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SUMMARY

Recent work on species with simple leaves suggests that theoverexpression mutants suggests thdteT6 is a negative
juxtaposition of abaxial (lower) and adaxial (upper) cell regulator of LePHAN. KNOX expression is known to be
fates (dorsiventrality) in leaf primordia is necessary for correlated with leaflet formation and we show thatlLeT6
lamina outgrowth. However, how leaf dorsiventral requires LePHAN activity to form leaflets. These
symmetry affects leaflet formation in species with phenotypes and gene expression patterns suggest that the
compound leaves is largely unknown. In four non-allelic abaxial and adaxial domains of leaf primordia are
dorsiventrality-defective mutants in tomato, wiry, wiry3,  important for leaflet primordia formation, and thus also
wiry4 and wiry6, partial or complete loss of ab-adaxiality —important for compound leaf development. Furthermore,
was observed in leaves as well as in lateral organs in the the regulatory relationship betweenLePHAN and KNOX
flower, and the number of leaflets in leaves was reduced genes is different from that proposed for simple-leafed
significantly. Morphological analyses and expression species. We propose that this change in the regulatory
patterns of molecular markers for ab-adaxiality relationship between KNOX genes andLePHAN plays a
[LePHANTASTICA (LePHAN) and LeYABBY B (LeYAB role in compound leaf development and is an important
B)] indicated that ab-adaxial cell fates were altered in feature that distinguishes simple leaves from compound
mutant leaves. Reduction in expression of botheT6 (a leaves.

tomato KNOX gene) andLePHAN during post-primordial

leaf development was correlated with a reduction in leaflet Key words: KNOX, PHAN, Tomato, Leaf dorsiventrality, Compound
formation in the wiry mutants. LePHAN expression inLeT6  leaf

INTRODUCTION Timmermans et al.,, 1998)Nicotiana (McHale, 1993a;
McHale, 1993b; McHale and Marcotrigiano, 1998), tomato
In higher plants, the shoot axis is radially symmetrical whilgKessler et al., 2001) and pea (Meicenheimer et al., 1983).
lateral organs such as leaves have asymmetric features. ThisSeveral genes in several species are thought to specify the
asymmetry is visible along three axes of the organadaxial and abaxial domains. For example, leaf adaxial cell fate
proximodistal (base to tip), mediolateral (midrib to margin)is replaced by abaxial cell fate in thhantasticamutation of
and adaxial-abaxial (upper and lower). In most higher plantAntirrhinum, suggesting th@HANTASTICAPHAN), a MYB
the upper (adaxial) part of the leaf is anatomically andlomain transcription factor, plays an important role in
physiologically different from the bottom (abaxial) part of theestablishing (or maintaining) adaxial cell fate in leaf primordia
leaf. This asymmetry (ab-adaxiality) is established early in théNaites and Hudson, 1995; Waites et al., 1998Ar&bidopsis
leaf primordium and the shoot apical meristem (SAM) seemARGONAUTE1(AGO), REVOLUTA (REV) and PINHEAD
to provide positional cues for the initial establishment of thiPNH) are also important for specifying adaxial cell fate in
asymmetry (Hanawa, 1961; Lynn et al., 1999; Snow and Snowateral organs and for promoting meristematic activity in the
1959; Sussex, 1954; Sussex, 1955; Timmermans et al., 1998AM and axillary meristems (Bohmert et al., 1998; Lynn et al.,
Ab-adaxiality defective mutants have been reported i1999; Talbert et al., 1995). PHABULOSA and PHAVOLUTA
Antirrhinum (Waites and Hudson, 1995)Arabidopsis are homeodomain-leucine zipper (HD ZIP Ill) proteins with a
(Bohmert et al., 1998; Bowman and Smyth, 1999; Chen et alSTART (steroid/lipid-binding) domain expressed in the adaxial
1999; Eshed et al., 2001; McConnell and Barton, 1998; Saweells of the leaf primordium and in the SAM and semi-
et al., 1999b; Siegfried et al., 1999), maize (Freeling, 1992jominant mutations in these genes produce radial leaves with
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adaxial cell fates (McConnell and Barton, 1998; McConnell eprimordium is different from that seen during the later stages

al., 2001). In théeafbladelessnutant in maize, ectopic patches of leaf development in tomato and may explain the compound

of abaxial identity are seen on the adaxial side of the leaf anthture of the tomato leaf.

ectopic lamina forms at the boundary between the two cell fates

(Timmermans et al., 1998fILAMENTOUS FLOWERFIL),

YABBY2(YAB2, YABBY3(YAB3 andKANADI are expressed MATERIALS AND METHODS

only abaxially in all lateral organs éfrabidopsis and ectopic

expression ofFIL or YAB3is sufficient to induce ectopic Plant material and growth conditions

abaxial patches in the adaxial region of the leaf (Sawa et aliomozygous mutant seedsw8, w6 (Rick and Butler, 1956)\le and

1999a; Siegfried et al., 1999). Together, all these mutartu seeds were obtained from the Tomato Genetics Resource Center

phenotypes strongly suggest that the juxtaposition of adaxi@GRC) at the University of California at Davis (accession numvzgr:

and abaxial cell fates is necessary for proper leaf lamingA1498 cv. First Earlyw6 LA2065 cv. Rheinland Rhumyle/Me

development in simple-leafed species, and that adaxial ardh0324 cv. Rutgers an@u/CuLA0325 cv. Stocksdale). Fav (Rick

4 St 100 ot (e 0, 1o0) s 9 ot
The Class IKNOTTED-1 LIKE HOMEOBOXKNOX i :

genes play an important role in maintaining in)éetermingcy i’]gxport, andv4/+ LA2-237 cv. Pearson) were obtained from TGRC and

. mong the £ plants,w/w and w4/w4 plants were examined. Tomato
the SAM and in subsequent shoot development. Loss-0 otyledons of cv. VF36 were transformed according to published

function mutations in some of these genes (ed.andstm)  rotocols (McCormick, 1991) to generate 35SPHAN antisense plants
result in an inability to form or maintain a SAM (Barton and im et al., 2003). All plants were grown in a growth chamber at 22°C
Poethig, 1993; Kerstetter et al., 1997; Smith et al., 1995jith 65% relative humidity and a day length of 16 hours.
\ollbrecht et al., 2000). Mutations in otheNOXgenes cause _
reduced internode or axis elongation (Postma-Haarsma et dYlapping the LePHAN locus and w6
2002; Venglat et al., 2002). Ectopic overexpressioKOX  Thew andw4 loci are on chromosome four (at 20 ¢cM and 28 cM
genes in dicots leads to more dissected and highly lobed leav&§m the distal end of short arm). T locus was mapped using an
often accompanied by ectopic shoot meristem formation o 2S;?ﬁl‘g{l‘i?(ﬁsrfﬁslfg;ogtf;?ml‘;gg))sagﬁyﬂ(;'bfﬁgtﬁ‘éi”&mggn the
199 Lincoln et al. 1994 Nishimera et a, 2000; Sinha et alSUant phienoype and GEPHANRFLP Hindil) betueenL.

) . " ! " ' esculentumand L. pennellii we determined that th&6 locus is 30
1993). Dominant mutants in ti’NOXgenelL.eT6 Mouse Ears ¢\ from theLePHANIocus on chromosome 10.
(Me) and Curl (Cu), expresd._eT6 ectopically in the mature
leaves and show increased leaf dissection (Chen et al., 1997istology and scanning electron microscopy
Parnis et al., 1997). Furthermot€NOX gene expression in Tissues for plastic sections were fixed and sectioned as described
leaf primordia accompanies leaf dissection in many speciepfeviously (Kessler et al., 2001). Samples were viewed with a Nikon
suggesting a role fd¢NOX genes in making compound leaves Eclipse E600 microscope and images collected using a SPOT (RT
(Bharathan et al., 2002). Color) digital camera. Samples for SEM were fixed and viewed as

: : described previously (Kessler et al.,, 2001). Electronic images,
Mligtﬁ)l;l]IsS Eﬁ%ol_r'fg tgrg,? Oﬁ)ggggtgze iLegr:qjﬁtZ%Kb’a?g( Agse:[] ?ns " collected ei_tpher direc%ly(from the SEM or from )a SPOT camera, v%/]ere
Arabidopsi3 causecKNOX genes to be expressed ectopicallyIorocessecl in Adobe Photoshop.

(Byrne et al., 2000; Schneeberger et al., 1998; Timmermans l@tsitu hybridization and RT-PCR in situ hybridization

al., 1999; Tsiantis et al., 1999). The phenotype of the doublg sjtu hybridizations were performed as described previously (Long
mutant,stm/stm, asl/asihdicates thatislis epistatic tostm et al., 1996) using full-length cDNA probes 1oeT6 TKN1, LeYAB

in Arabidopsis(Byrne et al., 2000). Becau#S1represses B andLePHAN Approximately 500,000 pfu of ®gt10 library from
KNAT1 (and RS2represseRS) and STMin turn represses 6-7 mm tomato flowers were screened usMYER NO OUTERa

AS] the expression domains BHAN orthologs andKNOX  YABBYmember, as probe (Villanueva et al., 1999) to obtaMAB
genes do not overlap (Byrne et al., 2000; Timmermans et aﬁ; Median sections (_contalnl_n_g the SAM) from multiple dlfferent_
1999; Tsiantis et al., 1999; Waites et al., 1998HAN tissue samples including positive controls were placed on each sllde
orthologs are expressed only in the incipient leaf primordiu nd processed. Each experiment was repeated at least four times.

P d developing leaf ori dia (Ti t al. 1999, issues for RT-PCR in situ hybridizations were embedded, sectioned
(Po) and developing leaf primordia (Timmermans et al., with a Zeiss Microtome HM340E, and processed as previously

Tsiantis et al., 1999; Waites et al., 1998), Kbt1 andSTM  gegcribed (Long et al., 1996). Instead of an overnight hybridization

are expressed in the SAM and are downregulatedam®leaf  step, RT-PCR was performed on sections as previously described
primordia in species with simple leaves (Jackson et al., 1994Ruiz-Medrano et al., 1999). Primers used for the RT-PCR in situ

Long et al., 1996). However, in tomat@PHANand LeT6  experiments were designed based on the cDNA sequebhe®BIAN

mRNA were both detected in the SAM, in leaflet primordia andindLeT6as follows:
in growing leaflet laminas (Chen et al., 1997; Janssen et al.,LePHAN1: BACGAGCAGCGTCTTGTTATACAACTACS,
1998; Koltai and Bird, 2000). LePHANZ2: BCCCTTCGTCTAAATCCTTGCAGC3

We describe four non-allelic mutantsiry (w), wiry3 (w3), LeT63: STCTTTAACTAACAATAACAATGCAGAAACS,

wiry4 (w4) and wiry6 (w6) that are defective in ab-adaxial LeT63: SCCAAAGCAGATTCATGAGAAGAATAGS',

symmetry in tomato. The degree of leaf compounding in theSgnmunolocalization

mutant plants was severely reduced. The expression patterns;gfyunolocalization was performed as described previously (Jackson
LeT6 TKNL LePHANandLeYAB Bwere determined in the et al., 1994) using a polyclonal antibody against ROUGHSHEATH2
w, w3 and w6 mutants. The regulatory relationship between[a generous gift from Dr Marja Timmermans, for details on antibody
LePHAN and KNOX genes in the meristem and early leafpreparation see Kim et al. (Kim et al., 2003)].
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RESULTS Table 1. Leaflet numbers ofwiry mutants

Mutant wt w w3 w6

Abaxialization of leaf and reduction of leaflet
number in w, w3 and w6 plants Average leaflet number 8.3 2.3 2.9 1.7

Wild-type tomato produces unipinnate compound leaves witrsfd' t L8 L8 08

7-9 leaflets (Fig. 1A)w, w6 andw3 plants produced mostly  n=50 for wild-type and wiry mutant leaves.

cup-shaped or wire-like leaves, but occasionally produced s.d., standard deviation

twisted, irregularly shaped flattened leaves with one or two

leaflets (Fig. 1B,C,E). In the compound leaves ofth&3and

w6 mutants, there were 27%, 34% and 19.9% leafletsvere examined. All parts of a wild-type leaf (including petiole
respectively, compared to wild type (100%; Table 1). Thend rachis) have distinct ab-adaxiality. Vascular bundles in the
incidence of cup-shaped or wire-like leaves increased in latéomato leaf are amphiphloic with both abaxial and adaxial
stages of plant development. A unique morphology was oftephloem flanking the central xylem (Fig. 2A). Elongated
seen inw3 leaves. These leaves subtended an axillary bughalisade mesophyll cells are located in the adaxial side of the
After production of one or two leaflet pairs, the rachis split andeaf and spongy mesophyll cells are present in the abaxial
each branch produced an almost complete compound leaégion of the leaf lamina (Fig. 2B). The w3 andw6 wire-
Often at the junction of the split an axillary-bud like structurelike leaves were radially symmetric (Fig. 2E-H). This anatomy
was seen (Fig. 1C,D). The3 andw6 mutant plants produced differed both from the wild-type stem, with a cylinder of
cup-shaped leaves. In contraat,mutants made tendril-like vascular tissue surrounding a central pith, and from the wild-
terminal leaflets. Thev, w3 and w6 mutant plants formed type petiole, with clear ab-adaxial symmetry (Fig. 2C,D).
normal axillary buds in the axils of the wire-like leaves (Fig.Vascular bundles ofy, w3 andw6 leaves often had xylem in
1F). the center encircled by phloem (Fig. 2E,G,H). Mesophyll cells

To determine if wire-like leaves were produced bysurrounded the central solid vascular cylinder, but did not have
abaxialization or adaxialization, the anatomy of these leavdgatures of distinct elongated palisade mesophyll cells (Fig.
2E-H). In w3 leaves producing ectopic leaves with axillary
buds, the primary rachis, prior to splitting, had an incompletely
closed ring-shaped vascular bundle (arrow), suggesting that
this leaf is chimeric with features of both the leaf and the stem
(Fig. 2F).

The expanded and flattened leavesw® and w6 often
showed abaxial patches on the adaxial side of the leaf. In these
abaxial patches palisade mesophyll cells were replaced by
spongy mesophyll cells (Fig. 21,J). The& andw6 leaf had a
semicircular vascular bundle with the inner phloem clustered
at one end on the adaxial side (Fig. 2L,M) rather than a
horseshoe-shaped vascular bundle in the midrib as in the wild-
type leaf (Fig. 2A). This suggests a reduced adaxial domain in
w3 and w6 leaves. The flattenedv leaves had normal
mesophyll differentiation in the leaf lamina (Fig. 2K).
However, inw, vascular bundles in the midrib were reduced
and ectopic palisade cells developed on top of the midrib
region (Fig. 2N).

Scanning electron microscopy (SEM) revealed that
epidermal cell fates were altered w8 and w6 leaves. The
adaxial epidermal cells of the wild-type leaf were less lobed
with fewer crenulations and very few stomata (Fig. 3A), while
the abaxial epidermal cells were highly crenulated and
irregularly zigzag-shaped with lots of stomata (Fig. 3B). In
addition, the wild-type adaxial leaf surface was smooth,
compared to the rougher abaxial leaf surface. In contrast, both
the upper and lower epidermal cellsileaves had characters
intermediate between those seen in the abaxial and adaxial
_ _ o surface of wild type. Both epidermal cells were less lobed (like
Fig. 1.Leaf phenotypes of, w3andws. (A) wild-type unipinnate wild-type adaxial epidermal cells) and had more crenulations
compound tomato leaf. (BY6 plants produce, from the base to the (e wild-type abaxial epidermal cells) with roughly equal
apex, less compound leaves with iregularly shaped blades, cup- 1, nhers of stomata, suggesting the loss of distinct abaxial-

shaped leaves and wire-like leaves. \({@)plants with less X - . 2 . .
compound leaves. Often wire-like leaves produce two ectopic Ieaveéd"’lx'aI epidermal differentiation (Fig. 3C,D).vis6, epidermal

(el) distally and a SAM (star) is formed between the junction of thes€€llS on both leaf surfaces were highly crenulated and irregular
two ectopic leaves. (D) Scanning electron micrograph of the ectopicin Shape, suggesting abaxialization of the adaxial epidermis of
meristem in C. (E)v leaves. (F) Axillary buds ow6 plants. Scale the leaves (Fig. 3E,F). Howevargpidermal cells were normal
bars: (A-C,E,F) 1 cm, (D) 250m. with distinct ab-adaxial features (Fig. 3G,H).
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Floral organs of w, w3 and w6 are abaxialized bases of sepals are fused into a cup-shaped structure. The
To see if other lateral organs were also abaxialized, weorollais tubular and anthers are adnate to the corolla tube (Fig.
examined floral organs i, w3 andw6. Tomato flowers have 4A). w, w3 andw6 flowers usually had extra floral organs (e.g.

five sepals, petals and stamens and two fused carpels. Thd 0 sepals and petals) and lacked the fusion of floral organs

Fig. 2. Transverse sections of wild type,
w3andwé. The adaxial side is marked by
asterisks. (A,B) Wild-type leaf; (C) wild-
type stem; (D) wild-type petiole. (B3, (G)
w6 and (H)w wire-like leaves. (FJv3leaf
with ectopic distal leaves. Vascular bundle
arrangement is intermediate between that of
leaf and stem. (W3 and (Jw6 expanded
leaves. (Kw expanded leaf showing normal
ab-adaxiality. (L-N) Vascular bundles
showing the reduced adaxial domain
(arrowheads) imv3 (L), andw6 (M) and
abnormal vascular bundle imexpanded leaf
(N). p, phloem, x, xylem. Scale bars: (A)
100pm, (B,E-L) 50um, (C) 10um, (D) 20
pm, (M,N) 25um.

Fig. 3. Scanning electron micrographs
showing epidermal cells of wild-type and
wiry mutant leaves. (A,C,E,G) adaxial
and (B,D,F,H) abaxial epidermis of
(A,B) wild-type leaves, (C,Dyv3leaves,
(E,F)wé6 leaves and (G,H) leaves.

Scale bars: (A-H) 20m.
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Fig. 4.Floral organ phenotypes in wild-type (A,E,1\d% (B,FK), w3 (C,G,L,M) andw (D,H,N). (A-D) Whole flowers. (E,I,J) Wild-type petal
showing adaxial epidermis with papillar cells (E,J) and abaxial epidermis with flat cells and trichomes (E,l). (F-N) SERkibasd§adry
mutant petals showed partial (F,K,N) and complete (G,L,M) abaxialization of petals. (K) Trichomes (t) on adaxial (ad}patasepive.
SEMs of (L) abaxial and (M) adaxial petal epidermal cellw3n(N) Abaxial patches (ab) were seen in adaxial petal epidermiflamvers.
Scale bars: (A-D) 0.5 cm, (E-N) %0n, (L,M) 25um.

seen in normal flowers. The lateral organswfv3 andw6  Tomato PHANTASTICA (LePHAN) expression is
flowers were narrower than those of wild type (Fig. 4B-D). altered in w, w3 and w6

In wild-type petals, the adaxial epidermis has protrudingphan mutant plants have a reduced adaxial domain in leaves.
papillar cells and no trichomes, while the abaxial epidermis had/e determined if the abaxialized phenotypes and reduced
flattened cells and many trichomes (Fig. 4E,l,J). Vasculdeaflet formation inv, w3 andw6 are due to defects RHAN
bundle organization was not altered in W@petal (Fig. 4F). expression. Southern blot analysis showed one copy of
However, papillar cells of thev6 adaxial epidermis had LePHAN in the tomato genome (data not shown). The
interspersed trichomes. Moreover, the boundary betweerthromosome location dfePHANdoes not coincide with that
papillar cells and flattened cells was moved from the margin aif w, w4 andw6. LePHANMRNA expression was determined
the petal toward the adaxial side, indicating a reduction in thiey conventional in situ hybridization and by RT-PCR in situ
adaxial domain of the/6 petal (Fig. 4K). Inw3 plants, petals hybridization in the shoot apices and leaves of wild-type,
were even more abaxialized thann petals; both the abaxial w3 andwé plants.
and adaxial epidermal surfacesved petal had flattened cells  In the wild-type apex.ePHANMRNA levels were several-
and numerous trichomes (Fig. 4L,M). Th@petal had all inner  fold higher in the leaf primordia than in the SAM central zone.
cells packed tightly, resembling the collenchyma cells of th®uring early leaf development in wild typd,ePHAN
midvein regions (Fig. 4G). Frequently, petals were radially transcripts were detected in both adaxial and abaxial sides of
symmetric and among the papillar cells abaxial patches dhe leaf primordium (Fig. 5A), but later, as the leaf primordium
flattened cells were seen (Fig. 4H,N). A summarywafy  grew out,LePHANmMRNA was confined to the adaxial side
mutant phenotypes is given in Table 2. (Fig. 5B). At later developmental stages, strdmePHAN

Table 2. Summary of wiry mutant phenotypes

Mutant w w3 w6 w4

Cotyledon Mesophyll abaxialized Mesophyll abaxialized Vascular tissue abaxialized Completely abaxialized
Radially symmetric leaves Abaxialized Abaxialized with ectopic buds Abaxialized N/S

Flattened leaf Normal Abaxialized Abaxialized N/S

Axillary buds Normal Normal Normal N/S

Flower organs Abaxialized Abaxialized Abaxialized N/S

Flower organ numbers Increased Increased Increased N/S
LePHANexpression Reduced Reduced Reduced N/S

LeYAB Bexpression No expression On the adaxial side On both ab-adaxial sides N/S
LeT6expression Reduced Reduced Reduced N/S

TKNZ1expression Reduced Reduced Increased N/S
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Fig. 5.In situ hybridization showingePHAN
LeYAB BandKNOXexpression patterns in the
SAM. (A-F) Wild type, (G-K)wé6, (L-O)w3and
(P-S)w. mRNA accumulation patterns for
LePHAN(A,B,C,G,L,P),LeYAB B(D,H,I,M,Q),
LeT6(E,J,N,R) and’KN1(F,K,O,S).

(A-C) LePHANexpression in the wild-type
SAM and young leaf primordium (A), later
stage leaf primordium (B) and leaflet primordia
(Ip; C). (G,L,P)LePHANexpression in the SAM
and young leaf primordium o6 (G) w3 (L)
andw (P). Downregulation ofePHANwas

seen in later leaf primordia 6 (G inset) w3

(L inset) andw (P inset). (D)L.eYAB B
expression in the wild-type leaf primordium.
(H,I,M,Q) YAB Bwas expressed in both adaxial
and abaxial domains of leaf primordiumvi
(H,1), but only in adaxial domain w3 (M), and
no YAB Bexpression was detectedvirleaf
primordium (Q). (E)LeT6expression in the
wild-type SAM, leaf primordium and leaflet
primordium (E inset). (J.eT6expression in the
SAM and young leaf primordium w6, and in
later leaf primordia (J inset). (N,RgT6
expression in the SAM and the later stages of
w3 (N, N inset) andv (R,R inset) leaf
primordium. (F,K,0,SKNZ1expression in wild
type (F),w6 (K), w3 (0) andw (S). TKN1
expression in later stages of leaf primordium of
w3 (O inset). Scale bars: 30n.

expression was detected in the leaflet primordium and/e examined the expression lbéYAB B a member of the
immature leaflet lamina regions (Fig. 5C). YABBY gene family, in leaves of wild-type and the wiry
In thew6 SAM, reduced_ePHANexpression was detected mutantsLeYAB Bvas expressed in the abaxial regions of wild-
in the central zone. MoreovérePHANexpression in the early type leaf primordia (Fig. 5D). Inw6 plants, LeYAB B
leaf primordium, especially on the adaxial side, was muclexpression was seen in both the adaxial and abaxial sides of
reduced compared to that in wild type (Fig. 5G).INM®HAN later radial leaves, and serial sections showed a hollow tube-
was detected in later stages of leaf development of wire-likike pattern of expression (Fig. 5H,I arrow). Earlier flattened
leaves, but thd.ePHAN transcript was detected in growing w6leaves showed a wild-typeeYAB Bexpression pattern (Fig.
leaflet primordia and leaflet blades in the developing cupsH,I arrowheads). Interestingly, in the3 leaf primordium,
shaped leaves and in leaves with reduced leaflet numbers (FiggYAB BmRNA accumulated on the adaxial instead of the
5G inset). Invandw3plants, no alteration dfePHANmMRNA  abaxial side (Fig. 5M arrow). NbeYAB Bexpression was
accumulation was detected in the SAM and early stage ledktected in thev leaf primordium (Fig. 5Q). These results were
primordia, butLePHAN expression was absent in the laterconfirmed by northern hybridization to RNA extracted from
stages of wire-like leaves (Fig. 5L,P and insets). wiry shoot apices (data not shown).

LeYABBY B expressionin w, w3 and w6 Expression of LeT6 and TKN1in w, w3 and w6
To further characterize ab-adaxialitywn w3 andwe6 leaves, To determine if reduced leaflet formationwi8 andw6 leaves
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is due to the alteration of clasKINOXgene expression and to
determine the regulatory relationship betwee®HAN and
KNOXgenes in tomato, the mRNA expression patterns of twi
class IKNOX genes,LeT6 (the tomatoSTM ortholog) and
TKNL1 (the tomataKNAT1ortholog) were examined.

In wild type,LeT6MRNA accumulates in the SAM, in the
early leaf primordia, and later in leaflet primordia and
growing leaflet blades (Fig. 5E) (Chen et al., 1997). Stron:
LeT6expression was detected in the central zone of wild-typ
SAM (Fig. 5E). In thew and w3 mutants lesdeT6 MRNA
was detected in the region of the SAM (Fig. 5N,R).
Downregulation ofLeT6 MRNA was seen in later stages of
w, w3andweé leaf development. This is equivalent to the stage
producing leaflet primordia and growing leaflet lamina in
wild type. NoLeT6 mRNA could be seen iw6 plants that
were producing wire-like leaves (Fig. 5J inset, R inset)
However, LeT6 mRNA localized in the leaflet and leaflet
lamina regions ofv, w3 andw6 plants that were producing
leaves that either were cup-shaped or had a reduced numl
of leaflets (Fig. 5N insets).

TKNZ1expression could be seen in the wild-type SAM, leal
primordia and growing leaflet lamina, but the signal was
stronger in the leaf primordia and the peripheral zone of th
SAM than in the central zone (Fig. 5F). w6 plants, a high
level of TKN1RNA was detected throughout the SAM and in
both early and late leaf primordia, including the radially
symmetrical primordia (Fig. 5K). Inw3 and w, TKN1
expression was normal in the SAMs but downregulated in th
leaflet primordia (Fig. 50,S). ExpressionTd{N1was absent
at the tip of the leaf primordium (distal region), where
abaxialized wire-like structures are seemwishoots (Fig. 5S
arrow).

The expressions odKNOX genes I(eT6 and TKN1) were
altered inwiry mutants. In particular, downregulation lcé¢T6
in later stage of leaf primordia was accompanied by reductiorig. 6. Genetic interaction betwedtNOX genes andlePHAN
of leaf compounding inviry mutants. Reduction dfePHAN  (A) Overexpression dfeT6in Culeaflets. (B,CLePHAN
expression and upregulationTKN1in w6 suggests a negative expression in th€uleaf primordia and (C) leaflet primordia.

regulatory relationship betweéePHANand TKN1. (D-F) LePHAN accumulation in the wild-type aMe plants. (D) A
transverse section of a wild-type SAM. (E,F) Transverse sections of
LeT6 is a negative regulator of LePHAN in tomato (E) Meleaf primordium with narrow adaxial domain, and (F) radial

. . . Meleaf. (B,D,E) Asterisks in B,D and E indicate the LePHAN
To determine ifLeT6 regulatesLePHAN in tomato, we expression domains. M, meristem. (G.H) ReduCeagshenotypes in

analyzed_ePHANexprgssmn irCurl (Cu), a mutant known t'o antiLePHANbackground. Arrowhead points to a radially symmetric
overexpress.eT6 (Parnis et al., 1997). As reported (Parnis elgypanded petiole. (u plants showind.eT6overexpression

al., 1997), ectopic expression of thbeT6MRNA was detected phenotypes. ()ePHANdownregulation phenotype in the

in Cu leaflets and leaflet lamina (Fig. 6A). Iu plants, antiLePHANIeaf. (K,L) Ectopic shoots (*) on adaxial domaindvie
LePHANwas present but reduced in the leaf primordia, leafleleaf. (M-P)Me andw6 phenotypes are dosage sensitive.

and leaflet blade regions (Fig. 6B,C). ThisePHAN (M) Unipinnate wild-type (+/+) tomato leaf. (N) Excessively
downregulation inCu was not sufficient to causel&@PHAN  compound leaf iMe/+. (O) Wire-like leaves iMe/Me (P)w6/+
downregulation phenotype, as ti@u leaf showed normal leaf is more lobed than normal leaves atdw6leaves are wire-like
anatomy and epidermal cells (data not shown). Andite@6  ©OF cup-shaped. Scale bars: (A-F)i5a, (K, L) 100um, (J) 0.5 cm
overexpression mutatiorMouse Ears(Me), is caused by a and (G-I, M-P) 1 cm.

gene duplication that leads to early overexpression of a

homeobox-containing fusion RNA (Chen et al., 1997; Janssen

et al., 1998; Parnis et al., 1997). In tie mutant,LePHAN  downregulation ofLePHAN correlated with the production
expression was reduced and the location of expression wasnple leaves and wire-like leaves at the upper noddgiie
altered (Fig. 6E,F). In thile plants,LePHANexpression was plants (Fig. 60), phenocopyingePHAN downregulation
reduced in the proximal region of the leaf primordia (data ngphenotypes (Fig. 6J). In thekePHAN antisense transgenic
shown) and confined to a narrower adaxial domain in legblants, LePHAN expression was reduced to a narrow domain
primordia (Fig. 6E). Often, LePHAN expression was absentr only to vascular tissues (Kim et al., 2003), similar to
from the leaf primordia dle/Me(Fig. 6F), except in vascular LePHANexpression irMe/Me (Fig. 6F). Together, these data
tissues, and the Ileaves produced were radial. Thisuggest thateT6is a negative regulator diePHAN



4412 M. Kim and others

LeT6 requires LePHAN activity in leaf primordium (tomato) leaves may have different potentials to form axillary
To determine ifLeT6 expression is in turn regulated by buds in their leaf bases, and adaxial cell fate may not be an
LePHAN we made use of AePHAN antisense transgenic absolute requirement for axillary bud formation in tomato. This
line. Several independehePHANantisense transgenic lines could also account for the presence of ectopic axillary buds in
showed cup shaped or wire-like leaves (Fig. 6J) an#3mutant leaves. _
immunolocalization and in situ RT-PCR experiments showed It has been proposed that the boundary between abaxial and
that LePHANIevels were reduced in these plants and petiolegdaxial cell fates is important for lateral lamina outgrowth
were radial (Kim et al., 2003). (Bowman et al., 2002; Lynn et al., 1999; McConnell and
WhenCu was crossed into kePHANantisense transgenic Barton, 1998; Timmermans et al., 1998). Reduced adaxial
line, the Cu phenotype was less severe, having less curledomain is accompanied by significantly reduced leaflet
leaves and often cup-shaped leaves with simple leaf bladégmbers inw, w3andwé (Table 1). One explanation for the
(Fig. 6H). The curled leaf phenotypes were confined to distdewer leaflets irw, w3 andw6 compound leaves is that leaflet
region of the leaf. These plants showed elongated and radiafyimordium formation, like lamina outgrowth, also requires a
symmetric petioles (Fig. 6G). These results suggest th&foper ab-adaxial boundary.
LePHANdownregulation phenotype is epistaticGo and that L
the LeT6 overexpression phenotypes Ofi requireLePHAN ~ LePHAN expressionin w, w3 and w6 _
activity. In Me/Me LeT6 overexpression also led to the Two aspects ofePHANexpression in tomato set it apart from
production of ectopic shoots on the leaves (Fig. 6K, L, asteriskprthologs in other species. No otf&#AN ortholog has been
These ectopic shoots were formed only in the narrow adaxi&gpPorted to be expressed in the SAM or specifically in the
domains, wheréePHANwas expressed (Fig. 6E). Often this adaxial domain of I_eaf primordia. At later stages of leaf
adaxial domain converged to a point (Fig. 6L) and ectopi€levelopment.ePHANis expressed only in the region of leaflet
shoots emerged at this point, suggesting lte@HANactivity ~ Primordium initiation (Fig. 5C), suggesting thatPHAN(like -
is required fol.eT6overexpression phenotypeshte. LeT§ might be involved in leaflet formation, or in establishing
Because a phenocopy BHANdownregulation is seen only ab-adaxiality of leaflets. The possible functiorLePHANiIn
in homozygousMe, but not in heterozygousle plants, the leaflet development is also supported by the factlteBHAN
suppression dfePHANby LeT6seems to be dosage sensitive.iS not expressed in wire-like leaves and localizes to the growing
Me/+ plants show a typicaskNOX overexpression phenotype leaflet primordium or leaflet lamina region in cup-shaped, or
with an increase in leaf compounding (Chen et al., 1997; Parnigss compound leaves of, w3 and w6. Downregulation of
et al., 1997) (Fig. 6N). Similarlyw6/w6 homozygous plants LePHAN was seen in the leaf primordium and leaflet
(with reduced_ePHANIevels) generated wire-like leaves (Fig. Primordium in these mutants, suggesting #atW3 andWé
6P) while,w6/+ heterozygous plants produced lobed leaves, &re positive regulators dfePHAN expression in leaves. In
phenotype also seen in the p|ants overexprngMng in addltlon,WGmay also regulatEePHANeXpressmn pOSItIVE'y

Arabidopsis(Fig. 6P). in the meristem.
Regulatory relationship between  LePHAN and KNOX
DISCUSSION genes in tomato
o Tomato LePHAN expression was reported to be absent from
Abaxialization of w, w3 and w6 leaves leads to the SAM in one study (Pien et al., 2001) but was seen in the
reduced leaflet formation SAM and leaf primordia in a domain that overlaps KINOX

In w, w3 and w6 mutant plants, partial or complete expression domain by others (Koltai and Bird, 2000). Our
abaxialization of the lateral organs was observed throughougsults indicate that the latter is the case and_#RHAN(Fig.
development, suggesting th&t W3 and W6 play important 5A, Fig. 6F,G) andTKN1 are expressed most strongly in the
roles in establishing adaxial cell identity in all lateral organsperipheral zone of the meristem, wherdasT6 expresses
The tomato leaf primordium develops basipetally (Denglerstrongly in the central zone of the meristem (Fig. 5A,E,F). In
1984) and preferential distal abaxialization in thdeaves Arabidopsis STM is a negative regulator oAS1 This
indicates thatW acts during early leaf development (in the regulatory relationship is conserved to a large extent in tomato.
distal region), wherea®/3 and W6 function later (in the In CuandMe (LeT6 overexpression mutantd)ePHANwas
proximal region) in leaf development. Abaxialization of thereduced, suggesting thateT6 is a negative regulator of
wire-like leaf inw, w3andw6is different from proximalization LePHAN TKN1 was upregulated iw6 whereLePHANwas

of the distal region (changing blade domain into sheatllownregulated. A simple interpretation for the upregulation of
domain) seen in maize mutants (Becraft, 1994; Sinha antkKN1lin w6 is thatLePHANIis a negative regulator GiKN1L
Hake, 1994; Tsiantis et al., 1999) as unlike petioles, wiryHowever, it is unclear holwvePHANand TKN1 express in an
leaves are radially symmetrical. However, the occasionaverlapping manner in both the SAM and early leaf primordia.
production of stem-like leaves that have ectopic leaves witRerhapd.ePHANand another gene (gene A) have a mutually
ectopic axillary buds (iw3) suggests that proximalization into exclusive relationship and gene A in turn inhib®&N1
stem-like identity can occur in addition to abaxialization.expression.

Adaxial cells are thought to be necessary for the induction of The regulatory dynamics betweeePHAN TKN1landLeT6
axillary buds inArabidopsis(McConnell and Barton, 1998; in later leaf and leaflet primordia is different from that in the
McConnell et al., 2001). The abaxialized wire-like leaves,of meristem and early leaf primordiurhePHAN TKN1 and

w3 andw6 formed normal axillary buds on the adaxial side ofLeT6all express in the leaflet primordium and all of them are
the leaf base (Fig. 1F). Sessilergbidopsi3 and petiolated downregulated in the wire-like leaves wf and w3. These
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expression data imply that the negative regulatiobedf6on
LePHANSseen in the meristem region does not hold in the wild
type leaflet primordium. RathdrePHANfunctions withLeT6

in a coordinate mannelCu phenotypes were reduced in
antiLePHAN/+ plants andCu and Me phenotypes were
confined to the region wheréePHAN was expressed,
suggesting that theeT6 overexpression phenotype requires
LePHAN function. Similarly, downregulation otePHAN
masked TKN1 overexpression phenotypes w6/w6 and
suggests thatKN1also requires sufficieritePHANactivity in
the leaflet primordium in tomato.

LeT6 regulation of LePHAN is dosage sensitive

A reduced blade phenotype can be seen only in homozygo ;.74 LePHAN wi LeT'6 LePHAN
Me/Meplants (Fig. 60) and not in heterozygdde/+ plants  dewnregulation overexpression normal  overexpression downregulation

(Fig. 6N), implying that a high dose &feT6is needed to Phenotypes  phenotypes  YVIPMEN prenotypes  phenotypes
downregulateLePHAN in tomato. This hypothesis is also nosam? large simple leal ? Mt MelMe
supported by the fact that the expression domains whe CulCu CulantiLePHAN
LePHANandLeT6express strongly do not overlap (Fig. 5A,E). 35S::Lers  5::Lel6

(wiry phenotype)

We suggest that low levels of overexpression of eltledior

TKN1 in leaf primordia can caus&NOX overexpression Fig. 7.A model showing the regulatory relationship betweem6
phenotypes (such as increased dissection of leaves, or m@ndLePHANand final leaf morphology in tomatbeT6is

lobed or heart shaped leaves with palmate venation), pdownregulated W_hehePHANis strongly overe_xpressed. Loss of
high levels of LeT6 overexpression might lead to severe KNOXgene function or extreme downregulatiorieff6could be
LePHANdownregulation, causing llePHANdownregulation lethal for plants because of the lack of SAM formation/maintenance.

; WeakLePHANoverexpression might lead to the ectopic leaf blade
phenotype. Thusw6/+ heterozygous plants produced highly outgrowth in the rachis region and make large simple leaves.

lobed leaves (Fig. 6P), a phenotype generally attributed 'LePHANandLeT6levels are well balanced in the wild-type leaf,
KNOX gene overexpression, wherea&/wé homozygous producing 8-9 leaflets with normal ab-adaxiality. WeaK6
plants generated mostly cup-shaped or wire-like leaveyerexpression aridkePHANdownregulation lead tENOX
which is aLePHAN downregulation phenotype (Fig. 6P). overexpression phenotypes seen in358::LeTéplants (Janssen et
Furthermore, thid ePHAN downregulation phenotype masks al., 1998) Me/+ andCuleaves. BecaudseT60overexpression
the KNOX overexpression phenotypes in tomato, because phenotypes requireePHANactivity, strongl.eT6overexpression
certain level of LePHAN is required for the KNOX  andLePHANdownregulation causeePHANdownregulation
overexpression phenotypes (as seen Qo crossed to phenotypes including cup-shaped or wire-like leaves, severe
antLePHAN and Me/Me). This idea is supported by some 35S::LeT6 Me/Me w6/w6andCu/Cu;antiLePHAN/Heaves.
of the phenotypes seen in tomato plants that overexpress
35S::LeT6 Some35S::LeTaransgenic lines showed wire-like Me/+ andCuleaves. We suggest that @l mutation showing
radially symmetrical leaves, resembliRglANdownregulation  only KNOXoverexpression phenotypesAnabidopsisand the
phenotypes, instead of the typicdleT6 overexpression rs2 phenotype in maize can be categorized in this group.
phenotypes with more leafletseT6 overexpression was at Perhaps, in these instancé&d\OX overexpression does not
much higher level in these plants producing wire-like leaveseach a level that would cause leaf lobing or EidAN
than in plants showing leaflet overproliferation phenotypeslownregulation phenotype. StroKgQNOX overexpression and
(Janssen et al., 1998). LePHAN downregulation causd.ePHAN downregulation

We propose a model (Fig. 7) that summarizes heW6and  phenotypes including cup-shaped or wire-like leaves, as seen
LePHANare regulated in tomato. Our results suggesti#@é in theaslstrong allele (Sun et al., 2002), sev8&S::LeT6
andLePHANhave a mutually antagonistic expression patterriMe/Me w6/w6and Cu/Cu;antiLePHAN/Heaves. However, it
and that each is affected by the quantity of the other. Thus, higihould be emphasized that a direct interaction between the
levels of LePHANrepressLeT6 and similarly high levels of KNOX genes andPHAN has not been proved and this
LeT6represdePHAN Our data does not support increase ininteraction may involve multiple regulatory steps.
LeT6expression by low levels afePHANand vice versa. At o )
intermediate levels both these genes express. $iet6is LeYAB B expressionin w, w3 and w6 meristems
thought to be necessary for meristem formation in higher plantur results show that, as seen for Arebidopsis YABgene,
(although this has not been directly demonstrated in tomata)leYAB Bis a good marker for abaxial cell fates (Fig. 5D).
loss ofLeT6 gene function or downregulation béT6could LeYAB BmRNA was detected throughows6 leaf primordia
be lethal for plants. Low transformation and plant regeneratio(Fig. 6H, 1), whileLePHANMRNA was downregulated in the
success in experiments usiBgS::LePHANconstructs support  adaxial region of the leaf (Fig. 5G). This suggests that adaxial
this hypothesis (our unpublished datagPHAN and LeT6  cells of leaf primordia iw6 are converted into abaxial cells.
levels are well balanced in the wild-type leaf, producing 7-9hese results are consistent with the complete abaxialization
leaflets with normal ab-adaxiality. We&akT6overexpression of adaxial cells of thev6 leaf (Fig. 2G). However_eYAB B
and LePHAN downregulation lead td.eT6 overexpression was unable to downregulat@PHANIn the adaxial region of
phenotypes seen in the 33%T6plants (Janssen et al., 1998), w3 leaf primordium (Fig. 5L,M) and the absencelLefYAB B
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did not cause ectopic expressionL,ePHANIn w (Fig. 5P,Q). that the regulation betweeldiNOX genes and_ePHAN of

In w3, LeYAB Bwas expressed in the adaxial region of thetomato differs from that of simple-leafed species raises several
lateral organs (Fig. 5M). However, w8, the absence &eYAB  questions. It will be interesting to determine if the positive
B in the abaxial region still allowed cells to have abaxial fateregulatory relationship betweddNOX genes andPHAN is
While, presence oLeYAB Bin the adaxial domain did not conserved among compound-leafed species and if this positive
cause complete abaxialization, the adaxial epidermis attainedgulation is responsible for allowikgNOX expression in leaf
some abaxial features (Fig. 3C), suggestingltbatAB Bmay  primordia of compound-leafed species.

play a role in the acquisition of abaxial cell fatgab andfil

mutants have been reported to upregul&iOX gene The authors thank Drs John Harada, Connie Champagne and
expression and result in ectopic shoots Amabidopsis Sharon Kessler for critical comments; members of the Sinha lab for
(Kumaran et al., 2002). By contrast in tomato, ectopi dvice and help; members of the Rost Lab for help with histology; Dr

. ‘ : : : ancy Dengler for many helpful discussions; the Charles M. Rick
expression oLeYAB Hn the adaxial region and absence in theTomato Genetics Resource Center for seed stocks; and Dr Marja

abaXIqI region of thew3 leaf accompanies .eCtOpIC bUd Timmermans for the anti-RS2 antibody. This paper is dedicated to the
formation in these leaves. The fact that ectopic expression lie pr Charles M. Rick for inspiring us to study the tomato leaf. This

LeYAB Bin the adaxial region was detected in baBandw6  work was supported by NSF IBN-9983063 and IBN-0316877 to N.S.;

leaf primordia, butePHANwas downregulated only im6leaf  Elsie Stocking Memorial, Rosalinde Russell, and UC Davis Jastro-
primordium, and complete abaxialization of adaxial cells washields Research Fellowships to M.K.; and SHARP (Howard Hughes)
seen only irw6 leaf all suggest thatePHANand other adaxial ~Fellowship to T.P.

specific genes play a major role in controlling ab-adaxiality,

while theYABB Ygenes might be involved in a downstream part

of the cell fate acquisition pathway. Our results suggest thadEFERENCES

KNOXgene expression is regulated by presence or a'bsr_mceB%frton M. K. and Poethig, R. S.(1993). Formation of the shoot apical
LePHANand notLeYAB Bin tomato. meri’stem inArabidopsis tF\aIianaan analysis of development in the wild

. type and in theshoot meristemlesautant.Developmenii19, 823-831.
Isa com_pound leaf a reiterated shoot system or a Becraft, P. and Freeling, M. (1994). Genetic analysis of Rough sheath 1
carved simple leaf? developmental mutants of maizeneticsl36, 295-311.

The origins and homologies of compound leaves have beenf aratRhar(]é(%’Z)(goll—il?)?]:’o-lr(.);.e’sMﬁorleéa(f:.%o}??nssilr?fr(’arsré dprf‘fm Tksrg‘xfirg‘réié
matter of .debate. Qne view is that dicot compound Ie_aves Al€qypression during developmestcience?96, 1858-1860.
a homeotic reiteration of simple leaves along the rachis regiogbhmert, K., Camus, I., Bellini, C., Bouchez, D., Caboche, M. and
of a compound leaf (Lacroix and Sattler, 1994; Rutishauser, Benning, C.(1998). AGO1 defines a novel locus of Arabidopsis controlling
199). In coiras, others roposed tha 2 compound Ieal et VSBMEIEUEO DL IO, ) iy
formed by dissecting or carving a simple leaf, perhaps by~ R L e~ y
L . . ) ! in angiosperm lateral organ&ends Genetl8, 134-141.
inhibition of blade formation in the rachis area (HagemannBowma%, f L. and smytgh, D. R.(1999). CRABS CLAW, a gene that
1984; Kaplan, 1975). regulates carpel and nectary developmerrabidopsis encodes a novel
The adaxial domain is necessary for leaflet primordium gf3%t7ei23\gi€tsh zinc finger and helix-loop-helix domairievelopmentl26,

formation in tomato. This is reminiscent of the situation wher - : .
the adaxial domain of a leaf primordium is required for normar s M. E., Barley, R., Curtis, M., Arroyo, J. M., Dunham, M., Hudson,

A . p. _q_ . A. and Martienssen, R. (2000). Asymmetric leavesimediates leaf
SAM activity, and is suggestive of some sw_ml_arlt_y b_etween patterning and stem cell function Arabidopsis. Naturel08 967-971.
compound leaves and shoot systems. This similarity is furthelhen, J.-J., Janssen, B.-J., Williams, A. and Sinha, L997). A gene fusion
supported by the presence KRN OX gene expression in the at a homeobox locus: Alternations in leaf shape and implications for

leaflet primordia in all compound-leafed species from ferns anghrgﬁrpg("Oft'ﬁf‘r:si‘f"ﬁ'onggﬂéfeltl)g’ éﬁ?&iﬁggh T. Reynolds, L. and

cycads to higher plants (Bharathan et al., 2002). Drews, G. N.(1999). TheArabidopsisFILAMENTOUS FLOWER gene is
If the expression ofKNOX genes is crucial to make required for flower formatiorDevelopmeni26, 2715-2726.
Compound leaves, introducing the expressioKNDX genes Chuck, G., Lincoln, C. and Hake, S(1996). KNAT1 induces lobed leaves
into the leaf would have been an important evolutionary with ectopic meristems when overexpressed in arabidopkist Cell 8,
. X 1277-1289.
innovation that _Ied_ to the occurrence of compound leaves. |6|ayberg, C. D., Butler, L., Rick, C. M. and Robinson, R. W(1966). Third
Arabidopsis Antirrhinumand maize (simple leaves), KOBIOX list of known genes in the tomatd. Hered.57, 189-196.
gene expression can be seen in the leaf primordia at any ste@mgler, N. G.(1984). Comparison of leaf development in normal (+éjire
of leaf development. Perhaps this is due to the facPHAN (Ae_’le)' aC”d.La’éceo'gte('-lj’g) 6‘237”;5 of tomatolycopersicon esculentum
: : ilsa Craig’. Bot. Gaz. -77.
and KNOX h.ave a. Very. tlght. mL.Jtua”y eXC|us_Ive regulatory Eshed, Y., Baum, S. F., Perea, J. V. and Bowman, J.(2001). Establishment
relationship inArabidopsis Antirrhinum and maize (Byrne et of polarity in lateral organs of plantSurr. Biol. 11, 1251-1260.
al., 2000; Schneeberger et al., 1998; Timmermans et al., 1999¢eling, M. (1992). A conceptual framework for maize leaf development.
Tsiantis et al., 1999; Waites et al., 1998). Our study shows thatDev. Biol. 153 44-58. _ _
both KNOX (LeT6 and TKNl) andLePHANare expressed in Hagemann, W.(1984). Morphological aspects of leaf development in ferns
f . . and angiospermf\ew York: Academic Press.
leaflet pI’ImOI’dIa, Squ.esu.ng thEtNOX genes a”?’-ePH_AN Hanawa, J.(1961). Experimental studies on leaf dorsiventralitb@samum
are not mutually _exclusw_e in the tomato leaflet primordium and indicumL. Bot. Mag. Toky@4, 303-309.
that their functions might be dependent on each othedackson, D., Veit, B. and Hake, S(1994). Expression of maizéNOTTED
Acquisition of a positive regulatory relationship between 1related homeobox genes in the shoot apical meristem predicts patterns of
. - : . morphogenesis in the vegetative shd@syvelopmeni20, 405-413.
KNOXgene_s andiel?HANln the Ieaf_prlmord|um might be a.n Janssen, B.-J., Lund, L. and Sinha, N.(1998). Overexpression of a
evolutionarily significant change to introduce leaflet formation homeobox geneLeT6 reveals indeterminate features in the tomato

in the ancestral simple leaf primordium. In fact, the discovery compound leafPlant Physiol.117, 771-786.



PHAN and KNOX in compound leaf production 4415

Kaplan, D. R. (1975). Comparative developmental evaluation of the Rutishauser, R.(1995). Developmental patterns of leaves in Podostemaceae
morphology of Unifacial leaves in the monocotyleddwst. Jahrb. SysB5, compared with more typical flowering plants: Saltational evolution and
1-105. fuzzy morphologyCan J. Bot.73, 1305-1317.

Kerstetter, R. A., Laudencia-Chingcuanco, D., Smith, L. G. and Hake, S. Sawa, S., Ito, T., Shimura, Y. and Okada, K(1999a). Filamentous flower
(1997). Loss-of-function mutations in the maize homeobox gene, knotted1, controls the formation and development of Arabidopsis inflorescences and

are defective in shoot meristem maintenabevelopment 24, 3045-3054. floral meristemsPlant Cell11, 69-86.
Kessler, S., Kim, M., Pham, T., Weber, N. and Sinha, N2001). Mutations ~ Sawa, S., Watanabe, K., Goto, K., Kanaya, E., Hayato Morita, E. and
altering leaf morphology in tomattnt. J. Plant Scil62 475-492. Okada, K. (1999b). Filamentous flower, a meristem and organ identity gene
Kim, M., McCormick, S., Timmermans, M. and Sinha, N.(2003). The of Arabidopsis encodes a protein with a zinc finger and HMG-related
expression domain oPHANTASTICAdetermines leaflet placement in domains.Genes Dev13, 1079-1088.
compound leavedNature424, 438-443. Schneeberger, R., Tsiantis, M., Freeling, M. and Langdale, J. A1998).
Koltai, H. and Bird, D. M. (2000). Epistatic repression of PHANTASTICA The rough sheath2 gene negatively regulates homeobox gene expression
and class | KNOTTED genes is uncoupled in tomBRtant J.22, 455-459. during maize leaf developmermevelopmeni25 2857-2865.

Kumaran, M., Bowman, J. and Sundaresan, V(2002). YABBY polarity Siegfried, K. R., Eshed, Y., Baum, S. F., Otsuga, D., Drews, G. N. and
genes mediate the repressionkdOX homeobox genes in Arabidopsis. Bowman, J. L.(1999). Members of the YABBY gene family specify abaxial

Plant Cell14, 2761-2770. cell fate inArabidopsis Developmen 26, 4117-4128.
Lacroix, C. R. and Sattler, R.(1994). Expression of shoot features in early leaf Sinha, N. and Hake, S(1994). The Knotted leaf blade is a mosaic of blade,
development oMurraya paniculata(Rutaceae)Can. J. Bot72, 678-687. sheath, and auricle identitid3ev. Genetl5, 401-414.

Lincoln, C., Long, J., Yamaguchi, J., Serikawa, K. and Hake, §1994). A Sinha, N., Williams, R. E. and Hake, $(1993). Overexpression of the maize
knottedtlike homeobox gene in Arabidopsis is expressed in the vegetatative homeobox geneKNOTTED-1 causes a switch from determinate to
meristem and dramatically alters leaf morphology when overexpressed in indeterminate cell fate§enes Devr, 787-795.

transgenic plant®lant Cell6, 1859-1876. Smith, L. G., Jackson, D. and Hake, §1995). Expression of knotted1 marks
Long, J. A., Moan, E. |, Medford, J. I. and Barton, M. K. (1996). A shoot meristem formation during maize embryogené&ss. Genet.4.6,

member of the KNOTTED class of homeodomain proteins encoded by the 344-348.

STM gene of ArabidopsidNature 379, 66-69. Snow, M. and Snow, R(1959). The dorsiventrality of leaf primordiufdew

Lynn, K., Fernandez, A., Aida, M., Sedbrook, J., Tasaka, M., Masson, P. Phytol.58, 188-207.
and Barton, M. K. (1999). The PINHEAD/ZWILLE gene acts Sun, Y., Zhou, Q., Zhang, W. Fu, Y. and Huang, H.(2002).
pleiotropically in Arabidopsisdevelopment and has overlapping functions ASYMMETRIC LEAVES1, an Arabidopsis gene that is involved in the

with the ARGONAUTE1 geneDevelopment26, 469-481. control of cell differentiation in leaveRlanta214, 694-702.
McConnell, J. R. and Barton, M. K. (1998). Leaf polarity and meristem Sussex, |. M.(1954). Experiments on the cause of dorsiventrality in leaves.
formation inArabidopsis Developmenil25 2935-2942. Nature167, 651-652.

McConnell, J. R., Emery, J., Eshed, Y., Bao, N., Bowman, J. and Barton, Sussex, |I. M. (1955). Morphogenesis ifsolanum tuberosunk. Apical
M. K. (2001). Role of PHABULOSA and PHAVOLUTA in determining structure and developmental pattern of the juvenile sRbgtomorphology
radial patterning in shootblature411, 709-713. 5, 253-273.

McCormick, S. (1991). Transformation of tomato witAgrobacterium  Talbert, P. B., Adler, H. T., Paris, D. W. and Comai, L.(1995). The
tumefaciens In Plant Tissue Culture Manual, Fundamentals and REVOLUTA gene is necessary for apical meristem development and for

Applications Vol. B6 (ed. K. Lindsey), pp. 1-9. Dordrecht: Kluwer. limiting cell divisions in the leaves and stems Asfabidopsis thaliana
McHale, N. A. (1993a). LAM-1 and FAT genes control development of the Developmeni2l, 2723-2735.

leaf blade in Nicotiana sylvestriBlant Cell5, 1029-1038. Tanksley, S. D., Young, N. D., Paterson, A. H. and Bonierbale, M. W.
McHale, N. A. (1993b). The lam-1 gene controls blade formation through (1989). RFLP mapping in plant breeding: New tools for an old science.

reorientation of division in the L3 cell layek. Cell. Biochem. SuppB2. Biotechnology?, 257-264.

McHale, N. A. and Marcotrigiano, M. (1998). LAM1 is required for ~ Timmermans, M. C. P., Hudson, A., Becraft, P. W. and Nelson, 71999).
dorsoventrality and lateral growth of the leaf blade in Nicotiana. Rough sheath2: A Myb protein that represses knox homeobox genes in

Developmenti25 4235-4243. maize lateral organ primordi&cience284, 151-153.

Meicenheimer, R. D., Muehlbauer, F. J., Hindman, J. L. and Gritton, E. Timmermans, M. C. P., Schultes, N. P., Jankovsky, J. P. and Nelson, T.
T. (1983). Meristem characteristics of genetically modified peigum (1998). Leafbladelessl is required for dorsoventrality of lateral organs in
sativur) leaf primordiaCan. J. Bot61, 3430-3437. maize.Developmeni25 2813-2823.

Nishimura, A., Tamaoki, M., Sakamoto, T. and Matsuoka, M.(2000). Tsiantis, M., Schneeberger, R., Golz, J. F, Freeling, M. and Langdale, J.
Over-expression of tobacco knotted1l-type classl homeobox genes altersA. (1999). The maize rough sheath2 gene and leaf development programs

various leaf morphologylant and Cell Physiolog$1, 583-590. in monocot and dicot plantScience284, 154-156.

Parnis, A., Cohen, O., Gutfinger, T., Hareven, D., Zamir, D. and Lifschitz, =~ Venglat, S. P., Dumonceaux, T., Rozwadowski, K., Parnell, L., Babic, V.,
E. (1997). The dominant developmental mutants of tonMtuse-earnd Keller, W., Martienssen, R., Selvaraj, G. and Datla, R(2002). The
Curl, are associated with distinct modes of abnormal transcriptional homeobox gene brevipedicellus is a key regulator of inflorescence
regulation of a Knotted genklant Cell9, 2143-2158. architecture in Arabidopsi®roc. Natl. Acad. Sci. US89, 4730-4735.

Pien, S., Wyrzykowska, J. and Fleming, A. J2001). Novel marker genes Villanueva, J. M., Broadhvest, J., Hauser, B. A., Meister, R. J., Schneitz,
for early leaf development indicate spatial regulation of carbohydrate K.and Gasser, C. S(1999). INNER NO OUTER regulates abaxial-adaxial
metabolism within the apical meriste®lant J.25, 663-674. patterning in Arabidopsis ovule&enes Devl3, 3160-3169.

Postma-Haarsma, A. D., Rueb, S., Scarpella, E., den Besten, W., Hoge, J. Vollbrecht, E., Reiser, L. and Hake, S.(2000). Shoot meristem size is
H. C. and Meijer, A. H. (2002). Developmental regulation and downstream dependent on inbred background and presence of the maize homeobox gene,

effects of the knox class homeobox genes Oskn2 and Oskn3 froilaioe. knotted1.Developmeni27, 3161-3172.

Mol. Biol. 48, 423-441. Waites, R. and Hudson, A.(1995). phantastica a gene required for
Rick, C. M. and Butler, L. (1956). Cytogenetics of tomatédv. Genet7, dorsoventrality of leaves iAntirrhnum majus Developmentl21, 2143-

267-382. 2154.

Ruiz-Medrano, R., Xoconostle-Cazares, B. and Lucas, W. J1999). Waites, R., Selvadurai, H. R. N., Oliver, |. R. and Hudson, A(1998). The
Phloem long-distance transport of CmNACP mRNA: Implications for Phantastica gene encodes a MYB transcription factor involved in growth and
supracellular regulation in plantSevelopmenfi26 4405-4419. dorsoventrality of lateral organs Antirrhinum Cell 93, 779-789.



