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Floral organs are properly developed on the basis of timed floral
meristem (FM) termination in Arabidopsis. In this process, two
known regulatory pathways are involved. The WUSCHEL (WUS)-
CLAVATA3 (CLV3) feedback loop is vital for the spatial establishment
and maintenance of the FM, while AGAMOUS (AG)-WUS transcrip-
tional cascades temporally repress FM. At stage 6 of flower devel-
opment, a C2H2-type zinc finger repressor that is a target of AG,
KNUCKLES (KNU), directly represses the stem cell identity gene
WUS in the organizing center for FM termination. However, how
the robust FM activity is fully quenched within a limited time
frame to secure carpel development is not fully understood. Here,
we demonstrate that KNU directly binds to the CLV1 locus and the
cis-regulatory element on CLV3 promoter and represses their ex-
pression during FM determinacy control. Furthermore, KNU phys-
ically interacts with WUS, and this interaction inhibits WUS from
sustaining CLV3 in the central zone. The KNU–WUS interaction also in-
terrupts the formation ofWUShomodimers andWUS–HAIRYMERISTEM
1 heterodimers, both of which are required for FM maintenance.
Overall, our findings describe a regulatory framework in which
KNU plays a position-specific multifunctional role for the tightly
controlled FM determinacy.
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Plant aerial tissues are mainly formed by the shoot apical
meristem (SAM) that harbors a stem cell population at its

apex defined as the central zone (CZ). Within the CZ, stem cells
slowly divide, and the daughter cells are displaced into the lateral
flanks of the CZ, forming the peripheral zone (PZ) (1). Cells in
the PZ will later develop into lateral organs (i.e., leaves and flowers).
Unlike SAM, which is active throughout the entire life of plants,
floral meristem (FM) activity is arrested by precisely coordinated
developmental programs that secure the accurate formation of
floral reproductive organs (2, 3).
The WUSCHEL (WUS) gene functions to establish and main-

tain the SAM and FM, and it is expressed in the organizing center
(OC), located beneath the CZ containing the stem cells (4). The
null mutant wus-1 prematurely abolishes the SAM and causes
random phyllotaxy, producing a few carpel-less flowers with only
one to two stamens (4). The WUS protein has a homeodomain
(HD) for DNA binding, two homodimerization domains (HOD),
an acidic region, a WUS-box, and an EAR-like motif (5). Through
movement from the OC to the overlaying stem cells via plasmo-
desmata, WUS activates the expression of the stem cell marker
gene CLAVATA3 (CLV3) in the CZ (6, 7).
CLV3 encodes a polypeptide that can diffuse from stem cells

to the OC (8, 9). CLV3 can be perceived by the receptor com-
plexes, which may be composed of CLV1, CLV2, CORYNE
(CRN), BARELY ANY MERISTEMS (BAMs), RECEPTOR-
LIKE PROTEIN KINASE 2 (RPK2) or CLAVATA3 INSEN-
SITIVE RECEPTOR KINASES (CIKs) (10), thereby restricting
WUS transcription through signaling cascades (1, 2). A recent study
showed that various redundant compensation mechanisms may
exist for the canonical CLV ligand-receptor signaling system for
stem cell activity control among different plant species (11). In

Arabidopsis, the CLV3-WUS feedback loop plays the essential
role of maintaining stem cell homeostasis in the SAM and FM (1).
In the SAM and FM, HAIRYMERISTEM (HAM) family

proteins are involved in the control of stem cell homeostasis through
collaboration with WUS (12). The direct interactions between HAM
proteins and WUS are required for stem cell maintenance, and the
spatial expression of CLV3 is confined by both HAM proteins and
WUS (13). Furthermore, a recent study has shown that the HD
transcription factors (TFs) WUS and SHOOT MERISTEMLESS
(STM) form heterodimers and bind to the CLV3 promoter to en-
hance stem cell activity (14).
Upon flower development, WUS activates the C-class gene

AGAMOUS (AG) together with LEAFY in stage 3 floral buds
(15, 16). AG may directly repressWUS by recruiting the Polycomb
Repressive Complex 1 (PRC1) factor TERMINAL FLOWER 2
(TFL2) (17) via a chromatin looping mechanism (18). However,
overexpression of AG has subtle effects on carpel development in
35S:AG flowers (19), indicating that additional factors may func-
tion together with AG for effective FM termination (2).
At floral stage 6, AG directly promotes the activity of a C2H2-

type zinc finger protein KNUCKLES (KNU) for direct WUS re-
pression (20–22). KNU initially associates with a histone deace-
tylase complex for transcriptional repression of WUS (23), and
WUS is later further silenced by a KNU-recruited PRC2 complex
that deposits trimethylation of lysine 27 of histone H3 (H3K27me3)
on WUS chromatin for stable epigenetic silencing (22).
For homeostatic maintenance of stem cell population, there is a

reported compensatory mechanism dependent on CLV3 activity
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for WUS recovery. Even if CLV3 messenger RNA (mRNA) fluc-
tuates from 33 to 320% of the wild-type level, meristem activity can
still be regularly maintained (24). Similarly, reduction of WUS
mRNA levels in plants with overexpression of ARABIDOPSIS
RESPONSE REGULATOR 7 (ARR7) may not lead to noticeable
meristem defects (25). These results demonstrate the robustness of
the WUS-CLV3 loop that confers the developmental plasticity of
meristem tissue upon environmental perturbation (1). We recently
found that KNU could repress both WUS and CLV genes (22),
hinting at a mechanism for the effective termination of the robust
floral stem cells and differentiation control. Therefore, how KNU
functions to interrupt the CLV-WUS regulatory loop for timely
termination of the FM requires further investigation.
In this study, we present a regulatory framework mediated by

KNU for FM determinacy control. KNU plays an essential role
in floral stem cells via direct repression of both CLV1 and CLV3
as well as silencing of CLV3 through H3K27me3-mediated epi-
genetic mechanisms. In addition, KNU physically interacts with
WUS, thereby inhibiting WUS from sustaining CLV3. Further-
more, KNU may disrupt the homodimer formation of WUS and
heterodimer formation of HAM1–WUS, both of which are re-
quired for meristem maintenance (5, 12). Thus, our work pro-
vides a tightly controlled mechanism for FM determinacy in
which KNU plays a pivotal role via its multiple functions.

Results
Spatial and Temporal Expression of KNU and CLV3. We have previ-
ously shown that KNU may repress CLV3 expression in stage 6
floral buds (22). To further analyze this, we first created a line
doubly transgenic for pKNU:KNU-VENUS (21) and pCLV3:GFP-
ER (26, 27). In a stage 6 floral bud, KNU activity can be detected
in the stem cells, where CLV3 is prominently expressed (Fig. 1A
and SI Appendix, Fig. S1 A–D). The transient overlap of KNU
and CLV3 expression can still be observed in a stage 7 floral bud
(Fig. 1B and SI Appendix, Fig. S1 E–H), in which CLV3 activity
converges in a few cells at the basal center of two carpel primordia
(Fig. 1B and SI Appendix, Fig. S1 H and I). In stage 8 floral buds,
CLV3 activity becomes undetectable and stem cell activity ceases,
and KNU is actively expressed in the basal center of two carpel
primordia and stamen primordia (Fig. 1C and SI Appendix, Fig.
S1 J–M). These results indicate that KNU may repress CLV3 cell
autonomously, similar to KNU repression of WUS (22).
WUS expression is no longer detectable beyond floral stage 6

(SI Appendix, Fig. S1 N–P), while stem cell activity indicated by
CLV3 expression is maintained up to late stage 7 (Fig. 1 D–G
and SI Appendix, Fig. S1I). In the pCLV3:GFP-ER line, CLV3
activity can be weakly detected in both early and late stage 7 buds
(Fig. 1F and SI Appendix, Fig. S1I), demonstrating the prolonged
stem cell activity even without WUS after floral stage 6 (SI Ap-
pendix, Fig. S1 O and P). By contrast, in flower buds of the knu-2
null mutant, CLV3 activity is strongly expressed in stages 6 to 8
compared to the wild type (Fig. 1 D–K). Consistently, we noticed
the prolonged expression of WUS-GFP (green fluorescent pro-
tein) in stage 6 to 8 floral buds of knu-2 pWUS:WUS-linker-GFP,
in which C terminus of WUS and GFP is spaced by a 30-amino-acid
glycine–serine linker and results in a robust activity of the fusion
protein (7) (SI Appendix, Fig. S1 Q–S). All these results indicate
that KNU activity may be required for the repression of CLV3 to
terminate the prolonged floral stem cell activity beyond floral
stage 6.

KNU Directly Represses CLV3. To examine the timing of CLV3 re-
pression by KNU, we used ap1 cal 35S:KNU-GR-myc, a transgenic
line enriched for meristematic tissues that produces a fusion
protein between KNU and the steroid-binding domain of the rat
glucocorticoid receptor (GR) tagged with myc, thereby confer-
ring inducible KNU activity upon dexamethasone (DEX) treat-
ment. We also generated knu-2 35S:KNU-GR-myc, in which the

knu-2 phenotype can be rescued by 3 times DEX treatments (SI
Appendix, Fig. S2C and Table S1). In ap1 cal 35S:KNU-GR-myc,
we observed an ∼60% decrease of the CLV3 transcript level at
4 h relative to the 0-h time point after a single (DEX) treatment
(Fig. 2A). There were slight increases of CLV3 mRNA at 8 and
12 h, potentially caused by WUS recovery, although WUS was
also repressed by KNU within 4 h (22). Furthermore, we treated
ap1 cal 35S:KNU-GR-myc plants with the protein synthesis in-
hibitor cycloheximide (CHX) as well as CHX combined with
DEX. The results showed that CLV3 repression was irrelevant to
protein synthesis inhibition (Fig. 2A), hinting at direct repression
of CLV3 by KNU.
To test whether KNU directly binds to CLV3, we performed

chromatin immunoprecipitation (ChIP) assays in ap1 cal
35S:KNU-GR-myc after DEX treatment and noticed that KNU
was enriched on the CLV3 proximal promoter in the region
from −256 to −62 base pair (bp) upstream of the ATG start codon
(primer set P3, SI Appendix, Table S2), with a peak of 2.1-fold
enrichment (Fig. 2 B andC and SI Appendix, Fig. S3 A and B). This
binding was also confirmed by yeast one-hybrid assays (Fig. 2D)
and electrophoretic mobility shift assays (EMSAs) (Fig. 2E).
Four fragments within P3 (P3-1 to P3-4) were biotin labeled and
incubated with maltose binding protein (MBP)-tagged KNU
protein. P3-2 produced a clearly shifted band, which could be
significantly weakened when unlabeled competitor probes were
added (Fig. 2E). In addition, we synthesized unlabeled compet-
itor probes for P3-2 in five mutated forms (named as M1 to M5)
and noticed that the binding was almost unaffected by M4, in
which the sequence of AACTATGATA (−174 to −165 bp) was
mutated to CCTGGCTGCG (SI Appendix, Fig. S3 C and D).
Furthermore, we tested 10 competitor probes (M4-1 to M4-10),
each of which had a single-nucleotide change and noticed that
the binding was slightly weakened by five probes (M4-1 to M4-4
and M4-6) (SI Appendix, Fig. S3 C and D), indicating that the
AACTNT sequence (−174 to −169 bp) is the putative core for
KNU binding.
To investigate the binding strength between KNU and P3-2

double-stranded DNA (dsDNA), we expressed and purified the
recombinant MBP-tagged KNU (MBP–KNU) in Escherichia coli
(SI Appendix, Fig. S3E). We then examined the binding affinity
between MBP–KNU and P3-2 dsDNA by size-exclusion chroma-
tography and noticed a clear shift of the peak position expected
for protein–DNA complex formation (SI Appendix, Fig. S3F). The
results demonstrate that KNU has a strong binding capacity to P3-
2 dsDNA to form a stable protein–DNA complex.
As CLV3 chromatin is also modified by PRC2-mediated

H3K27me3 repressive mark (28), we checked H3K27me3 lev-
els on the CLV3 locus by using D0 and D4 inflorescence samples
(corresponding to synchronized flower buds of stages 1 to 2 and
stages 6 to 7) of ap1 cal 35S:AP1-GR after single DEX treatment
(22). We noticed that the H3K27me3 level on the CLV3 locus
was significantly higher at day 4 compared to day 0 (SI Appendix,
Fig. S4 A and B). In addition, in the knu-2 ap1 cal 35S:AP1-GR
plants, we only detected a basal level of H3K27me3 repressive
mark on the CLV3 locus at D0 and D4 after DEX treatment (SI
Appendix, Fig. S4C). These results suggested that the H3K27me3
deposition on CLV3 is also mediated by KNU. As KNU directly
interacts with FIE (for FERTILIZATION-INDEPENDENT
ENDOSPERM), a core protein of PRC2 which catalyzes H3K27me3,
hence KNU recruits PRC2 complex on WUS for H3K27me3-
mediated silencing of WUS locus (22). It is possible that KNU
may work in the same way for CLV3 silencing.

Effects of KNU Expression in Floral Stem Cells. To investigate the
role of KNU in floral stem cells in stage 6 (Fig. 1A), we created
the line pCLV3:KNU, in which KNU CDS is encompassed by 3.1-
kb promoter upstream of CLV3 start codon and 2.2-kb sequence
downstream of CLV3 stop codon, both of which fragments contain
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reported cis-regulatory sites for WUS binding (6). Strikingly, 23
of 113 (20.4%) T1 transgenic plants showed adventitious growth
of shoots (SI Appendix, Fig. S5 A–C and Table S1; categorized as
a moderate phenotype), generating flowers with reduced stamen
numbers and filamentous-like carpels compared to the wild type
(Fig. 3 A and B and SI Appendix, Fig. S5D and Table S1). More-
over, 5 of 113 (4.4%) T1 transgenic plants showed severely arres-
ted SAM, resembling the wus-1 mutant (SI Appendix, Fig. S5 A, E,
and F and Table S1; categorized as a wus-like phenotype).
To observe CLV3 and WUS expression, we generated lines of

pCLV3:KNU pCLV3:GFP-ER and pCLV3:KNU pWUS:WUS-
linker-GFP. Compared to wild-type flowers, CLV3 expression
was noticeably weaker in a stage 3 flower bud of pCLV3:KNU
pCLV3:GFP-ER plants than in pCLV3:GFP-ER (Fig. 3 C and D
and SI Appendix, Fig. S5G). In contrast, WUS expression was
slightly higher in pCLV3:KNU pWUS:WUS-linker-GFP than in
pWUS:WUS-linker-GFP (Fig. 3 E and F and SI Appendix, Fig. S5G),
possibly due to weakened CLV3 activity. Hence, repression of
CLV3 in floral stem cells may be an essential function of KNU
for FM determinacy.
To test whether stem cell activity is further repressed through

enhancing KNU activity by forcing localization of KNU in the
nucleus, we generated the line pCLV3:KNU-NLS in which a nu-
clear localization tag (29) was fused to the C terminus of KNU.
Unexpectedly, 133 of 228 (58.3%) pCLV3:KNU-NLS T1 plants
produced flowers with more floral organs (3 to 4 carpels and 6 to
7 stamens) compared to the wild type (categorized as a phenotype
of enhanced FM; SI Appendix, Fig. S5 A and D and Table S1), and
74 of the 133 plants displayed a clv3-like fasciated inflorescence
meristem (SI Appendix, Fig. S5 J and K) and clv3-like flowers
(Fig. 3 A and G) with enlarged gynoecia composed of multiple
fused carpels (categorized as a clv3-like phenotype) (SI Appen-
dix, Fig. S5 L and M).

We then generated lines of pCLV3:KNU-NLS pCLV3:GFP-ER
and pCLV3:KNU-NLS pWUS:WUS-linker-GFP. For pCLV3:KNU-
NLS pCLV3:GFP-ER plants, which showed the clv3-like phe-
notype, the GFP signal under the control of CLV3 promoter was
rarely detected in a stage 3 flower bud (Fig. 3H), whereas the
WUS-GFP signal became prominently expressed in a larger
domain in pCLV3:KNU-NLS pWUS:WUS-linker-GFP than in the
wild-type background stage 3 floral bud (Fig. 3 E and I). Both
CLV3 and WUS expression were verified by qPCR assays (SI Ap-
pendix, Fig. S5G). As endogenous KNU activity is not detectable
before floral stage 6 in wild-type background (SI Appendix, Fig.
S5H and ref. 20), in a stage 3 floral bud of pCLV3:KNU-NLS,
CLV3 promoter–controlled KNU expression may have no effect
on the silenced endogenous KNU locus. By qPCR, the endogenous
KNU expression level in early stage buds (no later than stage 7) of
pCLV3:KNU-NLS is also indistinguishable from wild-type flowers
(SI Appendix, Fig. S5I). Thus, the overproliferated floral stem cells
in pCLV3:KNU-NLS are due to the strong derepression of WUS,
which might be the effect of highly suppressed CLV3 by KNU-
NLS. Furthermore, we introduced a pCLV3:KNU-NLS transgene
into the weak mutant wus-7 background, and wus-7 pCLV3:KNU-
NLS plants and flowers resembled wus-7 (SI Appendix, Fig. S6 A–F),
indicating that KNU’s function in floral stem cells is through af-
fecting the CLV3-WUS regulatory pathway.
CLV3 promoter activity has been detected from the L1 to L3

layers in the SAM (30) (Fig. 3J and SI Appendix, Fig. S7 A–F).
Here, we also noticed that in pCLV3:GFP-ER flower buds, the
CLV3-GFP signal was observed within L1 to L3 of the FM (Fig. 3 J
and K and SI Appendix, Fig. S7 D–I). To monitor KNU expression
driven by the CLV3 promoter in the FM, we created the line
pCLV3:KNU-GFP, and the GFP signal was similarly detected
from L1 to L3 layers in the FM of pCLV3:KNU-GFP (Fig. 3L and SI
Appendix, Fig. S7 J–L). Like pCLV3:KNU, 18 of 91 (19.8%) of
pCLV3:KNU-GFP T1 plants produced flowers with reduced numbers

Fig. 1. KNU and CLV3 expression patterns. (A–C) Confocal observation of doubly transgenic pKNU:KNU-VENUS (red) and pCLV3:GFP-ER (green) flowers in
stage 6 (A), stage 7 (B), and stage 8 (C). (D–K) CLV3 activity in wild-type (D–G) and knu-2 (H–K) floral buds in early stage 6 (D and H), late stage 6 (E and I),
stage 7 (F and J), and stage 8 (G and K) (Scale bars, 50 μm). The insets in A–K are the close-up views.
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of stamens and carpels (categorized as a moderate pheno-
type, SI Appendix, Fig. S7M). Also, we generated the line
pCLV3:KNU-GFP-NLS (SI Appendix, Fig. S7 N–Q) with en-
hanced KNU activity in the nucleus, and 43 of 73 (58.9%) of
the T1 plants produced flowers with increased floral organ num-
bers (categorized as enhanced FM, SI Appendix, Fig. S7Q), and
the GFP signal was only noticeable in the L1 and L2 layers of the
FM in pCLV3:KNU-GFP-NLS (Fig. 3M and SI Appendix, Fig.
S7 N–P). For pCLV3:KNU-GFP-NLS plants that produce flow-
ers with variably increased carpel numbers (SI Appendix, Fig.
S8 A–C), we noticed a reduced GFP signal in floral buds showing
increased FM size that may correspond to flowers with more
carpels (SI Appendix, Fig. S8 D and E). Through ChIP assays, we
noticed that KNU binding to the CLV3 promoter (peaked at
primer sets P1 and P3) was significantly higher in inflorescences
of pCLV3:KNU-GFP-NLS than in pCLV3:KNU-GFP (SI Ap-
pendix, Fig. S8G). In contrast, the RNA polymerase II (Pol II)
level on the CLV3 proximal promoter (primer set P3) was clearly
reduced in pCLV3:KNU-GFP-NLS compared to pCLV3:KNU-
GFP (SI Appendix, Fig. S8H). All these data suggest that CLV3
promoter activity can be efficiently suppressed by KNU.
To examine the function of KNU in the OC, we also generated

pWUS:KNU plants. In T1 plants of pWUS:KNU, 14 of 138 (10.2%)
produced flowers with reduced numbers of stamens and carpels
(Fig. 3N and SI Appendix, Fig. S9 A–C and Table S1; categorized
as a moderate phenotype). Besides, 58 of 138 (42.0%) T1 plants
showed a wus-like phenotype, and flowers were rarely produced
(SI Appendix, Fig. S9 A and D and Table S1). We also generated
lines of pWUS:KNU pCLV3:GFP-ER and pWUS:KNU pWUS:-
WUS-linker-GFP. In pWUS:KNU floral buds, both CLV3 and
WUS expression levels were noticeably reduced compared to the

wild type (Fig. 3 C, E, O, and P and SI Appendix, Fig. S9E).
These results agree with our previous finding that KNU can di-
rectly repress WUS (22).
Since CLV3 and WUS are repressed by KNU in the CZ and

OC, respectively, we next crossed pCLV3:KNU (moderate line)
with pWUS:KNU (moderate line) to generate pCLV3:KNU pWUS:-
KNU. Compared to pWUS:KNU (moderate line), 19 of 43 (44.2%)
F1 plants of pCLV3:KNU pWUS:KNU showed the stronger pheno-
type with adventitious growth of stems (SI Appendix, Fig. S9F) that
bore few flowers with 1 to 2 stamens but no carpels (SI Appendix,
Fig. S9 C and G), reminiscent of wus-1. In addition, 24 of 43
(55.8%) F1 plants resembled wus-1 plants, even without flowering
(SI Appendix, Fig. S9H). Thus, the enhanced meristem defects in
pCLV3:KNU pWUS:KNU indicate that KNU represses CLV3 and
WUS simultaneously in the FM. Also, to reduce KNU activity in
the CZ and OC, we generated artificial microRNAs (31) of KNU
driven by CLV3 andWUS promoters, respectively. Flowers of both
pCLV3:amiR-KNU and pWUS:amiR-KNU plants normally gener-
ate three to four carpels compared to the wild type (SI Appendix,
Fig. S10 A–D), indicating that compromised KNU expression in
either CZ or OC leads to enhanced FM activity. Unlike in knu
mutant flowers, reiterated ectopic stamens and carpels inside the
primary gynoecium were not observed in either pCLV3:amiR-
KNU or pWUS:amiR-KNU flowers (SI Appendix, Fig. S10 E–H),
both of which only showed a weak indeterminate FM. Altogether,
these results suggest that KNU functions in both the CZ and OC
for effective control of FM determinacy.

KNU Functions in Different Stem Cell Layers. Different stem cell
layers are clonally distinct in the SAM and FM, and the epidermal
layer cells can generate a mobile signal miR394 that confers the

Fig. 2. KNU directly represses CLV3. (A) CLV3 expression levels in ap1 cal 35S:KNU-GR-myc after single DEX treatment, CHX treatment, and DEX + CHX
treatment. CLV3 transcript levels were quantified by qPCR. Tip41-like gene (At4g34270) served as the internal control. The error bars represent SD of three
biological replicates. The asterisks indicate significant differences between samples treated with different chemicals (*P < 0.05 and **P < 0.01, Student’s
t test). (B) Schematic diagram of CLV3 locus and primer sets P1 to P6 used for ChIP assays. (C) ChIP assay using ap1 cal 35S:KNU-GR-myc inflorescences. Nuclear
proteins were immunoprecipitated with anti–c-Myc agarose beads, and the enriched DNA was used for qPCR assays. The y-axis shows relative enrichment
compared with no antibody (negative control). Mu-like transposon (MU) served as a negative control locus, and the values of MU were calibrated to 1. The
error bars represent SD of three biological replicates. The asterisks indicate significant differences between MU and different primer sets on CLV3 (*P < 0.05
and **P < 0.01, Student’s t test). (D) Yeast one-hybrid assays show that KNU interacts with the P3 region of CLV3. AbA, Aureobasidin A. (E) EMSAs confirm
that KNU binds to the P3-2 fragment. The black arrow indicates the DNA–protein complex. Nonlabeled oligonucleotides were used as competitors. MBP was
used as a negative control.
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stem cell competence by repressing LEAF CURLING RESPON-
SIVENESS (LCR) in subtending cells and thus enables CLV3
activation by WUS (32). Previous studies also showed that GIR1
(for GLABRA2-Interacting Repressor 1) is specifically expressed
in the L1 layer (33). ARABIDOPSIS THALIANA MERISTEM
LAYER 1 (AtML1) is specifically expressed in the epidermal
layer of meristems (34), and MEI2 C-TERMINAL RRM ONLY
LIKE 1 (MCT1) is expressed in the region including the L1 and
L2 layers (33). To test KNU activity in different stem cell layers,
we generated a chimeric KNU protein by fusing eGFP (en-
hanced green fluorescent protein) protein coding sequences with
the C terminus of the KNUCDS. The fusion construct was expressed
from the native promoters ofGIR1, AtML1, andMCT1, respectively,
to generate the lines pGIR1:KNU-eGFP, pAtML1:KNU-eGFP, and
pMCT1:KNU-eGFP.
In floral buds of the above transgenic lines, GFP signals could

be specifically detected in the L1 layer in pGIR1:KNU-eGFP (Fig. 4A),
the epidermal layer in pAtML1:KNU-eGFP (Fig. 4B), and the L1
to L2 layers in pMCT1:KNU-eGFP (Fig. 4C). For pGIR1:KNU,
we obtained 101 T1 plants, and 23 (22.8%) had flowers with de-
creased stamen numbers (categorized as a mild phenotype; Fig. 4D
and SI Appendix, Fig. S11 A and B and Table S1), suggesting that
FM activity is slightly weakened when KNU is specifically expressed
in L1 of the FM alone. For pAtML1:KNU, 31 of 87 (35.6%) T1
plants showed reduced stamen numbers (SI Appendix, Fig. S11 A–C,
categorized as a mild phenotype; SI Appendix, Table S1), and 3 of 87
plants produced flowers without carpels (Fig. 4E). For pMCT1:KNU,

22 of 122 (18.0%) T1 plants produced flowers with a reduced
number of stamens (SI Appendix, Fig. S11 A, B, and D, catego-
rized as a mild phenotype; SI Appendix, Table S1), and 19 of 122
(15.6%) T1 plants produced flowers with filamentous-like car-
pels (Fig. 4F, categorized as a moderate phenotype; SI Appendix,
Table S1). In flower buds of pGIR1:KNU, pAtML1:KNU, and
pMCT1:KNU with reduced floral organ numbers, we detected via
qPCR reduced CLV3 expression but generally only slightly en-
hancedWUS expression (SI Appendix, Fig. S11E), as in pCLV3:KNU
flowers (SI Appendix, Fig. S5G). These results suggest that KNU
activity in each stem cell layer may contribute to FM determi-
nacy. There seems to be a dosage effect in KNU-expressing cells,
as fewer stamens and carpels are generally observed in pCLV3:KNU
and pMCT1:KNU than in pGIR1:KNU and pAtML1:KNU (SI Ap-
pendix, Fig. S11B), hinting at a potential role of KNU in regulating
stamen and carpel numbers during flower development.
In pGIR1:KNU, pAtML1:KNU and pMCT1:KNU, KNU expres-

sion domains all overlap with the L1 layer that generates miR394
(32). To test whether KNU affects miR394 expression for FM
regulation, we used ap1 cal 35S:KNU-GR-myc inflorescences with a
single DEX treatment. However, qPCR assays did not detect no-
ticeable changes inMIR394BmRNA levels at 4 or 8 h compared to
0 h (SI Appendix, Fig. S11F), suggesting that KNU activity in L1
contributes to FM determinacy independent of miR394 signaling.

KNU Physically Interacts with WUS. Because both KNU and WUS
are expressed in floral stem cells (SI Appendix, Fig. S12 A–D)

Fig. 3. KNU represses both CLV3 and WUS in the FM. (A) Wild-type flower. (B) pCLV3:KNU flower. (C and D) Expression patterns of CLV3 in stage 3 flower
buds of pCLV3:GFP-ER (C) and pCLV3:KNU pCLV3:GFP-ER (D). (E and F) Expression ofWUS in stage 3 flower buds of pWUS:WUS-linker-GFP (E) and pCLV3:KNU
pWUS:WUS-linker-GFP (F). (G) pCLV3:KNU-NLS flower. (H and I) Expression of CLV3 (H) and WUS (I) in stage 3 flower buds of pCLV3:KNU-NLS pCLV3:GFP-ER
and pCLV3:KNU-NLS pWUS:WUS-linker-GFP. (J and K) GFP signal in the SAM (J) and stage 3 flower buds (K) of pCLV3:GFP-ER. (L and M) GFP signals in stage 3
flower buds of pCLV3:KNU-GFP (L) and pCLV3:KNU-GFP-NLS (M). (N) pWUS:KNU flower. (O and P) Expression of CLV3 (O) and WUS (P) in stage 3 flower buds
from pWUS:KNU pCLV3:GFP-ER and pWUS:KNU pWUS:WUS-linker-GFP (Scale bars, 1 mm in A, B, G, and N; 50 μm in C–F, H–M, O, and P).
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and have opposite effects on CLV3 expression (Fig. 2) (6, 7), we
tested the possibility that KNU can physically interact with WUS
using a yeast two-hybrid assay (Y2H). Using the KNU full-length
coding sequence as a prey indicated an interaction between
KNU and the full-length WUS protein (Fig. 5A), and no inter-
action was detected between KNU and CLV3 by Y2H (SI Ap-
pendix, Fig. S12E).
To verify the Y2H result, we performed bimolecular fluores-

cent complementation analysis in tobacco (Nicotiana tabacum)
leaves and noticed an in vivo interaction between KNU and
WUS in the nucleus (Fig. 5B). In contrast, TFL2 as a negative
control did not show an in vivo interaction with KNU (Fig. 5B).
Furthermore, we carried out a coimmunoprecipitation (co-IP)
analysis of nuclear extracts from stage 6 flowers of ap1 cal 35S:AP1-
GR pKNU:KNU-VENUS pWUS:WUS-myc, and the co-IP results

confirmed the in vivo interaction between KNU and WUS (Fig. 5C
and SI Appendix, Fig. S12F). All these results indicated that KNU
could physically interact with WUS.
Next, we tested which domains of KNU and WUS were re-

quired for their interaction using Y2H assays. The KNU protein
has the C2H2 domain and a C-terminal EAR-like motif (35) (SI
Appendix, Fig. S13A). Deleting the N-terminal fragment of KNU
including the C2H2 domain (amino acids 1 to 100) abolished the
interaction of KNU withWUS. In contrast, deleting the C-terminal
domain of KNU (amino acids 101 to 161) harboring the EAR-like
motif had no effect on the KNU–WUS interaction. In addition, the
truncated KNU protein without the C2H2 domain (amino acids 40
to 60) failed to interact with WUS (SI Appendix, Fig. S13 A and B).
The WUS protein consists of the HD domain, the HOD domain,

the HBD domain, the acidic region, a WUS-box, and an EAR-like

Fig. 4. Effects of specific expression of KNU in different stem cell layers. (A–C) GFP signal in stage 3 floral buds of pGIR1:KNU-eGFP (A), pAtML1:KNU-eGFP
(B), and pMCT1:KNU-eGFP (C). (D–F) Flowers of pGIR1:KNU (D), pAtML1:KNU (E), and pMCT1:KNU (F) (Scale bars, 50 μm in A–C; 1 mm in D–F).

Fig. 5. KNU physically interacts with WUS. (A) Y2H using full-length KNU and WUS. Transformed yeast cells were grown on media lacking leucine and
tryptophan (SD/−Leu/−Trp) and lacking leucine, tryptophan, histidine, and adenine (SD/−Leu/−Trp/−His/−Ade). AD or BD refers to empty only. (B) Bimolecular
fluorescent complementation analysis in tobacco leaves. Merge refers to merged images for yellow fluorescent protein (YFP) and DAPI fluorescence. WUS and
KNU were fused to nYFP and cYFP to generate nYFP–WUS and KNU–cYFP, respectively. No interaction between TFL2 and KNU was detected, and this served
as a negative control (Scale bars, 50 μm). (C) Co-IP assay. Nuclear extracts were incubated with anti–c-Myc agarose beads. The co-IPed KNU fusion protein
(arrowhead) was detected by anti-GFP antibody. IP represents immunoprecipitation. Test and control represent samples from stage 6 flower buds of ap1 cal
35S:AP1-GR pKNU:KNU-VENUS pWUS:WUS-myc and ap1 cal 35S:AP1-GR, respectively. M represents protein marker.
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motif (5) (SI Appendix, Fig. S13A). The Y2H results showed that
truncation of the WUS C-terminal fragment (amino acids 237 to
292) consists of a partial acidic region; the WUS box and the EAR-
like motif do not affect the KNU–WUS interaction (SI Appendix,
Fig. S13B). Lack of the region consisting of HD, HOD, and HBD
(amino acids 1 to 236) abolished WUS binding with KNU (SI
Appendix, Fig. S13B). In addition, three fragments, the N-terminal
region containing HD and HOD1 domain (amino acids 1 to 133),
the HOD2 domain (amino acids 134 to 208), and the HBD domain
(amino acids 203 to 236) could interact with KNU independently
(SI Appendix, Fig. S13B).
Together, these results indicate that the C2H2 domain of the

KNU protein and the HD, HOD, and HBD domains of the
WUS protein all contribute to the KNU–WUS interaction.

Effects of KNU–WUS Interaction in the FM. WUS directly binds to
the CLV3 locus to activate CLV3 expression in stem cells (6, 30).
We wondered whether the KNU–WUS interaction could affect this
activation. Two fragments, a 25-bp fragment (−1,090 to −1,066 bp
upstream of the ATG start codon) and a 28-bp fragment (+920 bp
to +947 bp downstream of the ATG start codon), from the
reported WUS-binding sites on CLV3 were used as probes for

EMSA experiments (6, 30). We noticed that the binding of WUS
to the two fragments of CLV3 was inhibited by the presence of
KNU (Fig. 6A).
To confirm the EMSA results, we generated the line pCLV3:KNU

pWUS:eGFP-WUS and performed ChIP assays by using pCLV3:KNU
pWUS:eGFP-WUS and pWUS:eGFP-WUS (6) inflorescences.
The ChIP results showed that WUS was enriched on P2 and P6
fragments harboring the aforementioned two reported WUS
binding sites in inflorescences of pWUS:eGFP-WUS. In contrast,
the enrichment levels were significantly reduced on both P2 and
P6 in pCLV3:KNU pWUS:eGFP-WUS (Fig. 6B), showing that the
presence of KNU in floral stem cells inhibits the binding of WUS
on CLV3.
Studies have shown that CLV3 is activated by a low concen-

tration of WUS that may appear as a monomer and is repressed
by high concentrations of WUS that tend to form homodimers
(30). The homodimerization of WUS is critical for the maintenance
of meristem activity (5, 7). Both the WUS N-terminal containing
the HD domain (amino acids 1 to 133) and the HOD2 domain
(amino acids 134 to 208) mediate WUS homodimerization (5)
and also contribute to the KNU–WUS interaction (SI Appendix,
Fig. S13B). Thus, we were curious as to whether WUS homodimer

Fig. 6. Effects of KNU–WUS interaction. (A) EMSA results showing that KNU inhibits the binding of WUS to CLV3. The black arrow indicates a DNA–protein
complex. (B) ChIP assay using early flowers from pWUS:eGFP-WUS and pCLV3:KNU pWUS:eGFP-WUS. Nuclear proteins were immunoprecipitated with anti-
GFP antibody, and the enriched DNA was used for qPCR assays. The y-axis shows relative enrichment using no antibody control. MU served as a negative
control locus, and the values of MU were calibrated to 1. The error bars represent SD of three biological replicates. The asterisks indicate significant dif-
ferences between two samples at certain primer sets on CLV3 (*P < 0.05 and **P < 0.01, Student’s t test). (C and D) WUS–WUS interaction is disrupted by KNU
in Y3H (C) and BiLC assays (D). (E and F) WUS–HAM1 interaction is disrupted by KNU in Y3H (E) and BiLC assays (F). For Y3H assays, transformed yeast cells
were grown on nonselective medium lacking leucine, tryptophan, and methionine (SD/−Leu/−Trp/−Met) and lacking leucine, tryptophan, methionine, and
histidine (SD/−Leu/−Trp/−Met/−His) supplemented with 10 mM 3-AT for (C) or 75 mM 3-AT for (E). For BiLC assays, nLUC and cLUC refer to the N-terminal and
C-terminal of luciferase, respectively. WUS-nLUC indicates WUS-nLUC fusion; WUS-cLUC indicates WUS-cLUC fusion, and HAM1-cLUC indicates HAM1-cLUC
fusion. The color column on the right presents the range of luminescence intensity.
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formation could be affected by the presence of KNU. To test
this, we carried out yeast three-hybrid assays (Y3H); the results
showed that WUS–WUS interaction is disrupted by KNU (Fig. 6C).
The formation of WUS homodimers was also interfered with and
titrated by KNU in bimolecular luciferase complementation (BiLC)
assays in tobacco leaves (Fig. 6D).
Previous studies have shown that the HBD domain (amino

acid 203 to 236) of WUS mediates the WUS–HAM interaction
that is required for meristem maintenance (12). In our Y2H
assay, we noticed that the HBD domain of WUS also contributed
to the KNU–WUS interaction (SI Appendix, Fig. S13B). Thus, we
wished to know whether KNU could affect WUS–HAM inter-
action. Our Y3H and BiLC results both indicated that the
WUS–HAM1 interaction was disrupted by KNU (Fig. 6 E and
F), suggesting that KNU may prevent heterodimer formation by
WUS and HAM1. In addition, it was recently shown that the
WUS–STM interaction is required for the reinforcement of
CLV3 expression in the SAM (14). Thus, we tested whether the
WUS–STM interaction could be affected by KNU through Y3H
assays. However, both the Y3H and BiLC results showed that
KNU did not interfere with the WUS–STM interaction (SI Ap-
pendix, Fig. S14). This could be due to that the acidic domain and
the adjacent upstream interdomain region of WUS (amino acids
209 to 249) are required for WUS–STM interaction (14), while
the region including HD, HOD, and HBD domains (amino acids
1 to 236) of WUS are required for WUS–KNU interaction (SI
Appendix, Fig. S13B). It seems that WUS–STM interaction at the
acid domain of WUS (amino acids 229 to 249) (14) may not be
affected by KNU.

KNU Represses CLV1 and Other CLV Signaling Components. We
previously showed that CLV1 transcripts could also be repressed
by KNU (22). To test whether this repression is direct, we used
the ap1 cal 35S:KNU-GR-myc plants treated with DEX, CHX,
and CHX combined with DEX. We observed an ∼60% decrease
of CLV1 transcript level by qPCR at 8 h relative to the 0-h time
point after a single (DEX) treatment, and this repression was
independent of protein synthesis (Fig. 7A). Furthermore, ChIP
assays showed that KNU could directly bind to the CLV1 locus on
both the proximal promoter (primer set P2, −167 to −43 bp up-
stream of the ATG start codon) and the first exon of CLV1 (primer
set P4, +1,824 to +1,986 bp downstream of the ATG start codon)
(Fig. 7 B and C). The peak binding on P4 was verified by EMSA
experiments showing that KNU binding on CLV1 is sequence
specific (SI Appendix, Fig. S15A).
To test the effect of CLV1 repression by KNU, we generated

the lines pCLV1:KNU and pCLV1:KNU-eGFP. A clear GFP signal
was observed in the FM of early floral buds (SI Appendix, Fig.
S15B), and the GFP signal distribution in early FM of pCLV1:KNU-
eGFP was similar to a reported expression pattern of the yellow
fluorescent protein Ypet driven by the CLV1 promoter (36). For
pCLV1:KNU, we noticed that 14 of 91 (15.4%) T1 plants produced
flowers with three to four carpels (SI Appendix, Fig. S15 C–E and
Table S1), resembling the clv1mutant (SI Appendix, Fig. S15 F and
G; categorized as a clv1-like phenotype). In these plants, we de-
tected reduced CLV1 but significantly increased CLV3 and WUS
transcripts by qPCR (SI Appendix, Fig. S15H). In contrast, 19 of 91
(20.9%) pCLV1:KNU T1 plants showed adventitious growth of
shoots bearing flowers with filamentous-like carpels (SI Appendix,
Fig. S15 I and J; categorized as a moderate phenotype, SI Ap-
pendix, Table S1), in which CLV1, CLV3, and WUS were all sig-
nificantly repressed (SI Appendix, Fig. S15H). In addition, 12 of 91
(13.2%) of pCLV1:KNU T1 plants appeared indistinguishable from
the wus-1 mutant (SI Appendix, Fig. S15K and Table S1).
There is compensatory BAM1/2/3 genes expression in SAM

and FM when CLV1 activity is compromised (36). So we examined
BAM1/2/3 expression by qPCR in pCLV1:KNU and found that
BAM1 and BAM3 are slightly up-regulated, and BAM2 remains

unchanged in both pCLV1:KNU (moderate) and pCLV1:KNU
(clv1-like) flower buds (SI Appendix, Fig. S16A). To test if KNU
directly regulates BAM1/2/3, we searched for KNU putative
binding element of “AACTNT” on BAM1/2/3 loci and designed
primers accordingly for ChIP assays. However, we couldn’t de-
tect obvious enrichment of KNU on BAM1/2/3 (SI Appendix, Fig.
S16 B–G), suggesting that KNU may not directly regulate these
three genes. There are other reported compensation mecha-
nisms if the function of the ligand–receptor pair of CLV1–CLV3
is compromised (11, 36, 37), so we tested whether KNUmay affect
the expression of the reported compensatory CLV-like signaling
components [i.e., receptor genes of CLV2, CRN, RPK2, BAMs,
CIKs, and ligand genes of CLEs (10, 11, 36, 38–40)] by using ap1
cal 35S:KNU-GR-myc inflorescences with a single DEX treatment.
At 4 h, we noticed reduced mRNA levels of CLV2, CRN, BAM2,
CIK2, and CIK4 as well as several CLEs by qPCR assays (SI Ap-
pendix, Fig. S16 H and I). These results suggest that KNU may
potentially repress multiple compensatory CLV-like signaling
components for effective control of the robust FM activities.

Discussion
The control of FM determinacy requires multiple factors that
switch FM activity from a dynamic balance toward timed ter-
mination in a programmed manner. Previous studies have shown
that the CLV3-WUS feedback loop is robustly maintained in
both SAM and FM. Temporal fluctuations of CLV3 concentra-
tion do not effectively influence meristem function (24), and
strong repression of WUS by overexpression of Type-A ARRs
may not lead to SAM defects (25). These findings show the ro-
bustness of stem cell niches. Hence, timed FM determinacy con-
trol requires a precise regulatory network to arrest floral stem cell
activity for proper carpel development. In FM determinacy con-
trol, AG can repressWUS from floral stage 3 onward in a mild but
direct manner via recruiting TFL2 to the WUS locus (17). From
late floral stage 3, the zinc finger protein SUPERMAN (SUP),
which defines the boundary between whorls 3 and 4, regulates FM
determinacy by directly repressing auxin biosynthesis genes YUC1/
4 through interaction with the PRC2 factor CLF and PRC1 factor
TFL2 (41). From floral stage 6, CRABS CLAW (CRC), another
direct target of AG, is also involved in FM determinacy control by
fine-tuning auxin homeostasis and indirectly inhibiting WUS in an
auxin-dependent manner (42, 43).
We have shown that in floral stage 6, KNU as a direct target of

AG (20, 21) mediates the direct repression and silencing of WUS
(22). However, even WUS is terminated in floral stage 6; CLV3
expression can still be detected in both early and late stage 7 floral
buds (Fig. 1F and SI Appendix, Fig. S1I), suggesting that the re-
pression of CLV3 occurs later than for WUS. This could be due to
the fact that WUS is repressed by multiple pathways and factors
including AG, SUP, CRC, and KNU in a programmed manner
(2). Another possibility is that floral stem cells can be temporarily
maintained from floral stage 6 independently of WUS. A recent
study showed that CLV3 is initiated by several WOX genes during
embryonic initiation of shoot meristem stem cells, while WUS is
dispensable for this process (44). Thus, it is possible that these
WOX factors may have functional redundancy to maintain CLV3
in flower development, even if WUS becomes absent from floral
stage 6. Therefore, it hints at additional repression mechanisms
for floral stem cells. Similarly, during plant senescence, loss of
CLV3 expression is also observed later than that of WUS in the
SAM (45).
Our EMSA results show that the C2H2-type zinc finger TF

KNU directly binds to an AACTNT motif of the CLV3 promoter
(Fig. 2 and SI Appendix, Fig. S3 C and D). Di19 (Drought-induced
19), another C2H2-type zinc finger TF, was shown to bind the
TACA(A/G)T element (46). Several other abiotic-stress–related
C2H2 zinc finger TFs such as AZF1 (Arabidopsis Zinc Finger
protein 1), AZF2, AZF3, and ZAT10 (Zinc Finger of Arabidopsis
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10), specifically bind to the repeat sequences of A(G/C)T in their
target promoters. The DNA sequences of A(AG/CT)CNAC,
TGCTANNATTG, and TACAAT motifs are also putative bind-
ing elements of C2H2 TFs in plants (47). In one study, CLV3 can
also be directly repressed by a TF FHY3 (FAR-RED ELON-
GATED HYPOCOTYL3) to promote FM determinacy (48). The
binding sites on the CLV3 promoter of FHY3 (48) and KNU are
overlapped, hinting at potential cross-talk between the two re-
pression mechanisms for CLV3.
We showed that specific expression of KNU in stem cell layers

resulted in reduced floral organ numbers (Fig. 4 A–F and SI
Appendix, Fig. S11 A and B), which indicate that KNU functions
in all stem cell layers for FM determinacy. In addition, our results
imply that the upper and lower layers of the FM may be respon-
sible for stamen and carpel formation, respectively (Fig. 4 A–F and
SI Appendix, Fig. S11 A and B), agreeing with a previous report
that the stamen primordia and the gynoecium primordia mainly
originate from L2 cells and L3 cells, respectively (49). Besides,
both pWUS:KNU and pCLV3:KNU plants show flowers with
filamentous-like carpels and reduced stamen numbers, and both
pWUS:amiR-KNU and pCLV3:amiR-KNU produce flowers with
three to four carpels. Hence, the repressor activity of KNU in
both CZ and OC contributes to the robust control of FM
determinacy.
In our study, we noticed a threshold-dependent effect of KNU

for CLV3 repression. In pGIR1:KNU, pAtML1:KNU, pMCT1:KNU,

and pCLV3:KNU plants that produced flowers with reduced
floral organ numbers (Figs. 3B and 4 D–F), we observed de-
creased CLV3 expression but generally slightly increased WUS
expression in floral buds (Fig. 3 C–F and SI Appendix, Fig. S11E).
These could be due to WUS–WUS interaction required for FM
maintenance (5, 12) being disrupted by KNU in stem cell layers.
For pCLV3:KNU-NLS plants that produced flowers with more
floral organs due to higher KNU protein levels in the nucleus, we
noticed that CLV3 expression was barely detectable, while the
derepressed WUS expression domain was greatly expanded in
the FM (Fig. 3 H and I). Thus, it seems that the change in the
relative ratio of CLV3 and WUS levels can trigger a shift of stem
cells from differentiation to proliferation, hinting at an unknown
mechanism for control of stem cell homeostasis. Meanwhile, we
found that KNU could repress CLV3 promoter activity. In
pCLV3:GFP-ER plants, the GFP signal was observed from L1 to
L3 of FM (Fig. 3K and SI Appendix, Fig. S7 D–I). In contrast, in
pCLV3:KNU-GFP-NLS flowers, the GFP signal was only de-
tectable in L1 to L2 (Fig. 3M and SI Appendix, Fig. S7 N–P).
These results suggest that the CLV3 promoter activity is further
repressed when KNU protein concentration becomes higher in
the nucleus. For pCLV3:KNU plants, the clv3-like phenotype was
not observed, but inflorescences and flowers resembling the
weak wus mutant were produced. This phenotype is in contrast
to pCLV3:HECATE1(HEC1) plants that produce clv3-like in-
florescences due to simultaneous repression of WUS and CLV3

Fig. 7. CLV1 is directly repressed by KNU and the regulatory framework mediated by KNU for FM determinacy. (A–C) KNU directly represses CLV1. (A) CLV1
expression in ap1 cal 35S:KNU-GR-myc after a single DEX treatment, CHX treatment, and DEX + CHX treatment. CLV1 transcript levels were quantified by
qPCR. The Tip41-like served as the internal control. The error bars represent SD of three biological replicates. The asterisks indicate significant differences
between samples treated with different chemicals (**P < 0.01, Student’s t test). (B) The Schematic diagram of CLV1 locus and primer sets P1 to P6 used for
ChIP assays. (C) ChIP assay using ap1 cal 35S:KNU-GR-myc inflorescences. Nuclear proteins were immunoprecipitated with anti–c-Myc agarose beads, and the
enriched DNA was used for qPCR assays. The y-axis shows relative enrichment compared with no antibody (negative control). MU served as a negative control
locus, and the values of MU were calibrated to 1. The error bars represent SD of three biological replicates. The asterisks indicate significant differences
between MU and different primer sets on CLV1 (**P < 0.01, Student’s t test). (D) Model for FM determinacy mediated by KNU in a comprehensive manner.
Floral stem cell homeostasis is maintained by the CLV-WUS feedback loop at early stages (before stage 6) in the FM. At early stages, both WUS–WUS
homodimers and WUS–HAM1 heterodimers are essential for the activity of the FM. At floral stages 6 and 7, KNU promotes the control of FM activity in
multiple ways. First, KNU directly binds to CLV3 promoter and mediates the deposition of repressive mark H3K27me3; meanwhile, KNU inhibits WUS binding
to CLV3 by KNU–WUS interaction. Second, both WUS–WUS and WUS–HAM1 interactions are interrupted by KNU. Third, KNU represses CLV1 and other CLV-
like receptors as well as several CLEs.
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by the TF HEC1, which could uncouple stem cell fate from
CLV3 expression and stimulate cell proliferation independent of
WUS (50).
Our Y3H and BiLC results show that KNU can disrupt WUS–

WUS interaction and WUS–HAM1 interaction (Fig. 6 C–F),
both of which are required for FM maintenance (5, 12). Simi-
larly, a previous study showed that protein interactions among
CUP SHAPED COTYLEDON (CUC) TFs such as formation of
CUC2–CUC2 homodimers and CUC2–CUC3 heterodimers can
be disrupted by the TF TEOSINTE BRANCHED1/CYCLO-
IDEA/PCF 4 (TCP4) in preventing the formation of serrations in
leaflets of Arabidopsis (51). Thus, KNU activities in disruption of
the WUS–WUS interaction and the WUS–HAM1 interaction
suggest another tier of regulation for FM determinacy. This may
account for the phenotypic differences between pCLV3:KNU and
pCLV3:KNU-NLS flowers. For pCLV3:KNU, KNU is expressed in
L1 to L3 (Fig. 3L), partially overlapping with OC, where KNU
may disrupt WUS–WUS and WUS–HAM1 interactions that are
required for FM maintenance (5, 12). Therefore, pCLV3:KNU
produces flowers with reduced floral organ numbers (Fig. 3B). In
contrast, for pCLV3:KNU-NLS, KNU is mainly expressed in L1
(Fig. 3M), where KNU may have little effect on WUS–HAM1
interaction. Thus, in pCLV3:KNU-NLS, KNU may mainly func-
tion to repress CLV3 intensively (Fig. 3H and SI Appendix, Fig.
S5G), thereby leading to the greatly up-regulatedWUS expression
level and expanded WUS expression domain which result in clv3-
like flowers (Fig. 3 G and I).
In pCLV1:KNU-eGFP floral buds, KNU-eGFP signal can be

observed in both stem cells and OC (SI Appendix, Fig. S15B),
thereby the transgene activity may also repress CLV3 and WUS.
In agreement with this, in pCLV1:KNU (moderate) flowers, we de-
tected obvious repression of CLV1, CLV3, and WUS (SI Appendix,
Fig. S15H), and these lead to reduced FM activity and filamentous-
like carpels (SI Appendix, Fig. S15J), while in pCLV1:KNU (clv1-like)

flowers, reduced CLV1 expression but obviously increased CLV3
and WUS expression were observed (SI Appendix, Fig. S15H).
These unlikely could be due to the suppression of CLV1 alone by
KNU, but a complex feedback regulation may exist, which is
worth further investigation.
Altogether, KNU plays a comprehensive role in terminating

floral stem cell activity via multiple modes (Fig. 7D), including
repressing and silencing both WUS and CLV3, repressing CLV1
and other CLV-like signaling components, inhibiting WUS from
sustaining CLV3 expression, and preventing the stem cell main-
tenance by disrupting WUS–WUS and WUS–HAM1 interactions.
All these functions of KNU contribute to controlling FM de-
terminacy, thereby guaranteeing the proper formation of floral
reproductive organs.

Materials and Methods
All plants were grown in soil and maintained in a greenhouse at 22 °C under
continuous light. Standard molecular biology and genetic methods were
used for vector construction and for crossing and plant transformation.
Confocal imaging, quantitative real-time PCR, EMSA experiments and ChIP
assays were performed as previously described (22). Plant phenotypic sta-
tistics are listed in SI Appendix, Table S1. Primers used in this study are listed
in SI Appendix, Table S2. Detailed results of statistical analyses are available in
SI Appendix, Table S3. All the details are provided in SI Appendix, SI Materials
and Methods.

Data Availability.All study data are included in the article and/or SI Appendix.
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