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SUMMARY

Loss-of-function mutations of HASTY (HST) affect many  role in nucleocytoplasmic transport, we found that HST
different processes inrArabidopsisdevelopment. In addition  interacts with RAN1 in a yeast two-hybrid assay and that
to reducing the size of both roots and lateral organs of the a HST-GUS fusion protein is located at the periphery of the
shoot, hst mutations affect the size of the shoot apical nucleus. HST is one of at least 17 members of the importin-
meristem, accelerate vegetative phase change, delay floral B family in Arabidopsisand is the first member of this
induction under short days, adaxialize leaves and carpels, family shown to have an essential function in plants. The
disrupt the phyllotaxis of the inflorescence, and reduce hst loss-of-function phenotype suggests that this protein
fertility. Double mutant analysis suggests thaHST acts in ~ regulates the nucleocytoplasmic transport of molecules
parallel to SQUINT in the regulation of phase change and involved in several different morphogenetic pathways, as
in parallel to KANADI in the regulation of leaf polarity.  well as molecules generally required for root and shoot
Positional cloning demonstrated that HST is the  growth.

Arabidopsis ortholog of the importin  [-like

nucleocytoplasmic transport receptors exportin 5 in Key words: nucleocytoplasmic transpdktabidopsis phase change,
mammals and MSNS5 in yeast. Consistent with a potential exportin

INTRODUCTION the involvement of karyopherins in specific cellular and
developmental processes in higher organisms is more limited,
The movement of macromolecules across the nucleand thus far has been obtained for only three proteins in
membrane is a central feature of the biology of eukaryoti®rosophila(Lippai et al., 2000; Lorenzen et al., 2001; Tekotte
cells. Nucleocytoplasmic transport is mediated by receptorst al., 2002; Tirian et al., 2000).
(karyopherins) that bind cargo molecules and facilitate their Nucleocytoplasmic transport operates by a similar
transit through the nuclear pore (Chook and Blobel, 200Imechanism in yeast and mammals (Chook and Blobel, 2001,
Gorlich and Kutay, 1999; Kaffman and O’Shea, 1999; KomeiliGorlich and Kutay, 1999; Kaffman and O’Shea, 1999;
and O’Shea, 2001; Macara, 2001; Nakielny and Dreyfus¥Komeili and O’Shea, 2001; Macara, 2001). Karyopherins
1999). These nucleocytoplasmic transport receptors includateract with cargo proteins at specific sites known as nuclear
proteins that regulate nuclear import (importins), proteins thdbcalization signals (NLS) or nuclear export sequences
regulate nuclear export (exportins), and proteins that impofNES). Most karyopherins bind directly to these sequences
some proteins and export others. The macromoleculdsut a few bind via an adaptor protein, such as importithe
transported by various karyopherins have been defineadaptor for importin3. Nuclear transport is driven by the
primarily by biochemical methods in yeast and mammals, anithteraction between karyopherins and the small GTPase, Ran.
often have conserved functions in these two organisms. Thebaportins bind cargo molecules in the presence of Ran-GDP
studies have shown that some karyopherins regulate tlend release them upon binding Ran-GTP, whereas exportins
transport of a large number of functionally diverse proteinshind cargo molecules in association with Ran-GTP and
whereas others have a more limited range of cargo moleculeglease them when Ran-GTP is hydrolyzed to Ran-GDP. Ran-
Much less is known about the cellular and developmentaBTP is kept at a relatively low level in the cytoplasm by the
processes for which these receptors are required, and how thedtivity of the GTPase-activating protein RanGAP and the
activity is regulated by endogenous or environmental stimulhucleotide-exchange factor RanBP1 (RCC), but is present at
(Kaffman and O’Shea, 1999). I8accharomyces cerevisjae a relatively high level in the nucleus where these factors are
genetic analysis has revealed a requirement for specifabsent. Importins bind cargo molecules in the cytoplasm,
karyopherins in both constitutive cellular processes and where Ran is primarily in its GDP-bound form, and release
variety of signal transduction pathways. Genetic evidence fahem in the nucleus, where the concentration of Ran-GTP is
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relatively high. Conversely, exportins bind Ran-GTP andPhenotypic analysis
their cargo molecules in the nucleus, and dissociate frombaxial trichomes were scored by observing seedlings 10-18 days
these molecules in the cytoplasm when Ran-GTP iafter planting with a stereomicroscope. Leaf morphology was
hydrolyzed to Ran-GDP. Other factors that influence cargeecorded by photocopying leaves attached to cardboard with double-
binding include the phosphorylation state of the cargo and igded tape. These photocopies were subsequently scanned into a
association with factors that regulate the accessibility of theomputer and manipulated with Photoshop to produce the images
NLS or NES. presented her;a. T:_zle:\r(atgjfsl;eaf initiation t\)/;/a_s rrclie?sureclijus\,/l\llwg pllants
; : omozygous for 3 ransgene obtained from D. Weige
Althoug_h the meCha”'SF“ of .nl_lde.ar transport_ln_plants h alk Izgtitute). Soil-grown plants v%ere harvested on successivg days
not beer_l intensively studied, it is I|I_<e|y t(_) be similar to t_heand stained for GUS activity, and the number of leaf primordia was
mechanism that has been_ described in other organisiifen counted with the aid of a compound microscope.
(Merkle, 2001; Smith and Raikhel, 1999). Proper localization GuUS activity was observed by incubating seedlings overnight in 1
of proteins in plant cells depends on the same type of nucleamM X-gluc, 50 mM sodium phosphate buffer (pH 7), 0.5 mM
localization signal (Hicks and Raikhel, 1995) and nucleapotassium ferricyanide, 0.5 mM potassium ferrocyanide and 0.1%
export sequence (Haasen et al., 1999; Ward and Lazarowifzjton X-100 at 37°C followed by decolorization in 95% ethanol.
1999) that fulfill this function in other organisms. They were then dehydrated in 100% ethanol, transferred to xylene and
Furthermore, plants possess homologs Of many Of th@ounted n F’erm(_)unt on mK_:I’OSCOpe _Slldes. SDECIm_enS eXpI’eSSIng
proteins known to be involved in nucleocytoplasmic transporg>S:LFY were stained overnight; specimens expresSih§::HST-
in other organisms. These include homologs of impaxtin =YSWere stained for 2 hours.
(Ballas and Citovsky, 1997; Hubner et al., 1999; Jiang et alyjstology

1998a; Jiang et al., 2001; Smith et al., 1997a; Smith et algeedilings were fixed overnight at 4°C in 3% glutaraldehyde in 0.5 M
1997b), importin B (Jiang et al., 1998a), the exportin phosphate buffer (pH 5.7), post-fixed in 1% Q€& 2 hours, and
Crm1/Xpol (Haasen et al., 1999), Ranl (Haizel et al., 1997jhen dehydrated and embedded in Spurr’s resin. Sections were stained
RanGAP (Rose and Meier, 2001) and RanBP1 (Kim et alwith 1% Methylene Blue in 1% sodium borate. Scanning electron
2001). Plant homologs of importim (Hubner et al., 1999; microscopy was performed on flowers fixed in FAA (Jensen, 1962).
Jiang et al., 1998a; Jiang et al., 2001) and imp@tidiang

et al.,, 1998b) have also been shown to mediate nucle _
transport in animal cell systems, although with somewhaf2 Progeny of a cross betweést-1(Col) and wild-type Landsberg

. . recta (ler) were screened for kanamycin resistance either by
d|fferent. propert!es than the homologous yeast amgpraying soil-grown plants with 2Q@/ml kanamycin one week after
mammalian proteins.

. . . . planting, or by sowing Fseeds on germination medium containing

_ The HASTY (HST) gene inArabidopsiswas originally 50 ,,g/mI kanamycin. Kanamycin-resistant plants that were
identified in a screen for mutations that affect the transitiomomozygoushst-1 were allowed to set self seed at 18°C. RFLP
between the juvenile and adult phases of vegetativpolymorphisms were scored using DNA isolated from 10 or more
development (Telfer and Poethig, 1998), and has also be@rogeny of these recombinant plants. RLFPs useful for mapping
identified in screens for mutations affecting leaf (Berna et alhst-1, as well as allele-specific RFLPs associated hattmutations,
1999; Serrano-Cartagena et al., 2000) and floral (Berna et aiere identified by hybridizing radioactively labeled BAC clones to
1999; Eshed et al., 2001; Serrano-Cartagena et al., 200@?‘?3 of genomic DNA dligesdted with ava(;ieté’ of riStEjC“(OS” enzymes.
morphology. We present a detailed analysis of s HST cDNAs were isolated using standard methods (Sambrook et
phenotype that reveals a role for this gene in many differerY: 1989) from size-fractionated cDNA libraries (Kieber et al., 1993)

ts of plant d | t The basis for this pleiot Obtained from the Arabidopsis Biological Resource Center. Bluescript
aspects of piant development. € basis Tor this pleio rOpI;9Iasmids (pBS SK-) were excised from lambda clones using a rapid

phenotype is suggested by the discovery HfaT encodes a gycision kit (Stratagene) and the protocol supplied by the
protein similar to the karyopherins exportin 5 (Xpo5) inmanufacturer.

mammals and Msn5p in yeast (Alepuz et al., 1999; Bohnsack

et al., 2002; Brownawell and Macara, 2002; Calado et alNorthern analysis

2002; Gorlich et al., 1997; Kaffman et al., 1998). fisHoss- RNA for northern analysis was prepared from leaf and floral bud
of-function phenotype indicates some of the developmentdissues from mature plants, and from root tissue from plants grown in
pathways for which HST is required, and suggests thagulture. RNA was prepared using TRIzol reagent (GibcoBRL) and

; ; oly(A) RNA was isolated using the Oligotex mRNA kit (Qiagen).
irr%%lgﬁgﬁ? rocl)(]; ir? l:ﬁfsoecggtﬂ\?vz;]slc transport may play a olyA RNA (0.75ug) was run on a 1.2% agarose gel containing 3%

formaldehyde and then transferred to Hybond Membrane
(Amersham). Hybridization was carried out according to Sambrook

MATERIALS AND METHODS gtDelil%Sambrook et al., 1989), using a 0.7 kirdgment of theHST

gpsitional cloning

Growth conditions Transgenes

All of the genetic stocks described in this paper are in a Columbi&he HSTcDNA (AY198396) was placed under the regulation of the
(Col) genetic background. Analyses of leaf and inflorescenc€aMV 35S promoter in pCAMBIA 3301. TH¢ST-coding region was
morphology were conducted using plants grown in pots in Metromiamplified from a clonedHST cDNA template using primers
200 (Scotts). Seedling growth and morphology was studied using-GCGGATCCATGGAAGATAGCAACTCCACG-3  and 5-
plants grown vertically in petri dishes on a medium consisting &f 1/2 CGGATCCGCTAGCTCATTGTACGAACTCTTCATCC-3 that

MS salts (Gibco BRL), 0.5 g/l MES, 5% sucrose, 0.8% agar (pH 5.7)ncluded the start and stop codons, respectively. Thzifher also
Seeds were stratified at 4°C for 2-3 days before being transferred itecluded anNcd site, and subsequent digestion of the PCR product
a growth chamber, and were grown at 22°C under continuousith Ncd generated &STcDNA with anNcd end and a blunt end.
fluorescent illumination unless otherwise noted. pCAMBIA 3301 was digested wittBsEll to remove thef-
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Table 1. Vegetative phase change ist, wild-type and 35S::HST plants

First open

Juvenile Transition Adult Total flower
Photoperiod Genotype leaves* leales leaves leaves Bracts (DAY n
Continuous light Wild type 3.8+0.1 2.2+0.1 4.6+0.3 10.6£0.3 2.240.1 20.1+0.2 24
Continuous light hst-1 1.7£0.1 0.3+0.0 3.7+0.2 5.7+0.2 1.940.1 19.5+0.2 23
Continuous light hst-6 1.8+0.1 0.2+0.0 3.4+0.2 5.4+0.2 1.740.1 19.1+0.2 33
Continuous light hst-1; 35S::HST 4.0+0.1 2.1+0.2 4.3+0.1 10.4+£0.1 2.1+0.1 20.94£0.2 20
Continuous light hst-1; 35S::HST-GUS  4.2+0.1 2.2+0.2 4.5+0.2 10.9+0.2 3.0+0.1 n.d. 15
Long days wild type 4.5+0.1 2.8+0.1 3.7+0.2 11.1+0.1 3.0+0.1 26.8+0.2 17
Long days hst-1 2.0+0.0 0 3.3+0.3 5.3+0.2 2.6+0.1 26.4+0.2 23
Short days Wild type 7.3+0.6 n.d. 39.2+1.6 46.5+2.0 10.3£0.5 70.1+0.5 12
Short days hst-1 2.8+0.2 n.d. 69.5+2.9 71.312.8 16.6+0.8 95.0+0.5 14

*Leaves without abaxial trichomes.

fLeaves partially covered with abaxial trichomes.
*Leaves completely covered with abaxial trichomes.
SDays after planting.

Values are +s.e.m.

n.d., not determined.

glucuronidase gene, blunt-ended with Klenow enzyme and digestdtst-1 Because the phenotypehsit-1is identical to a likely null
with Ncd. The vector fragment was gel-purified and ligated to theg|lele, hst-6 (Table 1), we believe the phenotype lu$t-1
HSTcDNA to generate the HST over-expression construdSA-  represents the null phenotype of this gene. Previous studies have
GUSfusion construct was generated by amplifying i&T-coding described several of the effectshmsit-1on plant morphology.

region minus the stop codon from theST cDNA using ; . o ;
primers 5GCGGAT CCATGGAAGATAGCAACTCCACG-3and 5- These include: a reduction in the size of leaves, sepals and

GCGGATCCATGGATTGTACGAACTCTTCATCC-3 which added petals; up-rolling of the leaf blade; a reduction in leaf number;
Ncd sites at each end of the amplicdicd-cut PCR product was accelerated production of abaxial trichomes; disrupted

then inserted into thdcd site of vector pPCAMBIA 3301, to generate Phyllotaxis in the inflorescence; and reduced male and female
a translational fusion between thee®id of theHSTgene and the's  fertility (Fig. 1) (Serrano-Cartagena et al., 2000; Telfer and
end of theEscherichia coli uidAyene encodinf-glucuronidase. Both  Poethig, 1998).hst mutations have also been reported to
constructs were used to transform wild-type (Col) astil (Col) enhance the floral phenotypekain; pkldouble mutants (Eshed
plants using the floral dip method (Clough and Bent, 1998), angt al., 2001). We confirmed and extended these observations,
transformants were selected by spraying the seedlings produced gMd found that this phenotype can be attributed to defects in
these plants with 250 mg/l glufosinate (Agrevo). several different processes, including cell growth, phase change

Two-hybrid interaction between RAN1 and HST and the specification of organ polarity.

The coding region oArabidopsis RANXHaizel et al., 1997) was Seedling development

amplified from first-strand cDNA products generated by revers S
transcription of RNA isolated fromrabidopsisseedlings. The RT- fist-1has significant effects on root and hypocotyl development

PCR reaction employed 4 BANsspecific primer with alEcaRl site, ~ under both dark and light conditiorisst-1seedlings grown in
(5-GGAATTCATGGCTCTACCTAACCAGCAAACCG-3) and a the dark, on a medium containing 5% sucrose, have an open
3 RANspecific primer with aBanH| site (3-CGGATCCTTAC-  apical hook and irregularly oriented cotyledons; wild-type
TCAAAGATATCATCATCGTC-3'). Upon digestion wittEcaRl and  seedlings typically have a tight apical hook and appressed
BanHl, the PCR product was inserted irizoRl/BanHI-digested  cotyledons (Fig. 2A). Light- or dark-growrst-1seedlings also
PGBKT?7 (Clontech) to generate tRAANIBD vector. To generate the  have an abnormally short hypocotyl and primary root (Fig.
HSTBD vector, theHST-coding region was amplified from #ST 5 B |). The effect ohst1 on root length is attributable to both
cDNA using primers flanked bicd sites, and was inserted into a decrease in the rate of root elongation and premature

Ncd-digested pGADT7. TheAN-hstAD vector, which contains : -
an 106 N-terminal deletion dfiST, was created in a similar fashion cessation of root growth (Fig. 2hst-1roots grow at a rate of

using the primers' AGACCATGGCTCTTAAGAGTCAGTCTGCT- ~ about 0.9 mm/day, compared with 2.6 mm/day for wild type,
3 and 5-GCGGATCCATGGATTGTACGAACTCTTCATCC-3The ~ and cease elongating by 9 days after planting. This defect in
hst-3AD vector was created by in vitro mutagenesis (Stratageng0Ot growth is accompanied by the production of adventitious
Quick Change kit) of th&dST-AD vector to introduce a mutation roots from the base of the hypocotyl (Fig. 2B$t-1 has no
present inhst-3 Yeast transformation and subsequent two-hybridobvious effect on the anatomy of the hypocotyl and root (Fig.
analyses were carried out according to the Matchmaker protoc@G,H), which suggests that its effect on root and hypocotyl
(Clontech). In addition, we made constructs to test the reciprocgjrowth does not result from a change in cell identity, as is the
two-hybrid interaction, i.e.RAN fused to pGADT7 andHST  case for several other mutations that produce short roots
I?asrfstjfo:?n a%?sBlazéhb:ljgg:st;v?ggt ;jhnigbégn;?rugetCSﬁ';l}c?vagﬁectgenfey et al., _1993). I-_|owevd1$t-1does affect the anatomy
yeast growth.' .the shoot apical meristem (SAM): 3-day-bkt-1seedlings _

(Fig. 2F) have a larger and more rounded SAM than do wild-

type seedlings (Fig. 2C). The primordia of leaves 1 and 2 are
RESULTS also smaller than normal in 3-day-dist-1seedlings (Fig. 2F),

probably because their initiation is delayed relative to wild type
All of the results presented in this paper were obtained usingee below).
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Fig. 1. The phenotype dist-1 (A) Two-week-old wild-type rosette
(B) Two-week-oldhst-1rosette. (C) Wild-type inflorescence. (B8t-
1linflorescence. Note abnormally expanded internodes and short
lateral inflorescences (arrow) and unfertilized siliques (asterisk).
(E) Wild-type flowers. (Fhst-1flowers.hst-1flowers are unusually
small and are irregularly spaced (arrow).

Vegetative phase change
The juvenile and adult phases of vegetative development I 35 q dark light

Arabidopsisare distinguishable by differences in leaf size anc 30 ) l
shape and by the distribution of trichomes on the leaf blad
(Chien and Sussex, 1996; Roébbelen, 1957; Steynen et ¢
2001; Telfer et al., 1997; Telfer and Poethig, 1994; Tsukaya
al., 2000). The first four rosette leaves of wild-type plants

20

Length (mm)

(juvenile leaves) are round or elliptical, have a smooth margir 10 - N
a low ratio of blade length to petiole length, lack trichomes ol 54 N
their abaxial surface and have a relatively low density o " W M ] N
trichomes on their adaxial surface (Fig. 3; Table 1). The adu 3 7 9 12

phase starts with the production of leaf 5 or 6, and is marke
by the production of more highly serrated leaves that have a
high blade:petiole ratio and an increased capacity for trichomiég. 2. The effect ohston seedling morphology. (A) Three-day-old
production on both their abaxial and adaxial surfaces. Betwee¥ild-type (left) anchst-1(right) seedlings grown in the dark.
these two phases there is a brief transition phase, which (8) Seven-day-old wild-type (left) artest-1(right) seedlings grown

defined by the production of leaves that are partially covereff the light. (C-E) Anatomy of 3-day-old wild-type seedlings.
with abaxial trichomes. ﬁ-H) Anatomy of 3-day-oldhst-1seedlings. (C,F) Median

. . . . _longitudinal section of the shoot apex; the meristem is marked with
In hst-1, the onset of abaxial trichome production (Fig. 3A; 5 Zsterisk. (D,G) Cross-section of the hypocotyl. (E,H) Cross-

Table 1), the increase adaxial trichome density (Fig. 3B) angkction of the root. (1) Length of the hypocotyl and root in dark- and
the decline in blade:petiole ratio (Fig. 3C) begin with leaf 3ight-grown seedlings. Black, wild-type hypocotyl; white, wild-type
and proceed unusually quickly after this point. To determine ifoot; white hatching on blackst-1hypocotyl; black hatching on

this phenotype reflects a change in timing of the juvenile-towhite, hst-1root. Scale bars: 50m.

adult transition, we examined the effecthst-1on the rate of

leaf and floral initiation (Fig. 3D). For this purpose, we took

advantage of plants carrying thEY::GUStransgene because also initiated floral buds 2 days earlier than did wild type. Thus,
this gene makes it possible to observe leaf and floral buast-laccelerates both the juvenile-to-adult transition and floral
primordia at an early stage in their development (Blazquez éduction. The early flowering phenotype dist-1 is

al., 1997) Under continuous light (CL)hst-1 seedlings completely attributable to its effect on vegetative phase change
exhibited a slight delay in leaf initiation during germination butbecause flower initiation occurred 7 days after the juvenile-to-
went on to produce leaves at the same rate as wild ty@alult transition in both mutant and wild-type plants.
throughout the rest of vegetative developméist-1 plants Although hst-1 accelerates floral induction, it has a more
produced their first leaf with abaxial trichomes (leaf 2.6+0.1)ariable effect on bolting and the appearance of the first open
3.8 days after planting (DAP), whereas wild-type plantdlower. hst-1 plants sometimes bolt and produce mature
produced this leaf (leaf 4.8+£0.1) 2 days later. Mutant plantfowers earlier than normal (Table 1), but may flower later than

Days after planting
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Days after planting Fig. 4. Effect ofhst-1on leaf and carpel polarity. (A,B) Paradermal

views of the adaxial and abaxial mesophyll layers of leaf 3 from
Fig. 3. Effect ofhst-1on phase change. (A) Rosette leaf and bract  wild-type (A) andhst-1(B) plants. (C-E) Scanning electron
morphology othst-1and wild-type plants (Col). Gray, no abaxial micrographs of wild-type (C) arfust-1(D,E) pistils; note the ovules
trichomes; black, abaxial trichomes; underline, bracts. (B) Adaxial |ocated along the margins of the carpels (arrow). (F) Phenotype of

trichome density of rosette leaves and bractstAland wild-type kan-11 hst-1andhst-1; kan-13seedlings. Double mutant seedlings
plants (C) The blade:petiole length ratio of rosette leavastidand  have more severely up-rolled leaves and cotyledons, and have a
wild-type plants. (D) Rate of leaf initiation fst-1and wild-type significantly larger number of abaxial trichomes than either single
plants. Arrows indicate the position of the first leaf with abaxial mutant.

trichomes in siblings of the dissected plants; asterisks indicate the
time at which GUS-stained floral buds were visible. White circles,

wild type; black circleshst-1 Organ polarity

The first two leaves dfist-1 plants are generally flat or only
wild-type plants under some conditions. For examplehsite  slightly up-rolled, but subsequent leaves curve strongly upward
1 plants illustrated in Fig. 3D produced their first open flower(Fig. 1B). This effect on leaf expansion is associated with a
1 day later than normal (24.3 DAP versus 23.5 DAP) evefoss of tissue polarity within the mesophyll of the leaf blade.
though they produced floral buds 2 days early. Thisn wild-type leaves, cells in the upper mesophyll are spherical
observation suggests that bolting and floral maturation arer slightly cylindrical in shape and are densely packed, whereas
either regulated independently of floral initiation in mutantcells in the lower mesophyll layer are irregular in shape and
plants, or thahst-1delays bolting and floral maturation after are separated by large air spaces (Fig. 4A). Although the upper
floral initiation has taken place. Given the effecthef-1on  mesophyll layer ohst-1 appears normal, cells in the lower
root and hypocotyl growth, we believe that the latterspongy layer are more regular in shape and have less
explanation is more likely. intercellular space than normal (Fig. 4B), which causes this

Unexpectedlyhst-1has opposite effects on flowering time layer to resemble the upper (adaxial) mesophyll layer. A role
in short days (SD). Although mutant plants flower slightlyfor HST in the regulation of organ polarity is also apparent in
earlier than normal in long days (LD; 16 hours light:8 hourghe effect ohst-1on carpel development. Although the carpels
dark) or continuous light, they flower much later and withof hst-1 flowers are quite normal early in the growth of the
nearly twice as many leaves and bracts as wild-type plants inflorescence, older inflorescences typically produce flowers
SD (8 hours light:16 hours dark) (Table 1). We conclude HSTvith a laterally expanded stigma, unfused carpels and external
normally acts to repress flowering in LD and to promoteovules (Fig. 4D,E). The severity of this defect varies between
flowering in SD. plants, but occurs in ~30% of flowenrs=Q77). The defect in
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hst; sqn = g
Fig. 5. The genetic interaction betwehst-1andsqn-1 Double
mutants are smaller and produce many more abaxial trichomes on
leaves 1 and 2 than single-mutant plants. ~~ all

carpel fusion and ovule production is usually limited to the
apical end of the carpels although, in rare cases, it may exte
along their entire length (Fig. 4E). This phenotype is
characteristic of adaxializing mutations, e.g. mutations ir_ N _ - )
andKANADI (KAN) (Eshed et al., 2001; Kerstetter et al., 2001)map of the region surroundigt-1, as determined from an analysis

o F2 progeny from a cross toel. The number of recombinants in
83;“;6‘{2”&2% e"’}gdas‘\j\?jfztssimig\:}? may regulate abaxigl ., \iorval is indicated below the line. BACS that hybridized to the

. : . . lamba clonan262 which showed no recombination whikt-1, are
The interaction betweemst-1and the adaxializing mutation  shown below this line. Hybridization of F9J1 toBroRV digest of

kan-11 (Kerstetter et al., 2001) is consistent with thegenomic DNA fromhst-9and Col revealed a missing fragment in
hypothesis that HST regulates adaxial/abaxial polarity. Wast-9 When thisEcdRV fragment was gel purified from FOL1 DNA
found thathst-1; kan-11double mutants had more highly up- and used to re-probe the blot, it hybridized to two fragmeritstiQ
rolled cotyledons and leaves (Fig. 4F) and producedhese fragments are not visible in the blot hybridized with the entire
significantly more abaxial trichomes on leaves 1 and 2 than di8AC because this blot was under-exposed in order to visualize as
either single mutant. In a 16 rrarea of leaf 1 or X&an-11 ~ Many fragments as possible.

had an average of 2.2+0.4 abaxial trichomes and 10.3+0.5

adaxial trichomeshst-1 had 0.3+0.1 abaxial and 12.5+0.7

adaxial trichomes, anlust-1; kan-11seedlings had an average Cloning HST

of 11.9+8 abaxial and 11+0.5 adaxial trichomes. Bechase hst-1maps to chromosome 3, ~0.8 cM souttG#PC (Telfer
1; kan-11seedlings did not exhibit an increase in adaxialand Poethig, 1998). Recombinants betw€&&PC and hst-1
trichome density (and, in fact, had equal numbers of trichomasere isolated by screening 658#stplants from a cross dist-
on both surfaces of the leaf), we attribute the synergistic effedt (Col) to Ler. Recombinants to the south bft-1 were
of these mutations on abaxial trichome production to a loss dédentified by screening for kanamycin-resistasitplants in &
leaf polarity, rather than to an overall increase in the capacifiamilies from a cross ofist-1 to DsTn 108, an ér line

for trichome production. containing a kanamycin-resistant transgene located 3 cM south
] ) of GAPC (Bancroft and Dean, 1993). Existing RFLP markers
HST interacts with SQUINT from this region were mapped relative het-1 using this

Mutations in SQUINT (SQN, the Arabidopsisortholog of  collection of recombinant lines. The most tightly linked marker,
cyclophilin 40, are phenotypically similar tst mutations in  lambda clonen262 detected aiXhal polymorphism that was
that they slightly delay leaf initiation (albeit at a different stagenot recombinant in any of these lines (Fig. 8)262 was

in shoot development), accelerate vegetative phase change diytbridized to the IGF bacterial artificial clone (BAC) library to
produce aberrant phyllotaxy in the inflorescence as well aslentify larger clones from this region. Two such clones, F1D17
abnormal patterns of carpel development (Berardini et aland F13L14, identifiedEcoRV and Hindlll RFLPs on either
2001). To determine the genetic relationship between these twide of hst-1, demonstrating that these BACs span H&T
genes, we examined the phenotypehet-1, sgn-1plants. locus. These and other overlapping BACs were then hybridized
Double mutant seedlings had a much more severe phenotyfge Southern blots of DNA from all existirtgst mutant alleles
than either single mutant (Fig. 5). In addition to beingin order to identify allele-specific polymorphisms. The clone
significantly smaller than bo#gn-1andhst-1, double mutants F9J1 revealed a 5.5 KbcaRV band that was present in wild-
produced large numbers of abaxial trichomes starting with lea§pe Col plants but absenthist-9(Fig. 6). This 5.5 kb fragment

1. By contrast,hst-1 and sgn-1 did not produce abaxial hybridized to two restriction fragmentsktaRV digests ohst-
trichomes until leaf 3, and had only a few abaxial trichome® DNA, which implies that the mutation imst-9is located in

on this leaf. We conclude th&QN and HST either operate this fragment and is likely to be an inversion (Fig. 6).
cooperatively in the same regulatory pathway or operate iHybridization of thisEcaRV fragment to a seedling cDNA
parallel pathways. library produced cDNAs corresponding to a single gene. The
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Fig. 7.Molecular characterization ¢fST. (A) Genomic structure. Exons are indicated by boxes. Arrows indicate the position of mutations
described in the text. (B) Poly(A)-enriched RNA from leaves, roots and floral buds hybridized Witagatent of theHSTcDNA. This blot

was stripped and re-hybridized with an actin probe, which served as a loading control. (C) CLUSTAL X 1.81 alignment of theichmin
sequence of HST (AY198396), human Xpo5 (NP_065801) and Msn5p (NP_0106238.fcenevisiaeAmino acids identical in two or more
sequences are highlighted in black; similar amino acids are highlighted in gray.

longest of these cDNAs (AY198396) is 3840 bp, consists of 2predicted HST transcript (Fig. 7A).hst-1is a single base
exons and encodes a protein of 1202 amino acids with teansversion that changes the conserved GT to GA at the splice
predicted molecular weight of 133 kDa (Fig. 7A). Hybridizationdonor site of the 12th intron. RT-PCR reactions with primers
of this cDNA to poly(A)-enriched RNA revealed a single 4 kbthat flank this intron demonstrated that it is not spliced from
transcript in leaves, roots and floral buds (Fig. 7B), amre-mRNA inhst-1(data not shown), resulting in an in-frame

expression pattern that is consistent with the factHigdthas
a mutant phenotype in all of these organs.

All of the hst alelles we analyzed had mutations in thehst-6contains a G to A transition that results in a stop codon

stop codon 31 bp after the exon-intron junctiost-3is a 3 bp
deletion in exon 1 that replaces amino acid®&® with an A.
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at position 107 in the predicted protein. This fragmen
represents only 9% of the full-length protein, which suggest
thathst-6is likely to be a null allelehst-7, an X-ray-induced
allele, has a 7 bp deletion in exon 13 that introduces a stc
codon in the open reading frame 12 bp after this mutdisir8
has a 24 bp in-frame deletion in exonh3t-9is a 300 kb
inversion with breakpoints in intron 15 and in the last exon o
At3g05770, a transcribed gene of unknown function.

To determine the effect of overexpressid§T, the HST
cDNA was fused to the CaMV 35S promoter in pCAMBIA Azg
3301 and the resulting construct was introduced hebl AtBg53480
plants by Agrobacterium transformation. This transgene wa e
capable of completely rescuing the mutant phenotypestel L At5g06120
(Table 1), demonstrating that it encodes a functional HS’ foae520
protein. Wild-type plants transformed with this construct, anc RanBP7
which expressed high levels of HST mRNA (data not shown) Aob31060
were completely normal. In order to ensure that the absence A12959020
phenotypically aberrant plants was not due to loss-of-functio ABGO3960
mutations in the transgene, an insertion that completel Imp9
rescued théstmutant phenotype (Table 1) was crossed into ¢
Col genetic background. Col plants carrying a single copy ¢
this transgene were not obviously different from their wild- ,_Qgsogsezeoo

Xpo4
At3g04490
Xpol
At3g03110
At5g17020
XpoT
At1g72560
KapR3
RanBP6
At5g19820
Imp4
At4g27640
Tn

Trn2
At2g16950

g2

At1g12930
Trn-SR

LI

At1g26170
Imp13

type siblings: transgenic plante=(3) had 4.6+0.2 juvenile L At3905040

leaves and 5.5+0.3 adult leaves, whereas their wild-type _ )

siblings ©=29) had 4.4+0.1 juvenile leaves and 5.5+0.2 adulfi9: 8- Unrooted bootstrap (1000 reiterations) cladogram of human

leaves. This result suggests either that plants are insensitivedgfA\rabidopsismportin -like proteins. This tree was generated by

d A eighbor-joining using Clustal X 1.81 and was visualized using
levels of the HST protein above the wild-type amount, or th reeView. Black, human; bluéyrabidopsisred, HST. Accession

HSTis post-transcriptionally regulated. Numbers for human proteins: CAS (NP_001307), RAP
HST is simil s (NP_002262), IMB (NP_002256), IMP4 (NP_078934), IMP9
Is similar to exportin (NP_060555), IMP11 (NP_057422), IMP13 (NP_055467), RANBP6

HST encodes a protein consisting of 1202 amino acids (13B\AC14260), RANBP7 (NP_006382), RANBPS8 (NP_006381),

kDa) with approximately 12 regions that have similarity to theRANBP16 (NP_055839), RANBP17 (NP_075048), TRN

HEAT repeats typically found in karyopherins in the importin(NP_002261), TRN2 (NP_038461), TRNSR (NP_036602), XPO1

B family (http://www.embl-heidelberg.de/~andrade/papers(NP_003391), XPO4 (BAB21812), XPOS5 (NP_065801), XPOT
rep/search.html) (Andrade et al., 2001). BLAST searches ¢fNP_009166). SequencesAuiabidopsisproteins are available at
non-redundant databases at GenBank revealed that HSTgW-tigr-org/tdb/e2kl/athl/LocusNamesSearch.shtml.

similar in both size and amino acid sequence to the mammalian

karyopherin exportin 5 (Xpo5) (1204 amino acids, 136 kDa)

and the orthologous protein Msn5p (1224 amino acids, 14BIST interacts with Ran we took advantage of the yeast two-
kDa) from Saccharomyces cerevisigEig. 7C). Arabidopsis  hybrid assay. For this purpose, the coding region of
genes encoding importif-like proteins were identified by Arabidopsis RANIvas fused to the DNA-binding domain of
searching the Arabidopsis genome database (http:// GAL4in the plasmid pGBKT7 to produd@AN1AD, and the
arabidopsis.org/wublast/index2.html)  for  proteins  withHST coding region was fused to tl@AL4 activation domain
similarity to members of this family in yeast and mammalsin pGADT7 to produceHST.BD. As negative controls, we
Arabidopsishas at least 17 predicted members of the importiproduced a construct containing a 106 amino acid N-terminal
3 family. TheseArabidopsisproteins are much more similar to deletion of HST, encompassing the putative Ran-binding
mammalian proteins than to their yeast homologs. Adomain AN-hstBD), and a construct containing thest-3
cladogram illustrating the relationship between humamutation fst-3BD), which lies in this region. Cells containing
importin B-like proteins and predicted members of this familythe HST.BD and RANIAD constructs grew under stringent
in Arabidopsisis shown in Fig. 8. HST is the most closely conditions, whereas strains containing eitigr3BD or AN-
related protein irabidopsiso Xpo5 and Msn5p, and is more hstBD andRANZLAD grew very poorly (Fig. 9). This result is
similar to Xpo5 than it is to any other proteinAmabidopsis  consistent with the results of a similar experiment performed
We conclude thatHST is the Arabidopsis ortholog of  with Xpo5 (Brownawell and Macara, 2002), and suggests that
Xpo5/MSN5 HST has Ran-binding activity.

HST interacts with RAN1 HST is located at the periphery of the nucleus

Like many other karyopherins (Gorlich and Kutay, 1999;To determine the subcellular distribution of HST, we produced
Komeili and O’Shea, 2001; Macara, 2001; Nakielny andransgenicArabidopsisplants expressing a HST-GUS fusion
Dreyfuss, 1999), the interaction between Xpo5/Msn5p theiprotein under the regulation of the CaMV 35S promdistr.1
cargo molecules is regulated by Ran (Brownawell and Macaralants containing the transgene were phenotypically wild type
2002; Bohnsack et al., 2002; Calado et al., 2002). To test {fable 1), demonstrating that the fusion protein was functional.
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AN-hst:AD + RANL:BD

HST:AD + hst-3:AD +

RANI1:BD

hst-3:AD +
RANI:BD

AN-hst:AD + RAN1:BD

Fig. 9. Two hybrid analysis of the interaction between HST and
RANL1. Cells transformed simultaneously with the indicated vectors
were selected for the presence of both constructs on medium lacking
Leu and Trp, and then plated on a medium lacking Leu, Trp, His and

Ade to test for the interaction between the AD and BD constructs. Fig. 10.Location of GUS activity ifst-Lplants homozygous for a

Cells c_ontainin_g theiST.BD andRANIAD vectors grew on this 35S::HST-GUSransgene. (A) Seedling root, (B) trichome and (C)
restrictive medium and express&galactogdase (not shown). Cells trichome of a plant transformed with tBBS::GUSvector used in
containingRANTAD and either théist-3BD or AN-HSTBD vectors o production of th85S::HST-GUSusion construct

grew very poorly or not at all on this medium, and did not exjFess
galactosidase.

predict because its orthologs in yeast and mammals have quite
GUS activity was concentrated in the nucleus and thdifferent functions. In yeast, Msn5p exports phosporylated
surrounding cytoplasm in root hairs and trichomes, and in celf®orms of several different transcription factors (Blondel et al.,
in the stele and stipules (Fig. 10). In trichomes, which are large999; Boustany and Cyert, 2002; DeVit and Johnston, 1999;
cells with large polyploid nuclei, GUS staining was clearlyGorner et al., 2002; Kaffman et al., 1998; Komeili et al., 2000)
localized in the vicinity of the nuclear membrane and wasnd imports RPA (Yoshida and Blobel, 2001), a protein
always most intense on the apical side of the nucleus (Figivolved in DNA replication and repair. Loss-of-function
10B). This is in contrast to the widespread distribution of GUSnutations inMSN5 cause defects in the processes in which
activity in cells transformed with a control 35S::GUS vectorthese factors are involved, demonstrating that Msn5p has an
(Fig. 10C). This perinuclear distribution is similar to that ofessential function. The function of Xpo5 is more
other karyopherins (Fornerod et al., 1997; Gorlich et al., 199¢ontroversial. Brownawell and Macara (Brownawell and
Kudo et al., 1997; Rout et al., 1997) and suggests that HST hitacara, 2002) concluded that Xpo5 is a general exporter of
a role in nucleocytoplasmic transport. The polarizeddouble-stranded RNA-binding proteins (dsRNA-BP) because
distribution of HST in trichomes is particularly interestingit binds to and exports the dsRNA-BP interleukin enhancer-
because it suggests that asymmetric nucleocytoplamiuinding factor 3 (ILF3), and it interacts in vitro with the
transport may contribute to trichome cell polarity. dsRNA-binding domains of several other proteins. Other
investigators (Bohnsack et al., 2002; Calado et al., 2002) have
demonstrated that Xpo5 exports tRNAs and regulates the
DISCUSSION export of the translation factor eELF1a indirectly, through the
association of eELF1a with tRNAs. The interaction between
We show thatHST is the Arabidopsisortholog of Xpo5in Xpo5 and ILF3 is also regulated by dsRNA (Brownawell and
mammals and1SN5in yeast, and describe the phenotype of aMacara, 2002) but the functional significance of this
loss-of-function mutation in this genelSTis one of at least observation remains unclear. Brownawell and Macara
17 importinf-like genes iMArabidopsis a similar number exist (Brownawell and Macara, 2002) conclude that binding of
in yeast and humans (Goérlich and Kutay, 1999; Chook antlLF3 to dsRNA occurs in the cytoplasm and promotes the
Blobel, 2001). This remarkable conservation of gene numbedissociation of ILF3 from Xpo5, whereas Bohnsack et al.
as well as evidence that at least two members of this family a(Bohnsack et al., 2002) propose that the interaction between
capable of mediating nucleocytoplasmic transport (Haasen &po5 and ILF3 is actually mediated by dsRNA and is essential
al., 1999; Jiang et al., 1998b), suggests that the function &r the export of ILF3. These latter investigators propose that
these proteins has been largely conserved in plants. Althougtpo5 primarily regulates RNA export, not protein export. This
we have vyet to demonstrate that HST regulatesonclusion is supported by the recent results of Gwizek et al.
nucleocytoplasmic transport, the observation that it interact§&Gwizek et al., 2003), which indicate that Xpo5 preferentially
with Ran, and its perinuclear distribution, is consistent withexports RNAs that possess a 20-nucleotide minihelix with
this function. a base-paired '5end and an unpaired’ 3nd. These
The potential cargo molecules of HST are difficult toinvestigators suggest that the primary cargo molecules of
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Xpo5 may be siRNAs involved in gene silencing and thedirect role in floral induction under LD. These functions may
double-stranded precursors of miRNAs. be carried out by different molecules that require HST for their

Whatever the cargo molecules of HST may be, the phenotypeicleocytoplasmic transport.
of hst-1suggests that they include factors required for plant How might HST regulate phase change? Because
growth as well as factors that have more specific regulatorgverexpression diSThas no effect on the timing of vegetative
functions. A general requirement for HST is evident in thegphase change or floral induction, it is unlikely that these
relatively small size and reduced growth rate of essentially afirocesses are regulated by a change in the transcriptitsitof
the organs of mutant plants. HST is also required for the growi@ine possibility is that phase change is regulated by post-
and/or organization of the shoot apical meristem (SAM), afranscriptional modulation of the amount or activity of HST, as
demonstrated by the aberrant morphology of the SAM imccurs in the case of CRM1 duribgenopusembryogenesis
mutant seedlings and the transient delay in leaf initiation aftg/Callanan et al., 2000). A second possibility is that phase
germination. We tested the sensitivity loét-1 seedlings to change is regulated by a change in the amount or character of
auxin, cytokinin and abscisic acid but observed no major effe¢he cargo molecules transported by HST, not by changes in the
of these hormones on root or hypocotyl growth (M.-Y.P. andhctivity of HST itself. In this scenario, HST would have a
R.S.P., unpublished). Thus, the hormonal basis, if any, for thijgermissive function, rather than a regulatory one. We favor the
growth defect is unclear. An alternative possibility is that thidatter hypothesis becausst-1has a phenotype in every part
growth defect results from a change in cell identity. Mutation®f the plant, implying that HST is active at all times and in all
that disrupt radial patterning in the root, for example, have atissues. However, the possibility that HST is post-
effect on root growth similar to that dist-1 (Benfey et al., transcriptionally regulated in certain tissues cannot be
1993). However, we do not think this explains the effebsbfl. ~ excluded.
on root and hypocotyl elongation becalrs¢-1has no major Along with promoting the production of trichomes on the
effect on the cellular organization of these structures. We awhaxial surface of basal leaves in the rosagelreduces the
intrigued by the evidence that Xpo5 exports tRNAs and othdbbing of cells in lower mesophyll layer of the leaf, causes up-
double-stranded RNAs because defects in the export of thislling of the leaf blade, and produces carpels that are partially
class of RNAs would be expected to have widespread effectsifused and bear ovules on their external (adaxial) margin.
on growth, like those observedlistmutants hst-1also interacts synergistically wikanto increase abaxial

It is unlikely that HST transports only factors with trichome production and enhances the polarity defedtann
housekeeping functions because of the developmentpkl carpels (Eshed et al., 2001). These features are typical of
specificity of many aspects of its mutant phenotype. In adaxialized mutants (Bowman, 2000; Eshed et al., 2001;
previous study, we showed thast-1 accelerated abaxial Kerstetter et al., 2001; McConnell et al., 2001), and suggest
trichome production and increased the sensitivity of plants tthat HST may be required for the specification of abaxial cell
the floral promoter LFY. This leads to the conclusion that HSTdentity in both leaves and floral organs. However, whether
normally acts to promote the expression of the juvenile phadeST regulates leaf polarity independently of its role in phase
and/or to repress the expression of the adult phase (Telfer adldange is unclear. Although adaxial-abaxial polarity is an
Poethig, 1998). Because the effechst-1on abaxial trichome inherent feature of all lateral organs, the way in which this
production can also be attributed to a change in leaf polaritpolarity is expressed varies in different organs and at different
we examined its effects on two non-polarized heteroblastistages of shoot development. For example, the first two leaves
traits: adaxial trichome density and leaf shape (Fig. 3). Wef the rosette are usually flat, subsequent rosette leaves curve
found thathst-1 accelerates changes in both of these traitsjownward, inflorescence leaves are flat, and sepals, petals and
which supports our previous conclusion about its role in phasearpels curve upward (Griffith et al., 1999). Similarly,
change. This conclusion is also supported by the fact that thiechomes are restricted to the adaxial surface of juvenile
early flowering phenotype dist-1is completely accounted for leaves, are present on both surfaces of adult leaves and are
by its effect on the duration of the juvenile and intermediateonfined to the abaxial surface of leaves in the inflorescence.
phases of shoot development; under CL, it has little or no effedany polarized traits in other organisms are also expressed
on the duration of the adult phase. This specific effect on thehase specifically (Kerstetter and Poethig, 1998). This
duration of the juvenile phase is unusual. Other flowering timphenomenon implies that the mechanism that establishes the
mutations whose effect on vegetative phase change has bestaxial-abaxial polarity of an organ is regulated at some level
studied have either no effect on the duration of the juveniley the mechanism that specifies the phase identity of the organ.
phase (Martinez-Zapater et al., 1995; Melzer et al., 1999; Scothus, although it is possible that HST regulates organ polarity
et al., 1999; Telfer et al., 1997; Weigel and Nilsson, 1995) oindependently of its role in phase change, it is also possible
affect the duration of both the juvenile and adult phases dhat the effect of HST on organ polarity is actually mediated
development (Gomez-Mena et al., 2001; Soppe et al., 1998y its effect on phase change.
Telfer et al., 1997)hst-1is also unusual in that it has a The basis for the mutant phenotypéi&Twill only become
completely opposite effect on flowering time in SD. Underapparent, of course, when its cargo molecules have been
these conditions, mutant plants display accelerated vegetatiigentified. This pleiotropic phenotype suggests that HST
phase change but are extremely late flowering. One possibi@nsports many different molecules, some of which have
interpretation of this phenotype is that HST has differentegulatory functions. We are particularly interested in the
functions in vegetative phase change and floral induction. Earlyossibility that HST regulates the transport of tRNAs and other
in shoot development, HST promotes the juvenile vegetativdouble-stranded RNAs and their associated proteins. This
phase and reproductive incompetence, whereas during thgpothesis is not only suggested by function of Xpo5, but is
adult phase it acts to promote flowering under SD but plays ralso consistent with the observation that mutatiofAUSED
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the Arabidopsisortholog of the tRNA export receptor exportin - Agrobacterium-mediated transformation of Arabidopsis thaliftant J.
t, are phenotypically similar tohst (C.H. and R.S.P, 16, 735-743.

unpublished) (Telfer et al., 1997). Further studies should reve8£Y" M- J. and Johnston, M.(1999). The nuclear exportin Msn5 is required
for nuclear export of the Migl glucose repressor of Saccharomyces

the types of molecules transported by HST and add to ourcereyisiaeCurr. Biol. 9, 1231-1241.

understanding of the role of nucleocytoplasmic transport iEshed, Y., Baum, S. F., Perea, J. V. and Bowman, J.(2001). Establishment

plant growth and deve|0pment_ of polarity in lateral organs of plantSurr. Biol. 11, 1251-1260.
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