
Coordination of auxin-triggered leaf initiation by
tomato LEAFLESS
Yossi Capuaa,b and Yuval Esheda,1

aDepartment of Plant and Environmental Sciences, Weizmann Institute of Science, Rehovot, Israel 7610001; and bFaculty of Agriculture, The Hebrew
University of Jerusalem, Rehovot, Israel 76100

Edited by Richard Scott Poethig, University of Pennsylvania, Philadelphia, PA, and approved February 14, 2017 (received for review October 17, 2016)

Lateral plant organs, particularly leaves, initiate at the flanks of
the shoot apical meristem (SAM) following auxin maxima signals;
however, little is known about the underlying mechanisms. Here,
we show that tomato leafless (lfs) mutants fail to produce cotyle-
dons and leaves and grow a naked pin while maintaining an active
SAM. A similar phenotype was observed among pin-like shoots
induced by polar auxin transport inhibitors such as 2,3,5-triiodo-
benzoic acid (TIBA). Both types of pin-like shoots showed reduced
expression of primordia markers as well as abnormal auxin distri-
bution, as evidenced by expression of the auxin reporters pPIN1:
PIN1:GFP and DR5:YFP. Upon auxin microapplication, both lfs mer-
istems and TIBA-pin apices activated DR5:YFP expression with sim-
ilar kinetics; however, only lfs plants failed to concurrently initiate
leaf primordia. We found that LFS encodes the single tomato
ortholog of Arabidopsis DORNRONSCHEN (DRN) and DRN-like
(DRNL) genes and is transiently expressed at incipient and young
primordia, overlapping with auxin response maxima. LFS is rapidly
induced by auxin application, implying feed-forward activity be-
tween LFS and auxin signals. However, driving LFS at auxin re-
sponse maxima sites using the DR5 promoter fails to fully rescue
lfs plants, suggesting that additional, auxin-independent regula-
tion is needed. Indeed, extended GCC-box elements upstream of
LFS drove primordia-specific expression in a LFS-dependent but
auxin-independent manner. We thus suggest that LFS transiently
acts at the site of primordia initiation, where it provides a spe-
cific context to auxin response maxima culminating in leaf
primordia initiation.
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Lateral aerial plant organs form at the flanks of the shoot
apical meristem (SAM) in a species-specific order termed

phyllotaxis. Phyllotactic patterns tightly correlate with local max-
ima of the phytohormone auxin at the SAM periphery (1–3).
These maxima are achieved by active transport (4). At these sites,
auxin is required for leaf initiation, and when polar auxin transport
is chemically impaired by polar auxin transport inhibitors (PATI),
leaves fail to form (5–7), resulting in a pin-like shoot. When auxin
is externally applied onto the meristem of these pins or to the
meristem in a wild-type (WT) background, leaf primordia are
initiated (5). Genetic analyses have also demonstrated that auxin
response maxima, dictated by the activity of the auxin efflux car-
rier PINFORMED1 (PIN1), can be detected before, and are re-
quired for, leaflet initiation in compound leaves (6). However,
similar evidence for leaf initiation is lacking (7).
Like other classical hormones, such as cytokinin (CK), florigen,

and gibberellin, auxin has many functions, which are largely dic-
tated by its levels and which vary within and among plants. In
young leaf primordia, auxin triggers primordia bulging at P0 by
stimulating local cell divisions. At P1 and P2, auxin elicits pro-
vasculature development (8). Thus, in the same group of cells,
auxin cues are differentially translated to cell division (P0) or to
differentiation (P1) within a 1- to 2-d gap. The mechanisms
directing such context-specific responses are poorly understood.
In this work, we investigate leaf initiation at the SAM pe-

riphery and show that the tomato leafless (lfs) mutant, which is

disrupted in a single DRN/DRNL homolog, fails to initiate cot-
yledons, leaves, and leaflets. LFS expression largely overlapped
with auxin response maxima during primordia initiation, yet ex-
ogenous auxin application did not stimulate leaf initiation when
applied to bare lfs shoots. We suggest that LFS responds to auxin
response maxima and sets the stage for the context-specific re-
sponse that culminates in leaf initiation. The transient LFS ex-
pression, which is terminated shortly after leaf initiation, may
prevent rapid differentiation by promoting, among others,
CK signals.

Results
The leafless Mutants Produce Pin-Like Shoots with Active SAM. Five
recessive lfs mutants (Fig. 1A) were identified in a screen for to-
mato plants that fail to properly produce leaves; complementation
tests demonstrated that they were all allelic. The lfs seedlings
lacked cotyledons, but after germination, a broad collar-like tissue
surrounded the SAM, likely representing the vestigial cotyledons
(Fig. 1A and Fig. S1A). As the seedlings matured, the miniature
plant shoot appeared as an elongated pin. Although the meristems
at the top of these pins featured a typical smooth and glossy ap-
pearance, the immediately adjacent stem tissue underwent rapid
differentiation, as was inferred by the presence of large and dense
trichomes just below the SAM dome (Fig. 1 A–F). The bare lfs
plant SAMs occasionally formed one to three simple leaves, with
zero to three leaflets and entire margins with abnormal phyllotaxis
(Fig. 1A). These leaves hosted axillary buds that carried pin-like
shoots in their axils; however, additional pin-like shoots also ini-
tiated from areas that corresponded to cryptic axillary buds (Fig.
1A and Fig. S1A). The naked meristems topping the elongated pin
mutant shoots turned into a flower at about the same time as their
WT siblings (Fig. S1A). The flowers were deformed, with sepals
missing or small, petals nearly normal, stamens malformed and
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sterile and with two or more carpels, which rarely gave rise to
parthenocarpic fruit (Fig. S1 B and C). Floral organs were often
fused. All of these defects were similar in the five tested alleles. In
the WT background, we could not differentiate lfs/+ plants from
+/+ sibs.

Apices of TIBA-Induced and lfs Pins Do Not Express Primordia Markers.
Naked pin-like apices can be induced to initiate leaves in tomato
by foliar application of 2,3,5-triiodobenzoic acid (TIBA) (9). Such
“TIBA-pins” can be obtained by different application regimes
(0.1–1 mM, applied two to five times) and are used here as a
reference system to assess and compare leaf initiation processes in
lfs and in WT apices. Following repeated external application of
TIBA on young tomato seedlings, plants underwent growth arrest.
Soon after the last application, the apical meristem ceased to

produce leaves, elongated, and produced a smooth, leaf-less
naked pin, somewhat similar to the lfs pin (Fig. 1G). To de-
termine whether the SAMs of the pin-like shoots retained their
function, we monitored the expression of the two-component sen-
sor (TCS) that marks cytokinin signaling (10). In WT, this reporter
is expressed in the SAM proper, is excluded from the outermost
two cell layers, and is weakly expressed in young leaf primordia
(Fig. 1H). The same apical expression was maintained in lfs but was
excluded from L1 in mutant plants (Fig. 1I). In TIBA pins, cyto-
kinin expression was weaker and appeared deeper in the meri-
stem, distributed in a lens-shaped pattern (Fig. 1J). To determine
whether TIBA-treated and lfs tomato pins express young organ
primordia genes, we examined the expression pattern of the pri-
mordia marker FILAMENTOUS FLOWER (FIL) (11). In WT,
pFIL>>NLS:RFP signals were regularly detected at the meristem
periphery, as leaf primordia initiated and progressed into later
stages of leaf development (Fig. 2A). In lfs plants, we detected,
albeit randomly, pFIL>>RFP expression at the meristem periph-
ery. This expression was found at abnormal phyllotaxis and was
associated with the rare primordia formation (Fig. 2B), whereas in
TIBA pins, weak, uniform expression was observed around the
meristem (Fig. 2C). To obtain a better perspective of primordia
marker expression in naked pins, we compared the transcriptomes
of apical lfs and TIBA-pin meristems to that of the WT plant (Fig.
1 E–G), using cDNA next-generation sequencing (NGS). The
expression profiles of the two pins showed significant clustering
and were substantially distinct from the WT profile (Fig. S1D). Of
the ∼35,000 tomato genes, 256 showed fivefold higher expression
levels in WT relative to lfs apices (Dataset S1, Table S1). These
genes included several known primordia initiation and patterning
markers (Table 1), such as six of the nine tomato YABBY genes
(12), ASYMMETRIC LEAVES2 (AS2) (13), WOX1 (14), and
PETROSELINUM (PTS) (15). The levels of these markers were
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Fig. 1. LFS and auxin response maxima direct tomato leaf initiation. (A) A
5.5-wk-old WT (Left) and lfs (Bottom Right) tomato. (Scale bar: 5 cm.) (Inset)
A close-up of the apex of a 15-d-old lfs seedling. as, axillary shoot; c, collar-
like structure; h, hypocotyl. (B) A 9-d-old lfs seedling in which the SAM starts
to protrude from the collar-like structure surrounding it. (C and D) SEM
images of vegetative WT (C) and lfs (D) apices. (E) WT apical meristem
bearing one incipient and one visible primordia (P0 and P1, respectively).
(F) lfs meristem. (G) TIBA-induced pin. Dashed lines in E–G mark the apex tissue,
sampled for gene expression analyses. Note the proximity of trichomes to
the SAM in D and F, marked by the arrowhead. (H–J) Three-dimensional
reconstructions of live TCS:YFP apices captured by a light sheet micro-
scope. (H) WT. (I) lfs. (J) TIBA pin. (Scale bars in C–G: 100 μm.) P0
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Fig. 2. Auxin distribution is impaired in lfs and in TIBA pins. (A–F) Expres-
sion profiles in pFIL>>NLS:RFP pPIN1:PIN1:GFP apices, as captured by a light
sheet microscope. Similar analyses by confocal imaging are presented in Fig.
S2. (A–C) Three-dimensional reconstructed projections. (D–F) Top view,
obtained using maximum-intensity projection. (G–I) Three-dimensional re-
construction of DR5:YFP apices. Note that the patchy pattern in lfs (H) does
not correspond with the discrete primordia. (Scale bars in D–F: 100 μm.)
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similarly low in TIBA pins, suggesting that, much like auxin, LFS
acts at a very early stage of primordia initiation.

Auxin Signaling Is Impaired in lfs Apices. A hallmark of primordia
initiation is the preceding formation of auxin response maxima
(3). Therefore, expression distribution of the auxin markers DR5:
YFP and pPIN1:PIN1:GFP in WT, lfs, and TIBA pins was exam-
ined (Fig. 2 and Fig. S2). In WT, expression of the DR5:YFP
marker was clearly observed at the incipient primordia (P0), as
well as in distinct foci at the tips of the young leaf and leaflet
primordia. In each primordium, the expression domain looked like
an inverted cone, with its wide end at the tip of the primordia and
the narrow region close to its base (Fig. 2G andMovie S1). In both
lfs and TIBA pins, expression was abnormal; in lfs apices, ex-
pression was recorded in a large, dispersed, nonuniform patch
over the meristem (Fig. 2H). Marker expression size, shape, and
location varied between individuals and sampling times and did
not seem to correspond with the rarely formed primordia. In
contrast, DR5:YFP expression in the TIBA pins was very weak
(Fig. 2I) and, when detected, seemed to uniformly cover the
meristem (Fig. S2F), indicating weak residual auxin activity. WT
pPIN1:PIN1:GFP expression was seen in the membranes of all of
the cells of the meristem epidermis, but was enriched at the sites
of the incipient and young primordia (Fig. 2 A and D). In contrast,
in both lfs and TIBA pins, expression was overall weaker and
lacked a discrete maxima (Fig. 2 B, C, E, and F). Taken together,
the two sources of pin-like apices showed a similar absence of
primordia markers, including auxin response maxima.

LFS, but Not Auxin, Inhibits Differentiation at the Apex Periphery.
The two types of pin-like shoots failed to initiate leaf primordia.
However, their stems, just below the SAM dome, were markedly
different; the stem of the naked TIBA pin was glossy and lacked
trichomes, whereas many trichomes covered the basal domain of
the lfs apex (Fig. 1 D and F, arrowheads). In WT, all stem parts
just below the apex lacked trichomes (Fig. 1C), suggesting that the
lfs apex periphery undergoes rapid differentiation. To identify
processes associated with this precocious differentiation, we
searched for genes that were modified (more than twofold) in lfs
apices but were not or only mildly modified in TIBA pins (Dataset
S1, Table S2). Of 909 genes matching this criterion, 13 are in-
volved in different aspects of CK signaling (Dataset S1, Table S2,
highlighted in yellow), including three CYTOKININ OXIDASEs
(CKXs) and five type A RESPONSE REGULATOR (RR). Other
members of these gene groups showed similar trends (Dataset S1,
Table S3), indicating reduced CK levels and responses in lfs api-
ces. Thus, rapid differentiation of lfs compared with TIBA pins
can be attributed, at least partly, to altered CK signaling.

lfs Meristems Fail to Initiate Leaf Primordia Following Auxin
Microapplication. Previous studies have demonstrated that micro-
application of auxin is sufficient to initiate leaf primordia out-
growths in PATI-induced pins (5, 16). The loss of normal
expression of auxin signaling and transport markers may indicate
loss of auxin sensitivity in lfs or failure to respond to auxin. To test
whether auxin could still initiate leaf primordia in lfs apices, a
lanolin paste with 10–100 mM indoleacetic acid (IAA) was applied
to its apices. IAA-treated lfs pins did not generate any leaf pri-
mordia even after 2 wk and seemed morphologically unaffected by
the treatment. In contrast, in TIBA pins, leaf primordia initiated
at and beyond the application site, typically surrounding the
meristem like a sleeve (Fig. 3 A and B). Despite the morphological
differences, DR5 expression markedly increased and displayed
similar dynamics (Fig. S3 A–C) in both lfs DR5:YFP plants and
TIBA-pin controls following auxin treatment (Fig. 3 C–F). Fur-
thermore, application of 20 mM IAA to the hypocotyl of 10-d-old
plants induced bending in lfs seedlings, as it did in WT plants (14/
14 and 16/16 plants, respectively; Fig. 3G), demonstrating that the
lfs mutant is still auxin-sensitive. To test if inhibited auxin signaling
at the organ primordia can indeed inhibit leaf initiation,
proteolysis-resistant AUX/IAA genes were expressed at the pri-
mordia domain under the FIL promoter. To this end, IAA7 and
IAA26, two genes up-regulated in lfs, and ENTIRE/IAA9, a gene
that is not up-regulated (Dataset S1, Table S4, highlighted), were
mutated at their proteolysis-defining domain, DII (17, 18).
Transactivation of the three genes with the pFIL driver resulted in
various degrees of primordial arrest, peaking at formation of pin-
like shoots (Fig. 3H and Fig. S3 D and E). Primordial expression of
the same mutated genes in Arabidopsis under the pANT promoter
also inhibited leaf formation, resulting, in extreme cases, in pin-like
shoots (Fig. S3 F and G).

Table 1. Leaf primordia marker expression in WT, lfs, and
TIBA-pin apices

Gene Annotation WT* lfs* TIBA pins*

Solyc03g044300 AP2 168 15 44
Solyc11g008830 AS2 175 0 0
Solyc03g006900 Crinckler 1,550 62 580
Solyc06g072480 PTS 3,516 76 243
Solyc06g069240 TCP18 140 1 16
Solyc03g118770 WOX1 130 4 4
Solyc01g091010 YABBY 7,743 39 174
Solyc06g073920 YABBY 413 8 17
Solyc07g008180 YABBY 1,708 53 68
Solyc08g079100 YABBY 3,674 6 12
Solyc11g071810 YABBY 217 9 22
Solyc12g009580 YABBY 189 20 254

*Expression after dseq normalization (n = 2).
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Fig. 3. Auxin-induced leaf formation is LFS-dependent. (A) TIBA pin. (B) lfs
at the indicated time points after microapplication of 20 mM IAA. Arrowheads
show the site of application (orange paste). (C–F) Response of DR5:YFP plants
to 50 mM IAA, 6 h after application. (C and D) TIBA pins, imaged at 300 ms
exposure. (E and F) lfs meristems imaged at 1,500 ms exposure. (G) WT and lfs
plant bending in response to application of 20 mM IAA on the hypocotyl
(marked by arrowheads); images were taken 2 d after application. (H) A
pFIL>>IAA26-mDII seedling with no cotyledons and rudimentary leaves.
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LFS Is the Single Tomato Ortholog of the Arabidopsis DRN and DRNL
Genes. To determine which gene encodes LFS, a mapping pop-
ulation of 214 F2 plants from a cross between Solanum pimpinelli-
folium and an M82 line heterozygous for lfs was used. Informative
recombinants mapped the gene to a 440-kbp region on chromo-
some 5. The region included a candidate gene, Solyc05g013540,
which was sequenced from available mutant alleles. Two lfs alleles,
e2187 and e1710, had single-base-pair changes that caused an early
nonsense mutation and a missense mutation within the conserved
AP2 domain of the protein, respectively (Fig. 4A). In three other
alleles, amplification of the genomic region of Solyc05g013540
failed, most likely due to genomic rearrangements resulting from
their generation using fast neutrons. These data, combined with the
partial complementation of lfs obtained by expressing its WT
cDNA under its endogenous promoter (Fig. S4), indicate that
Solyc05g013540 encodes LFS.
LFS encodes for a single AP2-domain transcription factor, a

member of the large ethylene response factor (ERF) family.
Cladistic analysis (Fig. 4B and SI Appendix) showed that LFS is the
single tomato ortholog of the Arabidopsis DORNRONSCHEN
(DRN) and DRN-like (DRNL), showing a closer relation to
DRNL than to DRN. PUCHI, the closest family member among
all ERFs, clustered as an outgroup. In Arabidopsis, drn-1 mutants
develop normally, but exhibit a low incidence of defects in coty-
ledon development (19). drnl-2 plants exhibit a similarly low fre-
quency of cotyledon defects, as well as impaired anther
development (20). Progenies of drn-1 drnl-2/+ parents featured a
short hypocotyl, topped by a bare tip, surrounded by what may be
vestigial cotyledons (Fig. 4C). However, unlike in tomato (Fig.

4D), these plants did not support a viable SAM throughout their
lives, and thus organ initiation could not be assessed. Notably,
when the weaker allele drnl-1 is used to generate double-mutant
drn drnl plants, their phenotype is much weaker and most plants
have rather normal shoots (19, 21). Both tomato lfs and Arabi-
dopsis drn drnl seeds had a short shelf life, and their germination
rate decreased with time, leading to non-Mendelian segregation
ratios. Ectopic expression of either LFS or DRNL under the FIL
promoter in tomato caused epinasty in cotyledons and leaves (Fig.
S4D), similar to the effects of DRNL overexpression in tobacco
(22). These results suggest that at the protein level the tomato and
Arabidopsis gene products have similar potentials. Like LFS, DRN
and DRNL have also been implicated in cotyledon initiation (23,
24) and in auxin signaling (25).

LFS Expression Is Transient in the Incipient Leaf Primordia and
Overlaps with DR5 Expression. To assess the role of LFS in leaf
initiation, its expression pattern in the shoot apex was character-
ized by RNA in situ hybridization (Fig. 5 A and B). LFS mRNA
was first detected at primordia anlagen (P0), several cell layers
below the epidermis. In P1 primordia, it was expressed only in the
cell layer beneath the epidermis. Later, its expression was seen at
the tips of P1–2 leaf primordia, at sites of initiating leaflet pri-
mordia, as well as in axillary buds. At all stages, the expression
domain had an inverted cone shape, which was similar to that of
the DR5 expression domain (Figs. 2G and 5C and Movie S1).
Detailed comparison of the two expression domains, performed
using serial sections (Fig. S5 A and B), demonstrated a significant
overlap between the LFS and DR5 expression domains, with both
showing early, subepidermal expression at the P0 primordia, al-
though the DR5 expression domain was slightly broader and in-
cluded one to two outer cell layers. The spatial and temporal LFS
expression pattern was congruent with reports in Arabidopsis (22)
and maize (26), where expression of LFS orthologs precedes the
formation of newly formed leaves (P0) and is transiently main-
tained until primordia initiation (P1–2).

LFS Expression Is Induced by Auxin. To understand the relations
between primordia formation, LFS expression, and auxin signal-
ing, we examined LFS RNA distribution in the absence of pri-
mordia. In lfs apices, a large patch of LFS expression was evident
(Fig. 5D), similar to the expression of DR5-YFP in lfs apices (Fig.
2G), and differing from the defined domains observed in a typical
phyllotaxis. In TIBA pins, LFS was expressed in a weak ring-like
pattern, primarily at the L2 layer of the two to three most distal
apex cells (Fig. 5E). In agreement, LFS expression levels, as de-
termined by NGS, were lower in TIBA pins compared with lfs
apices (TIBA pins: 460; WT: 709; lfs: 3,459) (Dataset S1, Table
S2), further demonstrating the differences between the two kinds
of pins and suggesting complex control on LFS expression by polar
auxin transport and by itself.
To characterize the temporal hierarchy between LFS and

auxin signaling, we compared the dynamics of LFS and DR5:
YFP activation following microapplication of IAA onto TIBA
pins (Fig. 5 F–I), as measured by quantitative RT-PCR (qRT-
PCR). Up-regulation of both genes began after 1 h and con-
tinued to increase at a similar rate, albeit at a two orders of
magnitude difference, for at least 6 h (Fig. 5F). Indeed, 6 h
after IAA application, strong expression of LFS RNA was de-
tected at the central region of the pin, adjacent to one of the
sides, likely where IAA was applied (Fig. 5H). Similarly, DR5:
YFP TIBA pins showed strong YFP RNA expression in the
entire meristem in response to IAA (Fig. 5I), consistent with
the fluorescent signals (Fig. 3 E and F and Fig. S3 A–C). These
results suggest that auxin response maxima at incipient leaf
primordia promote LFS expression, which then subsequently
facilitates auxin-induced primordia initiation.

A

B

C D

Fig. 4. LFS is the single tomato ortholog of DRN and DRNL. (A) Recombination-
based mapping placed LFS between the PCR markers YCm34 and YCm68
(Dataset S1, Table S5). Two identified lesions in Solyc05g013540 are indi-
cated by arrowheads. The AP2 box and a LFS-specific box are color-coded
(SI Appendix). (B) Phylogenetic relationship of closest LFS homologs in select
mono- and dicotyledonous plants. Nodes show bootstrap values. (C) Arabidopsis
drn-1 drnl-2whole seedling. (Inset) The SAM. (D) Top view of a tomato lfs plant.
(Scale bars in C and D: 250 μM.)
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Extended GCC-Box Elements Are Sufficient for Primordia Expression.
If auxin is the primary driver of LFS expression, we set out to
assess whether lfs can be rescued by LFS expression driven by a
DR5 promoter. pDR5>>LFS lfs plants showed only partial

rescue of the lfs defects, as manifested by normal cotyledons and
simpler first two leaves than usual, alongside a meristem that
ceased to generate leaves and eventually flowered on top of an
elongated pin (Fig. 5J). We thus searched for additional ele-
ments that could regulate LFS expression.
DRN can positively regulate a reporter comprising GCC-box

elements (27), and DRNL positively regulates STY gene expres-
sion through GCC-box elements in their promoters (28). The
upstream regions of both LFS and DRNL include conserved and
extended GCC boxes (eGCC; 25 and 3.1 kbp upstream of LFS and
845 bp upstream of DRNL), suggesting that both genes may con-
trol their own expression. A synthetic peGCC promoter, com-
prising six repeats of the extended GCC boxes of LFS and DRNL
promoter regions (Fig. S5C and Dataset S1, Table S5), effectively
drove NLS:RFP expression in incipient and young leaf primordia
(Fig. 5 K and L). Unlike DR5:YFP, the peGCC reporter did not
show expression levels above those measured in the background in
lfs apices (Fig. S5D), suggesting that it is positively regulated by
LFS. In TIBA pins, too, the reporter was not detected (Fig. S5E),
suggesting that low LFS levels in these pins (Fig. 5 E and G) were
insufficient to trigger its expression. The high LFS expression levels
in lfs compared with WT (3,459 and 709 normalized counts, re-
spectively; Dataset S1, Table S2) suggest that other mechanisms
contribute to LFS down-regulation after the initial activation, and
these are likely to be eGCC-independent (Fig. 5M).

Discussion
The tight association between auxin expression maxima and ini-
tiating primordia and restoration of primordia formation in both
PATI-treated shoots and mutants lacking auxin transport com-
ponents, such as pin and pidmutants (2), by external application of
auxin, implicates the role of auxin in primordia initiation. Math-
ematical models have further supported the suggested role of
auxin maxima, dictated by auxin transporter activity, as a mecha-
nism for achieving ordered primordia initiation patterns (3). But
how auxin, a broad-acting hormone, specifies primordia cells, has
remained an enigma. The results of this and previous studies (3, 5,
21) provide a framework (Fig. 5M) for understanding the speci-
fication process. Briefly, we suggest that auxin response maxima
define the primordia initiation site and activate LFS expression.
LFS then licenses incipient primordia cells to divide and bulge in
response to auxin signals, while inhibiting differentiation of the
bulging primordia and the underneath stem tissue. Later down-
regulation of LFS in the expanding primordia allows for spatially
defined differentiation of the various leaf domains, for example,
auxin-induced provasculature formation.
Auxin acts at the SAM periphery by removing AUX/IAA sup-

pressors that inhibit factors such as MONOPTEROS (29). In
PATI-induced pins, auxin-induced primordia initiation is not re-
stricted to the radial dimension of the meristem but rather only to
a certain distance from the SAM summit (5). Thus, a ring domain
surrounding the meristem periphery is adequate for auxin-induced
primordia initiation and coincides with the LFS-expressing do-
main in TIBA-induced tomato pins (Fig. 5E). Of note, although
auxin failed to stimulate primordia initiation in lfs (Fig. 3B) and
auxin transport and distribution were abnormal (Fig. 2), the hor-
mone still successfully induced molecular responses at the shoot
apex as well as shoot bending at the hypocotyl (Fig. 3 C–G).
Sassi et al. (30) showed that chemical or genetic perturbation

of cortical microtubules restores some primordia initiation in
pin1 mutants as well as in naphtylphtalamic acid (NPA)-treated
Arabidopsis apices, suggesting that auxin is not the only factor
directing organ formation and that, although it is sufficient for
initiation, it might not be necessary. Indeed, in Arabidopsis pin1
and pid mutants, abolishment of lateral organ initiation is re-
stricted to the bolting stem, whereas rosette leaves develop quite
normally (4, 7, 31), questioning the unique contribution of auxin
regulatory mechanisms to primordia initiation. Similarly, when

A B C

D E F

G H I

M

Fig. 5. Complex regulation of LFS expression in leaf primordia. (A–E) In situ
hybridization of LFS or YFP probes on WT, DR5:YFP, and lfs apices (geno-
types are indicated at the Bottom Left of each panel; probes are at the Top
Right). All sections were stained overnight, except E, which was stained for
4 d. (F) Relative quantification of LFS and YFP expression in response to
auxin microapplication to TIBA pins. (G–I) In situ hybridization of LFS or YFP
probes on DR5:YFP TIBA pins in response to microapplication of 20 mM IAA
at t0 (G) and after 6 h (H and I). Probes in G–I were stained for 16 h. (J) A lfs
pDR5>>LFS plant. (Inset) The pin-like apex. (K) Tomato apex with
peGCC>>NLS:RFP marking young leaf primordia. (L) peGCC>>NLS:RFP DR5:
YFP, viewed from the top. (M) A model for transient LFS action. Green ar-
rows indicate GCC-dependent activation, and red arrows indicate GCC-
independent inhibition.
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flowers are formed on lfs shoots, they produce nearly all organs.
Thus, additional mechanisms may contribute to primordia initi-
ation, even if these are not required by theoretical models.
We suggest that primordia initiation is induced by auxin

maxima and requires LFS activity, which both enhances and later
moderates auxin responses. LFS expression peaks at incipient
primordia, where it allows auxin to specify leaf initiation while
transiently preventing differentiation. LFS positively regulates
itself, presumably through an eGCC-box element that can largely
mimic the primordia-specific LFS expression. However, LFS also
negatively regulates itself through a yet-unknown mechanism, as
evident by the high LFS transcript levels in lfs meristems. Such
transient expression is common in plants with diverse leaves,
such as Arabidopsis, tomato, and maize (20, 26), suggesting that
LFS defines a unique step in the conversion of SAM cells into an
organ. Genetically, LFS promotes CK biosynthesis/signaling
(Dataset S1, Table S2), thereby maintaining a hormonal balance
at the meristem periphery that delays differentiation. This is
consistent with activities of DRN and DRNL in tissue culture
assays, the overexpression of which can substitute for cytokinin

supplementation in shoot regeneration assay (23). As leaves are
believed to evolve from branched meristem systems (reviewed in
ref. 32), LFS expression may define a SAM program change and
not necessarily activation of a leaf program.

Materials and Methods
Light-sheet imaging was carried out using a Zeiss Z1 microscope and pro-
cessed by ZEN and ARIVIS. Apices were dissected under water and embedded
in 1.5% low-melting-point agarose column before imaging. Detailed in-
formation on plant materials, imaging methods, RNA expression analyses,
and cladistics is described in SI Materials and Methods.
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