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Compound leaves: equal to the sum of their parts?
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Summary

The leaves of seed plants can be classified as being eitherKNOX1 genes, including how they interact with growth
simple or compound according to their shape. Two hormones to link growth regulation and development to
hypotheses address the homology between simple and cause changes in leaf complexity. Studies of transcription
compound leaves, which equate either individual leaflets of factors that control leaf development, their downstream
compound leaves with simple leaves or the entire compound targets, and how these targets are regulated are areas of
leaf with a simple leaf. Here we discuss the genes that inquiry that should increase our understanding of how leaf
function in simple and compound leaf development, such as complexity is regulated and how it evolved through time.

Introduction we discuss the mechanisms that determine leaf morphology,

The major light gathering organ in most plants is the leafemphasizing those that govern differences between simple
Evolution has produced a variety of leaves with differenieaves and compound leaves. When possible, we will speculate
shapes, sizes and arrangements that reflect the divergeon the evolution of these mechanisms and propose avenues
conditions that plants grow in. Recently, significant progres8f future investigation.
has been made in understanding the molecular mechanisms .
that regulate leaf development in a few model plant specie§€nes controlling compound leaf development
This has been achieved by combining careful morphologicdntensive research in model plant systems has identified
observations and traditional genetic analyses with advances merous genes that control plant growth and development.
molecular biology, such as genetic transformation, and witdfhe shoot apical meristem (SAM) of seed plants is an
information from completed genome projects. The currentndeterminate structure that maintains itself and is the source
challenge is to explore whether the regulatory mechanisms thef cells that give rise to determinate organs, such as leaves and
control leaf development in model species have been conservé@wers. Indeterminacy during vegetative and reproductive
in non-model species and how these regulatory mechanisr§velopment is controlled by a suite of genes that function at
have evolved to produce various leaf forms. different stages in the SAM. The process of leaf or floral organ
The leaves of seed plants can be classified as being eithgitiation begins when cells in the incipient organ primordium
simple or compound according to their degree of complexitglter their identity from being indeterminate to determinate. By
(see Box 1). Two hypotheses have been proposed to explaiamparing gene expression patterns between simple and
the homology of simple and compound leaves. The firssompound leafed species during their development, it might be
hypothesis equates individual leaflets of compound leaves witppssible to assess the level of determinacy that each of these
simple leaves. In this model, compound leaves are seen l&sif types possesses.
partially indeterminate structures that share properties with ,
both shoots and leaves (Fig. 1A) (Sattler and Rutishauserhe role of meristem genes
1992). The second hypothesis suggests that the entifdie indeterminate SAM is characterized by the expression of
compound leaf is equivalent to a simple leaf and that leafletbe Class KNOTTED1-LIKE HOMEOBOXKNOXI) genes.
arise by subdivisions of a simple blade (Fig. 1B) (KaplanOne of the earliest known indicators of a change in fate from
1975). Viewed in this way, leaf shape is seen as a continuuimdeterminate meristem cells to determinate leaf primordium
that ranges from simple leaves with entire margins, to serratecglls is the downregulation d{NOX1 genes.KNOX1 genes
lobed, or compound leaves. Both hypotheses can be usedhave been implicated in the acquisition and/or maintenance of
guide investigators as to which genes might regulate compoumaderistematic fate. Evidence for this is based on the phenotypes
leaf development. For example, if the genes that regulate shaaft loss-of-function mutants, misexpression mutants and
indeterminacy were shown to regulate compound leabverexpression transgenic plants. For example, loss-of-
morphogenesis, this would support the hypothesis thdtinction mutations in th&NOX1 genesshoot meristemless
compound leaves are partially indeterminate structuregstm) and knottedl (knl) in Arabidopsis and maize,
Conversely, the alternative hypothesis would be supported byspectively, result in plants that are unable to maintain a SAM
the finding that the genes that regulate blade development (hong et al., 1996; Vollbrecht et al., 2000). Maize plants that
simple leaves generate compound leaf pinnae. misexpres&NOX1genes outside of their normal domain have
Several recent studies have investigated the developmente@gtopic proliferation of tissue in leaves, described as knots,
compound leaves in many non-model species. In this reviewhich often grow over veins (Vollbrecht et al., 1990;
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Box 1. Simple and compound leaf forms
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Simple leaves consist of a single blade borne on a suppor
petiole that grows beneath, and in close association with,
axillary bud. Simple leaves can have margins that are entire

from indentations), serrated or lobed. For examplyutus

menziesi{A) has simple leaves with entire margins. The marg
of Prunus takesimensisimple leaves (B) are serrated, an
Quercus lobata(C) has simple leaves with deep lobe
Compound leaves have multiple blade units (called leaflets
pinnae), which are attached to a supporting structure callg

rachis. Each compound leaf also subtends an axillary bud

Compound leaves vary depending on the arrangement of lea
on the rachis and on the order of complexity. There are two

types of compound leaves: pinnate and palmate. Pin
compound leaves have leaflets that occur in succession alo
rachis, as seen ixcacia spD). Palmate compound leaves hay
leaflets borne at the tip of the rachis, and can be furt
categorized as being either peltate or non-peltate. Peltate le
have leaflets that are present around the entire circumferen
a radial, unifacial petiole, which is exhibited Wrisaema
taiwanensigE). Non-peltate leaves have leaflets present aro
a portion of a bifacial petiole, exemplified Bhorisia speciosa
(F) (Kim et al., 2003b).

S.

Leaflet/
Pinna

Petiole

Axillary Meristem

Fig. 1.Compound leaves can be viewed as (A) collections of simple
leaves or (B) equivalent to simple leaves. [B redrawn, with

ting permission, from Kaplan (Kaplan, 1975); see

an http://www.schweizerbart.de].

free

ns Lincoln et al., 1994; Nishimura et al., 1998; Waites et al., 1998;

d Nishimura et al., 1999). Howeve¢NOX1gene expression is
re-established later in the developing primordia of most plants
with compound leaves (with the exception of pea, see below),
such as in tomato ar@xalis(Fig. 2C,D) (Hareven et al., 1996;
fletsChen et al., 1997; Janssen et al., 1998; Bharathan et al., 2002).
ain Additionally, overexpression dKNOX1 genes in transgenic

ate plants or in naturally occurring tomato mutants results in leaves
ng awith increased numbers of leaflets (Hareven et al., 1996; Chen
e etal., 1997; Parnis etal., 1997). It has therefore been concluded
her that KNOX1 genes are involved in regulating compound
avedeaf development by establishing a more indeterminate
re ofenvironment within developing primordia. A surveykdOX1

gene expression in diverse seed plant taxa has indicated that
KNOX1genes may have been recruited multiple times during
evolution for the regulation of leaf complexity across the
flowering seed plants (angiosperms) (Bharathan et al., 2002).

or
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An important exception to the trend IKNOX1 expression

in compound leaf primordia is found in pea. In pe€BlOX1
gene expression is permanently downregulated in the incipient

Schneeberger et al., 1995; Muehlbauer et al., 1999). Transgemidmordium, and expression is not re-established in developing
overexpression oKNOX1 genes often results in plants with leaves (Gourlay et al., 2000; Hofer et al., 2001). Instead,

curled, wrinkled and lobed leaves that form ectopic meristemdNIFOLIATA (UNI),

(Sinha et al., 1993; Chuck et al., 1996; Tamaoki et al.,

Schneeberger et al., 1998). Ectopic expressi@Tddinhibits

an ortholog of FLORICAULA
1997FLO)/LEAFY (LFY), controls compound leaf development in
pea (Hofer et al., 1997FLO/LFY orthologs encode a group

the differentiation of leaf cells, activates G1/S cell cycleof plant-specific transcription factors. Thi@i mutant has a

markers (Gallois et al., 2002), and activates a CyclinB:

reporter gene (Lenhard et al., 2002). THUSOX1expression

:GUS%eduction in leaf complexity. Wild-type pea leaves usually
consist of two or three proximal lateral leaflet pairs and three

within or outside of the meristem appears to be sufficient teo four distal tendril pairs, followed by a terminal tenduihi

promote stem cell proliferation and indeterminacy.
KNOX1 genes are downregulated in the incipient

leaves range from being completely simple to being trifoliate
leaf(Marx, 1987; Hofer et al., 1997; DeMason and Schmidt, 2001).

primordia in both compound leafed and simple leafed specida all angiosperms studied to dafé,O/LFY orthologs have

(Fig. 2).

Arabidopsis tobacco, snapdragon and maize,

In most plants with simple leaves, such aseen found to play a crucial role in flower meristem identity

thisby activating genes that specify whorls of organs within the

downregulation is permanent (Fig. 2A,B) (Smith et al., 1992flower (Coen et al., 1990; Weigel et al., 1992; Souer et al.,
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phenotype — the number of small intercalary leaflets is slightly
reduced, which can be interpreted as a reduction in complexity
(Molinero-Rosales et al., 1999). Known expression patterns of
FLO/LFY orthologs in vegetative apices have been summarized
recently (Busch and Gleissberg, 2003). In species with
compound leaves, such as pea, tomato, grapevine and poppy,
FLOJ/LFY expression is prolonged during leaf development and
accompanies organogenesis at the marginal blastozone (Busch
and Gleissberg, 2003). Therefore, it is possible Bh&/LFY

also functions in compound leaf development in species other
than pea. The regulation of both vegetative and floral meristem
development byFLO/LFY may reflect the ancestral condition

of seed plants, and, if this were the case, compound leaf
development in most situations would be regulated by a
combination ofKNOX1and FLO/LFY genes. In pea, the role

of KNOX1 genes in regulating compound leaf development
would have been completely taken over by feO/LFY
ortholog, UNI. Thus, the role ofFLO/LFY in regulating
compound leaf development in all angiosperms is an area
worthy of further investigation.

STAMINA PISTILLOIDA(STH has been identified as
another floral meristem gene that is involved in regulating
compound leaf development in pea. Severe mudirdlleles
produce phenotypes similar to those observed in uthie
mutant: flowers consisting of sepals and carpels, and a
reduction in leaf complexity, in addition to other abnormalities.

N Weak mutant alleles aftp anduni act synergistically in pea,
GEhy 3, Ve [l e s SRR e o8 indicating that these two genes may act together to regulate
Y L B SO 15 b B R ET R common pathways (Taylor et al., 200%).Pis homologous to
- Lo - theUNUSUAL FLORAL ORGAN®FO) gene ofArabidopsis
Fig. 2. Comparison of mature leaf form and KNOX1 expression and to theFIMBRIATA (FIM) gene of snapdragon (Simon et
patterns in simple and compound leaves.A/jborella trichopoda al., 1994; Ingram et al., 1995; Taylor et al., 200150 is
has simple leaves. (B) KNOX1 proteins accumulate in the shoot  considered to co-regulate floral organ identity genes together
apical g.‘er'szerg (S'tA‘M) I?;\.(tcrécholpc;]daexcept in tg‘? '”C'p'e('g)'?af with LFY (Lee et al., 1997). OverexpressionWfO in wild-
primordium (red asterisk). (S)xalshas compoundleaves. (D) In - yyne Arabidopsisleads to excessive leaf lobing, a phenotype
Oxalis, KNOX1 proteins accumulate in the SAM and in developin :
leaves. LP, Ieaf%rimordia; P1, primordium 1; M, meristem. Imggegs that is also observed yvhettNox_lgenes are overexpressed.
adapted, with permission, from Bharathan et al. (Bharathan et al., However, ovgrexpressmn OIFO in alfy mUtam_ba,Ckg,round
2002). result_s |rArab|dop5|splants with normal leaves, |nd|cat|ng_ that

LFY is required to phenocopy th€NOX1 overexpression

results (Lee et al., 1997 @tmmutants do not accumulatd~O

transcripts, suggesting that expressionUsfO depends on
1998; Molinero-Rosales et al., 1999). In addition to altered lee®TM and that these two pathways are linked (Long and Barton,
development, theuni pea mutant has compromised floral 1998).
development. Its transition to flowering is delayed, and when It is possible thatFLO/LFY and FIM/UFO orthologs
it does produce flowers, they are sterile and consist entirely @inction together, and withKNOX1 genes, to regulate
sepals and carpels (Marx, 1987; Hofer et al., 1997). Althougbompound leaf development in angiosperms (see also Tsiantis
expression oFLO/LFYis usually seen in vegetative SAMs and and Hay, 2003). Pea appears to be an excellent model species
leaf primordia, in addition to in floral meristems, in simplefor revealing additional candidate genes that contribute to the
leafed plants, sucArabidopsisand petunia, mutation of these regulation of compound leaf development. These additional
genes does not cause altered leaf shape (Weigel et al., 198ulators may be masked KjNOX1genes, which might act
Souer et al., 1998). This suggests that the rolEL@/LFY  redundantly to control similar pathways in other angiosperms,
orthologs in simple leafed plants is central to reproductivesuch as tomato. The fact that meristem geneskKi®XI and
development but not to leaf development. Nonetheles4,FY, which regulate indeterminacy at the vegetative and
considering the expression patternd=afO/LFY orthologs in  reproductive SAM, also play a role in making compound leaves
simple leafed vegetative apices, their role, if any, in vegetativeuggests that the acquisition of a level of indeterminacy is
development remains unexplained. necessary for compound leaf development. This supports the

The tomatoFLO/LFY ortholog iSFALSIFLORA(FA). Like  hypothesis that individual leaflets of compound leaves are
in other angiosperms, thé&a tomato mutant has altered similar to simple leaves.
flowering time and inflorescence development. Floral meristem
identity is lost in these mutants and flowers are replaced bihe role of leaf function genes
secondary shoots. Interestingly, faenutant has a subtle leaf Leaf morphology is organized along three major axes: the
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Differences in thePHAN mutant phenotypes between
species have raised uncertainties about the roRRH#N in
regulating the adaxial domain of leaf primordia (Timmermans
et al., 1999; Tsiantis et al., 1999; Byrne et al., 2000) and about
the function of this domain in blade outgrowth (McHale and
Koning, 2004). Downregulation &fHAN orthologs in mutant
and transgenic plants is always accompanied by upregulation
and ectopic expression KNOXL1in leaves. This has led to the
proposal that, in plants with decreased levelRldAN, there
is aKNOX1mediated displacement of stem identity into the
leaf, causing it to become radial. In tobacdONOXI-
expressing leaf blade cells maintain an immature identity, and
juxtaposition of these cell types, with differentiated cells in the
vein region of the leaf, leads to ectopic blade outgrowth along
veins, and may also explain normal blade outgrowth (McHale
and Koning, 2004). However, radial leaves and petioles do not
show a stem-like vasculature because they are missing a central
pith, which is normally present within the stem (Waites and
Hudson, 1995; Sun et al., 2002; Kim et al., 2003c; Xu et al.,

€S 2003). While these data suggest a general rol@ kN in
determining the adaxial domain, it is likely tHRHAN also
the functions to regulate adaxial mesophyll development.

he Recently, the role oPHAN orthologs in compound leaf

Box 2. Leaf polarity

V 4
Distal

The primordium and its resulting leaf have inherent polarit
with respect to the meristem, as shown in thka&anchoé

daigremontiandeaves. The proximal region of the primordiu
or leaf is the region that is closest to the attachment point on
meristem or stem, and the distal region is the tip of t{

n

primordium or leaf, furthest away from the attachment point. T
mediolateral axis spans across the leaf blade, from the mi
region to the edge of the blade. The adaxial domain of a |
which corresponds to the top of the leaf, is the side of

primordium that is adjacent to the meristem. The abaxial dom

he development has been investigated. The tomato lgePEAN

ddle is expressed in the SAM, developing vascular traces, and along
eaf, the entire adaxial domain of developing leaves (Koltai and
the Bird, 2000; Kim et al., 2003b; Kim et al., 2003c). Transgenic
ain tomato plants that express an antiséref@HANconstruct have

is derived from the side of the primordium furthest away fra

: M a diminished adaxial domain (Kim et al., 2003b). Various leaf
the meristem, and forms the bottom of the leaf.

phenotypes, such as needle-like or cup-shaped leaves, were
generated depending on the amount and locaticreBHAN
production. Interestingly, some transgenic tomato plants
produced peltate palmate leaves instead of pinnate leaves. In
proximodistal axis, the mediolateral axis and the abaxial/adaxiaitu RNA expression analysis of plants with needle-like leaves
axis (see Box 2) (Waites and Hudson, 1995; McConnell anshowed that they had ncePHAN transcripts in developing
Barton, 1998). It is thought that the juxtaposition of the adaxideaves. Plants with cup-shaped leaves or with peltate palmate
and abaxial domains is required for blade outgrowth (Waites arldaves had.ePHANexpression restricted to the distal region
Hudson, 1995; McConnell and Barton, 1998). of the leaf primordium. The most parsimonious explanation for
PHANTASTICA (PHAN) is a MYB-domain transcription these phenotypes is that tHeHAN expression domain
factor that was first identified in snapdragon (Waites et algoincides with the adaxial domain, and that blades and leaflets
1998). Loss-of-functiorphan mutants have reduced adaxial only occur where an adaxial domain is present in these leaves
domains. The most severe mutants have complete loss of tifem et al., 2003b).
adaxial domain and radialized, needle-like leaves. Axillary The results of alteredePHANexpression in tomato suggest
buds, a marker of adaxial identity, are seephianmutants, that restriction of the adaxial domain in compound leafed
suggesting that some adaxial identity is retained at the leaf basgecies may be a natural mechanism to control compound leaf
(Waites and Hudson, 1995; Waites et al., 1998). Howevemorphology. There is a high degree of sequence identity
mutations in orthologous genBOUGH SHEATHZRS) and  between PHAN orthologs from many species, and this
ASYMMETRIC LEAVES(ASY), in maize andArabidopsis  indicates a conserved function f&fHAN in defining the
respectively, usually do not cause major aberrations in the leaflaxial domain (Kim et al.,, 2003b)PHAN expression
adaxial domain in these plants (Schneeberger et al., 1998etermines the placement and extent of this domain. Indeed, a
Serrano-Cartagena et al., 1999). Nevertheless,affie101 broad survey of compound leafed species showed that pinnate
allele, in the ler background ofArabidopsis occasionally leaves possess a distinct adaxial domain in the petiole and
produces plants that have lotus-like leaves, with the radiaiachis, and®HANIis expressed along the entire adaxial region
petiole attached to the abaxial surface of the leaf lamina, arad the leaf primordium. Furthermore, peltate palmate leaf
the most severely affected1-101Ler plants have needle-like petioles are radial and do not have an adaxial domain. In these
leaves (Sun et al., 2002; Xu et al., 200BHAN and its leavesPHANexpression and the adaxial domain are restricted
orthologs are expressed in the incipient leaf primordium, antb the distal region of the primordium (Kim et al., 2003b). The
in the developing leaves of simple leafed plants, in a patteeommon role ofPHAN in simple leaf development and in
that is mutually exclusive to the expression patterK®X1  compound leaf development is the regulation of adaxial
genes (Waites et al., 1998; Timmermans et al., 1999; Tsiantilomain identity, which, in the proper context, leads to blade
et al., 1999; Byrne et al., 2000; Byrne et al., 2002). expansion. An additional role f&#HAN in compound leaves
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Fig. 4.Model of regulatory relationships betwe€éNOX1genes, leaf
genes and hormones in vegetative apices. Genes are shown in red and
hormones are shown in blue. Arrows indicate positive regulation and
lines with blunt ends indicate negative regulation. Light blue arrows
show the path of polar auxin transport. The dotted line designates the
incipient leaf primordiumSTM SHOOT MERISTEMLESS

ASIAS2 ASYMETRIC LEAVE®% BP, BREVIPEDICELLUS

KNAT2 KNOTTED-LIKEZ2in A. thaliang LOB, LATERAL ORGAN
BOUDARIES CK, cytokinin; GA, gibberellic acid.

Fig. 3.The extent of the adaxial domain determines leaflet placemerdfNATZ in leaf primordiaaslandas2mutants have abnormal

in compound leaves. (A-C) Scanning electron micrographs of lobed leaves with ectopic expression BP and KNAT2
vegetative apices. The adaxial domain has been colored pink. (Tsukaya and Uchimiya, 1997; Byrne et al., 2000; Ori et al.,
(D-F) Mature leaf form. (A) In the developing leaf blade of wild-type 2000; Semiarti et al., 2001; Lin et al., 200B andAS1/AS2
tomato, the adaxial domain extends from the base to the tip. (D) Theyre positive regulators dfOB (the founding member of the
mature tomato leaf has leaflets arranged along the edge of the adaxighg family), which is expressed between the SAM and organ
domain. (B) The adaxial domain of transgenic antis@h$&N primordia (Byrne et al., 2002) (Fig. 4).

tomato plants is reduced to the tip of the leaf primordium, and these . o
plants often produce cup shaped leaves (E). (C) The adaxial domain 'tl'hheé)xi/lrlappéng %xprelsspn HAN andtKNO)floShOIggS d
of Schefflera actinophyllis restricted to the tip of the developing ' € , and in developing leaves in tomato (Fig. 5A) an

leaf. (F) Consequently, leaflets are restricted to the tip of the petiolein Other compound leafed species (Kim et al., 2003b), suggests

in this plant. m, meristem; P1, P2, P3 and P4, primordia 1, 2, 3 and #hat the regulatory relationship between these genes has

respectively. Asterisks indicate developing leaflets; red asterisk ~ been modified. Insights have come from examinRtgAN

denotes region forming cup-shaped blade in antiseHgeN tomato expression in tomato mutants, suchMsuse ear{Me) and

plant. Figure adapted, with permission, from Kim et al. (Kim et al., Curl (Cu), that overexpress th8TM ortholog LeT§ and by

2003). crossing these mutants with antiseR$¢AN plants.LePHAN
expression is reduced in heterozygads (Me/+) plants,
indicating that LeT6 repressesPHAN The relationship

is the regulation of leaflet initiation and placement, asetweenLeT6 and LePHAN s dose sensitive (Fig. 5B). In

determined by the extent and placement of the adaxial domaflomozygousMe (Me/Me) mutants, the level oleT6 is

(Fig. 3). The regulation, not only of blade outgrowth, but alsancreased further, and a corresponding reductiobelPHAN

of leaflet formation by?HAN suggests a common mechanismexpression in leaf primordia often makes them radial. In the

by which these two types of outgrowths occur, and that leaflettbsence olL.ePHAN leaflets are not initiated, masking the

could arise by interruptions in blade outgrowth, supporting th€eT6 overexpression phenotype, suggesting that sehi&N

hypothesis that the entire compound leaf is equivalent to activity, along withKNOX1expression, is required for leaflet

simple leaf. initiation (Kim et al., 2003c). Additionally, some transgenic

) plants that overexpresgT6at very high levels have radialized
Altered regulatory networks between meristem and leaf leaves (Janssen et al., 1998). Further support for the notion that
function genes PHANactivity is required foLeT6overexpression comes from

A negative regulatory network exists betwd@OX1genes crosses betweeBu plants and transgenic antisenssPHAN
andPHANRSZ2AS1in simple leafed species. Arabidopsis  plants that make cup-shaped leaves: €he phenotype is
STM repressesAS1 and AS2 in the SAM, confining their restricted to the distal region of the leaf, which coincides with
expression to developing primordia (Byrne et al., 2000; Byrn¢he region ofPHAN expression (Fig. 5C) (Kim et al., 2003c).

et al., 2002). AS2 belongs to theLATERAL ORGAN Therefore, normal development of the tomato compound leaf
BOUNDARIESLOB) gene family (lwakawa et al., 2002), and requires a balance of these two antagonistic genes in
the AS2 protein can bind to AS1 (Xu et al., 2008p1and  overlapping domains (Kim et al., 2003c). Given that the
AS2together repress the expression of two ofidé®©X1genes, relationship oKNOX1genes anéPHAN orthologs is modified
BREVIPEDICELLUS (BP; formerly called KNATI) and in compound leafed species, it would be interesting to see how
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Fig. 5.KNOX1genes an®HANgenes are A LePHAN ‘ KNOX1 C KNOX1 function depends on_LePHAN
expressed in overlapping regions in developin \ *
tomato leaves. (A) ThENOX1geneLeT6and ‘

LePHANare expressed in the same domain ir
wild-type tomato leaf primordia. In situ RT-PC
detection ol.,ePHANexpression in a leaf
primordium (left) and in situ hybridization with
LeT6in a comparable leaf primordium (right).
The small arrows show expression (green . .
fluorescence in left, and purple in right, panel Sl Cu antisense  Cu; antisense
leaflet primordia, and the large arrows show PHAN PHAN
expression in the developing vascular trace.

(B) HeterozygoudMouse eargMe/+) mutant

tomato has increased levelsl&T6 decreased B KNOX1downregulatesLePHAN
amounts of.ePHAN and an increased numbel

leaflets KNOXZ1overexpression phenotype). KNOX1 PHAN

Leaf phenotype

Homozygousle/Me) mutants have even hight
levels ofLeT§ causing a greater decrease in I l

LePHANIevels. Consequently, the leaves of tt

plants cannot produce blades (reduceBHAN Me/Me I l No blade

expression phenotype). A was adapted, with outgrowth

permission, from and Kim et al. and Janssen et au.

(Kim et al., 2003; Janssen et al., 1998). (C) Thel (Cu) phenotype (due to misexpressiorLefl§, an antisenseePHANphenotype (with
cup-shaped leaf), and tii phenotype in an antisensePHAN(with cup-shaped leaf) background. The misexpression phenotypeinfthe
antisensé.ePHANbackground is restricted to the regiorLePHANexpression.

Me/+ Increased leaflets

this has affected the regulation &OB orthologs. These indicating that leaf complexity in tomato is regulated by GA
analyses indicate a role for genes regulating SAMHay et al., 2002; Hay et al., 2004). RecruitmenKdfOX1
indeterminacy, as well as blade outgrowth, in compound leafenes into developing primordia, and the preservation of the
development. Studies such as these suggest that compountkraction betweeiKNOX1genes and GA biosynthesis, may
leaves share features with both branches and simple leaveshave been a mechanism that has been used several times in
evolution to promote the partially indeterminate state that is
Hormone networks in compound leaf development required for compound leaf development.
Plant growth regulators (PGRs) are small molecules that Polar auxin transport and auxin gradients regulate the site of
regulate many aspects of plant growth and development. PGRemordia formation on a SAM, and control the arrangement
such as gibberellic acid (GA), cytokinin and auxin have beeof leaves on the stem (phyllotaxy) (Reinhardt et al., 2000;
implicated in controlling leaf morphology. Meristem genes likeKuhlemeier and Reinhardt, 2001; Stieger et al., 2002;
KNOX1 and FLO/LFY orthologs may be regulated by plant Reinhardt et al., 2003). In maize, a polar auxin transport
hormones and may coordinate hormone networks (Fig. 4). Farhibitor, called N-1-naphthylphthalamic acid (NPA), prevents
example, KNOX1 misexpression phenotypes are similar toleaf initiation and inhibits the downregulation of KNOX1
cytokinin overexpression phenotypes (Estruch et al., 199%roteins in the incipient primordium of cultured shoots
Sinha et al., 1993). In addition, there are several examplg¢Scanlon, 2003). It is possible tH&OX1genes in simple and
of overexpression oKNOX1 genes stimulating cytokinin compound leaves are downregulated in response to an auxin
synthesis (Kusaba et al., 1998b; Frugis et al., 1999; Ori et agjradient (Scanlon, 2003; Hay et al., 2004). Recently, the role
1999; Hewelt et al., 2000). A clear relationship between GAf auxin in pea leaf development has been examined. Wild-
andKNOX1genes has also been established. Their interactidgpe anduni-tac (a mild allele ofuni) plantlets were cultured
was first noted in studies that showed that ectopic expressi@m auxin transport inhibitors and an auxin antagonist. Both
of KNOX1in various species resulted in decreased levels ofild-type and mutant plantlets displayed reduced leaf
GA (Tamaoki et al., 1997; Kusaba et al., 1998a; Kusaba et atpmplexity, and had reducedNI transcript levels within the
1998b; Tanaka-Ueguchi et al., 1998). Subsequently, it washoot apex (DeMason and Chawla, 2004). In young pea leaves,
demonstrated that the toback®lOX1 geneNTH15directly  auxin concentrations are highest at the tip. Pinna type (either
binds to, and represses the transcription @A20-OXIDASE leaflet or tendril) is primarily determined by the position of the
gene, which is involved in GA biosynthesis (Sakamoto et alpinna along the rachis, and thus may respond to the auxin
2001).KNOX1genes fronArabidopsisand tomato also repress gradient. DeMason and Chawla speculate thvitis regulated
GA20-OXIDASHHay et al., 2002). Thus, one roleKWNOX1 by auxin concentration gradients and/or auxin transport. In
genes is to inhibit GA biosynthesis in the meristem. wild-type pea,UNI expression correlates with the predicted
Me and Cu tomato mutants both exhibit ectopic expressionsite of auxin action (DeMason and Chawla, 2004).
of LeT§ the tomat&@TMortholog, and a concomitant reduction Interestingly, inArabidopsis LFY is regulated by GA via
in GA20-OXIDASE leading to reduced GA levels. The MYB-domain proteins (Gocal et al.,, 2001). DeMason and
exogenous application of GA, or constitutive GA signaling (asChawla propose that auxin may regulaEe/UNI expression
exhibited in the tomatproceramutant), results in a reduction through GA in pea (DeMason and Chawla, 2004), as it has
in leaf compounding in wild-type andle backgrounds, been established that auxins regulate GA biosynthesis.
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Future research in compound leaf development (Sussex, 1954; Sussex, 1955; Snow and Snow, 1959). This
Evolution of meristem and leaf genes suggests that in the absence of the signal(s) from the meristem,
The evolution of expression domains the default state is development of the abaxial domain. To date,

Changes in the expression domains of key morphogenetﬁee identity of the adaxial-promoting signal(s) has remained

elusive.
regulators, such a&NOX1 genes andPHAN orthologs, . .
correlate with, and may have contributed to, the evolution of 'Sﬁé%%dﬂ?}f ;EABULQSNPF}E’)’I PHl’A‘VrO:'LtJTéA‘(CF}HV) "
compound leaves. Changes that might have this effect inclu (REV), a group of closely relate ass

; -ZIP proteins with sterol/lipid-binding domains, promote
those to promoters and regulatory regions of these genes (cjs- . : o ' :
alterations), and/or changes in the proteins that interact wi e adaxial domain. One hypothesis is that these genes, which

the regulatory regions of these genes (trans—alterationsra‘gsm\’e'y regulate adaxial identity, act as receptors for the
a

Phylogenetic analyses and comparisons of non-coding regioRiCTiStem signal. Upon receiving the signal, they promote the
from genes such a&NOX1 FLO/LFY and PHAN orthologs axial domain and SAM maintenance, and repress abaxial

X g . identity (Talbert et al., 1995; McConnell and Barton, 1998;
might help address this issue. At this time, there are no knov@en ) . .
proteins that directly interact with the promoterskidOX1 shed et al., 2001; McConnell et al., 2001; Otsuga et al., 2001;

genes. InArabidopsis,a MYB domain protein (AtMYB33), Bowman et al., 2002). Two groups of genes that promote
which mediates response to GA, binds to a specific sequeng@@Xial cell fate appear to be the likely targets of such
in the LFY promoter (Gocal et al., 2001). The identification of cPression: the YABBY family of putative transcription factors
trans-factors that interact with the promotersk®&fOX1 and (Siegiried et al., 1999) and the three GARP transcrlptlo.n
FLO/LFY orthologs will be crucial to our understanding of how{é’ICtorS calledl KQ‘NAlt_)Ié’ h2dand |3 2(Es£1e%N§tB$l., 2001,
the expression domains of these genes are controlled. erstetter et al,, 2001; Eshed et al., 2004). genes

Two other mechanisms that may control where importan?re expressed in abaxial domains, and all asymmetric lateral
regulators are expressed are RNA and protein moveme rgans express at least aBBYgene (Bowman et al., 2002).

KNOXL RNA and protein movement has been well ‘ain-of-functionkan alleles result in radialized organs with

c ; baxial tissue in place of adaxial tissue (Eshed et al., 2001;
documentedKN1mRNA expression in maize was not detected® ) ' ! '
; - : - erstetter et al., 2001). Interestingly, expressioRdB, PHV
in the tunica layer of the meristem, although expression of thlénd REV are regulated by microRNAs, and this regulation

KNT protein was observed in these cells (Jackson et al., 199 ccurs in all land plants (Reinhart et al., 2002; Rhoades et al.,

Lucas et al. used microinjection studies in both maize an ) .
tobacco to demonstrate that labelled KN1 protein is transport 02; Emery et al., 2003; Floyd and Bowman, 2004). To our
owledge, the roles of these other polarity genes remain

between cells via plasmodesmata (Lucas et al., 1995). The: tioated i d leafed ; it will b
movement of GFP-labelled KN1, BP and STM is di1"|‘erentia|Iyumnves Igated In - compound lealed Species. Wi €

regulated within leaf tissue and the meristem (Kim et al., 2005ascmatmg to see whether changesPiiB, PHV andREV
Kim et al., 2003a). Additionally, the long-distance movemenf:'{xpreSSIOn correlate with Compf’“’?d leaf morphology anq, i
of aLeT6fusion transcript from a tomatde mutant stock to S0, wheth_er the altered expression patterns are mediated
a wild-type scion across a graft union has been reported anthEOUQh microRNAS.

developmentally significant (Kim et al., 2001). Likewit&Y Competence to respond

is also capable of moving between cells. In wild-type .
Arabidopsis LFY mRNA is expressed in all cell layers of The evolution of downstream targets of key regulators, such as

young flower primordia. Using a promoter that restrictsKNOXl. genes,l':!_O/.LFY orthologs and polarity genes, may
transcription ofLFY to the outer cell layer of the meristem &S0 drive modifications to leaf shape. The acquisition or loss
rescuesify mutants, indicating that LFY protein can move Of targets of these genes through changes in their regulatory
between cell layers (Sessions et al., 2000). Movement of '§9ions would be significant for leaf evolution. Even changes
LFY-GFP fusion protein across several layers is considered {f the affinity of a regulator for its target sequence could alter
be non-targeted and driven by diffusion (Wu et al., 2003). Wi @mount of product produced. If the product is required at
et al. suggest that diffusion of macromolecules within the ape9< certain threshold level to_pe effectlye, this alterat.lon could be
of Arabidopsismay be the default state and the retention ofTPortant as well. In addition to directly regulatiGgA20-
certain macromolecules may be significant (Wu et al., 2003§X|DASE KNOX1 genes also appear to regulate the

Movement (or retention) of RNA and protein between cells an§i0synthesis of lignin, a component of the cell wall (Mele et
@l 2003). Apart from these genes, little is known about the

which, if altered, could influence the localization of @rg€ts of KNOXI1 trgn;;lr:igtipn E‘Ctt%s' MpreFis known ?bom
it : e genes regulate in Arabidopsis For example,
transcription factors and the regulation of downstream target GAMOUS APETALA3and APETALAlare direct targets of
The role of meristem signals and polarity genes LFY (Busch et al., 1999; Wagner et al., 1999; Lamb et al.,
Changes in the timing, concentration and location of signal2002). Microarray analysis has identified 15 additional
that establish patterns and gradients may also contribute to tbendidates that respond toFY (William et al., 2004).
expression domains of factors that regulate leaf morphologydowever, targets ofFLO/LFY orthologs have not been
A prime candidate for investigation is auxin, which mayinvestigated in compound leafed species. Comparisons of
control the expression oKNOX1 and LFY orthologs. KNOXlandLFY targets between simple and compound leafed
Additionally, signals that emanate from the meristem act tgpecies should be a useful future research avenue.
promote development of the adaxial domain of leaves. The regulation of target genes by factors that control leaf
Incisions that isolate the incipient leaf primordium from thecomplexity is also subject to epigenetic control that is exerted
meristem result in radialized leaves that lack an adaxial domaby chromatin remodeling factoraslandas2single mutants

over long distances could have multiple points of regulatio
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in ArabidopsismisexpressBP and KNAT2 and have mild
KNOXZ1overexpression phenotypes (Ori et al., 2000). Ori et &
found that crossing each single mutant with eidegrate(se

or pickle (pkl) dramatically enhanced the overexpression
phenotypes of the progeny (Ori et al., 200@KL encodes a
CHD chromatin-remodeling factor (Eshed et al., 1999; Ogas ¢
al., 1999).SEencodes a putative single 2Cys-2His zinc finge
transcription factor, which also might modify chromatin
structure (Prigge and Wagner, 200BR and KNAT2 are not
misexpressed ise single mutants, nor werBP and KNAT2
expression levels increasedséaslor sdas2double mutants
(Ori et al., 2000). It is possible th&E and PKL negatively
regulate KNOX1 target genes. In support of thi§A20-
OXIDASEtranscript levels are reduced in thid mutant (Hay

et al., 2004). This suggests that otK&tOX1targets may also
be subject to epigenetic control.

In addition, the presence or absence of interacting partne
could temper the response to transcription factors that regulg
leaf complexity. KNOX1 proteins belong to the TALE (three-
amino acid loop extension) family of homeodomain
transcription factors. In simple leafed species, KNOX1
proteins can form heterodimers with another group of TALE
proteins belonging to the BELL (BEL) family (Bellaoui et al.,
2001; Muller et al., 2001; Smith et al., 2002; Chen et al., 2003
Smith and Hake, 2003). This interaction occurs in compoun
leafed species as well. The potato KNOX1 protein POTH
interacts with several BEL-like proteins (Chen et al., 2003)
StBEL5-POTH1 heterodimers bind to tli@A20-OXIDASE
promoter with greater affinity than the individual proteins
(Chen et al.,, 2004). It is possible that KNOX1/BEL
heterodimers in simple and compound leafed species may hg
a different subset of targets. The availability of interacting
partners could limit the activity of KNOX1 transcription
factors. Additionally, different interacting partners may allow
the complex to behave as an activator or a repressor.

Secondary morphogenesis

Final leaf morphology provides only an incomplete picture o
the true nature of the leaf. Studies that analyze all stages
leaf development are crucial for obtaining an accurate view (
leaf morphogenesis (see Box 3). Cell division and cel
expansion both contribute to growth. One way to control th
spatial and temporal distribution of growth is to regulate cell
cycle arrest. If cell-cycle arrest is precocious, morphogenes
would rely solely on cell expansion. The delay to or absenc
of cell-cycle arrest could result in abnormally shaped leave
or leaves that grow indeterminately. Mutations have bee
isolated inArabidopsisand snapdragon in which entry into
cell-cycle arrest has been perturbed. THECINNATA(CIN)
gene from snapdragon encodes a TCP transcription fact
(that belongs to a group of plant-specific basic helix-loop
helix DNA binding proteins) that promotes cell-cycle arrest
It is expressed in a dynamic pattern in actively dividing cells
in front of, or overlapping with, the arrest front. The perimete
of cin mutant leaves grows faster than can be accommodat
in flat leaves, resulting in crinkled, uneven leaves (Nath et al
2003). Studies inArabidopsis reveal that a microRNA
encoded by th@AWlocus can cleave seveBCP mRNAs that
control leaf developmenjaw mutant plants are reminiscent
of the cin mutant in that they have uneven leaf shape an

abnormal curvature (Palatnik et al., 2003). TWeGGED

Box 3. Secondary morphogenesis

The ultimate morphology of a leaf is a culmination of both the primary
elaboration of primordia and secondary morphogenesis. For example,
leaves that have a single blade at maturity may develop from simple
primordia, or from compound primordia that are simplified by
secondary morphogenesis (Bharathan et al., 2002). Interestingly, plants
that have secondary simplification of compound primordia resulting in
simple leaves also hakdNOX1expression in primordia (Bharathan et
al., 2002). Both anise (A) and carrot (B) have compound primordia, as
shown in these scanning electron micrographs. Carrot has comppund
leaves at maturity. However, through a process of secondary
morphogenesis, anise leaves become simple. Leaflet primordia have
been colored green, and the remaining primordium magenta,| for
comparison across the developmental stages. TherefM€X1
expression patterns correlate with the morphology of developing
primordia and not final leaf shape.
The palms present an interesting case of a simple primordium giving
rise to a compound leaf by secondary morphogenesis that includes
folding and abscission of part of the primordium (Kaplan et al., 198Pa;
Kaplan et al., 1982b). Palm leaves (C; viewed from oldest to youngest)
develop from a simple primordium. As the leaf grows, the primordium
folds, and, at later stages, the abscission of cells along one sufface
produce a compound leaf. Similarly, non-peltate palmate compound
leaves can be considered a variation of pinnate compound leaves, as
the two differ from one another as a result of differential rachis
expansion during secondary morphogenesis (Kim et al.,
Therefore, final leaf morphology does not necessarily correlate
initial primordium morphology, but is also a consequence of the spatial
and temporal distribution of post-primordial growth. A and B were
adapted, with permission, from Barathan et al. (Barathan et al., 2002).
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(JAG) gene inArabidopsisalso functions to control entry into compound leaves by indicating that genes regulating
cell-cycle arrestJAG encodes a putative 28> zinc-finger indeterminacy are required to make compound leaves.
transcription factor that suppresses cell-cycle arrest. Laterblowever, PHAN/RS2/AS1(a gene that regulates blade
organs do not develop completely in loss-of-functjag  development in simple leaves) also regulates adaxial identity
mutants. As a consequence, leaves have serrations, especiallytomato and determines leaflet placement in various
in distal regions. Dinneny et al. speculate that the serratiom@mpound leaves. In addition, althougPHAN/RS2/AS1
could be due to a reduction in growth in regions of bladexpression is excluded from the SAM in simple leafed species,
between the hydathodes (pores that exude water) (Dinnenyat compound leafed species examined thus far show
al., 2004). PHAN/RS2/ASExpression in the SAM (Kim et al., 2003b).
The regulation of cell-cycle arrest and cell expansion couldhese data suggest that there may be a blurring of the boundary
contribute to compound leaf evolution. It is possible that thdetween the determinate leaf and the indeterminate SAM, as
inhibition or promotion of cell-cycle arrest could result in suggested by Arber (Arber, 1950). BecakiBBOX1andPHAN
the formation of leaflets, or the growth of entire marginsare mutually antagonistic but may also be co-dependent in
respectively. It would be interesting to evaluate and compamanifesting phenotypes (Fig. 5), studies of these genes do not
the roles of genes that control the cell cycle in simple leafedllow us to clearly distinguish between the two proposed
species with simple primordia, in simple leafed species witlypotheses for compound leaf development. Perhaps other
compound primordia that undergo secondary simplificationgenes that play specific roles in either blade outgrowth or SAM
and in compound leafed species. function need to be analyzed in order to understand the true
nature of compound leaves.
Discovering other loci that regulate leaf complexity
Researchers have used the knowledge gained from modeiWe thank Dan Koenig,_ Rakefet David-Schwar_t_z, Suzanne Gerttula
organisms likeArabidopsis maize and rice to identify genes and members of the Sinha Laboratory for critical comments and

. - elpful discussions, Brad Townsley for providing leaf samples, Tom
that might play arole in compound leaf development. Howeve oliber for the Oxalis expression data, Helena Garcés for the

there must exist g'enes that have, "?Is yet, unknown func’['onsﬂ?Otograph ofKalanchoé daigremontianaand Tim Metcalf and
these model species that could be important for compound legfnesto Sandoval (Plant Conservatory, Section of Plant Biology, UC
morphogenesis. The present challenge is to identify thesgavis) for providing plant materials. Our research on leaf
unknown genes. One possible fruitful approach involves usingevelopment is supported by the National Science Foundation.
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