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Summary

� Cauline leaf development represents an intermediate phase between vegetative and repro-

ductive stages. While extensive research has been conducted on the genetic and environmen-

tal factors that determine cauline leaf number, less attention has been given to the regulation

of their morphology and the establishment of cauline leaf identity.
� In this study, we report that miR156-targeted SQUAMOSA PROMOTER BINDING

PROTEIN-LIKE (SPL) transcription factors, including SPL2, SPL9, SPL10, SPL11, SPL13, and

SPL15, redundantly regulate cauline leaf identity, affecting both cauline leaf shape and the

number of leaves on secondary inflorescences. This function is distinct from that of floral mer-

istem identity genes, which affect the number of cauline leaves by promoting floral fate.
� We further show that the inducers of reproductive development SUPPRESSOR OF OVER-

EXPRESSION OF CONSTANS1 (SOC1) and FRUITFUL (FUL) directly bind to and activate

SPL9 and SPL15, linking floral induction pathways to the regulation of cauline leaf identity.

Additionally, we demonstrate that the brassinosteroid receptor BRASSINOSTEROID INSENSI-

TIVE 1 (BRI1) is co-expressed with miR156-targeted SPLs in cauline leaves and is a direct tar-

get of SPL9.
� Together, this study uncovers a SOC1/FUL-SPL-BRI1 module that governs cauline leaf

identity, providing new insights into the regulatory networks that control plant inflorescence

architecture.

Introduction

Shoot development in flowering plants is characterized by two
phases: a vegetative phase, during which leaves are produced, and
a reproductive phase, when plants produce flowers. The vegeta-
tive phase can be further divided into the juvenile and adult
stages, which, depending on the species, can often be distin-
guished by changes in leaf morphology. The transition from the
juvenile to adult vegetative stage, known as vegetative phase
change, is regulated by two closely related microRNAs, miR156
and miR157, and their direct targets in the SQUAMOSA PRO-
MOTER BINDING PROTEIN-LIKE (SPL) family of tran-
scription factors, which promote developmental traits in adult
plants (Wu et al., 2009; Xu et al., 2016; He et al., 2018; Poethig
& Fouracre, 2024). In all surveyed flowering plants,
miR156/miR157 are highly expressed during early vegetative
development but decrease in expression as a shoot ages, leading
to the de-repression of SPL activity and the transition to adult
growth. In Arabidopsis, juvenile leaves exhibit small rounded
blades with smooth margins, the absence of abaxial trichomes,
and distinctly delimited elongated petioles, whereas adult leaves

are longer, serrated, produce abaxial trichomes, and have a less
distinct petiole (Xu et al., 2016; He et al., 2018). Ten members
of the SPL family are targeted by miR156/157 in Arabidopsis, of
which SPL2, SPL9, SPL10, SPL11, SPL13, and SPL15 have the
largest effect on leaf development (Xu et al., 2016; Hu
et al., 2023).

During the reproductive phase, the vegetative shoot apical
meristem (SAM) is transformed into an inflorescence meristem
(IM; Ratcliffe et al., 1998) and flowers are produced instead of
leaves on the lateral flanks of the meristem. Cauline leaves are
formed during an intermediate phase between vegetative and
reproductive development, in that they initiate during vegetative
development but convert to cauline identity following floral
induction (Hempel et al., 1997). They represent the end state of
the heteroblastic process of leaf development in Arabidopsis, as
they lack petioles and have long, narrow lamina, and trichomes
are predominantly produced on the abaxial surface (Yang &
Jiao, 2016). Unlike juvenile or adult leaves, which contribute to
the flat rosette habit of Arabidopsis, cauline leaves form on the
aerial stem and are associated with elongated internodes. Previous
work has suggested that a subset of SPL genes regulate cauline leaf
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morphology as well as that of rosette leaves (Shikata et al., 2009),
although the generality of this regulatory interaction and its
mechanistic basis have yet to be investigated.

Typically, wild-type (WT) plants produce three to four cauline
leaves in long-day (LD) conditions on the primary inflorescence
stem, with each subsequent cauline leaf becoming narrower and
having fewer adaxial trichomes than the previous one (Telfer
et al., 1997). As with vegetative leaves, cauline leaves also subtend
axillary meristems. The outgrowth of the axillary meristems of
cauline leaves on the primary inflorescence iteratively produces
secondary inflorescence branches, which further initiate cauline
leaves, elongated internodes, and eventually, flowers (Supporting
Information Fig. S1a; Yang & Jiao, 2016). Cauline leaves have
wide-ranging roles during plant growth, including the protection
of emerging inflorescences, drought and pathogen defense, and
active photosynthesis (Pab�on-Mora et al., 2013; Patharkar &
Walker, 2016; Patharkar et al., 2017; Aryal et al., 2018; Pathar-
kar, 2019; Ding et al., 2023); it is therefore important to under-
stand the molecular mechanisms that govern cauline identity.

Floral induction is a key step in cauline leaf identity, as evi-
denced by the fact that plants transferred from noninductive
short-day (SD) conditions to inductive LD conditions form cau-
line leaves several days after transfer, while plants that remain in
SD conditions continue to produce vegetative leaves at the same
time (Hempel et al., 1997; Torti et al., 2012). Floral induction is
regulated by the interaction between the photoperiod, vernaliza-
tion, gibberellic acid, thermosensory, age-dependent, and auton-
omous pathways, and is ultimately dependent on the
upregulation of the key floral integrators FLOWERING LOCUS
T (FT) and MADS-box transcription factor SUPPRESSOR OF
OVEREXPRESSION OF CONSTANS1 (SOC1; Lee &
Lee, 2010; Cho et al., 2017; Freytes et al., 2021). The upregula-
tion of FT and SOC1 promotes the transition from vegetative
SAM to IM fate and correlates with the conversion of
vegetative leaves to cauline identity (Ratcliffe et al., 1998; Borner
et al., 2000). Closely related SOC1-like MADS-box transcription
factors, such as AGAMOUS-like24 (AGL24), AGL42, and
FRUITFUL (FUL), as well as the zinc-finger transcription factor
CONSTANS (CO) and the bZIP transcription factor FD, also
promote floral induction in part with SOC1 (Samach
et al., 2000; Wigge et al., 2005; Liu et al., 2008; Torti & For-
nara, 2012; Balanz�a et al., 2014). In addition, several SPLs
directly promote SOC1 and FUL, although recent work suggests
that SPLs do not have a functionally significant role in floral
induction in Arabidopsis (Shikata et al., 2009; Wang et al., 2009;
Doody et al., 2022; Zhao et al., 2023). After being activated,
SOC1 directly promotes the expression of the master floral mer-
istem identity gene LEAFY (LFY ). LEAFY upregulates the
expression of APETALA1 (AP1), and together, they promote
the initiation of floral meristems (Weigel et al., 1992; Bl�azquez
et al., 1997; Busch et al., 1999; Wagner et al., 1999).

Although there has been much focus on elucidating the genetic
networks that regulate vegetative leaf identity and floral induc-
tion, whether these networks interact to establish cauline leaf
identity has been largely overlooked. Here, we demonstrate that,
similar to vegetative leaves, cauline leaf identity is regulated by

the miR156-SPL pathway. We further show that SPL genes func-
tion directly downstream of the floral inducers SOC1 and FUL
to promote cauline leaf development and identify a novel interac-
tion between SPL transcription factors and the brassinosteroid
(BR) receptor BRASSINOSTEROID INSENSITIVE 1 (BRI1).
Taken together, our results reveal that cauline leaf identity is
regulated in part by a SOC1/FUL-SPL-BRI1 genetic module.

Materials and Methods

Plant material and growth conditions

Seeds were sown on Sunshine SS#8F2 potting soil, stratified at
4°C for 2–4 d, and transferred to Conviron growth chambers.
Plants were grown at a constant 22°C under LD conditions
(16 h : 8 h, light : dark; 95 lmol m�2 s�1 irradiance). Plants
induced to flower by transfer to LD conditions were first grown
for 2 wk under SD conditions (10 h : 14 h, light : dark;
120 lmol m�2 s�1 irradiance). Arabidopsis plants in the
Columbia (Col-0) ecotype were used in this study. soc1-2 (Lee
et al., 2008), ful-2 (Balanzet al., 2014), agl24-3 (SALK_095007),
co-10 (CS2109735), fd-3 (SALK_054421C), and lfy-1 (CS6228)
were obtained from the Arabidopsis Biological Resource Center
(Ohio State University, Columbus, OH, USA). spl2-1
(SALK_022235), spl9-4 (SAIL_150_B05), spl10 (Xu
et al., 2016), spl11-1 (FLAG_422H07), spl13-1 (Xu et al., 2016),
and spl15-1 (SALK_074426) were gifts from Dr Scott Poethig,
and co-10 (CS2109735) and fd-3 (SALK_054421C) were gifts
from Dr George Coupland. The agl42 mutant line was generated
by CRISPR-cas9 by the guide RNA (50-CTC CAA AGA AGT
CTG GGA A-30) using a previously described protocol (Xing
et al., 2014; Fig. S2). bri1-301 and bri1-116 were gifts from Dr
Jia Li. Higher order mutants were made by crossing, and homo-
zygous F2 generation lines were isolated using allele-specific pri-
mers for genotyping listed in Table S1.

Transgenic plants

The SPL2:SPL2-GUS, SPL9:SPL9-GUS, SPL10:SPL10-GUS,
SPL11:SPL11-GUS, SPL13:SPL13-GUS, SPL15:SPL15-GUS,
and 35S:MIM156 lines were described previously (Xu et al.,
2016). The 35S:SOC1 and 35S:CO lines were gifts from Dr
George Coupland, and 35S:FUL was a gift from Dr Marian
Bemer. 35S:AGL24, 35S:AGL42, and 35S:FD lines were con-
structed using the Golden Gate system (Weber et al., 2011). The
AGL24 cDNA, AGL42 cDNA, and FD cDNA were cloned using
the primers listed in Table S2. The cauliflower mosaic virus 35S
promoter was fused to the 50 end of these cDNA fragments, and
constructs were transformed into Col-0 by floral dipping
(Clough & Bent, 1998). The SOC1:GUS, FUL:GUS, AGL24:
GUS, and FD:GUS lines were described previously as well (Four-
acre & Poethig, 2019; Manuela & Xu, 2024). The CO:GUS and
AGL42:GUS lines were constructed using the Golden Gate sys-
tem (Weber et al., 2011). The promoters of CO (3180 bp) and
AGL42 (2479 bp) were cloned using the primers listed in
Table S2, and the bacterial b-glucuronidase (GUS) cDNA was
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fused to the 30 end of these promoter fragments. These constructs
were transformed into Col-0 by floral dipping. The FD:
MIR156A line was described previously (Fouracre & Poethig,
2019). The SOC1:MIR156A, FUL:MIR156A, CO:MIR156A,
AGL24:MIR156A, and AGL42:MIR156A lines were constructed
using the Golden Gate system (Weber et al., 2011), and the pro-
moters of SOC1 (4046 bp), FUL (5190 bp), CO (3180 bp),
AGL24 (2234 bp), and AGL42 (2479 bp), andMIR156A cDNA
were cloned using the primers listed in Table S2. The MIR156A
cDNA was fused to the 30 end of these promoter fragments, and
these constructs were transformed into Col-0 by floral dipping
(Clough & Bent, 1998).

The proSOC1:SOC1-GFP line was constructed using the
Golden Gate system as well (Weber et al., 2011). The SOC1
cDNA excluding the stop codon was cloned using the primers
listed in Table S2. The same 4046-bp SOC1 promoter used pre-
viously was fused to the 50 end of this SOC1 cDNA, and a green
fluorescent protein (GFP) tag was fused to the 30 end. This con-
struct was transformed into the soc1-2 mutant by floral dipping,
and the lines that complemented these mutants were selected for
chromatin immunoprecipitation followed by qPCR (ChIP-
qPCR; Clough & Bent, 1998). 35S:FUL-GFP and SPL9:GFP-
rSPL9 spl9/13 (rspl9) were constructed similarly and have
been described previously (Hu et al., 2023; Manuela &
Xu, 2024). The proSPL9:SPL9gDNA-GUS (SPL9:SPL9-GUS)
and proSPL9trunc:SPL9gDNA-GUS (SPL9trunc:SPL9-GUS)
lines were also constructed using the Golden Gate system (Weber
et al., 2011). The SPL9 promoter (3387 bp), a truncated SPL9
promoter (2982 bp), and SPL9 gDNA without the stop codon
were cloned using the primers listed in Table S2. The SPL9 pro-
moter and truncated SPL9 promoter were then fused to the 50

end of the SPL9 gDNA, and the GUS cDNA was fused to the 30

end. The truncated SPL9 promoter proSPL9trunc was made by
cloning the SPL9 promoter and excluding a 405-bp region
located -346-bp upstream of the SPL9 start site, including
the SPL9 Regions 3 and 4 from ChIP analysis. These constructs
were transformed into Col-0 and soc1 ful by floral dipping
(Clough & Bent, 1998). The BRI1:GUS, BRI1truncated-1:GUS,
BRI1truncated-2-3:GUS, and BRI1truncated-1-3:GUS lines were
also constructed using the Golden Gate system (Weber et al.,
2011). The BRI1 promoter (2494 bp), BRI1 truncated-1 promo-
ter (2277 bp), BRI1 truncated-2-3 promoter (2022 bp), and
BRI1 truncated-1-3 promoter (1809 bp) were cloned using the
primers listed in Table S2. The BRI1 truncated-1 promoter was
made by cloning the BRI1 promoter and excluding a 217-bp
region, including the BRI1 Region 1 from ChIP analysis. The
BRI1 truncated-2-3 promoter was made by cloning the BRI1 pro-
moter and excluding a 472-bp region, including the BRI1
Regions 2 and 3 from ChIP analysis. The BRI1 truncated-1-3
promoter was made by cloning the BRI1 promoter and excluding
a 685-bp region, including the BRI1 Regions 1, 2, and 3 from
ChIP analysis. These promoter fragments were fused to the 50

end of the GUS cDNA, and the constructs were transformed into
Col-0 and spl quadruple by floral dipping (Clough & Bent,
1998).

b-Glucuronidase staining analysis

b-glucuronidase staining was performed as described previously
(Hu et al., 2023). Whole inflorescences were prefixed in cold
90% acetone on ice for 10 min and then vacuumed for 10 min
in GUS washing buffer (100 mM potassium phosphate buffer,
pH 7.0, with 2 mM potassium ferricyanide, 2 mM potassium
ferrocyanide, and 0.2% Triton X-100). The plant tissues were
then vacuumed for 10 min in GUS staining buffer (100 mM
potassium phosphate buffer, pH 7.0, with 2 mM potassium fer-
ricyanide, 2 mM potassium ferrocyanide, 0.2% Triton X-100,
and 2 mM X-Gluc) and subsequently incubated at 37°C over-
night in the same GUS staining buffer. Tissues were washed with
70% ethanol three times to remove Chl.

Leaf decolorization treatment

The first cauline leaf and the last cauline leaf, at a blade length of
3–4 mm each, were harvested. Leaf tissues were incubated at
room temperature in 100% ethanol, and the ethanol was replaced
every 30 min until the leaf tissues became colorless. The leaves
were then incubated in 75% ethanol for 5 min, followed by incu-
bation in a solution containing 0.24 N HCl in 20% methanol at
37°C for 15 min. Subsequently, the leaves were incubated in a
solution of 7% NaOH in 60% ethanol at room temperature for
15 min. The leaves were then incubated in 40, 20, 10, and 5%
ethanol for 5 min each. The leaves were incubated in 25% gly-
cerol for 15 min, stored in 50% glycerol, and analyzed on glass
slides.

Imaging

Plants were imaged using a Canon EOS Rebel T7i or an Epson
Perfection V600 Photo Scanner. Decolorized leaves for stomatal
data were imaged using a Carl Zeiss LSM700 Confocal Micro-
scope at 409 magnification. Cauline leaf blade length : width
ratios were measured by the IMAGEJ software (imagej.nih.gov).

RT-quantitative PCR

RNA extraction and qPCR were performed as described pre-
viously (Hu et al., 2023; Manuela & Xu, 2024). Shoot apices
from each genotype were harvested in liquid nitrogen and ground
into fine powder in liquid nitrogen. Total RNA was extracted
using TRIzol (Thermo Fisher Scientific) and treated with Turbo
DNase (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. cDNA was synthesized by reverse transcrip-
tion from 1 lg of RNA using SuperScript IV reverse
transcriptase (Thermo Fisher Scientific, Waltham, MA, USA ).
Quantitative PCR was performed using GoTaq Hot Start
(M5001; Promega) and EvaGreen dye (#31 000; Biotium, Fre-
mont, CA, USA) using a Bio-Rad CFX96 Real-Time System.
Each reverse transcription quantitative polymerase chain reaction
(RT-qPCR) experiment was performed with three biological
replicates, and ACTIN2 (ACT2, AT3G18780) was used as a
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reference gene for quantification analysis. Primers used for
RT-qPCR are listed in Table S3.

Chromatin immunoprecipitation qPCR assay

Chromatin immunoprecipitation was performed as described
previously (Hu et al., 2023; Manuela & Xu, 2024). Three grams
of 11- or 14-d-old plants grown in LD conditions was harvested
and crosslinked in 1% formaldehyde for 15 min total and
vacuum-infiltrated twice for 3 min each. Tissues were then
ground in liquid nitrogen and suspended in extraction buffer one
(0.4 M sucrose, 10 mM Tris–HCl, pH 8.0, 10 mM MgCl2,
5 mM b-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride
(PMSF), and 0.1% TritonX-100). Pellets were washed with
extraction buffer 2 (0.25 M sucrose, 10 mM Tris–HCl, pH 8.0,
10 mM MgCl2, 5 mM b-mercaptoethanol, 1 mM PMSF, and
1% TritonX-100) and then resuspended in nuclei lysis buffer
(50 mM Tris–HCl, pH 8.0, 10 mM ethylenediaminetetraacetic
acid (EDTA), and 1% SDS). DNA was diluted in buffer
(1.2 mM EDTA, 16.7 mM Tris–HCl, pH 8.0, 167 mM NaCl,
and 0.01% SDS) and then sonicated using a Covaris ultrasonica-
tor M220. One percent of antibodies against GFP (A11122;
Invitrogen) were used in immunoprecipitation (IP). The IP pro-
tein and DNA were reverse-crosslinked to isolate the DNA using
the QIA Quick PCR Purification Kit (Qiagen). The ChIP-qPCR
was performed using GoTaq Hot Start (M5001; Promega), Eva-
Green dye (#31 000; Biotium), and a Bio-Rad CFX96
Real-Time System. The qPCR value of ChIP samples was nor-
malized to the value of LFY for SOC1-GFP ChIP, TARGET OF
EAT1 (TOE1) for FUL-GFP ChIP, and SOC1 for rSPL9-GFP
ChIP. LEAFY is a direct target of SOC1 and its percentage of
input relative to Col-0 was set to be 1, and fold enrichment in
SPL9/15 fragments was normalized to LFY. TOE1 is a direct tar-
get of FUL, and fold enrichment in SPL9/15 fragments was nor-
malized in the same way. SOC1 is a direct target of SPL9, and its
percentage of input relative to Col-0 was set to be 1, and fold
enrichment in BRI1 fragments was normalized to SOC1. Col-0
WT plants served as the negative genetic control for anti-GFP
ChIP, and TA3 (AT1G37110) served as the negative control
locus for ChIP-qPCR. Chromatin immunoprecipitation was per-
formed on three sets of biological replicates each, and primers
used for ChIP analysis are listed in Table S4.

Results

miR156-targeted SPL transcription factors function
redundantly to promote cauline leaf identity

Previous analyses of miR156-targeted SPLs have demonstrated
that they have multiple functions during vegetative and reproduc-
tive development (Xu et al., 2016). In addition to promoting
adult leaf identity during vegetative development, they also acti-
vate the expression of floral meristem identity genes following
floral induction (Wang et al., 2009; Wu et al., 2009; Xu
et al., 2016). We have previously shown that decreased SPL
activity in plants that overexpress miR156 or in the

spl2/9/10/11/13/15 sextuple mutant led to increased cauline leaf
numbers on the primary inflorescence in LD conditions, suggest-
ing a prolonged intermediate phase of growth and a delay in the
initiation of floral meristems (Wu & Poethig, 2006; Xu
et al., 2016). To further reveal how individual miR156-targeted
SPLs regulate cauline leaf development, we carried out a detailed
analysis of cauline leaf initiation and morphology in spl2, spl9,
spl10, spl11, spl13, spl15, spl9/13, and spl9/15 mutants. Similar to
our previous findings, spl2, spl9, spl10, spl11, spl13, spl15,
spl9/13, and spl9/15 mutants exhibited the same number of cau-
line leaves on the primary inflorescence as Col-0 (Fig. S1b). Clo-
ser morphological examination, however, revealed that while
cauline leaves in Col-0 become progressively elongated (increased
leaf blade length : width ratio) acropetally, cauline leaves were
rounder throughout development and barely increased in blade
length : width ratio in spl9 (Figs 1d, S1c). Examination of
spl9/13 and spl9/15 double mutants showed that cauline leaf mor-
phology was no different to spl9 (Figs 1d, S1c). We also exam-
ined cauline leaf number on secondary inflorescence shoots. We
observed no effect of single spl mutants on the first and second
secondary inflorescence branches but a significant increase in cau-
line leaf number on the third secondary inflorescence branch in
spl9 (Fig. S1e). This effect was enhanced and extended to the first
and second secondary inflorescence shoots in spl9/15 but not in
spl9/13 (Fig. S1e). Together, these results suggest that changes to
cauline leaf morphology can occur independently of floral meris-
tem initiation and that SPL9 has a unique role in cauline leaf
development.

To confirm that the limited phenotypic effects of spl single
mutants are not due to a lack of expression in cauline leaves, we
examined the staining patterns of miR156-sensitive GUS transla-
tional fusions for SPL2, SPL9, SPL10, SPL11, SPL13, and
SPL15 that we previously generated (Xu et al., 2016). All of the
SPL::SPL-GUS fusions were expressed in the cauline leaves,
stems, and flowers of young inflorescences, with SPL9 and SPL13
expressed the strongest in cauline leaves (Fig. 1a). Next, we exam-
ined the primary inflorescences in higher order spl mutants,
which revealed that the spl9/13/15 triple mutant and the
spl2/9/13/15 quadruple mutant (spl qm) have one more cauline
leaf than Col-0, while the spl2/9/10/13/15 quintuple mutant and
the spl2/9/10/11/13/15 sextuple mutant (spl sxm) have two to
three more cauline leaves than Col-0 (Fig. 1b). We then quanti-
fied cauline leaf morphology and counted the number of leaves
on each secondary inflorescence. Our results showed that the cau-
line leaves from the spl9/13, spl9/15, spl9/13/15, spl2/9/13/15,
spl2/9/10/13/15, and the spl2/9/10/11/13/15 mutants were
all-rounder (smaller blade length : width ratio) than in Col-0,
that all mutant combinations exhibited limited heteroblastic
developmental changes, and that there was no additional effect of
spl2/10/11 on leaf blade development in the spl9/13/15 back-
ground (Fig. 1c,d). However, there is greater genetic redundancy
in the repression of petiole development. Petioles on cauline
leaves start to emerge in the spl9/13/15 triple mutant and increase
in length as SPL activity decreases, with the spl sxm exhibiting the
longest and most clearly distinguished petioles (Fig. 1c). Corre-
spondingly, the number of leaves on each of the secondary
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Fig. 1 miR156-targeted SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) transcription factors function redundantly to promote cauline leaf
identity in Arabidopsis. (a) Expression of SPL2, SPL9, SPL10, SPL11, SPL13, and SPL15 in cauline leaves (CL). Bars, 3 mm. Five to six biological replicates
were examined for each genotype. (b) Number of cauline leaves on primary inflorescence (PI) in splmutants. One-way ANOVA, P < 0.05, different letters
above each graph represent significantly different groups. (c–e) Loss-of-function in splmutants changes the overall look of the inflorescences (c), cauline
leaf shape (d), and the number of leaves on each secondary inflorescence (SI) that each cauline leaf is associated with (e). Bars, 2 cm. (d, e) Two-way
ANOVA, P < 0.05, different letters above each graph represent significantly different groups. Error bars represent SE.
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inflorescences increased significantly in progressively higher order
mutants. For the first secondary inflorescence, Col-0 has c. 5
leaves, spl9/15 have c. 7 leaves, spl9/13/15 have c. 7.5 leaves,
spl2/9/13/15 have c. 8.5 leaves, spl2/9/10/13/15 have c. 10
leaves, and the spl sxm have c. 12 leaves (Fig. 1e). Therefore, these
results suggest that miR156-targeted SPLs function redundantly
in determining both cauline leaf morphology and the number of
cauline leaves on primary and secondary inflorescence shoots.

Mutations in the master regulator of floral meristem identity
LFY also result in higher rates of cauline leaf initiation on pri-
mary and secondary inflorescence shoots due to defective floral
meristem specification (Weigel et al., 1992). To determine
whether SPLs function similarly to LFY, we examined the cauline
leaf number, cauline leaf shape, and the number of leaves on each
secondary inflorescence of the strong loss-of-function mutant lfy-
1 (Weigel et al., 1992). Our results showed that lfy-1 made
approximately nine more cauline leaves than Col-0, much more
than the spl sxm (Fig. S3a,b). However, overall cauline leaf shape
was similar in lfy-1 and Col-0, with blade length : width ratio
also increasing acropetally in lfy-1 (Fig. S3c,d). As on the primary
inflorescence, the number of leaves on each lfy-1 secondary inflor-
escence is also much more than that of Col-0 (Fig. S3e).
Together, these results suggest that SPL genes and LFY function
differently in the regulation of inflorescence shoot architecture.
Loss of LFY function results in more cauline leaves on both the
primary and secondary inflorescences, presumably due to per-
turbed floral meristem initiation. However, there is little effect
on cauline leaf morphology in lfy-1. On the other hand,
miR156-targeted SPL genes have specific functions in promoting
cauline leaf identity, as loss-of-function mutants produce drasti-
cally different cauline leaves. SPL2/9/10/11/13/15 also have a
minor role in promoting floral meristem identity, as
spl2/9/10/11/13/15 mutants produce more cauline leaves than
Col-0 (Xu et al., 2016).

Floral activators promote SPL gene expression during floral
induction

Cauline leaves initiate at the end of vegetative development when
levels of miR156 are persistently low (Xu et al., 2016), suggesting
that any effects of SPL2/9/10/11/13/15 on cauline leaf identity
are likely to be miR156-independent. It has previously been
shown that SPL genes are significantly upregulated during floral
induction, indicating that they may be activated by floral induc-
tion pathways (Schmid et al., 2003). To test this, we first exam-
ined the transcript levels of SOC1, FUL, FD, CO, AGL24, and
AGL42, activators for LFY and AP1 (Samach et al., 2000; Wigge
et al., 2005; Liu et al., 2008; Torti & Fornara, 2012; Balanz�a
et al., 2014), and miR156-targeted SPL2, SPL9, SPL10, SPL11,
SPL13, and SPL15, in a 35S:MIM156 line in which miR156 has
been sequestered (Wu et al., 2009). Therefore, any changes in
transcript levels will be miR156-independent. 35S:MIM156
plants were first grown in SD conditions for 2 wk and then trans-
ferred to LD conditions to induce flowering. Shoot apices before
the transfer to LD conditions (D0) and after 3 d in LD condi-
tions (D3) were harvested for RT-qPCR analysis. The expression

of each of the floral activators increased following transfer to LD
conditions in 35S:MIM156 plants (Fig. 2a). Correspondingly,
expression levels of SPL2, SPL9, SPL10, SPL11, SPL13, and
SPL15 also increased upon floral induction at D3 in 35S:MIM
plants, but at lower levels than the floral activators (Fig. 2a).
These results are consistent with a model in which SPL genes are
promoted by SOC1, FUL, FD, CO, AGL24, and/or AGL42
during floral induction.

To examine whether these floral activators regulate
SPL2/9/10/11/13/15 expression during floral induction, we exam-
ined SPL transcript levels in plants overexpressing SOC1, FUL,
FD, CO, AGL24, and AGL42. Consistent with previous results
(Samach et al., 2000; Wigge et al., 2005; Liu et al., 2008; Balanz�a
et al., 2014), the expression of the flowering activators driven by
the constitutive 35S promoter induced early flowering (Figs 2b,
S4a). Consistent with the hypothesis that floral activators pro-
mote SPL expression, we found that 35S:SOC1, 35S:FUL, 35S:
CO, 35S:AGL24, and 35S:AGL42 produced fewer juvenile leaves
than Col-0 (Figs 2b, S4b). Reverse transcription quantitative
polymerase chain reaction analyses of SPL transcript levels were
carried out at 11 d after the germination of plants grown in LD
conditions when levels of miR156 were not significantly different
between the transgenic plants and Col-0 (Fig. 2c). The relative
expression of SPL2, SPL9, SPL10, SPL11, and SPL15 was signifi-
cantly higher in 35S:SOC1, 35S:FUL, 35S:CO, and 35S:AGL24
(Fig. 2d–i), with the strongest induction consistently observed in
35S:SOC1 and 35S:FUL (Fig. 2d–i) than Col-0. SPL13 tran-
script levels were significantly higher in 35S:FUL, 35S:CO, and
35S:AGL24, although overall expression remained lower than
that of other SPL genes examined. We observed no effects on
SPL transcript levels in 35S:FD, consistent with the lack of an
effect on vegetative phase change in this line (Fig. 2b). Only
SPL9 and SPL15 were upregulated in 35S:AGL42 (Fig. 2c–i).
These results indicate that multiple floral activators, particularly
SOC1, FUL, CO, and AGL24, induce SPL gene expression and
that they regulate SPL activity independent of miR156.

Ectopic expression of miR156 driven by promoters of floral
activators resulted in a delay of cauline leaf identity

We hypothesized that if floral activators endogenously upregulate
SPL gene expression in cauline leaves, then they should be
expressed in cauline leaves. Therefore, we analyzed the expression
of SOC1, FUL, FD, CO, AGL24, and AGL42 in the cauline
leaves of young inflorescences using PROMOTER:GUS reporter
fusions. Our results showed that the promoters of SOC1, FUL,
and CO are active throughout cauline leaves, while FD, AGL24,
and AGL42 promoter expression is limited to the basal part of
cauline leaves (Fig. 3a).

Next, we reasoned that if floral activators induce SPL activity
in cauline leaves transcriptionally, then the ectopic expression of
miR156 driven by floral activator promoters would phenocopy
the cauline leaf phenotype of spl mutants. To test this, we quanti-
fied cauline leaf morphology and number in Col-0 and transgenic
plants expressing SOC1:MIR156A, FUL:MIR156A, FD:
MIR156A, CO:MIR156A, AGL24:MIR156A, and AGL42:
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Fig. 2 Floral induction promotes the expression of miR156-targeted SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) genes in Arabidopsis. (a)
Expression of floral activators and SPL2, SPL9, SPL10, SPL11, SPL13, SPL15 in 35S:MIM156 before and after floral induction in cauline leaves. Plants were
grown in short-day (SD) conditions for 2 wk (D0) and transferred to long-day (LD) conditions for 3 d (D3). (b) The number of juvenile leaves (JL), adult
leaves (AL), and cauline leaves (CL) in Columbia (Col-0) and plants overexpressing SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1),
FRUITFUL (FUL), FD, CONSTANS (CO), AGAMOUS-like24 (AGL24), and AGL42. (c–i) Relative levels ofmiR156 (c), SPL2 (d), SPL9 (e), SPL10 (f), SPL11
(g), SPL13 (h), and SPL15 (i) in 11-d-old Col-0 and plants overexpressing SOC1, FUL, FD, CO, AGL24, and AGL42. *, P < 0.05; **, P < 0.01; ***,
P < 0.001; ns, not significantly different, P > 0.05, t-test or one-way ANOVA. Error bars represent SE.
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MIR156A (Fig. 3b–d). We observed no increase in the number
of cauline leaves on the primary inflorescence in any of the trans-
genic lines (Fig. S5); however, all lines produced significantly
rounder cauline leaves with no acropetal heteroblastic change in
leaf shape (Fig. 3b,c). Furthermore, distinct petioles emerged
in the cauline leaves of the transgenic lines (Fig. 3b). These were
most apparent in CO:MIR156A but were also visible in SOC1:
MIR156A, FUL:MIR156A, FD:MIR156A, and AGL24:
MIR156A lines (Fig. 3b). Each of these transgenic lines also pro-
duced significantly more leaves on their secondary inflorescences
than Col-0 (Fig. 3d). However, the effects of AGL42:MIR156A
on petiole production and cauline leaf number were limited. The
phenotypes of plants expressing MIR156A from floral activator
promoters were similar to loss-of-function spl mutants (Fig. 1c).
Taken together, these results are consistent with the hypothesis

that SPLs function downstream of floral activators in promoting
cauline leaf development.

SOC1 and FUL are the major floral inducers that promote
cauline leaf identity

To further characterize the roles of floral activator genes during cau-
line leaf development, we analyzed a series of loss-of-function
mutants: agl24-3 (hereafter agl24), agl42-crispr (CRISPR-Cas9
induced mutation – this study, hereafter agl42), fd-3 (hereafter fd ),
co-10 (hereafter co), soc1-2 (hereafter soc1), ful-2 (hereafter ful ),
agl24 ful, agl42 ful, agl24 agl42, soc1 ful, soc1 agl24, and soc1 agl42
(Fig. 4). During rosette development, each of these mutants pro-
duced the same number of juvenile leaves; however, they produced
more adult leaves than Col-0 as a result of their delayed flowering
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Fig. 3 Ectopic expression of miR156 in cauline leaves driven by floral activators resulted in rounder cauline leaves and more leaves produced on each of the
secondary inflorescences in Arabidopsis. (a) Expression of SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1), FRUITFUL (FUL), FD,
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on each secondary inflorescence (d) in plants ectopically expressingMIR156A driven by SOC1, FUL, FD, CO, AGL24, and AGL42. Shared letters above
each group indicate not significantly different groups; different letters above each group indicate significantly different groups. P < 0.05, two-way
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(Fig. 4a). Among the single mutants, all ful cauline leaves were
rounder than in Col-0, while soc1 and co single mutants produced
rounder leaves than Col-0 from the second cauline leaf onward
(Fig. 4b,c). All the double-mutant combinations we tested exhibited
rounder cauline leaves throughout development except for agl24
agl42, in which the first cauline leaf appeared WT, but subsequent
leaves were significantly rounder (Fig. 4b,c). Furthermore, the cau-
line leaves of soc1 ful, soc1 agl24, and soc1 agl42 produced petioles
(Fig. 4b). All of the flowering-time mutants produced more cauline
leaves on primary and secondary inflorescence shoots (Fig. 4b–d).
Of these mutants, soc1 ful had the severest cauline leaf phenotype,
exhibiting the roundest leaves, most elongated petioles, and the lar-
gest number of cauline leaves on primary and secondary inflores-
cences (Fig. 4b–d). The phenotypic similarities of the cauline leaves
in soc1 ful and higher order splmutants further support the idea that
SOC1, FUL, and SPL genes may function in a common pathway to
promote cauline leaf identity.

To test whether SOC1 and FUL mask the activity of other
floral activators, we generated a series of higher order mutants in
a soc1 ful background: soc1 ful agl24, soc1 ful agl42, soc1 ful agl24
agl42, soc1 ful agl24 agl42 fd, soc1 ful agl24 agl42 co, and soc1 ful
agl24 agl42 fd co. Each of these mutants produced the same num-
ber of juvenile leaves as soc1 ful but more adult leaves, increasing
as additional mutant alleles were introduced (Fig. 5a). The num-
ber of cauline leaves, cauline leaf blade length : width ratios, and
the number of leaves on each secondary inflorescence, however,
remained similar to soc1 ful (Fig. 5b–e). This confirms that
SOC1 and FUL are key players among floral activators in pro-
moting cauline leaf identity and suggests that AGL24, AGL42,
FD, and CO likely function in the same pathway as SOC1 and
FUL in promoting cauline leaf identity.

SOC1 and FUL directly promote SPL gene expression

To determine whether the soc1 ful cauline leaf phenotypes are
associated with changes in the expression of SPL genes, we per-
formed RT-qPCR analyses on Col-0, soc1, ful, and soc1 ful shoot
apices at Day 18, when miR156 levels were similarly low across
all genotypes (Fig. 6a). We found that SPL2, SPL9, SPL10,
SPL11, and SPL15 transcript levels were significantly lower in
soc1, ful, and soc1 fulmutants, whereas levels of SPL13 were unaf-
fected (Fig. 6a). To test for genetic redundancy at the molecular
level, we also quantified transcript levels in higher order floral
activator mutants in a soc1 ful background. We saw no difference
in the levels of SPL2, SPL9, SPL10, SPL11, and SPL15 tran-
scripts in soc1 ful agl24, soc1 ful agl24 agl42, soc1 ful agl24 agl42
co, and soc1 ful agl24 agl42 co fd plants relative to soc1 ful
(Fig. 6b). Taken together, the results of our phenotyping and
RT-qPCR analyses support a regulatory interaction between the
floral induction and the miR156/SPL pathways in the specifica-
tion of cauline leaf identity and suggest that SOC1 and FUL have
larger effects on cauline leaf development than other floral activa-
tor genes. However, as the tissue we used for our gene expression
analyses included floral and shoot tissue as well as initiating cau-
line leaves, we cannot spatially resolve where the genetic interac-
tion between the floral activators and SPL genes occurs.

Of the SPL genes we tested, the expression of SPL9 and SPL15
was most strongly upregulated in 35S:SOC1 and 35S:FUL plants
(Fig. 2e,i) and most strongly suppressed in soc1 ful (Fig. 6a,b).
To investigate whether SOC1 and FUL directly activate SPL9
and SPL15 to promote cauline leaf identity, we performed ChIP-
qPCR using a novel SOC1:SOC1-GFP soc1 line (Fig. S6) and a
previously reported 35S:FUL-GFP line (Manuela & Xu, 2024).
We grew these plants in LD conditions and harvested tissue from
SOC1:SOC1-GFP soc1 at Day 14 and 35S::FUL-GFP at Day 11.
The candidate binding sites for SOC1 and FUL upstream of the
SPL9 and SPL15 start codons were identified using prior
genome-wide analyses of MADS-box transcription factor binding
sites (Tao et al., 2012; van Mourik et al., 2023). Primers specific
to the candidate binding sites were designed to test for target
enrichment in chromatin immunoprecipitated with antibodies to
GFP (Fig. 6c,d). Consistent with previous reports (Lee
et al., 2008; Liu et al., 2008; Balanz�a et al., 2018), we found that
SOC1 and FUL bind to LFY and TOE1, respectively. We there-
fore normalized our ChIP-qPCR data to the binding of SOC1 to
LFY and of FUL to TOE1 (Fig. 6e,f). The locus of the retrotran-
sposon TA3 was used as a negative control. Our results show that
SOC1 and FUL directly bind to the same sites in the SPL9 pro-
moter (SPL9-3, SPL9-4), between 340 and 747-bp upstream of
the start codon (Fig. 6c–f). Both SOC1 and FUL also bind
directly to the same site on the SPL15 promoter (SPL15-2), and
SOC1 binds to an additional site on the SPL15 promoter that
FUL does not (SPL15-3), between 290-bp and 700-bp upstream
of the start codon (Fig. 6c–f). Our data indicate that SOC1 and
FUL converge on the same regulatory regions of SPL9 and
SPL15 to promote gene expression.

To verify our ChIP data, we generated a truncated SPL9
promoter-GUS fusion construct lacking the SOC1 and FUL
binding sites SPL9-3 and SPL9-4 (Fig. 6c). We reasoned that if
these sequences are required to activate SPL9 expression during
cauline leaf development, then a GUS reporter construct missing
them (SPL9truncated:SPL9-GUS) will be less strongly expressed
in cauline leaves than a GUS reporter construct driven by the
intact SPL promoter sequence (SPL9:SPL9-GUS). SPL9:SPL-
GUS expression was strongly detected in the cauline leaves, stems,
and flowers of young inflorescences (Fig. 6g), consistent with a
previous analysis (Xu et al., 2016). By contrast, SPL9truncated:
SPL9-GUS showed strong expression in stems and flowers but
only weak expression in the veins of cauline leaves (Fig. 6g), sug-
gesting that specific regulatory sequences in the SPL9 promoter
are required for expression in cauline leaves. Furthermore, in a
soc1 ful mutant background, SPL9::SPL9-GUS expression per-
sisted in the stem and young flowers but was absent in cauline
leaves (Fig. 6g), confirming a spatially restricted interaction
between redundant MADS-box transcription factors and SPL9.

SPL genes are necessary for SOC1 and FUL function during
cauline leaf development

Our results thus far indicate that several miR156-targeted SPLs
function directly downstream of SOC1 and FUL to promote cau-
line leaf identity. If this is the case, then increased SOC1 or FUL
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expression should have minimal effect on cauline leaf develop-
ment in a spl mutant background. To test this hypothesis, we
introduced the 35S:SOC1and 35S:FUL constructs into a

spl2/9/13/15 quadruple mutant background (spl qm). The spl qm
produces more juvenile leaves, total rosette leaves, and cauline
leaves than Col-0, whereas juvenile, rosette, and cauline leaves are

0

1.0

0.5

1.5 Col soc1  ful soc1 ful agl24 soc1 ful agl24 agl42 soc1 ful agl24 agl42 co

soc1  ful agl24 agl42 co fd

Col soc1 ful soc1  ful

SPL2 SPL10 SPL11 SPL13 SPL15 miR156
0

1.0

1.5

SPL9

200 bp

SPL15

1 3 4

0

0.5

1.0

1.5

2.0

2.5

LFY TA3 SPL9
    -1

SPL9
    -3

SPL9
    -4

SPL15
      -2

2 3 4

SPL15
      -3

SPL15
      -4

a

b

a/b

c
a/c

a/c

a/c

a/b

R
el

at
iv

e 
 fo

ld
  c

ha
ng

e

SOC1

0

0.2

0.4

0.6

0.8

1.0

1.2

TA3 SPL9
    -1

SPL9
    -3

SPL9
    -4

SPL15
      -2

SPL15
      -3

SPL15
      -4

TOE1

a

b
b

c

c

c

b/cb/c

(a)

(b)

(c)

(e) (f)
FUL

SPL9

SPL2 SPL10 SPL11 SPL13 SPL15 miR156SPL9

a

b b b b
b

a

a

a

a

a

a a a a aa
a

a

b b b b b

b b b b b b b
b b b b b b b b

b
b

(d)

(g)
SPL9:SPL9-GUS SPL9(truncated):SPL9-GUS SPL9:SPL9-GUS soc1 ful 

0.5

a

b b

c

a

b

c

d

a

b

c

b

a

b
c

d

a

a a a

a

b c

d

a a a a

SPL9 truncated (fragment 3 and 4 deleted)

a/c

a/b

a

R
el

at
iv

e 
ab

un
da

nc
e

R
el

at
iv

e 
ab

un
da

nc
e

R
el

at
iv

e 
 fo

ld
  c

ha
ng

e

New Phytologist (2025) 247: 719–737
www.newphytologist.com

� 2025 The Author(s).

New Phytologist� 2025 New Phytologist Foundation.

Research

New
Phytologist730



all reduced in 35S:SOC1and 35S:FUL plants (Fig. 7a–c). How-
ever, the effects of 35S:SOC1 and 35S:FUL were entirely sup-
pressed in the spl qm background. The effects of 35S:SOC1 and
35S:FUL on shoot architecture (Fig. 7d) and cauline leaf shape
(Fig. 7e,f) were also suppressed in the spl qm. This suggests that
SPL2/9/13/15 are completely epistatic to SOC1 and FUL during
cauline leaf development. However, we did observe a slight
reduction in the number of cauline leaves on the first secondary
inflorescence shoot when SOC1 or FUL1 was constitutively
expressed in spl qm (Fig. 7g). This may be due to the residual
activity of SPL10/11 (Shikata et al., 2009; Fig. 1e) or elevated
LFY activity caused by SOC1 and FUL overexpression (Lee
et al., 2008; Liu et al., 2008; Balanz�a et al., 2018).

SPL genes promote stomatal differentiation in cauline
leaves

Previous research has shown that miR156-targeted SPL genes
regulate stomatal percentage and photosynthetic rate during
vegetative development (Feng et al., 2016; Lawrence et al., 2021;
Li et al., 2024). To determine whether the miR156/SPL network
regulates stomatal differentiation during cauline leaf identity, we
analyzed stomata on the abaxial surface of the first and last cau-
line leaves in Col-0 and spl sxm plants at a blade length of
3–4 mm (Fig. 8a). We calculated the stomatal percentage (num-
ber of stomata/total number of epidermal cells) and examined
both the tip and middle of these cauline leaves to account for dif-
ferences in rates of stomatal differentiation (Le Gloanec
et al., 2024). Our data showed that both the first and last cauline
leaves of spl sxm had a significantly lower stomatal percentage in
the tip and middle than WT plants (Fig. 8a–c). These results sug-
gest that SPL genes may regulate multiple aspects of cauline leaf
development.

SPL9 binds to BRI1 directly to regulate cauline leaf
development

Interestingly, it has previously been reported that loss-of-function
of the receptor for the phytohormone BR BRI1 leads to rounder
cauline leaves (Xiong et al., 2021). Furthermore, the BR signaling
pathway components BRASSINOSTEROID INSENSITIVE2
(BIN2) and BRASSINAZOLE-RESISTANT 1 (BZR1) were
reported to genetically and physically interact with SPL9 to
regulate vegetative phase change (Wang et al., 2021; Zhou

et al., 2023). Therefore, we decided to test whether the SPL and
BR pathways also coordinate cauline leaf identity.

As strong bri1 alleles inhibit stem elongation, making it diffi-
cult to distinguish cauline leaves, we analyzed the weak Col-0
allele bri1-301. Cauline leaf shape analysis showed that the 3rd

cauline leaf in bri1-301 was significantly rounder than Col-0
(Fig. 9a,b). However, we observed no effect on cauline leaf num-
ber (Fig. S7a,b). To test whether SPLs and BRI1 interact at the
transcriptional level to regulate cauline leaf identity, we per-
formed RT-qPCR analysis of BRI1 gene expression in Col-0 and
spl sxm mutant plants. Our results showed significantly lower
BRI1 transcript levels in spl sxm (Fig. 9c), suggesting that SPL
transcription factors promote BRI1 expression.

Next, we conducted ChIP-qPCR to determine whether SPL9
directly activates BRI1 expression using a SPL9:GFP-rSPL9
spl9/13 transgenic line we previously generated (Hu et al., 2023).
ChIP-qPCR results revealed SPL9 binds to multiple regions of
the BRI1 promoter and coding sequence, with particularly strong
binding to sequences in the promoter (Fig. 9d,e). To further
explore the functional relevance of these candidate regulatory ele-
ments, we created constructs of full-length and truncated BRI1
promoters missing specific SPL9 binding sites (Positions 1, 2,
and 3) fused with GUS (Fig. 9f). The full-length BRI1 promoter
(2494 bp) drove the expression of GUS broadly in cauline leaves
(Fig. 9g). Analysis of the deletion constructs BRI1:GUS-1 (with-
out Position 1), BRI1:GUS-2 (without Positions 2 and 3), and
BRI1:GUS-3 (without Positions 1 to 3) showed that BRI1:GUS-
1 and BRI1:GUS-3 had minimal GUS activity in cauline leaves,
whereas BRI1:GUS-2 maintained activity similar to the full-
length promoter (Fig. 9g). These results indicate that the
sequence at Position 1 is necessary for BRI1 expression in cauline
leaves, whereas the sequences at Positions 2 and 3 are not. In the
spl qm background, plants transformed with full-length BRI1:
GUS exhibited reduced GUS activity in the distal region of cau-
line leaves (Fig. 9g). Collectively, these findings suggest that
SPL9 directly promotes BRI1 expression to regulate cauline leaf
identity.

Discussion

SPLs are master regulators for cauline leaf identity

Cauline leaves exhibit specific developmental features that distin-
guish them from vegetative (i.e. rosette) leaves. They are

Fig. 6 SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1) and FRUITFUL (FUL) directly promote SQUAMOSA PROMOTER BINDING
PROTEIN-LIKE (SPL) gene expression in Arabidopsis. (a, b) Reverse transcription quantitative polymerase chain reaction (RT-qPCR) analysis of SPLs in soc1

and fulmutants (a), and higher order mutants containing soc1 ful (b). Error bars represent SE (a, b). (c, d) Schematic diagram of SPL9with indication of
regions removed (c) and SPL15 (d) genomic DNA, with indicated positions bound by SOC1 or FUL tested in chromatin immunoprecipitation followed by
qPCR (ChIP-qPCR). Gray boxes indicate untranslated region (UTR), and black boxes indicate exons. (e, f) ChIP-qPCR analysis of SOC1 and FUL binding
sites of SPL9 and SPL15. LEAFY (LFY ) is a direct target of SOC1, its percentage of input relative to Columbia (Col-0) was set to be 1, and fold enrichment
in SPL9/15 fragments was normalized to LFY. TOE1 is a direct target of FUL, and fold enrichment in SPL9/15 fragments was normalized in the same way.
The TA3 retrotransposon (AT1G37110) served as a negative control locus for ChIP-qPCR. Shared letters above each bar indicate not significantly different
groups; different letters above each bar indicate significantly different groups, P < 0.05, two-way ANOVA (a, b), one-way ANOVA (e, f). (g) Translational
b-glucuronidase (GUS) fusions of SPL9 driven by its native promoter (left), a truncated promoter (middle), or the native promoter in the soc1 ful agl24
background (right). Bars, 3 cm. Error bars represent SE.
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elongated and tapered, lack petioles, are associated with elongated
internodes and inflorescence buds, and produce trichomes predo-
minantly on the abaxial surface. The unique developmental iden-
tity of cauline leaves was recently supported by a comparative
analysis of vegetative and cauline leaf morphogenesis, which
found specific patterns of cell division, expansion, and differen-
tiation in cauline leaves (Le Gloanec et al., 2024). The role of the
miR156-SPL genetic module in regulating vegetative leaf identity
(i.e. juvenile vs adult) has been well established (Wu &
Poethig, 2006; Wu et al., 2009; Xu et al., 2016; He et al., 2018).

However, whether SPL genes regulate the developmental identity
of distinct leaf types remains to be determined. Here, we have
demonstrated that SPL genes also function redundantly to pro-
mote cauline leaf development.

Recent work has shown that miR156-targeted SPL genes regu-
late leaf morphology through direct repression of BLADE-ON-
PETIOLE genes during vegetative development (Hu
et al., 2023), which promote proximal-distal axis development by
promoting petiole development and by prolonging the period of
proliferative growth via regulation of cell cycle and cell wall
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Fig. 7 SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) genes are necessary for SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1)
and FRUITFUL (FUL) function during cauline leaf development in Arabidopsis. (a–g) First rosette leaf with abaxial trichomes (a), the number of rosette
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FUL spl qm. Numbers in the upright corner of (d) indicate the number of plants showing the phenotype and the number of plants examined. (a–c), one-
way ANOVA, P < 0.05, different letters above each graph represent significantly different groups. Bar, 1 cm. (f, g), two-way ANOVA, P < 0.05, different
letters above each graph represent significantly different groups. Error bars represent SE.
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genetic networks (Tang et al., 2023; Li et al., 2024). The rounder
leaves with extended petioles formed in spl mutant plants suggest
SPL transcription factors regulate similar downstream targets
during cauline leaf development. However, the unique cellular
dynamics reported in cauline leaves relative to rosette leaves (Le
Gloanec et al., 2024) indicates either that the downstream net-
works have been modified or that additional morphogenetic fac-
tors are at play during cauline leaf development. As is the case in
cauline leaves, SPL9 appears to be a critical regulator of cauline
leaf development (Fig. S1), although considerable genetic redun-
dancy exists in the regulation of both vegetative and cauline leaf
identities by members of the SPL family.

Cauline leaves represent an intermediate developmental phase
between vegetative (rosette leaf) and reproductive (flower) devel-
opment (Hempel et al., 1997), and increased cauline leaf number,
therefore, is a consequence of a delay in the transition to repro-
ductive development. This increased number of cauline leaves in
spl mutants is consistent with previous findings that miR156-
targeted SPL transcription factors directly bind floral meristem
specification genes AP1 and LFY (Yamaguchi et al., 2009, 2014).
We observed a particularly strong increase in the number of leaves
on spl secondary inflorescence shoots, suggesting that primary
inflorescence and axillary meristems are differentially sensitive to
SPL activity. The higher number of leaves on the secondary
inflorescence branches in soc1 ful (Fig. 4d) relative to spl sxm
(Fig. 1e) plants is likely due to additional regulation of LFY by
SOC1 and FUL independent of SPLs (Lee et al., 2008).

SPLs are partially activated by floral activators

miR156 levels remain at low levels following vegetative develop-
ment; however, miR156-targeted SPLs were upregulated upon
floral induction. Furthermore, we observed an increase in SPL
transcript accumulation following floral induction in 35S:
MIM156 plants in which miR156 activity is blocked (Fig. 2).
Taken together, these results indicate that SPLs regulate cauline
leaf identity in a miR156-independent manner. Instead, SPL
function during cauline leaf development appears largely depen-
dent on transcriptional regulation by floral activator genes. The
floral induction activators SOC1, FUL, FD, CO, ADL24, and
AGL42 do not promote SPLs during vegetative phase change, as
mutations in these genes do not change the number of juvenile
leaves (Figs 4a, 5a). However, they are competent to accelerate
vegetative phase change when ectopically expressed, resulting in
few juvenile leaves (Fig. 2b). Phenotypic and RT-qPCR analyses
in floral activator mutants revealed that SOC1 and FUL are the
primary activators for SPLs during floral induction, while FD,
CO, AGL24, and AGL42 likely activate SPLs indirectly, prob-
ably through activating SOC1 and FUL, as SPL genes were down-
regulated to similar levels in the soc1 ful double mutant as in
higher order mutants containing soc1 ful (Fig. 6b). Consistent
with these observations, cauline leaf morphology and the number
of leaves on each secondary inflorescence in higher order soc1 ful
mutants were not more severe than those of the soc1 ful double
mutant (Fig. 5). The ChIP-qPCR and promoter analysis showed
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that SOC1 and FUL activate SPL9 and SPL15 directly (Fig. 6c–
g). Nevertheless, the number of cauline leaves on the primary
inflorescence of soc1 ful was more than that of the spl sxm
mutant, probably caused by the activation of SPLs as well as the
master floral meristem identity genes LFY and AP1 by SOC1 and
FUL (Lee et al., 2008; Liu et al., 2008; Balanz�a et al., 2014).
Similarly, the soc1 ful double mutant has more leaves on its sec-
ondary inflorescence than spl mutants, likely due to insufficient
activation of SPLs and LFY/AP1. Since significant levels of SPLs

remained in the soc1 ful double mutant and higher order mutants
containing soc1 ful, our data suggest that SPLs are partially acti-
vated by SOC1 and FUL during floral induction for the estab-
lishment of cauline leaf identity. Other factors that activate SPLs
independent of miR516 during floral induction remain to be
uncovered.

We observed a particularly strong increase in the number of
cauline leaves on spl secondary inflorescence shoots, suggesting
that primary inflorescence and axillary meristems are
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differentially sensitive to SPL activity. As secondary shoots con-
tinue to produce cauline leaves following the conversion of the
primary inflorescence shoot to reproductive development, our
results also suggest that the reproductive transition is regulated
semi-independently across the shoot. This would be consistent
with studies of vegetative phase change, which have shown that
leaf identity is regulated independently of the SAM (Orkwis-
zewski & Poethig, 2000) and that vegetative buds are able to
maintain discrete identities in long-lived woody species (Bassiri
et al., 1992).

Even in the strong spl sxm, we did not observe any instances of
aerial rosette formation, in which axillary meristems are con-
verted to a vegetative state and entire rosettes initiate at elongated
internodes. Aerial rosette formation is associated with enhanced
activity of the floral repressors FLC and TFL1 (Grbi�c &
Bleecker, 1996; Ratcliffe et al., 1998; Poduska et al., 2003). This
supports the argument that SPL genes play only a minor role in
the transition to inflorescence identity in Arabidopsis (Zhao
et al., 2023; Poethig & Fouracre, 2024), although additional
SPL genes beyond SPL2/9/10/11/13/15 may also function
redundantly to promote inflorescence development in axillary
meristems.

Stomata density may be a heteroblastic leaf trait

Previous reports have shown that suppression of SPL activity
leads to lower rates of stomatal initiation in leaves of potato
(Bhogale et al., 2014) and tobacco (Feng et al., 2016). Further-
more, cauline leaves have been shown to have a higher stomatal
percentage than rosette leaves (Haus et al., 2018; Ding
et al., 2023). This suggests that increased stomatal index may
have been an overlooked element of heteroblastic development.
Consistent with this notion, we found that spl sxm cauline leaves
have a lower stomatal percentage than WT plants (Fig. 8). Con-
versely, Li et al. reported a higher stomatal percentage in the spl9
spl15 mutant relative to WT (Li et al., 2024), although in this
instance leaves were surveyed at a much earlier developmental
stage before full maturity. The exact role of the miR156/SPL
module in stomatal development remains to be determined,
although it is likely to include input from downstream cell prolif-
eration pathways as stomata initiate at different rates across the
leaf basipetal axis (Le Gloanec et al., 2024; Li et al., 2024). As
overall rates of stomatal conductance were found to be the same
between juvenile and adult Arabidopsis leaves (Lawrence
et al., 2020), the functional significance of stomata regulation by
miR156/SPL in cauline leaves remains to be discovered.

BR signaling is involved in establishing cauline leaf identity

Brassinosteroids are important plant hormones that regulate var-
ious developmental processes, including root and shoot growth,
vascular differentiation, pollen development, and seed formation
(Ackerman-Lavert & Savaldi-Goldstein, 2020; Kim & Russi-
nova, 2020; Oh et al., 2020; Shi et al., 2022). Brassinosteroids
promote plant growth by enhancing cell expansion and prolif-
eration, with their interaction with auxin playing a significant

role in shaping leaf morphology (Oh et al., 2020; Xiong
et al., 2021). The perception of BRs begins with their binding
to the receptor kinase BRI1 and its coreceptor, BRI1-Associated
Kinase 1 (BAK1), initiating a signaling cascade that activates the
transcription factor BZR1 and other downstream BR-responsive
genes (Li & Chory, 1997; Wang et al., 2002). BRASSINOS-
TEROID INSENSITIVE 1 is expressed in elongating and dif-
ferentiating tissues, including the petioles and central veins of
rosette and cauline leaves, and the spatial and temporal expres-
sion of BRI1 is tightly regulated, with its distribution affecting
BR sensitivity and signaling in specific tissues (Zhou
et al., 2004; Hategan et al., 2014). Our results showed that
BRI1 and miR156-targeted SPLs are co-expressed in cauline
leaves. SPL9 directly binds to the promoter of BRI1, and muta-
tions in SPLs lead to reduced expression of BRI1 at the distal
regions of cauline leaves. This highlights the critical role of BRs
in cauline leaf development. Although the cauline leaf pheno-
type of bri1-301 is milder than that of the higher order spl
mutants, it suggests that miR156-targeted SPLs also regulate
additional downstream targets to establish cauline leaf identity.
These findings, together with previous studies showing that BR
stabilizes SPL9 and that BRI1 regulates SPL9, SPL10, and
SPL15, suggest a feedforward loop between BRs and SPL9 activ-
ity (Wang et al., 2021; Zhou et al., 2023). In this model, the
upregulation of SPLs leads to the upregulation of BRI1, which
stabilizes SPLs and further amplifies BR signaling and SPL activ-
ity. In combination with findings elsewhere, our results suggest
that the BR and SPL pathways are integrated to regulate the
identity of multiple leaf types.
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