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Summary

� The APETALA2 (AP2) transcription factor regulates flower development, floral transition

and shoot apical meristem (SAM) maintenance in Arabidopsis. AP2 is also regulated at the

post-transcriptional level by microRNA172 (miR172), but the contribution of this to SAM

maintenance is poorly understood.
� We generated transgenic plants carrying a form of AP2 that is resistant to miR172 (rAP2) or

carrying a wild-type AP2 susceptible to miR172. Phenotypic and genetic analyses were per-

formed on these lines and mir172 mutants to study the role of AP2 regulation by miR172 on

meristem size and the rate of flower production.
� We found that rAP2 enlarges the inflorescence meristem by increasing cell size and cell

number. Misexpression of rAP2 from heterologous promoters showed that AP2 acts in the

central zone (CZ) and organizing center (OC) to increase SAM size. Furthermore, we found

that AP2 is negatively regulated by AUXIN RESPONSE FACTOR 3 (ARF3). However, genetic

analyses indicated that ARF3 also influences SAM size and flower production rate indepen-

dently of AP2.
� The study identifies miR172/AP2 as a regulatory module controlling inflorescence meristem

size and suggests that transcriptional regulation of AP2 by ARF3 fine-tunes SAM size determi-

nation.

Introduction

In vascular plants, the formation of above-ground organs such as
leaves and flowers is dependent on the activity of shoot apical
meristems (SAMs) (Holt et al., 2014). Within the SAM, the main-
tenance of a stem cell population is balanced with the depletion of
pluripotent cells that are displaced towards the meristem periphery
and differentiate (Laux, 2003). This balance is responsible for the
continuous production of organs and the maintenance of SAM
size. During crop domestication, selection for increased meristem
size has occurred together with breeding for elevated seed produc-
tion and enlarged fruits (Kitagawa & Jackson, 2019). Moreover,
recent studies demonstrated a positive correlation between SAM
size and flower or seed production in Arabidopsis and crops (Je
et al., 2016; Serrano-Mislata et al., 2017; Landrein et al., 2018).
Therefore, regulation of SAM size may contribute to the improve-
ment of crop yield and fitness in natural populations.

The SAM is multilayered and can be divided into different
zones. The central zone (CZ) encompasses three clonally distinct
cell layers (L1–L3) and is characterized by slowly dividing cells,
whereas the peripheral zone (PZ) surrounding the CZ is

characterized by rapidly dividing cells (Satina et al., 1940). Cells
within the CZ maintain stem cell identity, whereas those in the
PZ are recruited for differentiation into lateral organs (Meyerow-
itz, 1997). Stem cells in the CZ must be replenished to facilitate
plant growth, although excessive stem cell proliferation also alters
plant growth patterns (Clark et al., 1993, 1995). The organizing
center (OC) is located beneath the CZ but also partially overlaps
with it and is marked by the expression of WUSCHEL (WUS),
which encodes a homeodomain transcription factor (Mayer et al.,
1998). The WUS protein is mobile and moves into the stem
cells, where it directly promotes the expression of CLAVATA3
(CLV3), a marker of stem cell identity (Fletcher et al., 1999).
CLV3 encodes a small extracellular peptide that binds to and
modifies the activity of complexes of membrane-localized recep-
tor complexes, thereby restricting WUS expression to the OC
(Clark et al., 1997; Stone et al., 1998; Fletcher et al., 1999; Rojo
et al., 2002; Lenhard & Laux, 2003). Disruption of this feedback
loop betweenWUS and CLV3 activity results in dramatic changes
in meristem size and plant growth (Carles & Fletcher, 2003).

The morphology and function of the SAM change during the
transition from vegetative to reproductive development. During
vegetative growth of Arabidopsis, leaf primordia are formed on
the flanks of the SAM, whereas floral transition involves the*These authors contributed equally to this work.
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change in identity of the SAM into an inflorescence meristem that
forms secondary inflorescences and flowers. Floral transition also
involves a considerable increase in the size of the Arabidopsis
SAM, a phenomenon called doming, which includes an increase
in meristem height (Jacqmard et al., 2003; Kinoshita et al., 2020).
Pathways that control flowering time also contribute to the
increase in meristem size during the doming (Kinoshita et al.,
2020). In Arabidopsis, some members of the APETALA2-LIKE
(AP2-LIKE) transcription factor family are key regulators of flow-
ering time (Yant et al., 2010). The simultaneous inactivation of all
six AP2-LIKE genes – AP2, TARGET OF EAT1 (TOE1), TOE2,
TOE3, SCHNARCHZAPFEN (SNZ) and SCHLAFM €UTZE
(SMZ) – results in very early flowering (Yant et al., 2010), whereas
overexpression of most of these genes causes late flowering (Auker-
man & Sakai, 2003; Schmid et al., 2003; Chen, 2004; Jung et al.,
2007; Mathieu et al., 2009; Zhang et al., 2015). The mRNA of
each of these genes is targeted by microRNA172 (miR172), which
in Arabidopsis is encoded by five MIR172 genes (Rhoades et al.,
2002). Overexpression of miR172 or its depletion also results in
early- or late-flowering plants, respectively (Chen, 2004; Lian
et al., 2021; �O’Maoil�eidigh et al., 2021).

Moreover, AP2 increases the size of shoot and floral meristems,
although how this is mediated is unclear (Chen, 2004;
W€urschum et al., 2006). Recently, the SAM of plants lacking the
activity of all five MIR172 genes was found to be enlarged (Lian
et al., 2021), but whether this was due to increased activity of
AP2 or to other AP2-LIKE genes was not examined. Ectopic
expression of AP2 results in indeterminate flowers and, in this
context, AP2 was proposed to be a direct negative regulator of
AUXIN RESPONSE FACTOR 3 (ARF3, also known as ETTIN)
(Chen, 2004; Liu et al., 2014). ARF3 also directly negatively reg-
ulates AP2, which suggests that AP2 and ARF3 are components
in a double-negative feedback loop (Simonini et al., 2017). How-
ever, most of these experiments were performed using whole
inflorescences, so it remains unclear whether the interactions
between AP2 and ARF3 are relevant in the SAM.

To further understand how AP2 and miR172 control SAM
size, we uncoupled the activity of AP2 from miR172 by generat-
ing a fluorescently tagged miR172-resistant form of AP2 (rAP2-
VENUS) that was expressed from its endogenous regulatory
sequences and analyzed mir172 mutants. We also used heterolo-
gous promoters to test where in the meristem rAP2 controls
meristem size, and explored the relationship between AP2 and
ARF3 in regulating SAM size. Our data demonstrate the impor-
tance of miR172 regulation of AP2 in the CZ and OC in con-
trolling meristem size and flower production.

Materials and Methods

Plant materials, growth conditions and phenotypic analysis

Arabidopsis thaliana Columbia (Col-0) ecotype was used as the
wild-type for all experiments. The mutant alleles ap2-12 (Yant
et al., 2010), mir172abd, mir172abd ap2-12, mir172abcde,
( �O’Maoil�eidigh et al., 2021) and arf3-2 (Okushima et al., 2005),
and reporter lines pAP2::AP2-VENUS (�O’Maoil�eidigh et al.,

2021) have been described previously. Plants were grown in con-
ditions with long days (LDs; 16 h : 8 h, light : dark) or short days
(SDs; 8 h : 16 h, light : dark). Shoot apices were harvested at time
points that spanned the floral transition (12, 15, 18 and 21 LDs)
or at the 1-cm-bolting stage, when the main inflorescence stem
had reached a height of 1 cm. For most genotypes, time to flow-
ering was scored on the day the first flowers opened. However,
flowers of ap2-12 mutants opened prematurely, so the size of the
flowers and the pistil length were considered to ensure that the
first flowers were fully mature.

Plasmid construction and plant transformation

The AP2 locus was cloned by polymerase incomplete primer
extension (PIPE; Klock & Lesley, 2009), with modifications for
large fragments and multiple inserts. All PCR amplifications were
performed using Phusion Enzyme (New England BioLabs, Frank-
furt am Main, Germany) following the manufacturer’s recom-
mendations. The AP2 coding sequence was amplified from
genomic DNA and cloned into pDONR207 (Invitrogen) by BP
reaction to generate csAP2-pDONR207. To create rAP2, site-
directed mutagenesis was performed to alter the nucleotide
sequence of the miRNA172-binding site within AP2 (Chen,
2004), using csAP2-pDONR207 as a template and primers con-
taining the desired mutations in the miRNA172-binding site
(Supporting Information Fig. S1a). The gene sequence of the
VENUS fluorescent protein (Nagai et al., 2002) was amplified
and a linker of nine alanine codons was added to obtain an ampli-
con of 772 nucleotides (9AV) to create insertion-PIPE (I-PIPE).
Vector-PIPE was generated using cs(r)AP2-pDONR207 as a tem-
plate, to generate a PCR fragment of 5.3 kb. A 1 : 10 mixture of I-
PIPE and vector-PIPE was transformed into Escherichia coli
(E. coli) DH5-a cells (Chung et al., 1989). The PCR product was
digested with DpnI (New England BioLabs) and used to trans-
form E. coli DH5a cells. The rAP2(-VENUS)-pDONR207 plas-
mid was sequenced to confirm the presence of the desired
constructs. Similarly, a 7.7 kb PCR product of the AP2 promoter
as I-PIPE was amplified and vector-PIPE was generated using cs(r)
AP2(-VENUS)-pDONR207 as a template. The final constructs,
pAP2::(r)AP2(-VENUS)-pDONR207, were verified by digestion
and sequencing. The same method was used to fuse rAP2-VENUS
to different promoters: pWUS (6.3 kb), pCLV3 (4 kb), pAtML1
(6.3 kb), pHMG (2.8 kb) and pFD (4.3 kb). The primers used are
listed in Table S1. Col-0 plants were transformed by floral dip-
ping (Clough & Bent, 1998). Transformants were selected by
spraying twice with 200 lg ml�1 ammonium-glufosinate (Bayer
Crop Science, Monheim am Rhein, Germany). Homozygous
plants carrying a single insertion of the transgene were selected on
Murashige & Skoog medium (Murashige & Skoog, 1962) con-
taining 1% sucrose and 10 lg ml�1 phosphinotricin.

RNA extraction, real-time quantitative PCR and RNA-
sequencing

Total RNA from apical meristem-enriched tissue was extracted
using the RNeasy Plant Mini Kit (Qiagen) and treated with
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RNase-free DNase I (Ambion). cDNA was synthesized using a
Superscript IV First Strand Synthesis System (Invitrogen). Tran-
script expression was quantified by quantitative reverse transcrip-
tion polymerase chain reaction (RT-qPCR) with the SYBR
Green Supermix (Bio-Rad) using a CFX384 Touch Real-Time
PCR Detection system (Bio-Rad) and normalized against expres-
sion of PEX4 (AT5G25760) and PP2A (AT1G13320). Three
technical replicates were performed for each independent biologi-
cal replicate. The primers used are listed in Table S1. The sam-
ples for RNA-seq were harvested and the Illumina sequencing
and analysis were performed as previously described (Sang et al.,
2020).

Scanning electron microscopy

Shoot apices were dissected, fixed and processed for scanning
electron microscopy (SEM) as previously described (Laux et al.,
1996). Samples were dried in liquid carbon dioxide and mounted
on stubs using double-sided adhesive and conductive tabs. Plant
material was then coated with gold and platinum before imaging
with a Supra 40VP scanning electron microscope (Zeiss). Meris-
tems were imaged from directly above the meristem center.

In situ hybridization

In situ hybridization was performed as previously described
(Bradley et al., 1993) with minor modifications. Instead of
Pronase, proteinase K (1 mgml�1 in 100 mM Tris at pH 8.0, and
50 mM EDTA) was used for protease treatment and samples were
incubated at 37°C for 30 min. Post-hybridization washes were per-
formed in 0.19 saline sodium citrate with 50% (w/v) formamide.
The sequences of primers to generate the probes of AP2 mRNA
are listed in Table S1. For the detection of mature miR172, the
synthetic probe (osa-miR172a; Exiqon, Vedbaek, Denmark) was
used (Hyun et al., 2016). Three independent experiments includ-
ing at least two meristems were analyzed for each genotype and
time point. Representative images were presented.

Confocal microscopy

Shoot apices were harvested in ice-cold 4% paraformaldehyde (v/
v) (Sigma-Aldrich) prepared in phosphate-buffered saline at pH
7.0. Samples were vacuum-infiltrated twice for 10 min each, trans-
ferred to fresh 4% paraformaldehyde, and stored at 4°C
overnight. Fixed samples were washed in phosphate-buffered
saline twice for 10 min each and cleared with ClearSee (Kurihara
et al., 2015) at room temperature for 3–7 d. Samples were then
transferred to fresh ClearSee solution with 0.1% (v/v) SCRI
Renaissance 2200 (Renaissance Chemicals, Selby, UK; Musielak
et al., 2015) and incubated in the dark overnight. Shoot meristems
were imaged as described previously (Kinoshita et al., 2020).

Image processing and analysis

Meristem area was quantified on SEM images by tracing a cir-
cle within the meristem that excluded the leaf primordia, using

Smart SEM (Zeiss). The divergence angle between the primor-
dia within the SAM was measured on SEM images using FIJI.
The center of the meristem was estimated by extracting the
mean of the XY coordinates of the primordia. The measured
angle was that formed by Primordium1-Centre-Primordium2.
The number of cells within the meristem region and cell area
were obtained using MORPHOGRAPHX (MGX) software
(https://morphographx.org/; Kierzkowski et al., 2012; Barbier
de Reuille et al., 2015). The Z-stack images were first converted
into ‘.tif’ images using FIJI and the surface of the acquired
meristem was subsequently created with MGX. The signal of
the cell wall (SCRI Renaissance 2200; 3–5 µm from the sur-
face) was projected onto the surface and cells were autoseg-
mented and manually corrected. The meristematic region was
defined as described in Kinoshita et al. (2020). Cell area and
cell distance from the central cell were computed with MGX.
Different zones of the SAM were defined according to their
position from the central cell (0): ‘0–2’, included cells at posi-
tions 0–2 from the central cell corresponding to the CZ in Col-
0; ‘3–5’ contained cells at positions 3–5 from the central cell
corresponding to the inner PZ; ‘6–8’ included cells at positions
6–8 from the central cell corresponding to the middle of the
PZ in Col-0; and ‘9–11’ consisted of cells at positions 9–11
from the central cell corresponding to the outer part of the PZ.
The VENUS fluorescence signals were quantified by tracing a
circle of the same size for each image on the shoot meristem
within primordia on the central transversal section using the
SCRI Renaissance 2200 channel and measuring the mean gray
value on the VENUS channel.

Statistical analysis

Data were analyzed using ANOVA followed by a post hoc
Tukey’s test using R software (http://r-project.org/). Flowering
time data, total flower number, meristem area and fluorescence
quantification are presented using boxplots: the boxes indicate
the interquartile range, the horizontal line in the middle is the
median, the vertical lines correspond to the highest or lowest
value within 1.59 the interquartile range. For each boxplot, sin-
gle observations are presented as dots in the background.

Results

Expression patterns of miR172-sensitive and -resistant
forms of AP2 at the shoot apex

In order to understand how AP2 responds to miR172 activity,
we generated two transgenes expressing fusions between AP2 and
the fluorescent protein VENUS from the endogenous regulatory
sequences of AP2 (Fig. S1a). To uncouple the activity of miR172
from AP2, we introduced synonymous mutations into the coding
region of AP2 to generate a miR172-resistant version of AP2
(pAP2::rAP2-VENUS, later called rAP2-VENUS; Fig. S1a)
(Chen, 2004). We transformed Col-0 plants with this rAP2-
VENUS transgene and with a ‘wild-type’ version of the transgene
that remained susceptible to miR172 activity (pAP2::AP2-
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VENUS, later called AP2-VENUS), which was partially described
previously ( �O’Maoil�eidigh et al., 2021).

Several independent transformants for both constructs were
analyzed for AP2 mRNA level in seedlings and for VENUS
expression in the SAM by confocal microscopy (Figs 1a, S1b,c).
Most lines of the same genotype showed very similar patterns of
expression, with the exception of line AP2-VENUS #14, which

showed a weaker VENUS signal (Figs 1a, S1b,c). Prior to floral
development (12 LDs), AP2-VENUS and rAP2-VENUS protein
accumulated with similar spatial patterns in the SAM (Figs 1a,
S1c). However, AP2-VENUS signal decreased with increasing
plant age and was not detectable in the shoot meristem after 15
LDs (Figs 1a, S1d). By contrast, miR172 was not detected at the
SAM by in situ hybridization at 12 LD but was clearly present at

(a)

(b)

Fig. 1 miR172 decreases the level of AP2 in the shoot apical meristem (SAM) of Arabidopsis thaliana at floral transition. (a) Confocal imaging of AP2-
VENUS #13 and mutant variant rAP2-VENUS #B3 transgenic lines grown under long-day (LD) conditions. Bar, 20 µm. (b) Detection of mature miR172
levels by in situ hybridization in the AP2-VENUS #13 and mutant variant rAP2-VENUS #B3 transgenic lines grown under LD conditions. Bar, 100 µm. LDs,
number of days after germination under LD conditions.
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15 LD, appearing to be anti-correlated with AP2 in the shoot
meristem (Fig. 1b). In comparison to AP2-VENUS, the rAP2-
VENUS fluorescence signal persisted in the SAM much longer
and was still detected at 21 LDs (Fig. 1a). Interestingly, the accu-
mulation of miR172 was delayed in rAP2-VENUS plants and
was not detectable until 18 LDs, which may be an indirect effect
of the late-flowering phenotype of rAP2-VENUS plants (see
later). However, rAP2-VENUS signal did overlap with miR172
accumulation at 21 LDs in rAP2-VENUS plants (Fig. 1a,b), sup-
porting the possibility that this transgene is resistant to miR172
activity. We monitored AP2 mRNA localization in the SAM
along a similar time course, and AP2 transcripts were still
detectable in the meristem of AP2-VENUS plants at 21 LDs
when AP2-VENUS protein was undetectable, supporting the sig-
nificance of post-transcriptional regulation of AP2 at the SAM
(Fig. S2). However, the pattern of rAP2-VENUS did become
more restricted in the SAM between 18 and 21 LDs, indicating
that other regulators control the abundance of AP2 indepen-
dently ofMIR172 (Fig. 1a).

Analysis of flowering time and flower development in AP2-
VENUS and rAP2-VENUS transgenic plants

AP2 was previously reported to delay floral transition under non-
inductive SD and inductive LD photoperiods (Yant et al., 2010;
�O’Maoil�eidigh et al., 2021). Consistent with these results, we
observed that ap2-12 mutants flowered earlier with fewer leaves
and AP2-VENUS plants flowered slightly later with more leaves
than Col-0 under both LDs and SDs (Figs 2a, S3a,b). By con-
trast, the flowering time of the two rAP2-VENUS lines tested was
strongly delayed in both LD and SD conditions (Figs 2b, S3a,b),
but this delay was more pronounced in SD conditions, in which
rAP2-VENUS plants produced more than 160 rosette leaves
(Fig. S3b). These results confirm that AP2 has a major role in
repressing floral transition in SD conditions and demonstrate
that inhibition of AP2 activity by miR172 is required for timely
flowering (Yant et al., 2010; �O’Maoil�eidigh et al., 2021).

The AP2-VENUS and rAP2-VENUS transgenes were intro-
gressed into the ap2-12 mutant background and the morphology
and flowering time of these plants were assessed after verifying
homozygosity of each mutation and transgene. The AP2-VENUS
construct complemented the early flowering of ap2-12 mutants,
confirming the function of the fusion protein (Figs 2a, S3c). How-
ever, rAP2-VENUS ap2-12 plants produced significantly more
rosette leaves than did rAP2-VENUS plants (Fig. 2b), which may
be due to impaired negative feedback regulation of AP2 at its own
locus (Schwab et al., 2005; Yant et al., 2010). Furthermore, the
AP2-VENUS transgene restored the aberrant floral morphology of
ap2-12 mutants, whereas rAP2-VENUS plants displayed defects in
flower formation such as enlarged carpels (Fig. S3c).

Flower initiation rates are altered in an AP2-dependent
manner

The inflorescences of rAP2-VENUS plants were compact and
contained more flowers when compared with Col-0 control

plants (Fig. 2c). A large number of flowers developed from the
primary shoot of rAP2-VENUS plants over their lifetime,
whereas fewer developed from the primary shoot of ap2-12
plants, as compared with Col-0 controls (Figs 2d, S3d). This
increase in flower production by rAP2-VENUS plants does not
appear to be explained by an increased production of infertile
flowers (Hensel et al., 1994), because ap2-12 plants produced
more infertile flowers than rAP2-VENUS from their primary
shoots (Fig. 2d).

To distinguish between the role of AP2 in the rate of flower
production and meristem arrest at the end of flowering (Balanz�a
et al., 2018), we counted the number of flowers present every 2 d
following the opening of the first flower (Fig. 2e). Under our
conditions, we observed that Col-0 plants underwent meristem
arrest at 17 d after the first open flower (Fig. 2e). The rAP2-
VENUS plants produced significantly more flowers than Col-0
from 5 d after the first open flower until the end of the experi-
ment (23 d after flowering; Fig. 2e). Therefore, increased AP2
activity caused an increase in the rate of flower production from
very early stages of flowering and extended the duration of floral
production. To independently assess the contribution of miR172
to an increased rate of flower production, we counted the number
of flowers produced by mir172abd plants, which have severely
reduced miR172 activity at the shoot apex ( �O’Maoil�eidigh et al.,
2021). The mir172abd mutant produced flowers at a rate similar
to rAP2-VENUS plants at early stages of flowering (up to 11 d
after flowering) but produced fewer flowers than rAP2-VENUS
plants overall (Fig. 2d,e). Both rAP2-VENUS transgenic lines
tested showed the same flower-number phenotype (Fig. S3d),
indicating that the difference between mir172abd and rAP2-
VENUS in flower number is not specific to a single rAP2-
VENUS transgene insertion.

To assess whether mir172c and mir172e account for the differ-
ence in flower production observed between rAP2-VENUS and
mir172abd, the number of flowers produced by mir172abcde
plants was also counted (Fig. S4). They produced a slightly
higher number of flowers than mir172abd plants, but lower than
that for rAP2-VENUS (Figs 2e, S4), which suggests that other
miR172 targets might influence the increase in flower number
observed in mir172 plants. To validate this hypothesis, we also
counted the number of flowers produced by mir172abd ap2-12
plants. This genotype produced significantly fewer flowers than
mir172abd, but slightly more than Col-0 (Fig. 2d). This indicates
that the increased rate of flower production is largely dependent
on AP2 with possible minor contributions from other miR172
targets late in the flowering phase. The rate of flower production
by mir172abd ap2-12 and ap2-12 was similar until 23 d after the
first open flower, suggesting that the role of miR172 in flower
production before meristem arrest depends exclusively on AP2
(Fig. 2d,e).

The effect of AP2 and rAP2 on meristem size

The rate of organ initiation correlates with the size of the meris-
tem, and larger meristems produce more organs per unit time
(Je et al., 2016; Serrano-Mislata et al., 2017; Landrein et al.,
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2018). Therefore, we examined the inflorescence meristem sizes
of Col-0, rAP2-VENUS, mir172abd, ap2-12 and mir172abd
ap2-12 plants (Fig. 3), and compared meristem size of AP2-
VENUS Col-0 with rAP2-VENUS Col-0, Col-0 and ap2-12
(Fig. S5). To compare this parameter among plants with differ-
ent flowering times, we harvested apices at the 1-cm-bolting
stage. rAP2-VENUS plants exhibited larger meristems than Col-
0 controls, whereas ap2-12 meristems were smaller and AP2-
VENUS meristems were similar to Col-0 (Figs 3a–c, S5). The
meristem size of mir172abd plants was intermediate between
that of Col-0 and rAP2-VENUS plants (Fig. 3c), which might

explain the observed differences in flower production (Fig. 2d).
Moreover, the meristem area of mir172abd ap2-12 plants was
similar to that of ap2-12 (Fig. 3c), demonstrating that AP2 is
required for the enlarged meristem phenotype. Importantly, this
result demonstrates that inflorescence meristem size is not corre-
lated with flowering time in these genotypes, because
mir172abd ap2-12 plants flower later than Col-0
( �O’Maoil�eidigh et al., 2021), but their inflorescence meristem is
smaller than Col-0. Collectively, these results suggest that a
strong correlation exists between meristem area and the rate of
flower production among these genotypes.

(a) (b)

(d) (e)

(c)

Fig. 2 AP2 accumulation after floral transition delays flowering and increases floral determinacy in Arabidopsis thaliana. (a) Number of rosette (gray) and
total leaves (black) for Col-0, ap2-12, AP2-VENUS #13 and AP2-VENUS #13 ap2-12 (n ≥ 11) plants. (b) Number of rosette (gray) and total leaves (black)
for Col-0, rAP2-VENUS #A6 and rAP2-VENUS #A6 ap2-12 plants (n ≥ 11). For (a, b), letters show significant differences between genotypes (P < 0.05,
using ANOVA followed by Tukey’s pairwise multiple comparisons). (c) Photographs of inflorescences of Col-0 (top) and rAP2-VENUS #A6 (bottom) plants.
Plants photographed 10 d after the first flower opened. Bar, 0.1 cm. (d) Total number of flowers (black) and infertile flowers (gray) on the primary
inflorescence of Col-0, ap2-12, rAP2-VENUS #A6,mir172abd andmir172abd ap2-12 plants. Letters show statistical grouping of genotypes (n = 12;
P < 0.05, ANOVA followed by Tukey’s pairwise multiple comparisons). (e) The cumulative number of mature flowers on the primary inflorescence (mean �
SD for 12 plants per genotype; day 1 was when the first flower opened); asterisks indicate P < 0.05 in comparisons between Col-0 and ap2-12 (orange),
rAP2-VENUS #A6 (green),mir172abd (pink) ormir172abd ap2-12 (blue) (n = 12; using ANOVA followed by Tukey’s pairwise multiple comparisons). The
gray square represents the stage at which the Col-0 plants underwent meristem arrest. In (a, b, d), whiskers represent a distance of 1.5 9 interquartile
range, the vertical line in the middle is the median, and the dots or crosses display individual data points.
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To identify the cellular mechanism responsible for the differ-
ence in meristem size among these genotypes, we analyzed the cell
number and cell area in the L1 of their inflorescence meristems
(Fig. 3a). The mean number of cells in the ap2-12 meristem was
176, compared with 370 in Col-0 at the 1-cm-bolting stage
(Fig. 3d). This reduced cell number was compensated by a signifi-
cant increase in cell size throughout the entire meristematic region
in ap2-12meristems (Fig. 3e,f). The same phenotype was observed
for the meristems of mir172abd ap2-12 plants, suggesting that
AP2 is the key regulator of meristem morphology downstream of
miR172. In addition to an increase in cell number, cell area was
significantly greater in the meristem of the rAP2-VENUS plants,
but only in the zones close to the central part of the meristem (0–
2, 3–5 and 6–8 cells from the central cell) and not in the region
close to the meristem boundary (9–11 cells from the central cell;
Fig. 3e,f). Likewise, in the mir172abd meristem, cells were larger
than Col-0 in the same zones (0–2, 3–5 and 6–8 cells from the
central cell) but cell number in the meristem was similar to the
one observed in Col-0 meristems (Fig. 3a–d).

Variation in meristem size is correlated with changes in phyl-
lotaxy (Landrein et al., 2014), and we therefore tested the
hypothesis that a shorter plastochron affects the divergence angle
of primordium formation in the shoot meristem. Although a sig-
nificant difference in meristem area was observed for the majority
of the genotypes tested, a significantly smaller angle between suc-
cessive primordia was only observed in rAP2-VENUS plants
(Fig. 3g). This suggests that a large difference in SAM size is
required to affect the phyllotactic divergence angle. Collectively,
these results show that an extended duration of AP2 expression in
the SAM after floral transition in rAP2-VENUS plants was associ-
ated with a larger meristem due to an increase in both cell num-
ber and area.

AP2 and ARF3 coordinately control inflorescence meristem
size and flower initiation rate

We showed that miR172 represses AP2-VENUS expression at
the shoot apex during floral transition, which reduces the size of
the inflorescence meristem (Figs 1a, 3). Within the floral meris-
tem, AP2 binds to and reduces transcription of ARF3, also
known as ETTIN (Liu et al., 2014), while in inflorescence sam-
ples, ARF3 also directly negatively regulates AP2 transcription,
creating a double-negative feedback loop (Simonini et al., 2017).
ARF3 protein accumulates throughout the inflorescence meris-
tem (Liu et al., 2014; Simonini et al., 2017) and mutation of
ARF3 leads to larger floral and inflorescence meristems (Zhang
et al., 2018). Consistent with this report, we observed that the
meristem of arf3-2 was larger than that of Col-0 at the 1-cm-
bolting stage (Fig. 4a–c). This increase in meristem area was
explained by a significant increase in cell area specifically in the
outer part of the PZ (6–8 and 9–11 cells from the central cell;
Fig. 4a,e,f).

To determine whether the regulation of meristem size by AP2
depends on ARF3, we measured the meristem area of the ap2-12
arf3-2 mutant. The size of the ap2-12 arf3-2 meristem was inter-
mediate between that of ap2-12 and arf3-2, and similar to that of

Col-0 (Fig. 4c). We then examined the effect of arf3-2 mutation
in the rAP2-VENUS background and observed that the meristem
area of rAP2-VENUS arf3-2 plants was significantly larger than
that of rAP2-VENUS (Fig. 4c). This increase in meristem size
was sufficient to decrease the divergence angle between primordia
at the SAM (Fig. 4g). These results indicate that reduction of
ARF3 transcription might contribute to the role of AP2 in regu-
lating meristem size, but it does not fully explain it. Furthermore,
although cell area in rAP2-VENUS increased in the central part
of the meristem and cell area in arf3-2 increased in the meristem
periphery, the cell area in rAP2-VENUS arf3-2 increased in all
regions, as compared with Col-0 (Fig. 4f). These results suggest
that AP2 and ARF3 regulate cell area in the SAM via different
mechanisms, but the regulation of cell number is consistent with
AP2 being negatively regulated by ARF3.

To test the interaction between AP2 and ARF3 further, we
quantified AP2 expression in the shoot apex of arf3-2 at the 1-
cm-bolting stage, and observed a slight but not significant reduc-
tion of AP2 expression in arf3-2 from the wild-type expression
level (Fig. S5a). Because AP2 binds directly to the ARF3 locus
(Yant et al., 2010), we also quantified the accumulation of ARF3
mRNA in ap2-12 and rAP2-VENUS shoot apices, but observed
almost no difference in expression compared with that in Col-0
(Fig. S5b). ARF3 and AP2 may be regulated differently in floral
meristems than in the inflorescence meristem, so we examined
the accumulation of the rAP2-VENUS protein in rAP2-VENUS
arf3-2 plants that showed a larger meristem than rAP2-VENUS
plants. Quantification of VENUS signal specifically in the SAM
showed that it was stronger in the rAP2-VENUS arf3-2 meristem
than in the rAP2-VENUS meristem (Fig. 5a–c). These data sug-
gest that ARF3 may fine-tune AP2 expression level to contribute
to the regulation of meristem size.

We next examined whether the change in meristem size of
arf3-2 affected floral bud production. The number of flowers and
the rate of bud production were significantly higher for arf3-2
than for Col-0 (Fig. 6). The number of flowers produced began
to differ significantly from Col-0 from 13 d after the opening of
the first flower, suggesting that arf3-2 regulates flower production
during the early stages of flowering (Fig. 6b). Similar to the inter-
mediate size of the meristem observed in ap2-12 arf3-2, the num-
ber of flowers was also intermediate between the one of ap2-12
and arf3-2 and was similar to that in Col-0 (Fig. 6a). A similar
number of flowers was produced by the primary inflorescences of
rAP2-VENUS arf3-2 and rAP2-VENUS plants. The shoot meris-
tem sizes between these plants were also very similar, although
rAP2-VENUS arf3-2 meristems were slightly larger. However,
this phenotype might have been affected by the increased sterility
of the rAP2-VENUS arf3-2 plants (Fig. 6a). We conclude that
ARF3 regulates meristem size and flower production partially
through different pathways.

Expression of rAP2 in the central zone strongly affects
inflorescence meristem size

To identify in which areas of the meristem rAP2 influences shoot
meristem size, the effects of rAP2 expression in different domains
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(a)

(b)

(c) (d) (e)

(f) (g)

Fig. 3 miR172 mediates the regulation of inflorescence meristem size by AP2 in Arabidopsis thaliana. (a, b) The shoot apical meristem (SAM) of Col-0,
ap2-12, rAP2-VENUS #A6, mir172abd andmir172abd ap2-12 plants at the 1-cm-bolting stage observed from the side (a), and heat map quantification of
the cell area in the meristem region observed from the top (b). Cell wall signals in the L1 were projected onto the surface of the meristem. Bar, 50 µm. (c)
Meristem area as determined by scanning electron microscopy (SEM) analysis (n ≥ 12). (d, e) Cell number (d) and cell area (e) in the meristem region (n = 3)
of Col-0, ap2-12, rAP2-VENUS #A6, mir172abd andmir172abd ap2-12 plants at the 1-cm-bolting stage. Letters show significant differences between
genotypes (P < 0.05, using ANOVA followed by Tukey’s pairwise multiple comparisons). (f) Cell area in different zones of the meristem of Col-0, ap2-12,
rAP2-VENUS #A6, mir172abd andmir172abd ap2-12 plants at the 1-cm-bolting stage. Meristem zones are determined by the distance in cells from the
centre of the meristem: 0–2 cells, 3–5 cells, 6–8 cells, 9–11 cells. Asterisks indicate P < 0.05 between comparisons of Col-0 and other genotypes using
ANOVA followed by pairwise multiple comparisons using Tukey’s test. (g) The divergence angle between primordia at the SAM of Col-0, ap2-12, rAP2-
VENUS #A6, mir172abd andmir172abd ap2-12 plants at the 1-cm-bolting stage. Letters show statistical groupings for genotypes (n ≥ 12; P < 0.05, using
ANOVA followed by Tukey’s pairwise multiple comparisons). In (c), whiskers represent a distance of 1.5 9 interquartile range, the vertical line in the
middle is the median, and the dots display individual data points. In (e–g), the dot in the middle is the mean.
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(a)

(b)

(c)

(f) (g)

(d) (e)

Fig. 4 AP2 and ARF3 regulate cell size in different meristem zones in Arabidopsis thaliana. (a, b) The shoot apical meristem (SAM) of Col-0, arf3-2, ap2-
12, ap2-12 arf3-2, rAP2-VENUS #A6 and rAP2-VENUS #A6 arf3-2 plants at the 1-cm-bolting stage observed from the side (a), and heat map
quantification of the cell area in the meristem region observed from the top (b). Cell wall signals in the L1 were projected onto the surface of the meristem.
Bar, 50 µm. (c–e) Meristem area as determined by scanning electron microscopy (SEM) analysis (n ≥ 9) (c), cell number (d) and cell area in the meristem
region (n = 3) (e) of Col-0, arf3-2, ap2-12, ap2-12 arf3-2, rAP2-VENUS #A6 and rAP2-VENUS #A6 arf3-2 plants at the 1-cm-bolting stage. Letters show
statistical grouping of genotypes (P < 0.05, using ANOVA followed by Tukey’s pairwise multiple comparisons). (f) Cell area of different zones of the
meristem of Col-0, arf3-2, ap2-12, ap2-12 arf3-2, rAP2-VENUS #A6 and rAP2-VENUS #A6 arf3-2 plants at the 1-cm-bolting stage. Meristem zones are
determined by the distance in cells from the centre of the meristem: 0–2 cells, 3–5 cells, 6–8 cells, 9–11 cells. Asterisks indicate P < 0.05 between the
genotypes tested and Col-0 (using ANOVA followed by Tukey’s pairwise multiple comparisons). (g) Divergence angle between primordia at the SAM of
Col-0, arf3-2, ap2-12, ap2-12 arf3-2, rAP2-VENUS #A6 and rAP2-VENUS #A6 arf3-2 plants at the 1-cm-bolting stage. Letters show statistical groupings
for genotypes (n ≥ 9; P < 0.05, using ANOVA followed by Tukey’s pairwise multiple comparisons). Images and data for Col-0, ap2-12 and rAP2-VENUS

#A6 are the same as those in Fig. 3. In (c), whiskers represent a distance of 1.5 9 interquartile range, the vertical line in the middle is the median, and the
dots display individual data points. In (e–g), the dot in the middle is the mean.
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of the SAM was analyzed. The FD promoter was used to mark
cells in the whole SAM, because it is strongly expressed in the
SAM, as well as in the adaxial epidermis of young leaf primordia
(Abe et al., 2005; Wigge et al., 2005; Romera-Branchat et al.,
2020). The A. thaliana MERISTEM LAYER 1 (AtML1) pro-
moter was used to drive rAP2-VENUS expression in the L1 layer
of the meristematic region and differentiating organs (Lu et al.,
1996), and the HIGH MOBILITY GROUP promoter (pHMG)
was used to express rAP2-VENUS in the L1 of the shoot meris-
tem (Yadav et al., 2014). Furthermore, the WUS (Mayer et al.,
1998) and CLV3 promoters (Yadav et al., 2009) were used to
express rAP2-VENUS in the OZ and CZ, respectively. Fusions of

rAP2-VENUS to these different promoters were introduced into
Col-0. AP2 acts as a floral-organ patterning gene (Bowman et al.,
1989; Krogan et al., 2012), and most of the transgenic plants
were infertile, except for pCLV3::rAP2-VENUS.

The T1 generation was analyzed and in all T1 plants that car-
ried the pAtML1::rAP2-VENUS or pHMG::rAP2-VENUS trans-
gene, the fusion protein was localized as expected in the L1 cells
of the SAM at floral transition (14 LDs) and in the L1 of the
SAM and of the floral primordia in the mature inflorescence
(21 LDs; Fig. 7a,b). Expression of rAP2-VENUS in the L1
affected neither meristem size (Fig. 7c) nor the number of flowers
(Fig. 7d), whereas in pFD::rAP2-VENUS transgenic plants,

(c)(b)(a)

Fig. 5 Genetic interaction between AP2 and ARF3 in the inflorescence meristem of Arabidopsis thaliana at the 1-cm-bolting stage. (a–c) Confocal imaging
(a, b) and fluorescence quantification (c) of rAP2-VENUS in rAP2-VENUS #A6 (a) and rAP2-VENUS #A6 arf3-2 (b) in inflorescence meristems at the 1-cm-
bolting stage (n ≥ 7). Bar, 25 µm; asterisks show P < 0.05 between genotypes using ANOVA followed by Tukey’s pairwise multiple comparisons. In (c),
whiskers represent a distance of 1.5 9 interquartile range, the vertical line in the middle is the median, and the dots display individual data points.

(a) (b)

Fig. 6 ARF3 regulates floral determinacy in Arabidopsis thaliana. (a, b) Total number of flowers (black) and infertile flowers (gray) on the primary
inflorescence (a) and cumulative number of mature flowers on the primary inflorescence (mean � SD for 12 plants per genotype; day 1 was when the first
flower was opened) (b). Letters show statistical groupings of genotypes (P < 0.05, using ANOVA followed by Tukey’s pairwise multiple comparisons).
Asterisks indicate significant differences between Col-0 and ap2-12 (orange) or rAP2-VENUS #A6 (green) using ANOVA followed by Tukey’s pairwise
multiple comparisons. Hashtags indicate significant differences between Col-0 and arf3-2 (black), ap2-12 arf3-2 (orange) or rAP2-VENUS #A6 arf3-2

(green) using ANOVA followed by Tukey’s pairwise multiple comparisons (n = 12). Data for Col-0, ap2-12 and rAP2-VENUS #A6 are the same as those in
Fig. 2d,e. In (a), whiskers represent a distance of 1.5 9 interquartile range, the vertical line in the middle is the median, and the dots display individual data
points.
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rAP2-VENUS accumulated throughout the SAM and meristem
size was significantly increased, to a level similar to that observed
for pAP2::rAP2-VENUS (Figs 7, 3c). Flower morphology was
severely disrupted in pAtML1::rAP2-VENUS plants and flowers
of pHMG::rAP2-VENUS transformants contained more petals
and stamens than did Col-0 (Fig. S6d,e). This result suggests that
the expression of rAP2-VENUS in the L1 affects floral morphol-
ogy but not meristem size. pFD::rAP2-VENUS plants also
showed strong defects in flower formation (Fig. 7b). All of the
pFD::rAP2-VENUS T1 plants tested produced more cauline
leaves, were delayed in producing flowers and the inflorescence

terminated in a highly enlarged floral structure consisting mainly
of petals (Figs 7b, S6c,f, S7g). In pWUS::rAP2-VENUS and
pCLV3::rAP2-VENUS transformants, rAP2-VENUS localized to
the OC and the CZ, respectively, as expected (Fig. 7a,b). pWUS::
rAP2-VENUS and pCLV3::rAP2-VENUS plants formed larger
meristems than did Col-0, which appeared similar in size to those
of pFD::rAP2-VENUS plants (Fig. 7c), and had formed floral pri-
mordia by 21 d after sowing, indicating that they were not as
strongly delayed in floral transition as pFD::rAP2-VENUS
(Fig. S7g). Although rAP2-VENUS increased meristem size
when expressed in the WUS or CLV3 domains, no difference in

(a)

(b)

(c) (d)

Fig. 7 In Arabidopsis thaliana AP2 regulates inflorescence meristem size and flower determinacy mainly in the central zone. (a) Confocal microscopy
analysis of pFD::rAP2-VENUS, pAtML1::rAP2-VENUS, pHMG::rAP2-VENUS, pWUS::rAP2-VENUS and pCLV3::rAP2-VENUS plants under long-day (LD)
conditions. The number of plants of each genotype analyzed were eight, four, five, nine and nine, respectively. Bar, 20 µm. LDs, number of days after
germination under LD conditions. (b) Inflorescences of pFD::rAP2-VENUS, pAtML1::rAP2-VENUS, pHMG::rAP2-VENUS, pWUS::rAP2-VENUS and
pCLV3::rAP2-VENUS plants grown for 42 LDs. (c, d) Inflorescence meristem area as determined by confocal microscopy (n ≥ 4) (c) and number of flowers
on the primary shoot of pAtML1::rAP2-VENUS, pHMG::rAP2-VENUS, pWUS::rAP2-VENUS and pCLV3::rAP2-VENUS plants (n ≥ 18) (d). The Col-0 plants
were analyzed in a separate experiment without BASTA selection and are shown to indicate the expected meristem area and flower number of a wild-type
control. Letters show statistical groupings of genotypes (P < 0.05, using ANOVA followed by Tukey’s pairwise multiple comparisons). In (c, d), whiskers
represent a distance of 1.5 9 interquartile range, the vertical line in the middle is the median, and the dots display individual data points.
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the level or spatial patterns of expression of WUS or CLV3
mRNA were detected in inflorescence meristems of AP2::rAP2-
VENUS plants by in situ hybridization or RNA-seq (Fig. S8).
Furthermore, analysis of the expression domain of WUS::NLS-
VENUS (Pfeiffer et al., 2016) in Col-0 and rAP2 plants indicated
that the WUS domain was broader in rAP2 meristems but that it
increased proportionately with the rest of the meristem (Fig. S9).
In conclusion, expression of rAP2-VENUS in distinct domains
suggests that the CZ- and OC-specific expression of AP2 con-
tributes to its role in determining meristem size, but the increase
in inflorescence meristem size does not appear to be caused by a
disproportionate increase in the size of these domains.

Discussion

We showed that miR172-mediated regulation of AP2 is important
for controlling inflorescence meristem size by modulating cell size
and number. We also found that the role of ARF3 in regulating
meristem size is partially dependent on AP2 activity but that it also
has distinct functions at the shoot apex. Moreover, detailed mor-
phological analysis of various mutants revealed that AP2 and
ARF3 influence cell morphology in overlapping and spatially dis-
tinct regions. Misexpression of rAP2 confirmed that the activity of
AP2 in the CZ and OC strongly increases shoot meristem size.
Collectively, these demonstrate the importance of the miR172/
AP2 module in regulating inflorescence meristem size.

Repression of AP2 by miR172 in the SAM regulates
flowering time

Plants harboring a miR172-resistant version of AP2 (rAP2-
VENUS) flowered later than the Col-0 wild-type and plants car-
rying a miR172-susceptible version of AP2 (AP2-VENUS) in
both inductive and noninductive photoperiods. Plants that
expressed AP2-VENUS in an ap2-12 background flowered at a
similar time to the Col-0 wild-type, demonstrating that the trans-
gene effectively complements the ap2-12 mutation. Interestingly,
rAP2-VENUS ap2-12 plants flowered later than rAP2-VENUS
Col-0. This difference may be due to the autoregulatory feedback
loop in which AP2 inhibits its own transcription (Schwab et al.,
2005; Yant et al., 2010). In Col-0 plants, mutual repression of
each other’s transcription by AP2 and rAP2 will result in a pool
of AP2 mRNA that is both sensitive and insensitive to miR172,
whereas in rAP2-VENUS ap2-12 the total pool of AP2 mRNA
will be resistant to miR172. This feedback loop is further compli-
cated by the influence of AP2 on the accumulation of miR172,
which we found to be delayed in rAP2-VENUS plants compared
with Col-0. The precise mechanism that underlies this delay is
unknown, but it may be partially due to the transcriptional
repression of MIR172B by AP2 (Yant et al., 2010). The charac-
terization and modeling of the interactions between members of
the group of six AP2-LIKE and five MIR172 genes will deepen
our understanding of how the mRNAs of transcription factors
are regulated by miRNAs in plants.

The rAP2-VENUS protein continues to accumulate at the
shoot apex beyond floral transition, whereas AP2-VENUS

expression rapidly decreases in the shoot apex once miR172 activ-
ity increases in the inflorescence meristem. Although rAP2-
VENUS expression persists longer than that of AP2-VENUS, the
level of rAP2-VENUS is gradually depleted in the inflorescence
meristem independently of miR172 sensitivity. This reduction is
correlated with an increase in the level of the FRUITFULL (FUL)
transcription, which encodes a MADS-box transcription factor
that directly represses AP2 transcription (Balanz�a et al., 2018).
Plants that lack miR172 and FUL activity display phenotypes
similar to those resulting from AP2 overexpression
( �O’Maoil�eidigh et al., 2021), which is consistent with the repres-
sion of AP2 transcription by FUL.

Accumulation of AP2 in the SAM after floral transition
leads to an increase in meristem area

Meristem size is one of the aspects of Arabidopsis development
influenced by AP2. We observed that ap2-12 mutants possessed
smaller inflorescence meristems than did Col-0 controls, which is
consistent with previous observations (W€urschum et al., 2006).
By contrast, rAP2-VENUS plants had much larger meristems
than did the wild-type, which was largely explained by an
increase in cell number in the meristematic region. We also
observed that the meristem size of mir172abd plants was larger
than that of the Col-0 control, consistent with recently published
results (Lian et al., 2021). Notably, the meristem sizes of
mir172abd ap2-12 and ap2-12 were similar, indicating that AP2
is the only miR172 target with a strong effect on meristem size.
Also, this demonstrates that AP2 has a role in determining inflo-
rescence size independently of flowering time, because
mir172abd ap2-12 and ap2-12 have similarly sized inflorescence
meristems, but mir172abd ap2-12 flowers much later than ap2-
12 ( �O’Maoil�eidigh et al., 2021). However, the meristem area of
rAP2-VENUS plants was much larger than that of the
miR172abd mutant. Although other miR172 targets do not regu-
late meristem size, their increased levels in the mir172abd back-
ground might reduce AP2 transcription, leading to a lower level
of AP2 in the mir172abd background than in rAP2-VENUS,
which would therefore explain the difference in meristem size
observed between rAP2-VENUS and mir172abd.

We analyzed the morphology of cells in the L1 of the meris-
tematic region of several genotypes, including ap2-12 and rAP2-
VENUS, and observed an increase in mean cell area in the SAM
of all genotypes. Because we analyzed only the morphology of
cells in the L1, changes observed in this cell layer may originate
from additional morphological modifications in the inner cell
layers. To examine this further, we misexpressed rAP2-VENUS
from a variety of tissue-specific promoters. Notably, expression of
rAP2-VENUS specifically in the L1 layer did not affect meristem
size, but expression of rAP2-VENUS in the CZ or OC substan-
tially increased meristem size. These data suggest that the changes
in cell number and area observed in the L1 of rAP2-VENUS
plants are an effect of rAP2 activity deeper within the meristem.

The mRNA of the homeodomain transcription factor WUS
localizes to the OC, and WUS is essential for maintenance of the
stem cell population (Laux et al., 1996; Mayer et al., 1998).
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Ectopic expression of WUS in the CZ can promote expansion of
this region and increase the rate of cell division in the peripheral
zone (Yadav et al., 2010). AP2 regulates WUS expression in both
shoot apical and floral meristems, albeit indirectly (W€urschum
et al., 2006; Zhao et al., 2007; Balanz�a et al., 2018). Thus, accu-
mulation of rAP2-VENUS protein in the SAM may, in conse-
quence, increase cell proliferation. It has previously been shown
that modification of cell cycle activity at the SAM leads to
changes in mean cell area in the L1 (Jones et al., 2017). The
increase in cell proliferation in the rAP2-VENUS meristem may
therefore lead to an increase in cell area. In addition, the length
of the cell cycle appears to change in order to maintain cell size
homeostasis (Serrano-Mislata et al., 2017). These compensatory
mechanisms may lead to an increase in cell size in a tissue in
which cell proliferation is enhanced or reduced, as observed for
rAP2-VENUS and ap2-12, respectively. The first changes in cel-
lular behavior caused by rAP2 in the meristem could be explored
in future experiments using inducible gene fusions, as has been
done for other meristematic regulators (Caggiano et al., 2017).

AP2 regulates meristem size in the CZ and OC, whereas
ARF3 functions specifically in the PZ

ARF3 is a direct target gene of AP2 that regulates SAM area (Yant
et al., 2010; Zhang et al., 2018). The ARF3 transcription factor
mediates functions of AGAMOUS (AG), AP2 and the phytohor-
mone cytokinin to regulate WUS expression in the floral meris-
tem (Liu et al., 2014; Zhang et al., 2018).

To describe AP2 regulation by ARF3 in the SAM in more
detail, we observed rAP2-VENUS localization in the arf3-2 plants
and concluded that the absence of ARF3 protein increased the
amount of rAP2-VENUS, consistent with previous results
(Simonini et al., 2017). Therefore, ARF3 limits the accumulation
of AP2, potentially as part of a mechanism that facilitates the devel-
opment of different regions of the shoot apex (e.g. CZ vs PZ).

By contrast to ap2-12 mutants, the SAM of arf3-2 is larger in
area compared with Col-0. The meristem size of ap2-12 arf3-2
plants was intermediate between that of ap2-12 and arf3-2, sug-
gesting that AP2 and ARF3 transcription factors regulate cell pro-
liferation at the SAM independently. We observed that ARF3
regulates cell size in the PZ, whereas rAP2 regulates cell size in
the CZ and OC. Consistent with this, ectopic expression of
ARF3 in the CZ from the CLV3 promoter did not cause an
altered meristem phenotype (Ma et al., 2019), whereas pCLV3::
rAP2-VENUS induced a large increase in meristem size. There-
fore, we conclude that AP2 and ARF3 regulate cell proliferation
at the SAM in at least partially nonoverlapping zones. Notably,
ARF3 was recently identified to be a putative target of WUS (Ma
et al., 2019), adding another degree of complexity to the gene
regulatory network that regulates SAM size.

AP2 and its downstream targets are promising candidates
to improve yield in crops

In addition to a significant increase in meristem size observed in
rAP2-VENUS plants, they also displayed a higher rate of flower

production. AP2 controls flower number in Arabidopsis through
modulating the timing of meristem arrest (Balanz�a et al., 2018).
We observed an increase in flower production prior to the onset
of meristem arrest in rAP2-VENUS and mir172abd plants that
was associated with an increase in meristem size and was similar
to the phenotypes observed in della and ckx3 ckx5 mutants (Bar-
trina et al., 2011; Serrano-Mislata et al., 2017). A positive correla-
tion between flower production and meristem size has also been
observed for different Arabidopsis ecotypes (Landrein et al.,
2014) and in response to nutrient deficiency (Landrein et al.,
2018). Phenotypic analysis of all genotypes tested in this study
indicated that there was a correlation between flower number and
meristem area (Fig. S10).

Modification of AP2 activity may be useful for plant breeding,
despite its pleiotropic effects on development. Although most
plants in which AP2 was ectopically expressed were infertile,
pCLV3::rAP2-VENUS plants were not only fertile, but also
formed large SAMs and produced more flowers than wild-type
plants. This observation may be relevant for crops because func-
tions of AP2-like transcription factors are conserved across mono-
cotyledons and dicotyledons (Zhu & Helliwell, 2011). In maize
(Zea mays), INDETERMINATE SPIKELET1 (IDS1) and
SISTER OF INDETERMINATE SPIKELET1 (SID1) encode
AP2-like transcription factors that are required for branching of
the inflorescence meristem, to initiate floral meristems and to
control spikelet meristem determinacy. Both gene products are
targets of TASSELSEED4 (TS4), which encodes a miR172 iso-
form (Chuck et al., 1998, 2007, 2008). In rice (Oryza sativa), the
AP2-like genes SUPERNUMERARY BRACT (SNB) and
OsINDETERMINATE SPIKELET 1 (OsIDS1) influence inflores-
cence architecture and floral meristem establishment, and tran-
scription of both genes is repressed by overexpression of miR172
(Lee et al., 2007; Lee & An, 2012). In wheat (Triticum spp.), the
rAP2L-A5 allele is resistant to miR172 cleavage, which affects
shoot meristem determinacy (Debernardi et al., 2017; Green-
wood et al., 2017). INTERMEDIUM-M encodes an HvAP2L-
H5 ortholog and is required for inflorescence indeterminacy and
spikelet determinacy in barley (Zhong et al., 2021). Overall,
miR172 and its target genes perform crucial roles in floral transi-
tion, flower development and shoot meristem maintenance,
which are relatively well conserved between monocots and eudi-
cots. This study shows that modification of AP2 activity repre-
sents a feasible approach to increase meristem size, flower
number and seed production, and a better understanding of the
mechanisms underlying this control may contribute to improve-
ment of crop productivity.
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