were grown in Pro-mix BX (Premier, Quakertown,
PA) under continuous light or long-day (16 h of light/8 h of dark) condi-
tions at 23°C.

Ethyl methanesulfonate mutagenesis was performed as described previ-
ously (Chen et al., 2002). DH677 is one of the M2 lines isolated, containing
psd-5, hual-1, and hua2-1 mutations simultaneously. psd-6 was identified by
searching the Salk T-DNA insertion database and was obtained from the
Arabidopsis Biological Resource Center. psd-6 was backcrossed into the Ler
background twice before using in the analysis of AG protein accumulation.

RNA Filter and In Situ Hybridization

Total RNA was isolated with TRI-REAGENT solutions (Molecular Re-
search Center, Cincinnatti). Approximately 50 ug of total RNA was loaded
for each sample. RNA blotting and hybridization were carried out according
to Li et al. (2001). Quantitation was performed with a Storm PhosphorIm-
ager (Molecular Dynamics, Sunnyvale, CA). The probe for detecting AG
RNA was described previously as probe 1, which contains the AG full-
length genomic region (Cheng et al., 2003). The PSD probe was amplified
from the PSD ¢cDNA with Expl (5'-atactaattcaaggcattgtttgacttgtatg-3') and
Exp2 (5'-ggttcgagtcggagaacatgattatg-3").

In situ hybridization was carried out as described (Li et al., 2001). AG,
AP1, PI, and AP3 probes were as described (Chen et al., 2002). The plasmids
making PSD probes were generated by amplifying a 1-kb PSD cDNA with
HENG5p5  (5'-gegeggagceteatggatgaccttgaacaggeaatagta-3') and HEN5p18
(gcgeggagctettegttcageaaatccatggaga-3'), and cloning them into pCR2.1-
TOPO (Invitrogen, Carlsbad, CA) in two orientations. The resulting pCR2.1-
TOPO-HEN5AS and pCR2.1-TOPO-HENS5S plasmids were in vitro tran-
scribed to generate the antisense and sense probes.

SEM

Tissue fixation, critical point drying, and image acquisition for SEM were
performed as described previously (Western et al., 2002).

Immunological Detection of Plant Proteins

Plant proteins were isolated and resolved in SDS-PAGE as described
(Riechmann et al., 1999). Rabbit antisera that specifically recognize Arabi-
dopsis AG protein were used (1:3,000) in the immunological detection of
AG. Rabbit anti-PEP carboxylase (maize [Zea mays] leaf) polyclonal antibody
(Rockland, Gilbertsville, PA) was used as a loading and electroblotting
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control. Blotting and detection were performed according to instructions
from the enhanced chemiluminescence plus Western Blotting Detection
System (Amersham Pharmacia Biotech, Piscataway, NJ).

Map-Based Cloning of PSD, Genomic
Complementation, and ¢cDNA Isolation

hual-1 hua2-1 psd-5/+ plants were crossed with hual-1hua2-1 (Col), and
the F, population segregating the hual-1 hua2-1 psd-5 floral phenotype was
used as the mapping population, in which approximately 1,500 triple-
mutant plants were identified. Genomic DNA was isolated as described
(Edwards et al., 1991) from these F, mutant plants. SSLP markers were used
to initially locate PSD to the bottom of chromosome I between markers
nga280 and AthATPASE. SSLP and cleaved-amplified polymorphic se-
quence markers based on the Cereon Ler/Col SNP database were used to
further map PSD to a 27-kb region on the BAC of F28P22. Sequencing four
candidate genes in this region revealed a single-nucleotide deletion muta-
tion in Atlg72560.

Approximately 7 kb of At1g72560 genomic region was amplified with
HENS5p3 (5'-cggggtacctgatttgtagtctcatacgtgegaatatacatt-3') and HEN5p4 (5'-
cggggtacccaattgtcaaaagaacaatctgtgtttgg-3'), and was cloned into the
pPZP211 binary vector. The plasmid pPZP211-HEN5p3/4, or the control
plasmid pPZP211-355-GFP, was transformed into psd-5 hua2-1 plants by the
Agrobacterium tumefaciens-mediated infiltration method. The T, transgenic
plants were selected on medium containing 50 ug mL ™! kanamycin.

Reverse transcription-PCR was performed on the total RNA isolated
from Ler inflorescence with HEN5p8 (5'-aaaactgcagctaatttgatctggatggte-
aaagcga-3') and HENSp11 (5'-aaaactgcagccatggatgaccttgaacaggcaatagtaatt-
3"), which are located in the 5'- and 3'-untranslated regions, respectively.
The amplified cDNA was cloned into pCR2.1-TOPO (Invitrogen) and
sequenced. The sequence is in GenBank under the accession number
AY288073.

PSD-GUS Expression Analysis

A 1.8-kb PSD genomic fragment upstream of ATG was amplified with
HENS5p7 (5'-aaaactgcagtgatttgtagtctcatacgtgcgaatatacatt-3') and HENS5p9
(5'-aaaactgcagtgtgttaacttaaccccactacaaaaaccc-3'), and was cloned into a
pPZP211-GUS plant expression vector (Wang and X. Chen, unpublished
data). The resulting pPZP211-PSD-GUS plasmid was transformed into Ler
plants. Transgenic plants were selected as described above. GUS staining
was performed as described (Jefferson et al., 1987).
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