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Abstract: In multicellular organisms, boundaries have a role in preventing the intermingling
of two dfferent cell populations and in organizing the morphogenesis of organs and the
entire organism. Plant leaves have two different cell populations, the adaxial (or upper) and
abaxial (or lower) cell population@ndthe boundary is considered to be impottéor

lamina growth. At the boundary between the adaxial and abaxial epidermis, corresponding
to the margin, margispecific structures are developed and structurally separate the adaxial
and abaxial epidermis from each other. The adaxial and abaxiaheelietermined by the
adaxial and abaxial regulatory genes (including transcription factors and small RNAS),
respectively. Among many lamirgrowth regulators identified by recent genetic analyses, it
has been revealed that the phytohormanein and tle WOX family transcription factors

act at the adaxisdbaxial boundary downstream of the adaaiadxial pattern. Furthermore,
mutant analyses of th&OXgenes shed light on the role of the adaaiaxial boundary in
preventing the mixing of the adaxiahc abaxial features during lamina growth. In this
review, we highlight the recent studies on the dual role of the ag#baaxial boundary.

Keywords: leaf development; the adaxiabaxial boundary; lamina growth; leaf margin;
auxin; the WOX family transgption factor

1. Introduction

The fAboundarieso between two different cel |
developmental events. In animal development (e.g., embryonic segmentation, vertebrate somite
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formation, brain development amtosophilawing development), boundary formation is triggered by

the juxtaposition of two different cell populations expressing different sets of regulatory genes at an
early developmental stagandcells located at the boundary between two different cell popotatio
obtain special characteristics and express specific regulatory genes during boundary féfirgjtion
These special characteristics and/or specific regulators contribute to both organizing morphogenesis anc
preventing the intermingling of the different cell populations to maintain a sharp and straight boundary
despite perturbations due to cell proliferateomd tissue deformatidi,5,7,91 13]. Finally, the boundary

cells are differentiated into specific structures that physically separate two independent structures or two
different sides of a single organ.

In plant development, the boundaries and boundasacific genes between two adjacent organs are
well known to be important for organ separation (e.g., the boundaries between coetdededon,
leaf-leaf, leafletleaflet, leafmeristem, sterstem, floral orgnfloral organ and roetoot, etc) [14i 17].
Additionally, the boundaries between two different sidessirigle organ are considered to be important
for the morphogenesis of lateral orgamgyich include leaves and floral orga&7i 21]. In leaf
development, the difference in gene expression level between the adaxial and abaxial sides plays a
important role in cell differentiation pattern and lamina growth. The adaxial side is close to the shoot
apical merstem (SAM) andthe abaxial side is far from the SAMt the early stage of primordia of
lateral organs (Figure 1A). The adaxial and abaxial sides correspond to the upper and lower sides of th
leaf and to the inner and outer sides of the floral orgaspeotively. Lateral organs have two cell
populations that have different histological features on the adaxial and abaxial sides. The adaxial and
abaxial cell populations in mature organs derive from those expressing the-aafaki@baxiakpecific
reguldory genes in lateral organ primordia. Because ¢tdganction mutants lacking the adaxebaxial
polarity make the organs filamentous, the adaakalxial boundary is considered to be an important site
for lateral organ morphogenesis, especially thedarmgrowth of the legfl8,22,23].

In this review,we focus on the adaxialbaxial boundary and lamina growth, primarily in the simple
leaves of angiosperms. We introduce the following topics: (1) the structural aalaadaal boundary,

(2) the developmental processes of lamina growth and (3) the rebemtcas in understanding the

regulation of lamina growth downstream of the adaal@xial pattern generation. Finally, recent
studies have revealed the mechanism that maintains the aalaaial pattern and the boundary during
lamina growth; thus, we @hlight the roles of lamingrowth regulators, especially the

WUSCHEERELATED HOMEOBOXWOX) family genes, in preventing the mixing of adaxial and
abaxial features to maintain a proper boundary.

2. Histological Aspects of the AdaxiaAbaxial Boundary of the Leaf

In mature leaves of land plants, the adaxial and abaxial cells have different faatlinesdifference
is generally optimized to their biological function (e.g., optimized photosynthesis and resistance to
drought stress). The adaxial and abaepidermal cells have different complexities and different
cuticular thicknesses. The adaxial palisade mesophyll cells are oblong in shape, densely packed an
contact with each other, while the abaxial spongy mesophyll cells are uneven in shape and have ai
spaces between them. The distribution of trichomes is imbalanced between the adaxial and abaxia
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surfacesandthe number of stomata on the abaxial surface is generally greater than on the adaxial surface
In vascular bundles, xylem and phloem are difféeged on the adaxial and abaxial sides, respectively.

Figure 1. The schematic illustrations of shoots and photos of leaf tisfAleEhe schematic
illustrations of shoots and a transverse section of leaf primordia. The shoot apical meristem
isshowningy el | ow wi(shdot apicalAnktristenleaves are shown in green and the
adaxial middle and abaxial domains of leaf primordia are colored in orange, pink and cyan
in the right column, respectively. P1, P2, P3 are the youngest, second and third leaf
primordia, respectively Bi E) Scanning electron micrograph of marginal cell files of leaves

of Ipomoea niB), Glycine maxC), Lotus japonicugD) andCinnamomum campho(&).

Red lines show the range of the marginal cell filE$Q) Scanning electron miograph of
Arabidopsis thalianadeveloping leaves. Asterisks show elongating margin;catid an

arrow show the direction of the margin cell differentiatiod)( Transverse section of a
mature leaf ofA. thaliana Palisade cells (p) and spongy cellsai® observed in the adaxial
(upper) and abaxial (lower) sides, respectively. In the region between palisade cells and
spongy cells, middle mesophyll cells having the intermediate feature (m) are observed.
Vascular cells ¥) are also formed at the site Wwetn the adaxial andbaxial regions.

(I) Transverse section of a vascular bundle of a mature I@aftbéliana Xylem (shown as
orange dots) and phloem (colored in cyan) are developed in the adaxial and abaxial regions
inside the vascular bundle, respeely. Procambial cells (shown in pink) are formed
between xylem cells and phloem cells. Scale bars, 100 pm.

A O Transverse section of a leaf primordium
~

SAM

adaxial
% abaxial
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Two middle mesophyll layers and the margin of the leaf primordia are located in the region between
the adaxial and abaxi/ddi des (which we termed Athe middl e
adaxiatabaxial boundary, based on its position (Figure 1A). The leaf margins have several types of
specific structures: margin cell files, hydathodes, masgecific hairs and stipute Elongated margin
cells are aligned along the leaf margin to form several cell files. Elongated margin cell files have been
observed in many flowering plants, includifgjcotiana tabacum24], Nicotiana sylvestrig25],
Arabidopsis thaliana[26,27], Medicago truncatula[28], Ipomoea nil (Figure 1B), Glycine max
(Figure 1C) and.otus japonicug(Figure 1E). Even irCinnamomum camphoyane of the basal
angiosperms (Magnoliid$29], although norelongated oblong cells oqoythe region neighboring the
margin, the cells lie on many straight lines along the margin (Figure 1E). Elongated margin cells are
localized at the adaxi@baxial boundary of the epidermis. The differentiation precedes adaxial and
abaxial epidermal cell@xcept for trichomes) and proceeds in a basipetal manner (Figurd 2F36)32].

In addition, hydathodes are scattered at the leaf margin to create gaps of elongated md@jih eelts
stipules are formed at the lateral base of the leaf primordium in Brassicaceae. Taken tdgether, t
marginal structures create a structural boundary to separate the adaxial and abaxial cell populations fror
each other during explosive blade outgrowth.

In the mesophyll layers, the adaxial and abaxial cell populations are not completely separated from
each other in terms of the histological aspect. In the internal layers of the middle domain, vascular
bundles and mesophyll cells with an intermediate character between palisade and spongy cells are
formed (Figure 1H), and the cells located in the domaimaioappear to have a role as a structural
boundary. In vascular bundles, procambium cells are maintained between the adaxial and abaxial
regions, including xylem and phloem, respectively, and block contact between the two regions (Figure 11I).
In conclusim, epidermis and vascular bundles create the structural boundaries between the adaxial anc
abaxial cell populations, but mesophyll does not.
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3. The Regulators of the AdaxialAbaxial Patterning of the Leaf

The difference between the adaxial and abaxiassioegins to appear at the early stage of leaf
development as a distinct pattern of gene expressions. The proper-abbaxial pattern is established,
refined and maintained in accordance with a complicated regulatory network involving many regulators
(Figure 2). The adaxiabr abaxialspecific genes, belonging to five different families of transcription
factors, have been identified as the major regulators specifying the adaxial or abaxial regions: in the cas
of A. thaliang three homeodomaileucine zpper HD-ZIPIIl) family genes PHABULOSA(PHB),
PHAVOLUTA (PHV) and REVOLUTA(REV) [33136]. and the ASYMMETRIC LEAVES2AS?)
gene [37140] have been identified as adaxial regulators and f6ABBY (YAB family gene
(FILAMENTOUS FLOWERFIL), YAB3 YAB5and YAB2 [26,41,42], threeKANADI (KAN) family
genes KAN1, KAN2 and KAN3 [43i45 and two AUXIN RESPONSE FACTORenes(ETTIN
(ETT)/ARF3 and ARF4 [46,47] as abaxial regulators. PHANTASTICA (PHAN)/ASYMMETRIC
LEAVES1 (AS1), whit is a MYB domain transcription factor, binds to AS2 and coordinates adaxial
specification together with AS2, although gene expression is detected in the broad region of young leaf
primordia[37,40,48]. These regulators, except BHANAS] are specifically expressed in the adaxial
or abaxial regions, and themutual regulation contributes to the establishment and maintenance of a
clear adaxiahbaxial pattern. ThlD-ZIPIll genes directly or indirectly downregulate #é geneq42)
and antagonize th€AN family geneqd43,44,49,50]. KAN1directly represse8S2expression, andS2
indirectly represseKAN1 expressiorf51]. AS2negatively regulateETT, KAN2and YAB5[37]. FIL
directly upregulate& AN1 and ARF4[52]. Furthermore, KAN1 binds to ETT in a yeast sys{&J,
implying that KAN1 coordinates the abaxial identity together with ETT. In additiem BTB/POZ
domaincontaining transcriptional coactivatoBLADE ON PETIOLE (BOP) proteins, which are
expressed in the proximal, adaxial region of leaf primordia, are involved in the aalaaadl
patterning and directly activagS2expressiorj54]. Overexpression dOP1slightly increase$HB
expression and slightly decreasék andKAN1expression in the petiole regifbb|. These regulations
demonstrate that the regulators of the same side work in a coordinated manner, while those of the
opposite side are antagonists.

Two types of small RNAs, the 2it micro RNA (miRNA),miR165/166, and the 24t transacting
small interfering RNA (tessiRNA), tasiR ARF, are also critical for pattern formation of the adaxial and
abaxial regulatorgl9,56]. DICER-LIKE1 (DCL1), HYPONASTIC LEAVES1 (HYL1) and SERRATE
(SE) are involved in the generation and maturation of the miRNASS]. In tasiR ARF biogenesis,
transcripts from th@AS3loci are cleaved by the function of miR390 and AGO7/ZIPPY; the cleaved
TAS3transcripts are converted to de stranded RNA (dsRNA) by SUPPRESSOR OF GENE
SILENCINGS3 (SGS3) and RNEPENDENT RNA POLYMERASEG6 (RDR6) and the dsRNA is
cleaved to a 24t dsRNA in a DICERLIKE4 (DCL4)-dependent mann§s7,58]. Through the function
of HUA ENHANCER1 (HEN1) and ARGONAUTEL1 (AGO1), miR165/166 cleaves transcripts of the
target genes;D-ZIPIlls, in the abaxial regid®9,60], whereas t&iR ARF degrades transcriptset T
and ARF4in the adaxial regiof46,61i 65| (Figure 2). Two of the AGO proteins contribute to the
restricted distbution of the small RNAs. The AGO10/PINHEAD/ZWILLE protein is specifically
expressed in the SAM and the adaxial region of lateral of@@hsbinds to miR165/16&nd prevents
their functioning, thereby contributing to the adasipécific accumulation dfiD-ZIPIII transcriptg67)
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(Figure 2).AGO10expression is upregulated BREV, one of theHD-ZIPIIl geneq68] (Figure 2). The
expression cAGOYis restricted to the adaxial region to limit the distribution efiRRARF[46] (Figure 2).

In addition to small RNAs, small proteins containing a leucine zipper domain similar-@olPD
(ZPR) modulate the negative feedback regulation ofHBI1l: the HD-ZIPIII protein REV activates
ZPRtranscripton, and the ZPR proteins bind to the leucine zipper domain eZI®DI to decrease the
activity of HD-ZIPIII [69]. Furthermore, the roles of several housekeeping genes, including ribosomal
proteins (RPL4D, PGY3/ASYMMETRIC LEAVES 1/2 ENHANCER6 (AE6)/RPL5A, RPL5B,
PGY2/RPLIOC, PIGGYBACK1 (PGY1)/RPL10aB, R®B, RPL27aC, AE5/RPL28A (AE5), RPS6A
and RPS21B), histone deacetylases, the proteasome pathway,-relaséid genes and elongator
complexes, have also been reported in adabakial patterning70i 78]. The overaccumulation and
exogenous application of succinic semialdehyde (SSA), a metabolite in the GABA shunt, disturbs the
adaxiatabaxial polarity, suggéag that the balance between the adaxial and abaxial regulators at the
early stage of leaf primordia is affected by the amount of the metabolite] ®HAThe egulatory
network for the establishment and maintenance of the aesbaxial pattern is not yet well understood,
because the network consists of a number of factors, including transcription factors, small RNAs, the
AGO proteins, small proteins, housekegpgenes and SSA, and the interactions among the factors are
complicated. Work using a systems biology approach in the sepal primordium has been [8@jorted
and the entire picture of the network will be elucidated in the near future.

Figure 2. Reported interactions among the adaxial and abaxial regulaldrs.
adaxialspecific regulators are shown in orange characters. The abkprigfic regulators

are show in blue characters. PHAN/AS1 shown in black character is expressed broadly in
leaf primordia. Red arrows show positive regulations, cyan wedges show negative
regulations and black bars show direct interaction between two regulatory proteins.

BOP family
BOP1 BOP2
HD-ZIPIII family PHAT"AS1
st At AS2 ta-siR ARF
Aeom\, ™~ AGO7
YAB family
YAB5 YAB3
miR165/166 KAN family FIL YAB2
KAN3 KAN2 KAN1S&— L /
ETT ARF4
ARF familv

4. Lamina Growth and Its Regulators

Leaf morphogenesis is accomplished through four processes: fexgideecruitment from the
peripheral zone of the SAM (Step 1), distal growth (Step 2), blade initiation at the site neighboring the
margin (Step 3) and intercalagyowth throughout the blade region (Step2$,81i 84]. Figure 3 shows
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the schematic perspective view of leaf morphogenesis (Figure 3A) and illustrations of each step
(Figure 3BE).

The initiation of lateral organs, including the leaves, arises at a site in the peripheral zone (PZ) of the
SAM (Figure 3A,B)and is triggered by the accumulation of phytohormone d8%jrand the alteration
of cell-wall behavior{86i 89]. In the area neighboring the auxin maxima in the PZ, a group of founder
cells obtain a fate as organ primordia. The number of founder cellsalcatated to be 2@B0 cells in a
leaf of A.thaliana[90,91], 100 150 cells in the tobacco leaf (Poetl@ind Sussex, 1985a; Steeves and
Sussex, 1989) and approx. 250 cellZ&@a maydeaves81,82] based on clonal analyses. The eudicot
leaf primordium, includingj. thalianaandN. tabacumis initiated as a pelike outgrowth, whereas the
monocot leaf primordium, including. mays s initiated as a ringhaped outgrowth surrounding the
SAM [81]. Primordial initiation of a simple leaf accompanies a cessation of the expression of the
meristemspecific genesj.e.,, the KNOTTEBDLIKE HOMEOBOX (KNOX) family genes[92i 98].
Repression ofKNOX expression in leaf primordia is triggered and/or maintained by leaf
primordiumspecific factors (e.g., auxiAS1 AS2 FIL/'YABandBOP) [55,94,991 103. The distribution
of auxin is also known to be a crucial factor for determining the range of feualleecruitment in both
eudicot and monocot specigdb,104. In the case oZ. maydeaves, the functioning of tieARROW
SHEATH(NS genes, which encode plaspecific homeobox transcription factors that belong to the
WUSCHEL-RELATED HOMEOBOX (WOX) family,is also required for normal recruitment of leaf
founder cells from the lateral region and for repressiciNDX expressiorf105 107]. In A. thalianag
overexpression oVOX1, one of theNOXfamily genes related tNS(but not its orthologous gene), is
also reported to induce a defect in the SHIE.

Subsequently, the ingted primordium grows in the distal direction (Figure 3C). In the case of the
sepal primordium irA. thaliang the anisotropic distal growth is an important factor for the transition of
the fate from the meristem to the primordium, as well as accele®tativision, cell enlargement and
an increase in ceflize heterogeneity109. The fate transition, regulated by the JAGGED (JAG)
transcription factor, is not essential for organ initiation, but is important for the primary growth of
organg 109. During leaf development, tREAG gene is expressg¢d10111]. and theNUBBINgene, a
gene homologous tdAG, acts redundantly witdAG in leaf developmenfl1?. Hence, the fate
transition regulated by JAG may also be important for the beginning @l diowth during leaf
development. In eudicot leaves, lamina growth begins a little later than distal §@afrigure 3A,D).

In early primordia, a high frequency of cell division is detected at the region neighboring the
margin[83,113114]. and the periclinal division of the third layer from the surface is specifically found
in the region neighboring the mardihly, corresponding to the onset of the blade outgrowth. Clonal
analyses, showing the famaped sectors in eudicot leaj8%82,90,91], and the difference beeen the

distal and basal cells in cell shape and alignment in early leaf prinjdddlasupport a model in which

the blade region in mature leaves corresponds to thegigttboring the margin in early leaf primordia
(the green area in Figure 3D). The junction between the blade region and the petiole region (the B/P
junction) is the site expressing tB& CLIN D4;2gene, presumably involved in the cell cycle, and can
act asa source of both blade and petiole c¢ll$q. The formation of the B/P junction requires the
function of theBOP geneq1164, which are specifically expressed in the petiole region and reduce the
expression level of the meristespecificKNOXgeneq101] and of the laminapecfic JAGgeneg[117].

The formation of the B/P junction might be a key step for detengithe blade area at the
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bladeinitiation stage. For the blade initiation of eudicot leaves \W@X family genes, including the
A. thalianaPRESSED FLOWERPRS gene, which are orthologous to themaysNSgenes and the
WOX1genesN. sylvestris LAMIR1 (LAM1), A. thaliana WOX1Petunia hybrida MAEWESMAW),
M. truncatula STENOFOLIASTH andPisum sativum LATHYROIDEf®nes), are reported to play a
key role[25,28113115118119. Thelam1mutant ofN. sylvestridias leaves that lack the blade region,
and theprs woxldouble mutant oA. thaliang the maw mutant ofP. hybridaand thestf mutant of
M. truncatulahave narrow leaves. fors wox1 the frequency of cell division at the marginal region of
early leaf primordia decreases to the same level as at the central[@eorThe accumulation d??RS
andLAMYWOX1transcripts can be detected at the margin of early prim28ix13119120Q. Thus, it
is suggeste thatPRSand LAM1/WOXL1lincrease the rate of cell division and stimulate the periclinal
division in the region neighboring the margin to contribute to blade initiation.

After blade initiation, the expansion by both cell division and cell differentiattoars in the entire
bl ade region, called fAintercal ar y-digsioo stegent@the( Fi ¢
cell-differentiation stage proceeds in a basipetal maj8#83,121], and the forefront of the transition
i s named t hE2]iThe fanshaged seators intclonal analy§@%82,90,91] indicate that
the medial and lateral parts of the leaf primordia correspond to the distal and proximal parts of the leaf
blade in mature leas, respectively (Figure 3A). Namely, the basipetal transition from thdigelion
stage to the cellifferentiation stage in the leaf blade of developing leaves can be interpreted as the
mediatto-lateral transition in early leaf primordia. The analysf growth dynamics by timkpse
imaging supports the deformation of the growth axis during blade expdh2@nRecent studies have
identified many regulators affecting the rate or doravf cell division during intercalary growth. The
rate of cell division is positively regulated IB§JGU2, FUGUS5 and ERECTA[123 and negatively
regulated bySPATULAandROTUNDIFOLIA4[124i 126. In contrast, the duration of cell proliferation
is prolonged b AINTEGUMBENTA(ANT) [127], AUXINNREGULATED GENE INVOLVED IN ORGAN
SIZE(ARGO$[12§ and its related geneARGOSLIKE (ARL orGAN SIZE RELATED(@OSR])) [129,
the GROWTHREGULATING FACTOR(GRF family genes [13(, the ANGUSTIFOLIA3
(AN3/GRFINTERACTING FACTOKRGIF) family gene4130' 1327, the microRNA miR319133134,
the KLUH (KLU)/CYP78A5ene[135 and theSTRUWWELPETHERIED14 gene[136, wheeas the
duration of cell proliferation is shortened by the microRNA miR396, which targets some GRfhe
family geneg137), thePEAPOD1(PPDJ) and thePPD2 geneg 13§, theTCPfamily genes targeted by
microRNA miR319[121,133, theDA1 gene and its related gen&AR) [139 and theMED25PFT1
gene, which encodes the mediatomplex subunit 25140. Of these gene®N3andKLU can affect
cell behavior in a nogell autonomous manngt35141,147, and the nostell autonomous effect may
be important for orchestration among the blaglls adjacent to each other during intercalary growth.
The WOX1orthologous genes also act in this step, because these genes are expressed in the midd|
mesophyll layers between the adaxial and abaxial sides throughout the leaf28lad8119 and
upregulate th&LU expression at the leaf mangil13. In addition, phytohormones aaso important for
lamina expansion. Auxin is one of the most important regulators of blade expansion out of phytohormones
Auxin accumulation is required for the outgrowth of the tip of the margin serrdti®@d43. The
guadruple mutant of UCCA(YUCQC) family genes, which are auxin biosynthetic gejieili 144, i.e.,
theyucl yuc2 yuc4 yuafuadruple mutant, forms very narrow leaj/e$7]. Furthermore, treatment with
exogenous ain stimulates the expression RGOS which inducesANT expression and may
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contribute to lamina growtfil48, consistent with the model in which blade expanssopositively
regulated by auxin. It has also been reported that treatment with exogenous auxin prevents blade
expansiorj149, most likely through inhibition of cell expansifitb(, implying that the proper amount

and distribution of auxin are imptant for promoting blade expansion. In addition to auxin,
brassinosteroid, another phytohormone, is reported to be important for both cell proliferation and cell
expansion during lamina growh51 155.

Figure 3. Schematic views of leaf developmer{d) The overview of dicot leaf
development. Leaf primordia are illustrated in the top view and the fremt, \and black

lines show the borderlines between the individual sectors sharing a common origin in the
incipient primordium. Light pink shows the region of indeterminate margin cells, and
magenta shows the region of differentiated margin cells. Dashesl dinew the B/P
junction. B1 E) Schematic views of four steps during leaf development. First, the initiation

of Ieaf primordia (indicated as ALpoO0) start:
the peripheral zone of the SAMB) and then, the itiated leaf primordium grows
predominantly in the distal directio@) . Subsequently, the bl ade |

the petiole region (indicated as fAPO0) ar e
margin, D) and finally, the leaf blade expas towards both the distal and lateral directi@)s (
Red arrows inBi E) show the direction of leaf growth.
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Top view Front view
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The recruitment of founder cells (Step 1) appears to be crucial for the lamina growth of monocots,
although blade initiation (Step 3) and ird@lary growth (Step 4) are the most important steps for lamina
growth in eudicot species. In the clonal analysiZ.aomaydeaves, clonal sectors are more thrékel
than fanlike in shapg81]. Additionally, mutations of th&lS genes resulted in the failure to recruit
founder cdk of the lateral region to form narrower blades and sheaths of mature [£85&66. It is
also repated that the double mutant©fyza sativa NARROW LEAFRAL2) andNAL3orthologous to
Z. mays Ngenes shows the defects of the leaf lateral region, simiiaritays nsnutant[156].

5. The Regulation of Lamina Growth and Margin Formation at the AdaxiatAbaxial Boundary

As we described above, adaxadaxial polarity is required for lateral organ morphogenesis,
especially lamina growth and margin formatiointhe leaf. In surgical experiments, an incipient leaf
primordium that was physically separated from the shoot apical meristem (SAM) became a-fikanent
structure lacking adaxiabaxial polarity, indicating that both the establishment of adakiakal
differentiation and the onset of the blade initiation require connection with the SABblanum
tuberosum LandS. lycopersicuni81,157]. Additionally, Waites and Hudson reportedAamtirrhinum
majusphanmutant in which the adaxial cell fate was weakened or mi§28jgin thephanmutant, two
opposite phenotypes were observed in terms offargrowth: (1) no or decreased growth of the leaf
blade and (2) adventitious outgrowths at the ectopic boundary of the adaxdhlabaxialike
compartments on the adaxial surfd@3]. Similar defects were alsmdnd in several mutants in
Z. may§22,158159, A. thaliana[33,39,42i 44,45,47,79,16(], N. sylvestrid161] andl. nil [162, as
well as inA. majug114]. In eudicots, even plants lacking adasadbxial polarity display |danitiation
from the SAM (Step 1) and distal growth of leaf primordia (Step 2). Therefore, it is hypothesized that the
juxtaposition of the adaxial and abaxial cell populations is required for proper lamina growth, consisting
of lamina initiation (Step 3And intercalary growth (Step 4), at the adaalzdxial boundarj1821,163.

In addition to lamina growth, it has been suggested that development of 1spegific structures is
affected by the malfunction of the adaxadaxial polarity. In adaxialor abaxialdeficient mutants, a
filamentous or naow leaf phenotype is accompanied by the deletion of maggeific structures,
whereas adaxial or abaxial protrusions have mdiggnstructuresi.e., elongated cells, hydathodike
structures and stipul¢32,41i 44,16(Q. As described above, margspecificstructures are formed at the
adaxiatabaxial boundary of the epidermis. In conclusion, it has been suggested that both lamina growth
and margin formation are stimulated by the juxtaposition of the adaxial and abaxial cell populations.

Of the adaxial andbaxial factors, th& ABfamily genes, especiall. thalianaFIL/YABlandYAB3
and A. majus GRAMINIFOLIAGRAM), act in lamina growth and margin formation in addition to
adaxiatabaxial patternind41,42,44,114). The YAB family genes show specific expressiin the
abaxial region of lateral organ primordia during lamina growth in eudj26t41,42,44,164], whereas
the expression of théABgenes is detected in the broad region at theitg#ition stage164,165.
Furthermore, the expressionY6ABfamily genes is restricted into the middle mdsgplayers and the
leaf margin in monocoZ. maysand O. sativaleaves, rather than the abaxial reg[@66,167]. The
expression of th&¥ ABgenes is correlated with lamina growth in bAththalianaandS. tuberosurf44].
TheYABfamily genes are ectopically expressed at the abaxial protrusionskaiithé&andeaved44].

The mutation ofFIL and/or YAB3 suppresses formation of the abaxial protrusionkasfl kan2
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leaved[44] and of ectopic lamina growth bbpl bopZdeaf petioled102Z. These findings suggest that
theYABgenes play a role in lamina growth. However, overexpression dfABgenes prevents blade
outgrowth, perturbs margin formation and results in the arrest of the[38#2]. In addition, therAB
genes need to downregulate the expression of the messgtecific genes, inctling KNOX and
WUSCHELWUS [42,168, and upregulate the expression of Ti&P family genes to act asregative
regulator of intercalary growth of the leaf lam[dd]. Furthermore, th¥ ABgenes are required not only
for abaxial features, but also for adaxial features and ad@{i@lexpression16917Q. Thus, it can be
concluded that therAB family genes not only promote lamina wih, but also cause the foliar
characteristics of the leaf primordium.

Of the laminagrowth regulators, recent studies basedothalianareveal the two candidates that
mediate lamina growth and margin formation at the adaiakial boundary downstrearof
adaxialabaxial patterning. The first candidate is the phytohormone, auxin. Based on the expression of
the auxinresponse reporter DRBarkers, auxin is accumulated at the leaf tip, hydathodes and stipules
and in the preprocambial cells in leaf primarfll71i 173. The DR5 marker pattern and the polar
localization of the auxin efflux carrier PIN1 protemdicate that auxin (1) flows along the leaf margin to
form several auxin maxima, (2) floods into the inner mesophyll layers from the auxin maxima and (3)
reaches the midrid71,173174]. In this manner, the trajectory of auxin in leaf primordia is restricted to
the middle domain. The number and fasition of auxin maxima affects lamina growth, as well as the
number and the position of the hydathodes or the margin gaps, and formation of auxin maxima is
regulated by the function of the adaxsecific AS2gene and its coregulatodPHAN/AS1[27]. In
addition, the auxin biosynthetddJCfamily genesYUCL YUC2andYUC4 are expressed in the early
leaf primordia, including the region neighboring a hydathode at the margin and/or the middle mesophyill,
and expression is dependent on d@dexiatabaxial patterfi32]. The expression of the¥JCgenes is
ectopically detected at the adventitious protrusions on the adaxial or abaxial surface of leaves in the
abaxialdeficientkanl kan2mutart and the adaxiadeficientas2 revmutants[32]. Mutations of the
YUC genes and inhibition of polar auxin transport by NPA treatment suppress the adventitious
protrusions in bothkanl kanzandas2 revmutant backgroundg32]. According to these findings, it is
suggested that the amount and distribution of auxin mediate blade outgrowth at the asduecal
boundary downstream of the adaxddlaxial patter. The adaxiabpecific REV gene and the
abaxialspecificKAN1gene positively and negatively regulate auxin biosynthetic gere§ AAland
YUCSH), respectively{175. These data are evidence of the direct regulation of the aweahbg the
adaxial and abaxial regulators.

The second candidate genes areM@@Xfamily genes, includinfRSandWOX1 PRSandWOX1in
A. thalianaand thelWOX1orthologous gene&STF in M. truncatulaare required for both lamina growth
and marginal celldte[28,113. PRSandWOX1in A. thalianaare specifically expressed in the middle
domain [113119120176, and similar expression patterns of ti¢OX1 orthologous genes in
P. hybridg M. truncatula and P. sativumare observed in developing leavEg28,118119. The
expression domain dRSand WOX1does not overlap with and is located between the expression
domains of the adaxisdnd ababdal-specific regulators, except fbtL [113]. The expression ¢tRSand
WOX1is detected in the broad region of the abaxial side ink#ml kan2double mutant, which
expresses abaxial protrusiofild. The expressions d?RSand WOX1are indirectly and directly
repressed by KAN1, respectivgli/13. WOX1expression was decreased in fihgab3 double mutant,
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which has arrow leaveg113, and in theprs woxlas2triple mutant, in which leaves are completely
abaxialized176q. Furthermore, ectopic expressiondOX1in the abaxial region induces adventitious
outgrowth with margirlike structures on the abaxial surface of the leaf simildtatnl kan2 [113.
These findings strongly sugdethat PRSand WOX1 play key roles in lamina growth and margin
formation at the adaxiabaxial boundary downstream of the adaxial and abaxial regulators.

With respect to the relationship between auxin aN@X1 Tadegeet al proposed that
WOX1/LAM1/STHRffects the amount of aux{28]. In a transcriptome analysis of &h truncatulastf
mutant, the alteration of the expression level of the arelated genes is overrepresented. in a
M. truncatula stimutant and aMl. sylvestris laminutant, the amount of auxin is reduced compared to
wild-type, whereas the overexpressionSdfF causes the overaccumulation of auxin. Although how
WOX1/LAM1/STHhffects the amount of auxin is unknownytattion alters the accumulation pattern of
metabolites in the IAA biosynthetic pathway and the metabolic pathway upstream of Trp, including
sugar metabolism. The bladeless phenotype ofNthaylvestris lamImutant is partly rescued by
application of botlauxin and cytokinin, suggesting that auxin and cytokinin are downstream factors of
the WOX1/LAM1gene for lamina growth. ThugyOX1/LAM1might facilitate the accumulation and/or
the function of both auxin and cytokinin to promote lamina growth. In faethémologous genes that
are closely related t&WOX1/LAM1lare reported to be involved in the accumulation and signaling of
cytokinin; theA. thaliana WUS)ene positively regulates cytokinin signaling through downregulation of
the typeA ARABIDOPSIS RESPONSEEGULATORgenes[177], and theO. sativa WOX4gene
increases the amount of cytokifih7g. In addition to the relationship between auxin andw@Xx
genes, it has been shown tk#t expression overlaps th&OXgenes in the middle domain and tRét
and/orYAB3are required for the upregulation of th#OX1expressiorf113. Based on these findings,
the model shown in Figure 4 can be proposed: (1) the expression of the auxin biosynthetic genes and ¢
the WOX genes is induced dhe adaxialbaxial boundary in accordance with the adaaizxial
pattern, (2) th&IL/YABgenes upregulad®OXlexpression and/OXreinforces accumulation of auxin
via several metabolic pathways and BL/YAB, WOXand auxin (and most likely also cytok)
coordinate lamina growth.€., blade initiation and intercalary growth) and margin formation.

Figure 4. The model of the regulation of lamina growth and margin formaftidre
laminagrowth regulators, including YAB, WOX1 and auxin, act in laminawghoand
margin formation at the adaxiabaxial boundary downstream of the adaaiadxial pattern
(Ad-ab pattern).

Ad-ab boundary TAA1
YUC

2
YAB WOX Auxin

Lamina Initiation Margin formation

Intercalary growth
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6. Maintenance of the AdaxialAbaxial Pattern during Lamina Growth

Studies of thaNOXfamily genes PRSand WOX1/LAM1/MAW in N. sylvests, P. hybridaand
A. thaliana shed light on a new role of the adaxadaxial boundary during adaxiabaxial
patterning[25,113119176. In N. sylvestridam1leaves, the marginal elongated cell files are missing
from the marginal region andansform into cells having neither adaxial nor abaxial fed@be The
margin loss and a polarity defect in the marginal region are also obseRehyinridaandA. thaliana
the region neighboring the margin exhibits an all@ed phenotype in . hybridamawmutant[119,
and the region consists of both adailed cells and abaxidlke cells {.e., abaxialtype epidermal cells,
trichomes, palisadike cells and sponglike cells) n theA. thaliana prs woxHouble mutanf113.
Based on periclinal chimera analysidNnsylvestristhe chimeric plant having tHam1defect in both
the L1 and L2 layers (the L2 lam1chimera) exhibits both margin loss and an adeaaiielxial polarity
defect in the region neighboring thengia, despite normal outgrowth of the bld@&]. These findings
suggest that theAM1/WOXIfunction in the L1 and L2 layers is important for genes that play a role in
adaxialabaxial patterning, whereas thAM1/WOX1function inthe L3 layer is sufficient for blade
outgrowth. In the Lionly lam1 chimera, the margin cells and adaxadlaxial polarity are almost
normal[25], implying that the L2 layer is sufficient f&tAM1/WOX1function in the adaxiahba«ial
patterning and margin formation. Based on genetic analyses, mutat®RSahdWOX1can enhance
both adaxialization and abaxialization in the abad&ficient mutantskanl kan2andfil yab3) and
adaxialdeficient mutantsgs2andrev), respectivet [113176. Taken together, it can be concluded that
theWOXgenes act in suppression of both adavaatl abaxialspecific features from the L2 layer of the
adaxiatabaxial boundary. Based on RNsitu hybridization analysis, the expression pattern8s2
andFIL in theprs wox1primordia are similar to those in the witgpe primordia before blade iration,
whereas at the later stage, both expression domains expand toward the opposite side and overlap ea
other in the marginal regidi13. TheWOXgenes function in the downregulation of not cA§2and
FIL, but also)ARF4andmiR165A[11917¢. The PRS and WOX1/STF proteins act as transcriptional
repressor$17918Q, and the WOX protein and other homologous proteins exhibit repressive activity
that is interchangeab[@80181]. In conclusionWOXfunction in the L2 layer of the adaxiabaxial
boundary represses several adaxdaall abaxiakpecific regulators to maintain separation of the adaxial
ard abaxial features.

In the previous study, it was found that the adaxdatl abaxiakpecific regulators, except f&ilL,
are expressed in one or two outer layer(%).ithaliana[37,46,113187. In particular, AS2, t&iR ARF
and miR165/166 are generdtm the outermost layer of the adaxial or abaxial sj8&g6,182. The
regions where the small RNAs degrade their target genes are broader in leaf pfid&réjaand the
small RNAs also function in roots and/or embryogenesis in ecathautonomous mann¢i83 184,
suggesting that these small RNAs act as mobile signals. In additiprs imox1leaf primordia, the
expansion of the transcriptional region of miR165A in the epidermal layer coincides with restriction of
the YFRpositive region of theniYFR-W marker targeted by miR165/166 in both the outer and inner
layers neighboring the marg{i13176. Thus, it is possible that the adaaddaxial pattern of the
epidermal layer may guide that of the inner layers. Taken together, we propose a hypothesis for the
mechanism maintaining the adax&daxial pattern and the adax&laxial boundary during lama
growth. First, an initiated leaf primordium obtains adasiahxial polarity based on the presumptive
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positional signal(s) from the SAM. Second, based on the aezb@adial polarity, the adaxial and
abaxial regions and the adaxabaxial boundary a@etermined. Then, th&/OXfamily genesPRSand

the WOX1orthologous genes are expressed at the adabl&lial boundary (or the middle domain).
Fourth, theWOXgenes repress the expression of several adaxidlabaxiakpecific regulators in the
outerlayers of the adaxiebaxial boundary, corresponding to the leaf margin and prevent expansion of
adaxial and abaxial domains (Figure 5). MU®Xgenes induce blade initiation and promote lamina
expansion in the internal layers of the adasiaéxial boundry. Fifth, the adaxiahbaxial pattern of the
inner layers is maintained according to the distribution of small RNAs from the outer layer during
lamina growth (Figure 5). Finally, th&/OX genes induce the differentiation of the margpecific
structurego form a structural boundary. Because the defects of the addpeaglal pattern and of margin
formation are also observed in the epidermal layeN.ofylvestris lam1A. thalianaprs woxland

M. truncatulastf[25,28,113, the sufficiency o AM1/WOXIfunction in the L2 layef25] suggests that
WOX1lorthologous genes can affect neighbor cells during these two processés-ceélinovement of

the WUS protein, one of the homologues closely related to WOX1, has been répdriedherefore,

the WOX1 protein might move between the L1 and L2 layEhis hypothesis is consistent with the fact
that adaxial epidermal cells are completely separated from abaxial cells by-s@gific cells, and the
separation of the adaxial and abaxial mesophyll cells is obscure.

Figure 5. The model of the maintenem of the adaxiahbaxial pattern during lamina
growth. A schematic view of the transverse section of leaf primordia during lamina growth.
The adaxial and abaxial regulators, including mobile signaling factors, are expressed in the
adaxial and abaxial csllof the outer layer (colored in orange and cyan), respectively and
contribute to the maintenance of the identity of the inner layers in -@elbautonomous
manner (black arrows). The effect of the mobile signaling factors reaches the margin cells,
but the middle domahspecificWOXgenes inhibit the expression of the adaxial and abaxial
regulators, resulting in preventing the mixing of the adaxial and abaxial features and
maintaining the adaxiabaxial pattern (shown in a right balloon).
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Of the laminagrowth regulators, ANT and AN3 are also responsible for the adabedial
patterning. Mutations iIANT andAN3enhance the defects of the adadbbxial pattern ifil yab3and
as2 respectivel)f169188. Genetic analysis suggested thatANT andYABgenes coordinately act as
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positive regulators of both genes, specifying adaxial or abaxiad fA65. Recently, it has been
proposed thaANT modulates auxin homeostasis through the regulation of the auxin biosyiihAtc
expression wWithREV in gynoecium developmenil89. Thus, ANT might play a role in the
reinforcement of the adaxiabaxial pattern and auxin induction at the adaximxial boundary in
coordination with the adaxial and abaxial riegors. Thean3 as2double mutant (and also ta@3 asl
double mutant) exhibit a more severe defect in the leaf adabx#dial pattern, in that these mutants
frequently develop trumpéike leaves and an increased leveEGiTandYAB5[188. AN3expression is
detected in all layers of the mesophyll and is not dependetiteofunction ofAS1and AS2[18§.
Furthermore AN3 is required fo the upregulation of the histone deacetylase genes and a ribosomal
protein geneRPS27aA18§. Thus, the histone deacetylase genes and the ribosomal protein gene may
be able to continue to express, becaus@&N8 function during intercalary growth to maintain the
adaxialabaxial pattern (and likely also the adavabbxal boundary). Clarifying the mechanism in
which the adaxiabbaxial pattern and boundary are maintained by the lagnmath regulators during
lamina growth is an intriguing problem that should be addressed in the future.

7. Conclusion and Future Perspecties

In this review, we highlight recent reports that have shown that the leaf adbaiahl boundary is
important for both lamina growth and maintenance of the adakmtial pattern. Among
laminagrowth regulators, auxin and th&OX genes act at the axialabaxial boundary and are
dependent upon the adaxabaxial pattern. The function of th&@OX genes at the adaxiabaxial
boundary is required for preventing the mixing of adaxial and abspéedific features. Based on
previous studies on adaxiabaxial patterning and th&OXgenes, we proposed that the adaaiadxial
pattern of the outer layer affects that of the inner layers and thef@¥genes at the leaf margin are
important for the maintenance of the adaabbxial pattern of the outer kery

In animal development, boundaries help prevent the intermingling of two different cell populgitions
The integrity of the boundaries is arily challenged by cell division and/or tissue deformation during
embryogenesis or organ growth and is maintained via two different mechanisms (the-biasade
boundary and nechineage boundary). In both boundaries, the fates of cells remain durengpgenesis.

When the boundaries receive pressure to deform, straight and smooth boundaries are maintained by the
own features, for example, due to increased cell bond tension and decreased cell division rate, in the cas
of the lineagebased boundary, drdue to switching of cell fates based on the positional signal(s), in the
case of the nofineage boundar}3,10i 13]. In contrast, the leaf adaxiabaxial boundary plays a role in
preventing the intermingling of the adaxial an
populations. This fadghdicates that gene expression patterns dynamics are a major cause of perturbation
of the sharp and smooth boundary. The small RNAsmMiR165/166 and taiR ARF, are considered to

act as potentially mobile signals in leaf primordia and mediate thga@mstic interactions between the
adaxial and abaxial regiorfd9,56]. A mathematical model from ouraup demonstrates that the
antagonistic interaction between two diffusible signaling molecules induces the dynamic pattern of the
boundary{ 165, supporting our concept that the integrity of the boungaciallenged by gene expression
dynamics. In fact, the boundary shift is observed in the inner layers during leaf develpp@ignt
whereas the position of the boundary appears relatstalyle at th margin during lamina growth.
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Hence, repression of both the adax@ald abaxiakpecific gene expression ByOXgenes at the margin
would establish a buffer region between the adaxial and abaxial regions to prevent mixing of the
adaxial and abaxiakpeific gene expression and features (Figure 5).

In nature, a huge variety in the shape of leaves and flowers is observed, and the molecular basis of th
diversity is an intriguing problems. In plant development, the shape of organs is determined by the
direction and extent of cell proliferation and cell expansion. The adak&tial boundary organizes the
pattern of cell proliferation in leaf and floral organ primordia and is one of the major causes that
determine the shape of lateral organs. Thereforeerstahding how the adaxiabaxial pattern is
changed and arranged during the evolution of each plant species is required for understanding the
diversity of leaf and flower shapes. Recent reports have demonstrated the alteration of the
adaxiatabaxial patrn orwOXexpression results in the development of lateral organs that are atypical
in shape in several species: for exampleSb/WOX&xpression in thee novomargin of a unifacial
leaf of Juncus prismatocarpy4 90, expansion of the expression domain offHeorthologous gene in
a peltate leaf offropaeolum maju$§l91] and the dynamic patterns Bf T1and PHB3in anthers of
O. sativa[197. In conclusion, the analyses of the adaziaéxial pattern and boundary in both model
and noamodel plant species is expected tedlight on the molecular basis of the diversity of leaves
and flowers.
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