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Summary

To gain insight into the processes controlling leaf development, but normal secondary vein patterning
development, we characterized anArabidopsis mutant, required low temperature early in leaf development. The
varicose(vcy, with leaf and shoot apical meristem defects. low-temperature vcs phenotype is enhanced iraxrl-3 vcs
The vcs phenotype is temperature dependent; low double mutants and invesmutants grown in the presence
temperature growth largely suppressed defects, whereas of polar auxin transport inhibitors, however, vcs has
high growth temperatures resulted in severe leaf and apparently normal auxin responses. Taken together, these
meristem defects.VCS encodes a putative WD-domain observations suggest a role for VCS in leaf blade formation.
containing protein, suggesting a function involving protein-

protein interactions. Temperature shift experiments Key words: Leaf Development, Vein Pattern, WD domain, Meristem,
indicated that VCS is required throughout leaf Arabidopsis thaliana

Introduction expression results in radialized leaves composed entirely of

Leaves are composed of a leaf blade, a broad flat structure ti2xial tissues (Kerstetter et al., 2001; Eshed et al.,, 2001). The
is specialized for photosynthesis, and a petiole, a stem-liK&efects in these radialized leaves include leaf morphology and
structure that attaches the blade to the stem. A promineﬁpeqlflcatlon of epidermal and internal tissues. These and other
feature of the leaf blade is its thick central midrib, whichstudies have contributed to a model for leaf blade outgrowth
extends from the petiole and contains vascular tissues as wef @ down-stream event following juxtaposition of adaxial and
as enlarged supporting cells on the abaxial surface of the le&Paxial cell types. L
Surrounding the midrib is the lamina, which consists of While lamina outgrowth appears to be initiated by
patterned arrays of specialized cell types. Efforts in many lagacquisition of polarity, the final shape of a leaf appears to be
to identify the molecules that are essential for normal leg@overned by a host of additional factors. For example, leaf cell

development are beginning to elucidate the pathways that ap@lar elongation contributes to leaf shape, as cell elongation
required for formation of a normal leaf, however, muchmutants produce leaves that are either narrower or shorter than

information is still lacking. the wild type (Tsuge et al., 1996). This polar expansion and
Leaf primordia arise as radial pegs on the flank of the shoghape change appear to be related to altered control of the
apical meristem (SAM), and become flattened early irfytoskeleton, as the leaf cell expansion mutarithas defects
development, indicating acquisition of abaxial/adaxial polarityin organization of cortical microtubules (Kim et al., 2002).
These steps are rapidly followed by the outgrowth of the legPver-expression oKNOX genes also leads to leaf shape
blade and differentiation of specialized cell types (Pyke et aldefects, presumably through altered regulation of GA
1991; Carland and McHale, 1996; Donnelly et al., 1999biosynthesis (Ori et al., 2000; Chuck et al., 1996; Byrne et al.,
Medford et al., 1992)Arabidopsisgenes whose products are 2000; Sakamoto et al., 2001; Hay et al., 2003).
proposed to play a role in polarity establishment have been The plant hormone auxin has also been implicated in leaf
identified based on mutant phenotypes (McConnell and Bartodevelopment. Auxin is synthesized is apical portions of the
1998; Kerstetter et al., 2001; Siegfried et al., 1999; Eshed gtant, and actively transported basipetally (reviewed by Muday
al., 2001; McConnell et al., 2001). These studies implicatand DeLong, 2001 Arabidopsismutants with defects in auxin
separate sets of genes for specification of adaxial and abaxieansport or auxin responses also produce leaves with altered
leaf domains. morphology. For example, thiepl mutant produces small
The importance of abaxial/adaxial polarity for leaf asymmetric leaves with disrupted vascular development and it
architecture has been revealed by both mutant phenotypes dmas reduced polar auxin transport (Carland and McHale, 1996).
ectopic expression of polarity genes. Dominpghb mutants ~ Similarly, the pin1 mutant, which has a lesion in a putative
produce radialized leaves composed entirely of adaxial tisswixin efflux carrier, and th&r3 mutant, which has reduced
(McConnell and Barton, 1998) and ectopi€ANADI  auxin transport, both produce leaves with morphological
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defects (Okada et al., 1991; Ruegger et al., 1997). Leafiolecular characterization

development is also perturbed by growing wild-type plants isMapping of VCS used 750 F plants from a cross of/cs-1

the presence of polar auxin transport inhibitors (Mattsson éteterozygotes to a plant of the Columbia ecotype. We isolated DNA
al., 1999; Sieburth, 1999). Furthermore, some auxin-resistafibm homozygous mutant 2Fplants (Dellaporta et al., 1983).
mutants, such asixrl and axr2-1, have disrupted auxin Polymorphic PCR-based markers Were_used to map recombination
responses and also produce misshapen leaves (Estelle dfgpkpoints (Bell and Ecker, 1994; Konieczny and Ausubel, 1993).
Somerville, 1987; Timpte et al., 1994). The combined aItereH’arkers included polymorphisms identified by CEREON (Jander et

leaf shape and perturbed auxin processes in all these exampgl‘égizooz)' details about primer sequences and polymorphisms are

id t i that : | e in | e&, lable upon request. Candidate genes within the identified interval
provides strong evidence thal auxin piays a role in legje e amplified from DNA isolated from each mutant allele, and the

development. However, with the exceptionlopl, detailed  pcr products were sequenced using the University of Utah
anatomical characterization of the leaf developmental defeckequencing facility. DNA sequences were assembled and analyzed
are lacking. using JELLYFISH (LabVelocity, San Francisco). The homolog from
Although the role of auxin in leaf morphogenesis is nothumans has the accession no. NP_055144, and thaDimsophila
understood, a large body of work implicates polar transport afccession no. NP_609486.
auxin as an inductive signal for vein formation (reviewed by The pVCS:GUS gene fusion was constructed using a 980 bp
Sachs, 1981; Aloni, 1987). In leaves, both auxin antibodies arftggment (extending between th&J3R of the upstream gene and the
the auxin responsive reporter gene DR5 show auxin to CStranscription start site), amplified using primers that introduced

. : : indlll and BanHlI restriction sites (5 CTGCAGGGATCCATC-
largely localized in procambial cells (precursors to vascul CGCTCTCTCTGTTTCTTC and '5 CACTGTAAGCTTAGATT.

cell types) as leaf veins are formed (Avsian-Ketchmer et alg111cCAGATTTAAG ATCG). This fragment was cloned into

2002; Aloni et al., 2003; Mattsson et al., 2003). Howeverpcambia1381z, and sequenced to identify clones containing no

whether the varied leaf morphologies described for auxinmutations. The resulting plasmid was introduced Ageobacterium

related mutants is due to effects on vascular tissue or effeaignifaciensLBA4404. Wild-type Columbia and Landsbeggecta

on other aspects of leaf development is not known. plants were transformed by floral dip (Clough and Bent, 1998). GUS
Here we describevaricose (vc§ mutants, which show staining, driven by the/CS upstream region (pVCS::GUS) was

pleiotropic temperature dependent developmental defects gnalyzed in 12 independent transformants, and compared to seven

leaves and the meristeMCSencodes a putative WD domain independent transformants carrying the empty vector. Ten of the
protein, and each of the fivees alleles we identified has a twelve pVCS::GUS lines produced an identical expression pattern; six

lesion expected to produce a null allele. Vbsleaf phenotype gmhpté/ victgr cont(;olks] gave no expression, and one gave faint staining
is enhanced under conditions in which auxin signaling i "y athodes and the root apex.

perturbed, but no defects in auxin signaling itself is detectableT-PCR

in vesmutants. These observations led us to propose that VG§-pCR was carried out using the Promega Reverse Transcription
and a pathway perturbed by polar auxin transport inhibitorsystem kit, and oligo(dT) for first strand synthesis. Amplification used
play partially redundant roles in leaf blade formation. primers within exon 6 (3980F:5GGTCCCGGTTTGTCATCTAC)
and within exon 11 (5931R:"ETGTAGGGCCGAAGTGAAAG).
Control reactions used primers fotubulin as described by Semiarti
Materials and methods et al. (Semiarti et al., 2001). RNA was isolated from roots, hypocotyls,
cotyledons and apex (leaves plus meristem) of 8-day seedlings, 12-

Plant growth and genetic analyses , _ day whole seedlings and assorted siliques from matrplants (all
Seedling growth and mutagenesis were carried out as describgebwn at 22°C) using the RNeasy kit from Qiagen.

previously (Deyholos et al., 2000). Plant age indicates the time from
placement into growth chambers. Lateral root numbers wer#licroscopy

determined microscopically; counts included all incipient roots thatrissue for dark-field and DIC microscopy were fixed in a solution of
penetrated the epidermis. Phenotypic analyses were based @fhanol and acetic acid (3:1), and cleared in saturated chloral hydrate.
observations of at least 50 samples, and representative examples fi&ue preparation for CLSM followed the method of Running
used in the figures. _ o (Running, 2002). Tissue for SEM was prepared as described by Chen
We used web based resources to find a mutation iW@iegene et al. (Chen et al., 1999). Leaf vein development was assessed in
(Salk_002338) (Alonso et al., 2003). For analyzingakil-3 vcs-1  chioral-hydrate-cleared first leaf pairs by visual inspection using 200
double mutant, control crosseecg x Col-0) were carried out and and 406 DIC microscopy. We examined both leaves of 12-16
analyzed in parallebxrl-3 vcs-Idouble mutants were obtained from seedlings, per time point. Procambium was recognized as files of

the self-pollinated (F3) progeny of auxin-resistappfants. ~ elongated cells in positions expected for veins, and a vein counted as
Polar auxin transport inhibition experiments used growth medlunmiﬁerentiated if tracheary elements were present.

supplemented with N-1-naphthylphthalamic acid (NPA, Chemserv)
dissolved in dimethyl sulfoxide (Sigma), and DMSO-supplementedsUS staining

growth medium (GM) used as a control. Tissue was fixed for 10 minutes in cold 90% acetone, and stained for
R | . 3-10 hours at 37°C in 2 mM 5-bromo-4-chloro-3-indofyD-
oot elongation assays glucuronide, 50 mM sodium phosphate, pH 7.0; 5 miKgFe(CN),

Wild type andvcsseeds were germinated on vertical hormone-freed 194 (w/v) Triton X-100. Following staining, samples were rinsed in
GM for 5 (16C) or 3 (29°C) days, then 11-20 seedlings of eachyater for 1-3 hours, fixed overnight in a 6:1 solution of ethanol:acetic
genotype per treatment were transferred to fresh GM supplementggid, and cleared in saturated chloral hydrate.

with indole-3-acetic acid (IAA; Sigma) (1®M to 1012M in 0.1x

serial dilutions). We measured the root length after 3 days growth at

the same temperature. The dose of IAA that caused 50% inhibition ?ﬁesults

root elongation l6p) was determined using linear regression (Maher

and Martindale, 1980). To investigate leaf development, we isolated five alleles of a



recessive mutant that produced defer
leaves. This mutantyaricose (vc9, was
smaller than the wild type, and produ
narrow, asymmetric leaves when growi
22°C (Fig. 1A-C). All five mutant allele
showed identical phenotypic response:
growth temperature. When grown at°C¢
vcs mutants resembled the wild-ty
controls except their leaves were pointe
the apex, and prolonged growth reve
defects in apical dominance (Fig. 1D-F)
contrast, growth at 2€ resulted in

strongly enhanced phenotype. These t
temperature-grown mutants were chlor
leaves were narrow and epinastic,

prolonged growth resulted in a callus-|
growth at the apex (Fig. 1G-l)cs roots
appeared similar to those of wild ty
except that at high temperature root F
occasionally appeared swollen (Fig. 1J
vcs also produced decreased number
lateral roots (Table 1). The decrease in la
root formation invcs mutants might be
secondary consequencevabapical defect:
as normal lateral root formation requi
shoot-derived auxin (Reed et al., 1998).

VCS is required for normal meristem
and leaf development

The aberrant leaves formed wes mutant:
could result from a requirement for Vi
function in leaf development alone,
meristem function, or in both. To distingu
between these possibilities, we 1
characterized thecs SAM. The wild-type
SAM was similar in size and org
phyllotaxy regardless of growth tempera
(Fig. 2A-C). In contrast, thecs SAM was
smaller than the wild type; this defect \
most severe in the 29°C-growsts plants
where the SAM appeared small and flat (
2D-F). The smallervcs meristem wa
surprising, given the enlarged appear:
of vcs apex following prolonged grow
at 29°C (Fig. 1l). To reconcile the
observations, we compared sections of
day 29°C-grown wild type anucs apices
Thesevcsapices contained multiple clust
of small densely staining cells disper
across the apical region and often in ¢
proximity to leaf-like structures, but
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Fig. 1.vesmutants show temperature-dependent defects in leaf development.

(A-C) Plants grown at 22°C; 15-day wild type (A) has broad leaves, whereas the 15-day
vcsmutant (B) produces narrow curled leaves. Following prolonged growth (C; 25-day
shown),vcsdevelops flowers, but no seeds are produced. (D-F) Plants grown at 16°C; 16-
day wild type (D) produces broad leaves, and the 16+dsgroduces broad, but pointed
leaves (E). At this temperaturggscan be grown on soil, produce flowers and set seed
(F), but the mutant plant has short inflorescence stems and reduced apical dominance
(wild type on the left angcson the right). (G-I) Plants grown at 29°C; 11-day wild type
produces broad leaves (G), whereas the 1lvdasutant appears chlorotic and produces
small epinastic leaves (H). Prolonged growth at 29°@gresults in a few additional
leaf-like organs, and an enlarged callus-like apex (I). (J-P) Roots of wild typesnd
mutants: (J,K) 16°C-grown 7-day wild type anh respectively; (L,M) 22°C-grown 4-

day wild type andics respectively; (N-P) 29°C-grown 4-day wild type (N) amsg

(O,P). A high magnification image of thesroot (P) shows the swollen root hairs. Scale
bars: (A-O) 1 mm; (P) 104m.

typical SAM (Fig. 2G-H). We also examined youngers
SAMs using CLSM (Fig. 2I-J)vcs SAMs were smaller than
the wild-type ones, the cells were somewhat vacuolated, andlable 1. Average lateral root numbers for 7-daycsand

they lacked the layered organization typical of the wild type. Ler plants
Taken together, these data suggested\Ris required for ves Ler
SAM maintenance. .

A role for VCS in leaf development can be inferred because ;SE 3:2 ggg ;‘;2 gg
vcs mutants produce narrow and misshapen leaves; to fully 29°C 0(22) 10.4 (12)

characterize these leaf defects, we examined both internal and S )
epidermal tissues. Leaves typically contain a single layer of Number counted is indicated in parentheses.
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elongated palisade parenchyma cells
underlying the adaxial epidermis, beneath
which is spongy parenchyma, composed
of cells and air spaces. These tissues were
apparent in sections of wild-type leaves
(Fig. 3A-C). In contrast, 29°C-growrcs
leaves contained irregularly spaced cells
of variable size (Fig. 3D). The 22°C-
grown vcs leaves also contained no
distinct palisade parenchyma layer, and
the 16°C-grown vcs leaf palisade
parenchyma cells were less densely
packed than in the wild-type controls (Fig.
3E,F). We also examined leaf vein pattern.
Normal Arabidopsis leaves contain a
single primary vein that extends the length
of the leaf, between five and eight
secondary veins that intersect subjacent to
the margin to define a series of closed
loops called areoles, and minor veins that
further subdivide the leaf area (Fig.
3G,I,K). When grown at 22°CQ/csleaves
contained fewer veins than the wild type,
and these veins were both thicker than the

Fig. 2.vesmutants have reduced SAM size. (A-F) SEM images of the SAM (all shown at wild type and aberrantly patternoed (Fig.
the same magnification) ok (A-C) andvcs(D-F) from seedlings grown at 16°C for 15 32-H,M-N). When grown at 29°Cycs
days (A,D), 22°C for 12 days (B,E) and 29°C for 9 days (C,F). (G,H) Toluidine Blue-  1€a@ves contained a single primary vein,
stained paraffin section of 14-day 29°C-grover [G) andvcs-1(H). (1,J) CSLM images of and up to three small secondary veins,
meristems from 7-day 29°C-growret(l) andvcs(J). m indicates meristem. Scale bars: ~ whereas 16°C growivcs leaves had a
(A-F, 1,J) 50um; (G,H) 100um. nearly wild-type vein pattern (Fig. 3I-L).

Fig. 3. Leaf defects ir
internal tissues ofcs
mutants. (A-F) Cross
sections of the first
leaf from 12-day kr
(A-C) andvcs(D-F),
grown at (A,D) 29°C;
(B,E) 22°C; (C,F)
16°C. (G-L) Dark-
field images of
cleared first leaf
showing the patterns
of veins in Ler
(G,I,K) andvcs
(H,J,L) grown for
(G,H) 12 days at
22°C; (1,J) 11 days a
29°C; (K,L) 15 days
at 16°C. (M,N) DIC
images of the primar
vein from leaves
shown in G and H.
(O,P) Cotyledon vein
pattern of 12-day
22°C-grown ler (O)
andvcs(P) show
similar vein patterns,
although cotyledon
shape differs slightly.
(Q,R) DIC images of ' '

the primary vein of cotyledons ok (Q) andvcs(R), showing ectopic tracheary elements surroundingdbprimary vein. Scale bars: (A-F)
50 um; (G-L,0,P) 1 mm; (M,N,Q,R) 10am.
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In contrast to leaves, the pattern of cotyledon veins was normadasoned that if VCS was only required early, then shifting
in vesmutants (Fig. 30-R). These observations indicated thagilants from low temperature to high temperature after leaf
VCS is required for normal patterning of internal tissues of thénitiation may allow production of the suppressed leaf
leaf, although growth at 16°C suppressed most defects. phenotype. Alternatively, if VCS was only required late, then
We used SEM to further characterize 29°C-growes  shifting plants from high to low temperature after leaf initiation
mutant leaves (Fig. 4A-D). Thecs abaxial leaf surface was may allow production of the suppressed leaf phenotype. We
generally smooth, and surrounded by a small fringe of bladeterminated seedlings at 16°C (or 29°C), shifted a subset to
like tissue (Fig. 4D). Thecsadaxial leaf surface was variable. 29°C (or 16°C) daily, and examined all the plants at day 14
Occasionally it appeared smooth (e.g. Fig. 4C), however moiEig. 5A). vcs mutants were smaller and more chlorotic the
often it was highly convoluted and contained groups of raiselbnger they were held at 29°C, regardless of whether the 29°C
cells with a terminal trichome (Fig. 4B,F,G). Normally, aperiod was applied early or late in development. These data
trichome is surrounded at its base by a ring of trichoméndicate that the 16°C treatment was required continuously for
subsidiary cells (Fig. 4E). These groups of raised cells in thihe suppressed phenotype.
vcs leaves appeared similar to trichome subsidiary cells, We analyzed the effect of temperature shifts on leaf vein
although stacked in several layers and apparently arrangedpatterning (Fig. 5B, Fig. 6A). As observed in the intact plants,
cell files (Fig. 4F,G). These observations indicate that VCS igcreased duration at 29°C resulted in a progressively
required for normal development of many different structuresdecreasing vein pattern. However, instead of the broadly
The wild-type leaf adaxial epidermis has a typicalgraded effects of the temperature shifts on overall leaf
distribution of stomatal complexes and pavement cellsmorphology, vein patterning had a critical need for the 16°C
regardless of growth temperature (Fig. 4HA®s mutants  suppression early in leaf development. For plants shifted from
grown at 16 or 22°C showed similar adaxial leaf cell29°C to 16°C, areole formation decreased linearly in plants
morphology (Fig. 4K,L), but those grown at 29°C did not haveshifted between days 3 and 5, and was abolished in plants
any recognizable pavement cells (Fig. 4M). The wild-type leashifted on day 6 or later. For plants shifted from 16 t2C29
abaxial epidermis is composed of stomata and smaller jigsawignificant areole formation only occurred in plants maintained
puzzle-shaped cells (Fig. 4N,R)cs mutants grown at 16°C at 16°C for at least their first 5 days.
and 22°C appeared similar (Fig. 4Q,R), but those grown at To relate the early requirement for 16°C suppression to
29°C were composed of small mostly rectangular cells, anstages of leaf vascular development, we assessed leaf vascular
occasional stomata (Fig. 4S). These observations indicated thestsue in cleared leaves of wild-type and vcs seedlings grown
both intermediate and low temperature growth suppressed at either 29°C or 16°C for 2 to 7 days (Fig. 6B). In the wild

leaf epidermal defects. type, primary vein procambium was detectable on day 3 (29°C)
) ) or day 4 (16°C), and differentiated primary veins were
VCS is required throughout leaf development detectable on day 4 (29°C) or day 5 (16°C). Secondary vein

To determine when VCS was needed for normal leaprocambium was detectable on day 4 (29°C) or days 6 (16°C).
development, we carried out temperature shift experiments. Weifferentiated secondary veins were detectable on day 5 (29°C)

Fig. 4. SEM analysis oficsleaf defects. (A) ber 9-day 29°C-grown; (B-Dycs9-day 29°C-grown, showing adaxial (B), side (C) and abaxial

(D) views. (E-G) Trichome from 9-day 29°C-growerl(E) andvcs(F-G) leaves. (H-M) Leaf adaxial cells; the images were taken at a position
half way down the leaf and midway between the margin and the center of the leaf. Typical arrangements of stomatal quhpheetiseat

cells are present indr grown at 16°C for 15 days (H), 22°C for 12 days (l) and 29°C for 9 days (J), gosgirown at 16°C for 15 days (K)

and 22°C for 12 days (L), howeveninsgrown for 9 days at 29°C (M) no typical pavement cells could be detected. The abaxial leaf surface is
typically uneven, and composed of stomatal guard cells and small irregularly shaped cells, such as skeogrofen bt 16°C for 15 days

(N), 22°C for 12 days (O) and 29°C for 9 days (P). The abaxial leaf surfacegrbwn at 16°C for 15 days (Q) and 22°C for 12 days (R)
appeared similar to the wild type. The abaxial surface of the 9-day 29°C-grown leaf (S) contained stomatal complexeslbuteyuksmy

shaped cells were present. Scale bars: (A) 1 mm; (B,C,DUBQQE) 200um, (F, G) 10Qum; (H-M) 40pum, (N-S) 50um.
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and day 7 (16°C)vcs mutant leaf vascular development degradation (Leyser et al., 1993; del Poze and Estelle, 1999;
showed similar timing for the primary vein in the 29°C grownGray et al., 1999; Gray et al.,, 200Bxrl mutants show
plants.vcs mutants grown at 16°C were not distinguishablereduced auxin responses, altered leaf shape, reduced apical
from the wild type prior to day 5, following this timepoint dominance, and smaller hypocotyl vascular bundles (Estelle
vascular development was at the same stage as observeddad Somerville, 1987; Lincoln et al., 1990). We found that
the wild type (data not shown). Taken together, the criticadxrl-3 cotyledons contained reduced numbers of secondary
period for leaf secondary vein formation identified by theveins [1.45 complete areoles and 0.7 incomplete areoles per
temperature shift coincided with times when the leaf wouldtotyledon (=67) inaxrl-3compared to 3.1 complete and 0.8
normally be forming secondary vein procambium. incomplete areoles for Col-0€45)], and that these cotyledon

] ] o ) veins were often aberrantly positioned (Fig. 7C). @Rel-3
Relationship between VCS and auxin signaling leaf secondary veins were also reduced in number, frequently
Because the plant hormone auxin has been proposed to plajled to intersect along the leaf margin, and isolated vascular
roles in both leaf development and vein patterning, we usedlands were occasionally present (Fig. 7D). Growth
several approaches to explore the relationship between V@&mperature did not affect this vein pattern phenotype (data not
and auxin signaling. First, we characterizaxr1-3 vcs-1  shown).
double mutantsAXR1 encodes a ubiquitin E3 ligase-like = We generated double mutants usingdakel-3allele, which
protein that is required for activation of the SCF ubiquitin-is in the Col-0 ecotype. F2 from all crosses with Col-0 included
protein ligase, which targets specific cellular proteins fosome plants with a less-suppressed phenotype at low and
intermediate temperatures. However, the
axrl-3 vcs-1double mutants showed strong
enhancement of cotyledon and leaf vein
pattern defects. When grown at 16&Qr1-
3 vcs-Icotyledon secondary veins were free

A 29°C = 16°C

1d 2dAd—dad - Bd edYa Bdr - 5a Aq0ds d 12d 10 0 16°Cto 29°C 5
§\ @ 29°Cto 16°C /
g4 ¢
3 6+ \ /§/
e E -
2, .
7d 8d 9d10d " 11d 12d S /§/§—§ *] \§
od® —~8—8—8—9
T T T T T T
0 2 4 6 8 10
B day of shift
o um [ jum I differentiation (TEs )
1° vein
e o o0000n~" -
16°C[ B gonnnans— |
2° veins
20°C| ppagooonas==—_ |
16°C| AP |

T T T T T T
2d 3d 4d 5d 6d 7d

Fig. 6. Vascular development in leaves of
temperature shifted and control plants.

(A) Counts of completed leaf areoles (a region
fully delimited by veins) in the first leaves of
14-day temperature-shifted plants. Bars indicate
the standard error of the mean, 18-26 leaves
were examined for each time-point.

(B) Depiction of the developmental progression
of primary and secondary veins in leaves ef L

Fig. 5. Temperature shift experiments reveal a requirement for VCS throughout leaf
development. (A) Seedling morphology of 14-day temperature-shifstutants. The
top row shows plants germinated at@%nd transferred to 16 on the day indicated
under each plant. The lower row shows plants germinated@{ &46d transferred to

plants from a developmental time course carried
out at 18C or 29C. For each time-point, the
height of the white, stippled or black area
represent the fraction of leaves with 1° or 2°

29°C. (B) Representative vein patterns from selected temperature shift time points. Theveins totally absent (white), present only as

red bars indicate the duration of time at@9and whether this exposure was at the
beginning or the end of the 14-day growth period. Scale bars: (A) 5 mm; (B)N200

procambium (stippled), or at least some of that
vein class differentiated (black).



Table 2. Concentration of IAA that produced 50% relative
inhibition of root elongation (Isg) for wild type and vcs

mutants

Wild type vCs
16°C 3.x10°8 3.3x10°8
29°C 2.%108 2.9<10°8

Iso values shown are the mean values from two independent experiments E

(16°C), or three independent experiments (29°C).

ending (Fig. 7G), and thaxrl-3 vcs-1double mutant leaves
were small, containing only 1-3 veins (Fig. 7H). Growth
high temperatures resulted in further reduction of leaf size
vein pattern (data not shown). Enhancement ofvideleaf
defects by the loss of AXR1 indicated that signaling throt
the AXR1 pathway was at least partially intact intbssingle
mutant.

To examine intracellular patterns of biologically active aux
we characterized DR5 expressiorvasmutants. DR5 contains
synthetic auxin response elements fused to the GUS rep
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Fig. 7.Cotyledon and leaf vein patternsarrl-3 vcs andvcs axrl-3
double mutants. All tissue is from 15-day 16°C-grown plants.
Cotyledon (A,C,E,G) and leaf (B,D,F,H) vein patterns froen L
(A,B), axr1-3(C,D), vcs-1(E,F), andaxr1-3 vcs-1double mutants
(G,H). Scale bars: 1 mm.

gene (Ulmasov et al., 1997). Patterns of DR5 expressiol | '

developingArabidopsisleaves have been well characterize

(Aloni et al., 2003; Mattsson et al., 2003). At early le
developmental stages, DR5 expression occurs in a spot a |

distal end of the organ (Fig. 8A). As leaf developme
progresses, DR5 expression occurs within procambium

differentiating vascular tissues (Fig. 8B-C) (Aloni et al., 20C §

Mattsson et al., 2003). Wcsmutants, DR5 expression was i
similar positions as in wild type, with the caveat that few
procambial strands and veins were present (Fig. 8D-F). At
stages of leaf development, GUS staining intensity appe:i
modestly reduced, especially at the hydathodes. Neverthe
the similar patterns of DR5 expressionvics and wild type
suggests that pathways for auxin expression and mover
within leaves is essentially intact.

To determine whether vcs mutants had intact au
responses, we compared auxin inhibition of root elongat
for wild type andvcsmutants (Estelle and Somerville, 1987

As shown in Table 2ycsand wild type showed essentiall' |

identical ko values, indicating that root perception ar
root response to auxin were not affected/as mutants. We
also compared auxin inducibility of DR5 expression in t
wild type andvcs mutants. DR5 expression was strong

induced in both the wild type and vcs mutants, regardles: §
growth temperature (Fig. 8G-J and data not shown); th

results indicated that leaf auxin responses were intagtsn
mutants.

Finally, we examined the repercussion of perturbing au
dynamics onvcs leaf development using the polar auxi
transport inhibitor NPA (Fig. 9). In wild-type plants, growth i
the presence of NPA resulted in occasional fused or lo
leaves, and all leaves had a pronounced midrib and a ct
leaf blade with a wavy margin (Fig. 9B,J,R). These lea
contained a broad zone of disorganized vascular tis
subjacent to the leaf margin, and an increased numbe
secondary veins that coalesced to form a broad and pc
organized vein in the midrib region (Fig. 9F-V) (Sieburt
1999; Mattson et al., 1999). When grown in the presence

Fig. 8.DR5 expression and auxin inducibility iesleaves. DR5
expression in developing leaves of wild type (A-C) grown at 22°C
(wild-type DR5 expression was similar regardless of growth
temperature). (D-Rycsmutants show DR5 expression at the distal
end of the developing leaf (D, 29°C-grown) and in procambium (E,F,
22°C-grown). DR5 auxin induction was compared for 8-hour
incubation in water (G,l) or M 2,4-D (H,J) in the wild type (G,H)
andvcs(l-J). Data shown is for 29°C-grown tissue; similar results
were observed for plants grown at 22°C and 16°C. Scale bars: (A-F)
100pum; (G-J) 1 mm.

NPA, vcs mutants also occasionally produced fused leavesurled dark green blade seen in NPA-treated wild-type leaves,
(Fig. 9L). However, NPA-growmcsmutants lacked the distinct and instead their leaves were narrow with smooth margins
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Fig. 9.vcsmutants show heightened sensitivity to polar auxin transport inhibitor NPA regardless of growth temperature. (A-H) 29°€-grown 9
day plants, (I-P) 22°C-grown 12-day plants, and (Q-X) 16°C-grown 15-day plants. (Adi@mtrols and (B,J,R)ér grown in medium

containing 1JuM NPA. (C,K,S)vcscontrols and (D,L,Tycsgrown in 1um NPA. Dark-field images of cleared first leaves ef &andvcsgrown

for 9 days at 29°C (E-H), 12 days at 22°C (M-P) and 15 days at 16°C (WeXjohtrols (E,M,U), ler 1 uM NPA (F,N,V), vcscontrols

(G,0,W) and 1uM NPA (H,P,X). Scale bars: 1 mm.

(Fig. 9D,L,T). The NPA-treategicsleaves contained loosely 3’ splice site (AG) of intron one. The phenotypic similarity of
organized veins that extended the length of the leaf, regardlesssalleles and the nature of these lesions suggested that these
of growth temperature (Fig. 9H,P,X). Both the morphology andnay be null alleles.

the vein pattern of the NPA-growrtsleaves bore a striking TheVCSgene has 12 exons, and the Col-0 allele is predicted
resemblance to the midrib regions of NPA-grown wild-typeto encode a 1326 amino acid protein (Fig. 10B, Fig. 11). The
plants. These results suggested that normal development of €S N terminus contains a proline-rich region (17/60 amino
leaf lamina required both VCS and an activity disrupted byacids are proline), two well-conserved WD repeats, and a

polar auxin transport inhibitors. possible third less-conserved WD repeat (Fig. 11). We
) _ ) identified no intracellular targeting domains (e.g. NLS, transit
VCS encodes a putative WD-domain protein sequence, signal sequence), suggesting that VCS might be

To determine the molecular basis for thes mutant, we cytoplasmically localized. TheDrosophila and human
identified theVCSgene using map-based cloning (Fig. 10A).genomes contain genes with 58 and 59% amino acid similarity
PCR-based codominant markers were used to po&it@éto  over more than 94% of théCScoding region, suggesting that

a 66 kb interval on chromosome 3 that contained 10 gen&&CS function may have been conserved during evolution.
(Konieczny and Ausubel, 1993; Bell and Ecker, 1994; Janddfunctions of these homologs are not known. In addition, the
et al., 2002). We sequenced candidate genes, and identifiadjacent gene (which we calARICOSE-RELATED, VQR
mutations in one gene, At3g13300 fonadsalleles (Fig. 10B). At3g13290, is closely related; it shares 87% amino acid
Four were nonsense mutations, and one altered the conserveentity with VCS(Fig. 11)

Fig. 10.Molecular identification 0f/ARICOSE(A) Mapping

strategy within a 1.6 MB region of chromosome 3. The A. VCSA VCE8B MDC11MRP15 MAG2 VCS
approximate positions of the polymorphisms used in this study 6/1500-»2 1l 24— 5 <— 481500
for high resolution mapping of recombination breakpoints are \ l / / / l
indicated at the top. Using 750sF2 mapping cross plants,

I I I I I

we identified six recombinants at the polymorphism indicated ! ! ! !

asVCSA and 48 at th&CSlpolymorphism. The DNA from 4000 4200 4400 4600 4800 5000 5200 5400 5600
the plants containing recombinant chromosomes were furtheB

analyzed at polymorphismM&CSB MDC11, MRP15 and ’ ves2 vesd

MAG2 The number of chromosomes that were still W367Stop R73Stop

heterozygous at each position is indicated. (B) Depiction of v v

theVCSgene; black boxes represent exons, the arrow on the —|_>--|—l-.—_—-|-|—l—|-.—

bar indicates transcription direction for orientation of the 5 f 4 4

end of this gene. The position and nature of mutations in each vcsh ves3 vcs4

vcsallele is indicated. AG+AA Q6265top W978Stop
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VCS expression * % Ak Kk okkk kkk % *o
: . vVCS MASSPGNTNPHNPPFDLGIL FKPSSNPYPPPA/SYPPFTGHFLHNQYDQ@HYAPPG SA 60
To determine which organs expressé@S MASSPGNTNPHNPPFDLGT FKPSSNPYPPR--—---- TGRFLNNQYNQQ YAPPG AA 53
we carried out RT-PCR experiments us *
; ; . VvCcs QPSPVTQIQ@VSSSHATN. HPQRTL SYPTPFLNL QSPRSNHNPGTH. ALLNNTINGA 120
RNA isolated from a variety of plant orge | QPSPVNQTQ@VSSSSATN.GPQRTL SYPTPRLNFQSPRVNHNPGTH. ALLN-- NGG110
(Fig. 12A). We detected/CS RNA in all
: i i < Vvcs PVANQEPSHQL PVVNHNEI ARSFPG@GH RVPSCKLPKGRRLI GEHAVYDVDVRLQGE! 180
gf(;l-rj:s?sioixa@nev?/i, dessugr%e;étmgwéhaﬁgﬁ VR AVANQEPSH------ HNEI ARAFPG@GH HVPSCKVPKGRR.VGEHAVYDVDVRLQGE! 164
characterizedvCS expression using a Gl VCS QPQLEVTPI TKYGSDPQLVVGRQ AVNKVYI CYGLKGGII RVLNI NTALRSLFRGHSQRV R40
reporter gene fused to the sequences ups VR QPQLEVTPI TKYGSDPQLVL GRQ AVNKVYI CYGLKGGSI RVLNI NTA|RSLFRGHSQRV P24
of the VCS gene. Of the twelve line vcs TDMA-FAEDVDVLASVS. DGKVFWK] SEGSEGEDQPQI TGKI VLALQIL GEEDTKHPRV 300
characterized, two produced no GUS stair VR TDMAFFAEDVHL LASVS. DGKVFWIK| SEGSEGDEQSQ TGKI VVALQIL GEEDTKHPRV 284
and the remaining 10 produced the s VCS CWHCHKQEIL VS GKHVLRID TTKVGRGEVFSAEAPL QCPLDKLID BVQ VGKHDGEVT B60
Stalnlng pattern’ albe”: Wlth dlﬁerlng |ntens VAR CWHCHKQEIL VVS GKHVLRID TTKVGRGEVFSAEAPLQCHLDKLID 3VQ VGKHDGEVT 44
In young seedlings, expression was pre vcs DLSMCQAMTTRLVSSS\DGT! KI WQDRKAQPL VYL RPHDGHPVSSATFVTSPERPDHIL 420
in the hypocotyL leaf primordia and t VR DLSMOQAMTTRLVSSS\DGTVKI WVOPRKTQPLVVLRPHDGLPVNSAI FVTSPERPDHIIL = 404
cotyledon (Fig. 12B-D). Cotyledons shov g T TGGRNREVKI Vi/5AGEEGNLL PADAESWRCTQTLDLKSSTEPRAEEAFFNQVI ALSEA 480
strong expression in vascular tissues ar VR | TGGRNRE! KI WEAGEEGALL PADTESVIRCTQTLDLKSSTEPGAEKAFFNQVI ALSEA 464
spots that corresponded to stomata. As le g GLLLL ANAKRNAL YAVHLDYGSSPVCTRMDYLSEFTVTMAL SFI GTNDPPEEPI VKVYC 540
developed, the uniform staining patt v GLLLL ANARRNA YSVHLDYGSSPVETLMDYLSEFTVTMRL SFI GTNDHPEEPFVKVYC 524
rgsqlved into a vascular and spott(_ad Pa  cs VQTLAI QQ/TLDLCLCLPPA ENNGLEKSDSSVSREAN.VEGMSEPSGLKPTOLPSVDSY 600
similar to that of the cotyledons (Fig. 12 vr VQTLA! QO(TLDLFLCVPPFRENVGFEKSDSTVSREANLVESTLETSGNKPTELPSVGSV 584
The spots of high intensity expression in VCS PKPSII VNRSESANKL SFPSAEAT: GAI VPPNGEPKTSGLPSGTSGACSAYATLPQ 656
Iﬁaves corresp(énded t(I) trl(_:homes(,F a SlJJ_tZ)E VR PKPSIL VNRSENANN.SFPAGFASAG TPFAI VPPN@EPKTSGNPSETSDVESAYAPSPQ 644
the stomata and vascular tissues (Fig.
: . ves LPLSPRLSSKLSGYHTPVEAI EPVI PHHEL GAKTPSADYSVCRQVDAVGERNLDVSS\EE 716
-pl)—EI?) (\e/r?]scular expression appeared to be i | LPLSPRLSSKL SGYHTPVEAFEQVL PHHKL GAKTSSADYFYVRQTDLVG(RNLDVSS\EE 704
' vVCS | SRSKDSNVTPDDLYSGNRSPSAFFKHPTH.VTPSEIL MG/SSAEAS| TTEDRRDRDAN 776
ver mutants show normal seed”ng VR NCRSKDTNVTPDDD/SG RSPSAFFKCPTHLVTPSEIL MG/SSTEASI TTEDKRDRDAN 764
development VCS QDVNNDPRDTEVEVKE! SEARSTQNGEI NDHDETENCTSENREKVFCSQVSNLSTEMARD 836
The sequence similarity 0fCS and VCR V@R EEVNNDARGL EVEL KEVGEAQTSQNGEI NYHETTENHTSESRENI FCSQASNLSTEMARD 824
suggested that they may carry out sin  ycs CYPSTEGTFI PCESKAYGQP! KAGCDESGVDSRG GIAKLL Ke-r--rnmnmmer GKKQKAK 883
functions. BothvCSandVCR are expresse VR RHPI TEGSAI PGDSVAYGQPL GAGDERGL DSRDVSAKL PESGSSSGL VATNSKGKKQKAK 884
genes, as E_STS (_:orrespondlng to each VCS NSQGP & SSTSSNVANLADSFNEQSQSL SHPMDLLPQLL ANQETMMVMASQKEMORQL 943
were identified in GenBank. To ass VR NSQGPG SSTSSNVAN. ADSFNEQSQSLNHPMDLLPQLL AL ETMIQUMASQKEMORQL. 944
whether VCR plays es_sentlal r oleslln e ves SNAATGH GKESKRLEVALGRM EKSSKSNADALWARI QEETVKNEKALRDHAQQ VNAT 1003
development, we obtained an insertion a  vcr SNAVTGR VKECKKLEVALGRM EKSSKSNADALWAHFQEEAVKNEKAL RDHCQQ MNET 1004
from the Salk Institute’s mapped T-DN - s TNFVSKELNANFEKT! KKELAAl GP/LARSVVPVI EKTVSSAI TESFQRG GDKAVNQLD 1063
(Salk_002338). This line contains a T-DI  ycr TNFTSKELNANFEKTVKKEFASVGPILARVVTPVI EKTVSSAI TESFQRG GDKAVNQLE 1064
insertion in intron 6. We verified the T-DR vVCS KSWNI KLEATVARQ QAQEQTSCKQALQEGLRSSVESSM PSFEKACKANFCQ DSAFQK 1123
insertion position by sequencing. We u  yx KSVNSKLETTVARQ QAQEQTSGROVLQEGLRSSVESSV PSFERSCKTVEEQVDSTLQK 1124
PCR to identifyvcr/+ heterozygous plant
; o i ; vCSs G AEHTMNESI TSASSVAQAL SRELAETQRNLLALAAAG/NSGGENSLVTQLSCGALGALL 1183
and. examined S"'q“‘?s containing their <y G GKHTSETI SSASSVTQALNRELAESQRNRLALTAAGSN-—---  PLVTQLSNGALGALL 1179
pollinated progeny. Dissected siliques sho
indicati vVCS EKVEAPNDPTTELSRLI SERKYEESFTSALQRSDVS! VSW.CSQVDLRGLLAMNRPLSQ 1243
Iﬁg Sleoesds S%tf (\c/jétg Tj?(; S?}g\{vnz)i}fgglc?s;%l VR EKVEAPNDPTTELSRLI SERKYEESFTSALQRSDVS! VSW.CSQVDLRGLLAMNRPLSQ 1239
gametophyte or embryo developmi VvCS GVLL SLLQQ ACDI SKDTSRKLAWMTDVVAAI NPSDQMV AVHARPIF EQVYQIL HHHRNA 1303
Homozygous mutants, identified by PCR, : VR GVLL SLLQQ ACDI STDTSRKL GWMTDVVTAI NPSDQV AVHARPIF EQVYQIL HHHRNA 1299
showed no defects throughout developme  vcs PGSDVSAI RLI MFV/I NSMLM(CK 1326
VR PGSDVSAVRLI MH/I NSLLVSCK 1322
Discussion Fig. 11.Alignment of theArabidopsisVCS and VCR amino acid sequences. Grey

. shading indicate amino acid identity. The N-terminal proline-rich domain is indicated
Plants produce leaves by a multi-step pra o asterisk above each proline of the VCS sequence. The two robust WD domains
that includes repressing expression of meri:  are indicated by boxes with solid lines, and the third less well conserved WD domain is
identity genes, acquiring polarity, and | indicated by a box with a dashed line.

margin outgrowth. In recent years, genes

proposed roles in the first two steps, repres

of meristem identity genes in the leaf primordium andadjacent adaxial and abaxial domains lead to both leaf blade
establishment of adaxial/abaxial polarity, have been identifiedutgrowth and patterning of internal leaf tissues. However,
(Byrne et al., 2002; Semiarti et al., 2001; Eshed et al., 200bpechanisms driving leaf blade outgrowth and tissue patterning
McConnell et al., 2001; Kerstetter et al., 2001), and studies @émain unclear. In this study, we characterized a mutast,
these genes have led to a model for leaf development whendich shows leaf and shoot apical meristem defects.
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A Root Hypocot. Cot. Apex Silique Whole Genomic different binding partners (e.g. van der Voorn and Ploegh,
- 1992; Holm et al., 2001) (reviewed by Smith et al., 1999), the
g = § 2 % 2 @ 2 g 2 § 2 § z § pleiotropy ofvcs(andpril) mutants might be explained if their
2 g S § S § S § g % 9 % S § 9 WD domains mediate interactions with multiple proteins
¥ 3% 2 2 2 228 ¢ and/or signaling pathways.

Temperature sensitivity of  vcs alleles

Although thevcsphenotype was temperature dependent, four
of the fivevcsalleles were the result of premature stop codons,
and one altered thé 8plice site in the first intron. This result
was surprising, as temperature sensitivity is most commonly
associated with missense mutations that decrease the protein’s
thermostability, and the premature stop codons and splice site
mutation we identified in thecs mutants are likely to result
in hypomorphic or null alleles. One explanation faecs
temperature sensitivity may be that there is a more stringent
requirement for VCS function at high temperatures. For
example, auxin levels are greater in plants grown at high
temperature (Gray et al., 1998), ardtemperature sensitivity
might be explained if VCS functioned in a pathway that
modified a response to elevated auxin levels. Howeassr,
mutants have apparently normal auxin responses. Nevertheless,
it is possible that VCS functions in a different pathway that
also has higher signal output at higher temperatures.
Alternatively, vcstemperature sensitivity could arise from a
molecule or pathway that provides a functionally redundant
activity. If a functionally redundant molecule is either less
Fig. 12.VCSexpression patterns. (A) RT-PCR analysi¥6fSand efficient, or requires a physical interaction that is thermally
a-tubulin (control) expression in RNA isolated from roots, unstable, then the overall result could be phenotypic rescue
hypocotyls, cotyledon, apices (leaves plus meristem), mixed age  under specific circumstances only, such as low temperature.
siliques, and entire seedlings (Whole). Genomic controls show the \/CR shares 87% amino acid identity with VCS, and thus is an
ampljfied fragment size that includes intron sequences. (B-H) GQS attractive candidate to explaincs temperature sensitivity.
staining from a pVCS::GUS transgene. (B) 6-day cotyledon; (C) f'.rStAIthough ver mutants produced no discernable phenotype, a
leaf from a 4-day plant; (D) young leaves from a 9-day plant; (E) fIrS};ole for VCR invcstemperature sensitivity cannot be ruled out

leaf f 9-d lant. (F) leaf trich ; (G) leaf vein; (H) st t : L ; N
iﬁihg?gf Scazlig E;:Q: (|(3_)H)e ‘;@&C ome; (G) leaf vein; (H) stomata until VCR function is assessed in the absence of VCS activity.

VCS and leaf development

Does VCS encode a WD domain protein? Temperature shift experiments indicated a requirement for
The VCS gene contained few sequence motifs that would/CS throughout leaf development, however only a narrow
suggest possible biochemical functions, with the exception afevelopmental window allowed the development of leaf
the two well-conserved WD repeats. WD repeats have beeecondary veins. While previous descriptive studies have
characterized structurally in theBGubunit of the trimeric G shown that secondary veins are normally established early
protein, where it assumes a seven-bladed propeller structutlaring leaf development (Pyke et al., 1991; Tefler and Poethig,
(Wall et al., 1995). Studies have highlighted the importance af994), our data indicate that the secondary veins must be
the WD domain for protein-protein interactions, and theproduced during this time period, as restoration of permissive
participation of these proteins in diverse processes (such aenditions at later time points did not allow for secondary vein
transcriptional repression and vesicle trafficking) (reviewed byormation. These data might reflect a limited period of
Smith et al.,, 1999; Yu et al., 2000). However, theoreticatompetence for leaf cells to produce, perceive and/or respond
calculations indicate that a minimum of four WD repeats ar¢o vein formation signals.
required to achieve a stable propeller configuration (Chothia et By examiningvcsleaf defects across a spectrum of growth
al., 1997), yet VCS contains only two robust WD repeatstemperatures, we found that internal leaf blade tissues (vascular
Thus, if VCS does form a propeller-like structure, it must daand non-vascular) showed the greatest sensitivity to the loss of
so either by recruiting non-canonical WD repeats [such as ha&CS This observation suggests a direct role for VCS in normal
been suggested for TTG (Walker et al., 1999)] or througlpatterning of internal leaf tissues. Internal tissue defects
formation of a multimeric complex. include both gross-level organizational defects (e.g. the

In Arabidopsis a large number of WD domain- containing disruption of palisade parenchyma and vein pattern), and
genes have been identified. For example, Bieiotropic  control over cell proliferation (e.g. the increased number of
regulatory locus (PRLJ1) gene encodes a nuclear-localizedxylem tracheary element cell files in veinsvogleaves). That
WD domain protein andprll mutants show pleiotropic defects extended to several tissue types could either mean that
phenotypes including defects in hormone signaling (Németh &CS functions to coordinate the development of these leaf
al., 1998). Because WD domain proteins often have multiplgssues or that multiple independent pathways within the leaf
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require VCS. Future work to identify VCS binding partnerscClough, S. J. and Bent, A.(1998). Floral dip: A simplified method for
should help to resolve this issue. Agrobacteriummediated transformation dfrabidopsis thalianaPlant 1

A severe | ; ; 16, 735-743. _ _ _
. thse ere loss 0]]: lea}f blade. WtaS EVIdetn_ICE.rS_liltantSI gr?jvc\ﬂ. del Pozo, J. C. and Estelle, M(1999). TheArabidopsiscullin AtCUL1 is
In the presence or polar auxin transport INhIbItors. In addition, qgified by the ubiquitin-related protein RUBIroc. Natl. Acad. Sci. USA

this treatment reduced low-temperature suppression of thege 15342-15347.
vcs phenotype. This reduced low-temperature suppressidbellaporta, S. L., Wood, J. and Hicks, J. B.(1983). A plant DNA
suggests that polar auxin transport inhibitors block an activi‘te% minipreparation: version IPlant Mol. Biol. Rep1, 19-21.

; : : eyholos, M. K., Cordner, G., Beebe, D. and Sieburth, L. E2000). The
that provides functional redundancy with VCS. Although th SCARFACEgene is required for cotyledon and leaf vein patterning.

simplest interpretation of these observations is that the peyvelopment27, 3205-3213.

partially redundant activity is polar auxin transport or a downdonnelly, P. M., Bonetta, D., Tsukaya, H., Dengler, R. E. and Dengler, N.
stream pathway, we also note that auxin polar transportG. (1999). Cell cycling and cell enlargement in developing leaves of
inhibitors disrupt general vesicle trafficking (Geldner et al.,_Arabidopsis Dev. Biol.215 407-419.

- . Eshed, Y., Baum, S. F.,, Perea, J. V. and Bowman, J.(2001). Establishment
2001). Thus, possible candidates for VCS redundancy remalr?of polarity in lateral organs of planwrr. Biol. 11, 1251-1260.

numerous. Estelle, M. and Somerville, C. (1987). Auxin-resistant mutants of
Current models of leaf formation propose that outgrowth of Arabidopsis thalianawith an altered morphologylol. Gen. Genet206,

the leaf blade and lamina formation result from earlier event(ssjggfrog- Friml, 3. Stiethof, Y.-D., Jirgens, G. and Palme, K2001)

speC|fy|ng leaf p0|a”ty'.A|th0u9h .It IS temptln_g to SpeCUIate. Auxin’ tre{nsport’ in’hibitors Block iDIng cyc’Iing and vesicI’e trafficking.

that VCS may play a direct roles in leaf margin outgrowth, it nawres13 425-428.

is also possible that VCS function is more closely relate@ray, w. M., Ostin, A., Sandberg, G., Romano, C. P. and Estelle, M.

to tissue formation, coordination of cell proliferation, or (1998). High temperature promotes auxin-mediated hypocotyl elongation in

acquisition of cell identities within the lamina. Arabidopsis Proc. Natl. Acad. Sci. USB5, 7197-7202.
Gray, W. M., del Pozo, J. C., Walker, L., Hobbie, L., Risseeuw, E., Banks,

. T., Crosby, W. L., Yang, M., Ma, H. and Estelle, M(1999). Identification
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