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Arabidopsis (Arabidopsis thaliana) floral meristems terminate after the carpel primordia arise. This is achieved through the
temporal repression of WUSCHEL (WUS), which is essential for stem cell maintenance. At floral stage 6, WUS is repressed by
KNUCKLES (KNU), a repressor directly activated by AGAMOUS. KNU was suggested to repress WUS through histone
deacetylation; however, how the changes in the chromatin state of WUS are initiated and maintained to terminate the floral
meristem remains elusive. Here, we show that KNU integrates initial transcriptional repression with polycomb-mediated
stable silencing of WUS. After KNU is induced, it binds to the WUS promoter and causes eviction of SPLAYED, which is
a known activator of WUS and can oppose polycomb repression. KNU also physically interacts with FERTILIZATION-
INDEPENDENT ENDOSPERM, a key polycomb repressive complex2 component, and mediates the subsequent deposition of
the repressive histone H3 lysine 27 trimethylation for stable silencing of WUS. This multi-step silencing of WUS leads to the
termination of floral stem cells, ensuring proper carpel development. Thus, our work describes a detailed mechanism for
heritable floral stem cell termination in a precise spatiotemporal manner.

INTRODUCTION

In Arabidopsis (Arabidopsis thaliana), stem cells are confined to
a specific domain called the meristem. In the shoot apical meri-
stem (SAM), stem cells are constitutively active and contribute to
continuous growth.However, in the floralmeristem, stemcells are
terminated after initiation of the full complement of floral organs to
ensure proper differentiation of the reproductive organs of the
flower. The homeobox gene WUSCHEL (WUS), which is ex-
pressed in the organizing center (OC) of the SAM and in the floral
meristem, plays an important role in the maintenance of the stem
cell pool (Mayer et al., 1998). In the SAM,WUS is a direct target of
SPLAYED (SYD), an ATP-dependent SWItch/Sucrose Non-
Fermentable (SWI/SNF) chromatin remodeling factor (Kwon
et al., 2005), which utilizes the energy of ATP hydrolysis to alter
the accessibility of cis-regulatory DNA regions for the transcriptional

machinery (Cairns, 2005). WUS is transcriptionally activated by SYD,
which is required for the propermaintenance of stemcells (Kwon et al.,
2005), and this is accompanied by deposition of the histone trime-
thylation on lysine 4 of histone H3 (H3K4me3) activation mark (Berger
et al., 2011).
WUS is also a target of PRC2-mediated epigenetic repres-

sion via histone H3K27me3 (Zhang et al., 2007). H3K27me3 is
catalyzed by the polycomb repressive complex2 (PRC2). Dur-
ing reproductive development, the PRC2 complex includes
CURLY LEAF (CLF), which is an H3K27 methyltransferase
(Goodrich et al., 1997). Another PRC2 component, FERTILIZATION-
INDEPENDENT ENDOSPERM (FIE), is a homolog of the Dro-
sophila WD motif-containing protein extra sexcombs (Esc; Ohad
et al., 1999). FIE can physically interact with CLF, and knockdown
of FIE leads to strong morphological aberrations, suggesting that
FIE plays an important role in the control of vegetative and re-
productive development (Katz et al., 2004). In addition, EM-
BRYONIC FLOWER2 (EMF2) can also interact directly with CLF.
Mutation of EMF2 results in drastic early flowering phenotypes
(Yoshida et al., 2001). TERMINAL FLOWER2 (TFL2)/LIKE HET-
EROCHROMATIN PROTEIN1 may be a functional component of
PRC1 and colocalizes with the repressive mark H3K27me3
throughout the Arabidopsis genome (Turck et al., 2007).
In Arabidopsis, several factors are known to recruit PcG to

individual genes. During vernalization, the noncoding RNA
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COLDAIR recruits PRC2 to the FLOWERING LOCUS C (FLC)
locus to silence FLC (Heo and Sung, 2011). Additionally, the
transcriptional repressor VIVIPAROUS1/ABI3-LIKE proteins bind
FLCcis-elements and recruit PcG for epigenetic silencing (Qüesta
et al., 2016; Yuanet al., 2016). During vegetative development, the
ASYMMETRIC LEAVES complex can physically interact with
PRC2 and recruit it to BREVIPEDICELLUS and KNOTTED-LIKE
FROM ARABIDOPSIS THALIANA2 to stably silence them in dif-
ferentiating leaves (Lodha et al., 2013). A recent study defined
Polycomb response elements and associated transcription factor
families that directly recruit PRC2 to developmental genes in
Arabidopsis (Xiao et al., 2017). However, it remains unknown how
PcG is recruited to specific targets in a precise spatiotemporal
manner.

AGAMOUS (AG) directly induces the gene encoding Cys2-
His2 (C2H2)-type zinc finger protein KNUCKLES (KNU) to re-
pressWUS in the floral meristem during floral stage 6 (Sun et al.,
2009). KNU can physically associate with a repressor complex
composed of TOPLESS, HISTONEDEACETYLASE19, andMINI
ZINC FINGER2. Within this complex, MINI ZINC FINGER2 binds
to the WUS locus and recruits KNU, TOPLESS, and HISTONE
DEACETYLASE19, leading to WUS repression through histone
deacetylation (Bollier et al., 2018). However, WUS is eventually
silenced by H3K27me3-mediated epigenetic memory to termi-
nate the floral meristem (Zhang et al., 2007). Therefore, how the
changes in chromatin state of WUS are initiated and how the
silenced status of WUS chromatin is maintained to abolish the
floral meristem are elusive. Here, we show a multi-step mech-
anism for WUS silencing. Initial transcriptional repression of
WUS is associated with rapid eviction of the chromatin re-
modeler SYD by KNU, loss of DNA accessibility, and loss of
active histone marks on the WUS locus. Subsequently KNU-
mediated recruitment of PcG onto the WUS chromatin leads to
heritable suppression of floral meristem activities. Thus, our
study shows that the repressor proteinKNUplays apivotal role in
integrating transcriptional repressionwithH3K27me3-mediated
silencing of WUS in the floral meristem.

RESULTS

Spatial and Temporal Association between KNU andWUS in
the Floral Meristem

Aplant linedoubly transgenic forProKNU:KNU-VENUS (Sunetal.,
2014) and ProWUS:green fluorescent protein (GFP)-endoplasmic
reticulum (ER; Gordonet al., 2007)wasestablished toexamine the
spatiotemporal expression patterns of KNU andWUS. Prominent
WUS expression was observed in the SAM and in the floral
meristems of stages 2 to 6 flower buds (Smyth et al., 1990; Mayer
et al., 1998), whereas KNU activity was only detected in flower
buds from stage 6 onward (Figures 1A and 1C; Supplemental
Figures 1A to 1C). KNU expression was initially detected in the
central zone (Figure 1B; Supplemental Figures 1D to 1F), which
later became broader, including the top three stem cell layers and
OC (Supplemental Figures 1G to 1O). This transient overlap at
floral stage 6 in the expression domains of KNU andWUS hints at
cell-autonomous repression of WUS by KNU. In the ProWUS:
b‑glucuronidase (GUS) line (Bäurle and Laux, 2005), WUS
was detected in the SAM and in early stage 6 flower buds, but it
was absent from late stage 6 flower buds (Figures 1D to 1F). By
contrast, in the ProKNU:KNU-GUS line (Sun et al., 2009), KNU
was detected in early stage 6 flower buds in the stem cell niche
and in late stage 6 flower buds in developing carpels (Figures 1G
to 1I). In floral stage 7, compared with silenced activity of WUS
(Supplemental Figure 1P),KNU expression continues at the basal
part of developing carpels and starts at the abaxial side of stamen
primordia (Supplemental Figure 1Q). KNU expression later con-
vergedon thebasal central cells of carpels (Figure 1C),whichwere
previously described as silenced late OC cells (Liu et al., 2011),
suggesting that KNUmay be required in these cells for persistent
silencing of WUS.
Toexamine thedetailed timingofWUS repressionbyKNU,a line

with inducible KNU activity, apetala1 cauliflower (ap1 cal)
Pro35S:KNU-AR, was used for quantitative (q)PCR expression
analysis (Figures 2A and 2B). In ap1 cal Pro35S:KNU-AR, the ap1
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cal double mutant enriches for meristematic tissues (Alvarez-
Buylla et al., 2006), while KNU-AR, a fusion protein between
KNU and the steroid hormone ligand binding domain of the an-
drogen receptor (AR), is sufficient to inducibly terminate the floral
meristems upon continuous induction of the KNU activity (Sun
et al., 2009). A single 5a-androstan-17b-ol-3-one (DHT) treatment
lead toa40%decrease in theWUSmRNAlevel at4h relative to the
0-h time point. At 8 h and 12 h after induction, weobserved a trend
toward an increase inWUS expression (Figure 2A),which couldbe

explained by a CLAVATA (CLV )-dependent compensation
mechanism (Müller et al., 2006). We also treated the ap1 cal
Pro35S:KNU-AR plants with cycloheximide (CHX, a protein
synthesis inhibitor) aloneorwithCHXtogetherwithDHTand found
thatWUS repression by KNU is independent of protein synthesis
(Figure 2B). In addition, in ProWUS:GUS Pro35S:KNU-AR in re-
sponse to continuous DHT treatment followed by staining at 1, 2,
3, and 5 d after the start of treatment, WUS expression remains
repressed by KNU (Figure 2C). Thus, WUS may be directly

Figure 1. KNU and WUS Expression Patterns.

(A)Confocal observation of the doubly transgenic inflorescence for ProWUS:GFP-ER (Gordon et al., 2007) (red) and ProKNU:KNU-VENUS (green), which
was confirmed to rescue knu-1 (Sun et al., 2014). *, shoot apical meristem. Numbers, floral stages (Smyth et al., 1990).
(B)Highermagnificationof thesideviewof a stage6floral budofProWUS:GFP-ERProKNU:KNU-VENUS. The inset in (B) is theclose-upof thecentral zone,
showing WUS and KNU expression in meristematic cells.
(C) ProKNU:KNU-GUS (Sun et al., 2009) staining in a wild-type flower at stage 8. Bars 5 50 mm for (A) to (C).
(D) to (I) GUS staining of ProWUS:GUS and ProKNU:KNU-GUS in the wild-type inflorescences, early stage 6 and stage 7 flowers.
(D) to (F) ProWUS:GUS staining in inflorescence (D), early stage 6 flower bud (E), and late stage 6 flower bud (F).
(G) to (I) ProKNU:KNU-GUS staining in inflorescence (G), early stage 6 flower bud (H), and late stage 6 flower bud (I). Bars 5 100 mm for (D) to (I).
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repressedbyKNUand the repression canbemaintained, if KNU is
continuously expressed. Because KNU is also expressed in stem
cell layers (Figure 1B; Supplemental Figures 1M to 1O), we
monitored the expression ofCLV genes as well.CLV1,CLV2, and
CLV3 expression all show initial reduction byKNUat 4 h after DHT
treatment but recovery later (Figure 2D), suggesting CLV genes
may also be repressed by KNU.
To testwhether and inwhat timecourse theKNUproteindirectly

bindsWUS, we performed chromatin immunoprecipitation (ChIP)
in ap1 cal Pro35S:KNU-AR-mycusing anantibody against c-Myc.
Plants were treated with DHT at 0 and 24 h twice, and in-
florescences were harvested at 4 and 48 h, respectively, after the
start of initial treatment (Figures 3A and 3B; Supplemental Figures
2Aand2B).Anapproximate1.8-foldmoderate enrichmentofKNU
was detected at theWUS promoter in the region from2308 bp to
2125 bp upstream of the ATG start codon (primer set W2,
Supplemental Table) as early as 4 h (Supplemental Figures 2A and
2B).Wealsonoticed that at 4 h, anapproximate 1.6-foldmoderate
enrichment can be detected within the first intron ofWUS (primer
setW3, Supplemental Table). At 48 h, we detected stronger (up to
twofold) enrichment of KNU binding at the W2 site of the WUS
promoter (Figures 3A and 3B). The initial binding at 4 h of KNU at
W3 is consistent with a report that KNU is within a histone de-
acetylationcomplexassociatedwith thefirst intronofWUS (Bollier
et al., 2018). Because histone acetylation is associated with
transcriptional activity (Sawarkar and Paro, 2010), we monitored
H3 acetylation level onWUS chromatin upon KNU activation. We
found a 40% decrease of H3 acetylation level in the first intron of
WUS (primer set W3, Supplemental Table) by 4 h, and no further
reduction of H3 acetylation by 12 h (Figures 3A and 3C). This
agreeswith the recent finding thatKNUaffectsWUSchromatin via
H3 deacetylation (Bollier et al., 2018). By contrast, the binding of
KNU on the first intron ofWUS (W3 region) is not detectable at the
48-h time point (Figures 3A and 3B).
To verify the binding of KNU to the WUS promoter, we per-

formed yeast one-hybrid assays. The result confirmed direct
binding of KNU to the W2 region of theWUS proximal promoter
(Figures 3A and 3D). The direct binding of KNU was further
examinedby electrophoreticmobility shift assays (EMSAs). Four
fragments for the W2 region (W2-1 to W2-4) were biotin labeled
and incubated with maltose binding protein (MBP)–tagged KNU
protein.Wealsoused two fragments for theW1 region (W1-1and
W1-2) as controls. W2-1 and W2-4 produced clear band shifts
(Figures 3Aand3E),whileW1-1andW1-2 showednobandshifts
(Figures 3A and 3F). Moreover, the addition of excess unlabeled
competitor probes effectively reduced the amount of shifted
bands, demonstrating direct binding of KNU (Figure 3G). To
identify the KNU bound cis-element, we first used 59 upstream
sequences of WUS to carry out phylogenetic shadowing
with eight Brassicaceae species (O’Malley et al., 2016;
Yamaguchi et al., 2018). Three conserved regulatory modules
(CRMs) were identified and defined as CRM1, CRM2, and CRM3
(Supplemental Figure 3A). Because the W2 region is within the
CRM3, CRM3 was further analyzed and we noticed there is
a conserved core aatc motif (Supplemental Figure 3B), which is
also found in both W2-1 and W2-4 fragments. Mutating aatc to
gggg in W2-1– and W2-4–unlabeled competitor probes cannot
reduce the amount of shifted bands (Supplemental Figure 3C),

Figure 2. Repression of WUS and CLV Genes by KNU.

(A) and (B)WUS expression in ap1 cal Pro35S:KNU-AR after a single DHT
treatment, asmeasuredbyRT-qPCR.Tip41-like (At4g34270) servedas the
internal control. Asterisks indicatesignificantdifferencesbetweensamples
treated with different chemicals (*P < 0.05 and **P < 0.01, Student’s t test).
(C) GUS staining in ProWUS:GUS Pro35S:KNU-AR inflorescences from
day1 (D1) today5 (D5) after initialDHT treatment (day0). TheProWUS:GUS
Pro35S:KNU-AR inflorescenceswere treatedwith 100nMDHT three times
at 1-d intervals. Bar, 100 mm.
(D) Transcript levels ofCLV1,CLV2, andCLV3 in ap1 cal Pro35S:KNU-AR
inflorescences after a singleDHT treatment. Tip41-like (At4g34270) served
as the internal control. Error bars in (A), (B), and (D) represent the SD of two
biological replicates with three technical replicates each.
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Figure 3. KNU Binds to the WUS Promoter.

(A) Schematic diagram showing theWUS locus and the promoter region used for ChIP assays, yeast one-hybrid assays, and EMSAs in (B) to (G). Black
rectangles represent coding regions. Fragments: W1-1,2648;2583; W1-2,2582;2518; W2-1,2308;2265; W2-2,2264;2213; W2-3,2212;

2175; W2-4, 2174 ; 2125 bp upstream from the ATG start codon.
(B)ChIP assay using ap1 cal 35S:KNU-AR-3myc inflorescences harvested 48 h after DHT treatment. Nuclear protein complexeswere immunoprecipitated
with anti–c-Myc agarose beads, and the enriched DNAwas used for qPCR analysis. The y axis shows relative enrichment using anti-HA agarose beads as
acontrol.Mu-like transposonsservedasanegative control locusandwere set to 1. Asterisks indicate significant differencesbetween thecontrol locus (MU)
and different primer sets on WUS (*P < 0.05, Student’s t test).
(C)ChIP assay using ap1cal Pro35:KNU-AR inflorescences harvested at 0, 4, and12 hafter a single 100 nMDHT treatment. The y axis shows the calibrated
relative ratio of bound DNAs to input DNAs after IP.Mu-like transposons served as a negative control locus andwere set to 1. Error bars represent the SD of
three (B) and two (C) biological replicates with three technical replicates each. Asterisks indicate significant differences between different time points at
certain primers sets of WUS (*P < 0.05, Student’s t test).
(D) Yeast one-hybrid assays demonstrate that KNU associates with the WUS promoter W2 region. AbA, Aureobasidin A.
(E) to (G)EMSAsconfirmthatKNUbinds to theW2-1andW2-4 fragments.Thearrow indicates theDNA–proteincomplex.Nonlabeledoligonucleotideswere
used as competitors. MBP was used as a negative control.
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indicating that the aatc motif could be the putative KNU binding
cis-element.

Polycomb-Mediated Epigenetic Silencing ofWUS Is Delayed
Relative to WUS Repression

To determine whether the transcriptional repression of WUS by
KNU isassociatedwithPcG-mediatedsilencingof theWUS locus,
the H3K27me3 level on WUS was examined at different time
points after the DHT treatment in ap1 cal Pro35S:KNU-AR in-
florescences.An increase in theH3K27me3 level at theWUS locus
was observed at 8 and 12 h, but not at 4 h, after DHT treatment
relative to that at the 0-h time point (Figures 4A and 4B;
Supplemental Figures 4A and 4B). By contrast, WUS transcript
was repressed by KNU within 4 h in the same inducible line
(Figures 2A and 2B). Thus, transcriptional repression of WUS by
KNU precedes deposition of the repressive mark H3K27me3,
which may be required for heritable silencing of WUS at the
chromatin level. We also examined dynamic FIE enrichment on
WUS chromatin using ap1 cal Pro35S:KNU-AR ProFIE:FIE-
VENUS, a line generated by crossing ap1 cal Pro35S:KNU-AR
with ProFIE:FIE-VENUS (Sun et al., 2014). An increase in FIE
enrichment at the WUS locus was observed at 4 h and 12 h
(Figures 4A and 4C). These results suggest that H3K27me3 may
be deposited in a KNU-dependent manner and that there are
a few to several hours of time lag between PRC2 binding and
H3K27me3 deposition.

The proximal promoter region (primer set W2, Supplemental
Table 1), where KNU binds to the WUS locus, overlaps partially
with a region reported tobeoccupiedbySYD, anactivator ofWUS
(Kwon et al., 2005). Thus, we next tested whether KNU com-
petitively inhibitsSYDbinding toWUSbyChIPassayusingaSYD-
specific antibody (Kwon et al., 2005). SYD was enriched at the
WUS proximal promoter (covering regions including bothW1 and
W2primersets,Supplemental Table) at0h.However,SYDbinding
became weaker (;40% decrease in occupancy at theW2 region,
P < 0.05) at 4 h and even weaker at 12 h (;30% of the initial
occupancy atW2,P<0.01; Figures4Aand4D). This suggests that
binding of KNU leads to the eviction of SYD from the WUS pro-
moter within 4 h. The eviction of SYD preceded the deposition of
H3K27me3 (Figures4Band4D;Supplemental Figures4Aand4B),
suggesting that KNU triggers transcriptional repression at least
partially by acting antagonistically with SYD.

By opening theWUS locus, SYDmay contribute to higher DNA
accessibility (Cairns, 2005) and deposition of H3K4me3 (Wu et al.,
2012), a mark associated with actively transcribed chromatin
(Sawarkar and Paro, 2010). To comprehensively understand the
epigenetic events on the WUS chromatin upon KNU activation,
the dynamic level of H3K4me3 andDNA accessibility atWUSwas
examined. At 0 h, in ap1 cal Pro35S:KNU-AR inflorescences, high
H3K4me3 levels were detected, which peaked at the proximal
promoter of WUS (primer set W2, Supplemental Table). KNU
activation resulted in a slight decrease of theH3K4me3 level at 4 h
(;20%decrease at W2) and a further reduction by 12 h (;50%of
initial level at W2; Figures 4A and 4E). To assess the dynamic
accessibility of the WUS locus upon KNU activation, we used
formaldehyde-assisted isolation of regulatory elements (FAIRE),
a method that enriches accessible (nucleosome-depleted)

genomic DNA from crosslinked chromatin (Simon et al., 2012).
FAIRE revealedan;50%decreaseof theaccessibility at theWUS
locus, especially at the KNU-bound region (primer set W2, P < 0.
01; Supplemental Table), within 4 h after KNU induction. Twelve
hours after KNU induction, accessibility to the WUS locus de-
creased even further, to 24% of the initial levels (P < 0.01; Figures
4A and 4F). To check whether WUS locus accessibility disrupts
RNA polymerase II (Pol II) function, we performed a ChIP assay to
examinePol II enrichment at theWUS locus.Wenoticedan;50%
decrease of Pol II enrichment on the proximal promoter of WUS
(primer setW2,Supplemental Table) at 4handan;70%decrease
at 12 h (Figures 4A and 4G).
To assess the genetic interaction between KNU and SYD, we

crossed a null mutant knu-2 (Sun et al., 2009) with a null allele of
syd-5 (Bezhani et al., 2007). The double mutant flowers show
a similar phenotype as syd-5 flowers, with defective stigma, while
the bulged gynoecia harboring ectopic carpels normally observed
in knu-2 flowerswere not found in knu-2 syd-5 flowers (Figures 5A
to5F).WealsocheckedWUSexpressionby in situ hybridization in
knu-2, syd-5, and knu-2 syd-5mutant flowers (Figures 5G to 5L).
Consistent with our previous report, prolonged WUS expression
was detected in stage 6 and stage 10 flowers of the knu-2mutant
(Figures 5G and 5J; Sun et al., 2009). However, prolonged WUS
expression was not observed in stage 6 and stage 10 buds of
syd-5 or knu-2 syd-5mutant flowers (Figures 5H, 5I, 5K, and 5L).
Thesedata indicate thatSYDfunction is required for theprolonged
WUS activity in knu-2 flowers.

Silencing of WUS Requires KNU-Dependent
PcG Recruitment

Next, to examine whether WUS chromatin changes are KNU-
dependent during flower development, we examined WUS
chromatin status using ap1 cal Pro35S:AP1-GR inflorescences
(GR is the steroid-binding domain of the rat glucocorticoid re-
ceptor;Wellmeret al., 2006). Toavoid thenoisegeneratedbyWUS
expression in stamen primordia after floral stage 7 (Sanders et al.,
1999; Deyhle et al., 2007), tissueswere harvested ondays 0 and 4,
roughly corresponding to thesynchronizeddevelopment offlower
budsat approximately stages1 to2andstages6 to7, respectively
(Supplemental Figure 5A; Wellmer et al., 2006).
We first assessed H3K4me3 and H3 acetylation levels onWUS

chromatin on day 0 and day 4. The ChIP results demonstrate
general decreases of H3K4me3 and H3 acetylation levels
throughout the entireWUS locus on day 4 (as indicated by primer
sets W1 to W5 (Figures 6A and 6B; Supplemental Figures 5B and
5C; Supplemental Table). To test whether the decrease of
H3K4me3 and H3 acetylation on WUS is dependent on KNU
activity, the knu-2 mutation was introduced into ap1 cal Pro35S:
AP1-GR. In the knu-2 ap1 cal Pro35S:AP1-GR inflorescences, we
noticed the levels of H3K4me3 andH3 acetylation remains largely
unchanged between day 0 and day 4 (Figure 6C; Supplemental
Figure 5D). These results suggest that KNU activity is required for
the removal of active histone marks of H3K4me3 and H3 acety-
lation on the WUS locus during flower development.
To further investigate dynamic WUS chromatin status change

including SYD binding, the DNA accessibility change, and
H3K27me3 level during flower development, we also performed
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Figure 4. WUS Chromatin Dynamics after KNU Activation.

(A) Schematic diagram showing the WUS locus and the promoter region used for ChIP assays in (B) to (G).
(B) H3K27me3 analysis by ChIP assays using ap1 cal Pro35:KNU-AR inflorescences harvested at 0, 4, and 12 h after a single 100 nM DHT treatment.
(C) ChIP assay for FIE enrichment using ProFIE:FIE-VENUS ap1 cal Pro35S:KNU-AR inflorescences harvested at 0, 4, and 12 h. The y axis shows the
calibrated relative ratio of bound DNAs to input DNAs after IP.
(D) SYD binding analysis. Inflorescences were harvested at 0, 4, and 12 h. Error bars represent the SE of three biological replicates.
(E) H3K4me3 analysis by ChIP assays using ap1 cal Pro35:KNU-AR inflorescences harvested at 0, 4, and 12 h after a single 100 nM DHT treatment.
(F) DNA accessibility at the WUS locus in the context of chromatin assayed by FAIRE upon KNU activation in ap1 cal Pro35S:KNU-AR. The Ta3 retro-
transposon (At1g37110) was used as the negative control locus and was set to 1.
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ChIP assays using day 0 and day 4 inflorescences of ap1 cal
Pro35S:AP1-GR treated with dexamethasone (DEX). SYD en-
richment decreases on the WUS promoter (including both W1
and W2 regions) by day 4 compared with day 0 (Supplemental
Figure 5E). Similarly, DNA accessibility of the WUS locus also
decreases to ;40% on W2 by day 4 compared with day
0 (Supplemental Figure 5G). By contrast, in knu-2 ap1 cal Pro35S:
AP1-GR, no obvious decreases were detected for SYD enrich-
ment and WUS DNA accessibility (Supplemental Figures 5F and
5H). For H3K27me3 assays, theChIP results showedbackground
levelsofH3K27me3at theWUS locusatday0,whichcouldbedue
to thecontributionof nonmeristematic cells, andan increase in the
H3K27me3 levels throughout the entire WUS locus on day 4
(Figure 6D). The enrichment of H3K27me3 was strongest in the
first intron (primer set W3, Supplemental Table), and on day 4 the
repressivemark level was nearly twice that observed on day 0 (P <
0.05, Figure 6D). These results indicate that WUS repression at
floral stage6;7 isassociatedwith thedepositionofH3K27me3on
the WUS locus. While in knu-2 ap1 cal1 Pro35S:AP1-GR, only
a background level of the H3K27me3 repressive mark was ob-
served at day 0 and day 4 on theWUS locus in the knu-2 ap1 cal
Pro35S:AP1-GR plants (Figure 6E). Hence, deposition of the re-
pressive mark H3K27me3 on WUS requires KNU activity.

Since the PRC2 complex is responsible for the deposition of
H3K27me3 on WUS, the transgenic lines ap1 cal ProFIE:FIE-
VENUS Pro35S:AP1-GR and ap1 cal ProEMF2:EMF2-VENUS
Pro35S:AP1-GR (Wellmer et al., 2006; Sun et al., 2014) were used
to examine the change in binding of PRC2 at the WUS locus. On
day 0, only background levels of FIE binding were detected at
WUS, whereas on day 4 there was a distinct enrichment of FIE (up
to twofold) at the WUS proximal promoter region (P < 0.05,
Figure 6F; primer set W2, Supplemental Table 1). Similarly, ap-
proximately a twofold enrichment of EMF2 was detected in the
same region (P < 0.05; primer set W2, Supplemental Table) on
day4comparedwith thebackground levelonday0 (Supplemental
Figures 5Band5I). In the knu-2mutant background, enrichment of
both FIE and EMF2 were detected at background levels at the
WUS locus on days 0 and 4 (Figure 6G; Supplemental Figure 5J).
These data show that recruitment of PcG toWUS is dependent on
KNU activity during flower development.

PcG Activity Is Required for the Stable Silencing of WUS

To determine whether WUS expression during flower develop-
ment is affected in PcG mutants, the floral phenotypes were
examined in the followingmutants: tfl2-1, emf2-1, clf-28, fie-11/1
(fie-11 homozygous is embryonically lethal and cannot germi-
nate), and the transgenic cosuppression line Pro35S:GFP-FIE,
with a mostly silenced FIE activity (Katz et al., 2004). Generally,

mutants of eachPcGcomponent showdistinct floral phenotypes.
The tfl2-1mutant displays fused terminal flowers with two carpels
in each gynoecium (Larsson et al., 1998). The emf2-1 flowers
produce two fused infertile carpels surroundedbysix small sessile
leaves (Yoshida et al., 2001; Sung et al., 2003). The flower phe-
notypes of the clf-28 and fie-11/1 mutants are indistinguishable
from the wild type (Guitton et al., 2004; Doyle and Amasino, 2009;
Deng et al., 2013). None of these mutants displayed an in-
determinate floral phenotype, possibly due to heterozygosity (for
fie-11/1) or due to the activity of redundantly acting PcG factors.
By contrast, unlike the wild-type flowers with two fused carpels,
more than half (57 of 100 plants) of the Pro35S:GFP-FIE cosup-
pression plants produced multiple fused carpels with ectopic
carpel-like tissue inside (Figures 7A to 7C). In the wild-type flower
buds,WUSmRNAwasmostly undetectable from stage 6 onward
(Figures 7D to 7F; Lenhard et al., 2001; Lohmann et al., 2001). On
the contrary, WUS persisted in the stage 6 and stage 7 carpel
primordia and even in carpels of stage 10 flowers of the FIE co-
suppression line (Figures 7G to 7I). The ectopic WUS in FIE-
silenced flowers provides genetic evidence that PcG-mediated
H3K27me3 plays an essential role in stable silencing ofWUS from
stage 6 onward, which is required for termination of the floral
stem cells.
We also tested the effect of ectopic KNU expression in

the polycomb mutant background, and generated tfl2-1
Pro35S:KNU-AR and clf-28 Pro35S:KNU-AR (Figures 8A to 8F).
After KNU activation with continuous DHT treatment, the treated
plants showed a similar floral phenotype as tfl2-1 and clf-28
flowers, respectively (Figures 8B, 8C, 8E, and 8F). This is in stark
contrast with the premature termination of floral meristems
observed in Pro35S:KNU-AR continuously treated with DHT
(Figures 8A and D; Sun et al., 2009). These results demonstrate
that repression of WUS by KNU requires PcG activity. By con-
trast, loss of clf or tfl2 activity in the knu mutant background
revealed no or only a slight increase in indeterminacy
(Supplemental Figures 6A to 6F). We further monitored time-
course WUS expression in clf-28 Pro35S:KNU-AR upon DHT
treatment. WUS is repressed to ;0.6-fold at 4 h upon KNU
activation but recovered to ;1-fold at 8 h and later time points
(Supplemental Figure 6G). In tfl2-1 Pro35S:KNU-AR with DHT
treatment, WUS expression showed a similar trend as in clf-28
Pro35S:KNU-AR (Supplemental Figure 6H). These results
suggest that in clf-28 or tfl2-1 mutant backgrounds, WUS is
initially repressed by KNU, but the repression is not stable
without PcG activity. In addition, we found that KNU can still bind
to the WUS promoter in the clf-28 null mutant background
(Supplemental Figures 6I and 6J), suggesting that PRC2 is not
involved in the recruitment of KNU. Thus, KNU-dependent re-
cruitment of PRC2 is necessary for stable silencing of WUS.

Figure 4. (continued).

(G) ChIP assay for Pol II binding using ap1 cal Pro35S:KNU-AR inflorescences harvested at 0, 4, and 12 h. The y axis shows the calibrated relative ratio of
boundDNAs to input DNAs after IP.Mu-like transposons (MU) served as a negative control locus for (B) to (E) and (G), and the relative bound/input ratios or
relative enrichment rates onMUwere set to 1. Error bars represent the SD of three (see [B] and [E]) and two (see [C], [F], and [G]) biological replicates with
three technical replicateseach.Asterisks indicatesignificantdifferencesbetweendifferent timepointsatcertainprimersetsofWUS (*P<0.05and**P<0.01,
Student’s t test).
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Figure 5. Genetic Interaction between knu-2 and syd-5.

(A) to (C) Mutation of syd-5 rescues the knu-2 meristem indeterminate phenotype (30 flowers each from knu-2, syd-5, and knu-2 syd-5 were observed,
respectively). Flowers at stage 15 of knu-2 (A) have bulged pistils, while the pistils of syd-5 (B) and knu-2 syd-5 (C) flowers at stage 15 were not bulged.
(D) to (F)Cross sections of knu-2 (D), syd-5 (E), and knu-2 syd-5 (F) siliques stainedwith 0.1% toluidineblue in 0.02%sodiumcarbonate solution.Within the
knu-2 mutant silique, there are three reiterative ectopic carpels, as shown by red asterisks. Bar, 1 mm for (A) to (C).
(G) to (L)WUS expression is prolonged at stage 6 (G) and stage 10 (J) in knu-2 flower buds, but not in stage 6 and stage 10 flower buds of syd-5 (see [H] and
[K]) and knu-2 syd-5 (see [I] and [L]). Arrowheads show ectopic WUS expression in meristematic cells. Bar 5 100 mm for (G) to (L).
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KNU Recruits PcG to WUS through Physical Interaction
with FIE

To examine the molecular basis of KNU-dependent PcG re-
cruitment, we tested for a physical interaction between KNU and
PcG factors, including FIE, CLF, SWINGER, EMF2, and TFL2 by

yeast two-hybrid analysis. The use of the KNU full-length coding
sequence as bait revealed an interaction between KNU and the
WD repeat domain of FIE. Truncation of either the reported
N-terminal C2H2 zinc finger domain or the C-terminal EAR-like
motif of KNU (Payne et al., 2004) negated the interaction
(Supplemental Figures 7A and 7B). To verify the yeast result,

Figure 6. Change of WUS Chromatin Status Is KNU Dependent.

(A) Schematic diagram showing the WUS locus used for ChIP assays in (B) to (G).
(B) to (G) The ap1 cal Pro35S:AP1-GR (see [B], [D], and [F]) and knu-2 ap1 cal Pro35S:AP1-GR (see [C], [E], and [G]) inflorescences 0 and 4 d after a single
treatment with DEX were sampled.
(B) and (C) H3K4me3 analysis.
(D) and (E) H3K27me3 analysis. The y axis shows the calibrated relative ratio of bound DNAs to input DNAs after IP.
(F) and (G) ChIP assays for FIE binding. The y axis shows the relative enrichment using IgG as a control.Mu-like transposons served as a negative control
locus, and the relative bound/input ratios or relative enrichment rates onMUwere set to 1. Error bars represent the SD of three (see [B], [D], and [F]) and two
(see [C], [E], and [G]) biological replicateswith three technical replicates each.Asterisks indicate significant differences betweenday0 (D0) andday4 (D4) at
certain primers sets of WUS (*P < 0.05 and **P < 0.01, Student’s t test).
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bimolecular fluorescence complementation (BiFC) analysis was
performed in tobacco (Nicotiana tabacum) leaves (Ohad et al.,
2007). BiFC revealed an in vivo interaction betweenKNUand FIE
in the nucleus (Figure 9A). By contrast, another C2H2 zinc finger
protein, ZFP11, does not show in vivo interaction with FIE in the
nucleus of tobacco leaves (Supplemental Figure 7C). Further-
more, coimmunoprecipitation (co-IP) analysis of nuclear ex-
tracts from stage 6 flower buds of ap1 cal Pro35S:AP1-GR
ProKNU:KNU-VENUS ProFIE:FIE-myc confirmed the in vivo
interaction of KNU and FIE in Arabidopsis (Figure 9B;
Supplemental Figures 7D and 7E). Overall, these results provide

evidence that KNU physically interacts with FIE in the nucleus
and may recruit PcG.

DISCUSSION

KNU Mediates Multi-Step Silencing of WUS in the
Floral Meristem

Here, we show that the C2H2 zinc finger protein KNU binding site
(W2) on the WUS promoter overlaps with the region occupied by

Figure 7. PcG Activity Is Required for the Stable Silencing of WUS.

(A) The wild-type flower.
(B) and (C) Indeterminate phenotypes of flowers of thePro35S:GFP-FIE cosuppression line showingmultiple carpels (B) and an internal ectopic carpelloid
organ (red arrowhead) within the primary carpels (C).
(D) to (F) Through in situ hybridization, expression of WUS was not detected in stages 6 (D), 7 (E), and 10 (F) wild-type flower buds. WT, wild type.
(G) to (I)ProlongedWUSexpression inFIE-silenced linePro35S:GFP-FIE flower budsat stages 6 (G), 7 (H), and10 (I). Black arrowheads showectopicWUS
expression in meristematic cells. Bars 5 1 mm in (A) to (C); 50 mm in (D) to (I).
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the SWI/SNF chromatin remodeling factor SYD, which is required
for themaintenance ofWUS transcription (Kwon et al., 2005). Our
ChIPassayshowed thatSYDbinds tobothW1andW2 invivo, and
in our model, SYD binding is prevented by KNU. We also per-
formed anEMSAexperiment to test KNUbinding to theW1 region
of theWUSpromoter. The result suggests that KNUdoes not bind
to W1 (Figure 3F), at least in vitro. The W1 and W2 sites are less
than 200 bp apart and SYD is a component of a protein complex
(Bezhani et al., 2007); hence, theKNUandSYDbinding sites likely
partially overlap. Our findings also agree with the reported SYD
binding region (Kwon et al., 2005). Besides, W3 also contains one
aatc sequence. KNUmay initially bind to the core sequence inW3
to deacetylate the WUS locus (Bollier et al., 2018).

Our genetic analyses confirmed thatmeristem indeterminacy in
knu isdependentonSYDactivity (Figures5A to5F).KNU induction
causes the rapid eviction of the SYD protein (Figure 4D). We also
showthat recruitmentofPcGon theWUS locus isKNUdependent
and that PcG activity is necessary for stable silencing ofWUS by
KNU (Figures 6F and 6G; Figure 8; Supplemental Figures 5I and
5 J). KNU physically interacts with the key PRC2 component FIE
and recruits PRC2 to the WUS promoter to silence WUS via
H3K27me3 (Figures 4B, 4C, 6F, 6G, 9A, and9B).WUS repression
was initiatedprior toH3K27me3accumulation (Figures2Aand4B;
Supplemental Figures 4A and 4B). Therefore, the termination of
floral stem cells may occur in sequential steps: initial transcrip-
tional repression of WUS associated with rapid eviction of active

chromatin remodelers, loss of DNA accessibility, loss of active
histone marks, and subsequent PcG-mediated silencing of the
WUS chromatin (Figure 10A). These multi-steps are integrated by
KNU, which plays an important role in the programmed termi-
nation of the floral stem cells.
In human cells, nuclear hormone receptors require SWI/SNF

chromatin remodeling factors at each successive round of tran-
scription initiation at the promoter in vivo through maintaining
open chromatin structures and active H3K4me3 marks (McNally
et al., 2000;Nagaichet al., 2004).KNU inductionalsocaused rapid
reduction of DNA accessibility and H3K4me3 marks (Figures 4E
and 4F). Furthermore, we show that H3 acetylation on the WUS
locus decreased after KNU activation (Figure 3C). This is con-
sistent with a recent finding that KNU recruits a histone deace-
tylase–containing complex to theWUS locus (Bollier et al., 2018).
In vitro, PcG and SWI/SNF factors have mutually exclusive ac-
tivities (Bar-Ziv et al., 2016). Thus, KNU causes H3 deacetylation,
H3K4 demethylation, and SYD dissociation simultaneously,
which would be prerequisite steps prior to H3K27me3-mediated
epigenetic silencing of the WUS locus. One possibility is that the
KNU-PcG complex forms first and acts together to remove SYD
and then trigger theH3K27me3deposition onWUS. Deposition of
H3K27me3onWUSmayrequire reduced transcription,whichwas
also implicated at the FLC locus, where H3K27me3 deposition on
the gene body occurs only after transcription is decreased (Buzas
et al., 2011). In animal cells, reduced transcriptional activity and

Figure 8. Repression of WUS by KNU Requires PcG Activity.

(A) to (F)Flowers ofPro35S:KNU-AR (see [A] and [D]), tfl2-1Pro35S:KNU-AR (see [B] and [E]), and clf-28Pro35S:KNU-AR (see [C] and [F]) aftermock (see
[A], [B], and [C]) or continuousDHT treatments (once a day for five continuous days; see [D] to [F]). After continuous induction of KNU, carpels were lost in
the wild-type background (D), but not in the tfl2-1 or clf-28 mutant backgrounds (see [E] and [F]). Bar, 1 mm.

Multi-Step Floral Meristem Termination 1499

http://www.plantcell.org/cgi/content/full/tpc.18.00450/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00450/DC1


histone deacetylation also occur prior to H3K27me3 accumula-
tion on gene body (Kehle et al., 1998). Persistent silencing ofWUS
beyond floral stage 6 may still require KNU, as KNU-GUS activity
canstill beobserved in the lateOCcells (Figure1C;Liuet al., 2011).
In thosecells, the silenced statusofWUSchromatinmaybe stably
maintained byKNU through the continuous recruitment of PcG as
well as histone deacetylase and through the prevention of SYD
binding.

Our early work has shown that KNU, a repressor activated by
AG, playsa critical role in the terminationofWUS (Sun et al., 2009).
Hereby in this study, we provide a precise mechanism toward
understanding thenatureofevents inWUS repressionduringfloral
meristem termination. Although studies show that WUS may be
mildly but directly repressed by AG from floral stage 3 onward
through chromatin looping as an early event (Liu et al., 2011; Guo
et al., 2018), our work unveils the final concrete events at floral
stage 6 forWUS termination, especially the sequential epigenetic
changes on WUS chromatin. Furthermore, our work not only
agrees with a recent report thatWUS could be initially repressed
through histone deacetylation (Bollier et al., 2018) but also in-
troduces a player, SYD, into the complex regulatory network,
whose displacement from the WUS promoter is a critical initial
step in repression of WUS expression. Furthermore, stable si-
lencing of WUS is achieved by the recruitment of PcG and fol-
lowing deposition of H3K27me3. Thus, our study demonstrates
the final details for stem cell termination with high resolution in
plants during floral organ differentiation.

Continuous Activity of KNU Is Required for WUS Silencing

We noticed that KNU binds theWUS proximal promoter region
(W2) for PRC2 recruitment (Figure 3; Supplemental Figures 2A
and 2B), while H3K27me3 peaks on the first intron (W3) and 39

untranslated region (W4) of WUS (Figures 4A and 4B;
Supplemental Figures 4A and 4B). This suggests that re-
cruitment of PRC2 and deposition of H3K27me3 are not al-
ways at the same location. For instance, FIE binds to the;1-kb
upstream promoter region of the KNU transcriptional start site
(Sun et al., 2014), while H3K27me3 can only be detected on
KNU coding sequences (CDS; Sun et al., 2009). Another ex-
ample is that the AS1-AS2 complex recruits PRC2 at promoter
regions of BREVIPEDICELLUS and KNOTTED-LIKE FROM
ARABIDOPSIS THALIANA2, while H3K27me3 peaks at tran-
scribed regions or at the CDS of the two genes (Lodha et al.,
2013).
For H3K27me3-mediated silencing of WUS, we noticed

only continuous KNU activity (continuous DHT treatments on ap1
cal Pro35S:KNU-AR) resulted in stable repression of WUS
(Figure 2C), while single induction of KNU activity (single DHT
treatment on ap1 cal Pro35S:KNU-AR) led to a transient decrease
of WUS mRNA due to transcriptional repression (Figure 2A). We
also observed a similar transient repression in PcG mutant
backgrounds (Supplemental Figures 6G and 6H). Epigenetic si-
lencing memory may not be successfully established by transient
KNU activity since H3K27me3 deposition happens later than
transcriptional repression. After WUS expression is initially re-
pressedby transientKNUactivity, acompensatorymechanism for
WUS recovery by a CLV3-dependent mechanism may exist
(Figures 2Aand2D;Müller et al., 2006). Furthermore,weshow that
CLV3 is repressedbyKNUwithin4h (Figure 2D). Thesemayhint at
a tight repressivemechanism to terminate stem cell activity within
a narrow time window. After WUS is fully silenced in the pre-
sumptive floral meristems,WUS starts to be induced in emerging
ovule and stamen primordia. How this spatial and temporal
specific reactivation ofWUS is regulated is an interesting topic for
further study.

Figure 9. KNU Physically Interacts with FIE.

(A) BiFC analysis of the interaction between KNU and FIE. DAPI, fluorescence of 49,6-diamidino-2-phenylindole; Merge, merged images for yellow
fluorescent protein (YFP) andDAPI. KNUandFIEwere fused tonYFPandcYFP togenerate nYFP-KNUandFIE-cYFP, respectively. Vectors containingonly
nYFP or cYFP were used as controls. nYFP, N-terminal version of YFP; cYFP, C-terminal version of YFP. Bars 5 20 mm.
(B) In vivo interactionbetweenKNUandFIE shownbyco-IP.Nuclear extracts fromstage6 flower budsof ap1cal Pro35S:AP1-GR and ap1cal Pro35S:AP1-
GR ProKNU:KNU-VENUS ProFIE:FIE-mycwere incubated with anti–c-Myc agarose beads. The co-IPed KNU fusion protein (arrowhead) was detected by
anti-GFP antibody.
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Conserved Mechanism for PcG Recruitment to Target
Genes via C2H2 Zinc Finger Proteins

Here, we show that in Arabidopsis, the C2H2 zinc finger protein
KNU recruits PcG to WUS via physical interaction with the WD
motif-containing protein FIE. There is also another C2H2 zinc
finger protein SUPERMAN, which directly interacts with CLF,
a histone methyltransferase and key component of PRC2, and
negatively regulates the expression of auxin biosynthesis genes
YUCCA1/4 (Xu et al., 2018). In Drosophila early embryogenesis,
the C2H2 zinc finger transcription factor Hunchback, which forms
a complex with the FIE putative ortholog Esc, recruits PcG to
homeotic Hox genes. This maintains the repression of Hox genes
in cells outside the Hox expression domain throughout de-
velopment (Kehle et al., 1998). In human cells, the C2H2 zinc
finger protein Zfp277 binds to the Ink4a/Arf tumor suppressor
locus and directly recruits the PRC1 factor Bmi1 for stable si-
lencing of the Ink4a/Arf (Negishi et al., 2010). Hence, PcG re-
cruitment to target genes via C2H2 zinc finger family proteins
could be conserved not only among different plant species (Xiao
et al., 2017) but also among different kingdoms (Figure 10B). In

Drosophila, quiescent stem cells can be activated in adult tissues
for homeostasis or repair upon tissue damage (Otsuki and
Brand, 2018). After damaged tissue has regenerated, the stem
cell activity should be repressed. However, the mechanism
underlying the precise temporal control of stem cell activity
during regeneration is largely unknown both in plants and in an-
imals (Takemura and Nakato, 2017). It would be interesting to
establish whether epigenetic-mediated multi-step termination of
key stemness gene(s), as we show here in flower development, is
conserved in animals, and to further assess whether C2H2 zinc
finger proteins have a central role in this multi-step silencing of
their target loci in both the plant and animal kingdoms.

METHODS

Plant Materials and Chemical Treatments

Except for tfl2-1, emf2-1, and the Pro35S:GFP-FIE cosuppression line
(Colombia background), all plants were of the Landsberg erecta back-
ground and all were grown at 22°C under continuous light conditions. The
spectrum contains equal levels of blue light (430 to 460 nm) and red light

Figure 10. Models.

(A)Working model on how KNU repressesWUS. Before stage 6, when the active histone marks H3K4me3 and H3 acetylation onWUS are detected, the
active transcription of WUS is maintained by the SWI/SNF ATPase SYD. During the early floral stage 6, the KNU protein, which is induced by AG, may
associate with PRC2 and theKNU-PRC2 complex directly binds to theWUSpromoter by competingwith SYD. That leads to eviction of SYD from theWUS
promoter and a decrease in the activemarks H3K4me3 andH3 acetylation. Both the repressor activity of KNU (mediated by histone deacetylation) and the
eviction ofSYDsimultaneously lead to transcriptional repressionofWUS. Subsequently, theKNU-PRC2complex deposits the repressivemarkH3K27me3
onto WUS, which is maintained by continuous expression of KNU after stage 6.
(B) A conserved mechanism for the recruitment of PcG to target genes by C2H2 zinc finger proteins in plants and animals. In Arabidopsis, the C2H2 zinc
finger protein KNU binds to theWUS promoter and recruits PcG toWUS via direct interaction with FIE, a homolog of Esc of Drosophila. In Drosophila, the
C2H2 zinc finger protein Hunchback (Hb), which binds theUltabithorax (Ubx) promoter, together with dMi-2 recruits PcG toUBX via interactionwith Esc. In
human cells, the C2H2 zinc finger protein Zfp277, which binds the Ink4a/Arf locus, directly interacts with Bmi1, a PRC1 factor for PcG recruitment to Ink4a/
Arf. (For simplicity, gene size and structures are not to scale.)
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(630 to 660 nm). The light intensity was ;100 mmol m22 s21 at the soil
surface level. Plants were photographed using a stereomicroscope (Carl
Zeiss Micro-Imaging). Scanning electron microscopy images were ac-
quired using an electron microscope (JSM-6360LV, JEOL).

DEX (D4902, Sigma-Aldrich), DHT (A8380, Sigma-Aldrich), and CHX
(01,810, Sigma-Aldrich) treatments were performed by inverting the plants
and submerging the inflorescences for 1min in a solution containing either
1 mM DEX (for Pro35S:AP1-GR) or 100 nM DHT (for Pro35S:KNU-AR) or
10 mM CHX (for Pro35S:KNU-AR) together with 0.015% (v/v) Silwet L-77.
The timeof initial DEXorDHT treatmentwas defined as day 0 or 0 h. For the
continuous treatment, the inflorescencesweresubmergedmore than2min
in the solution repeatedly at 1-d intervals.

RNA Extraction and Expression Analyses

Total RNAwas isolated from inflorescences using the RNeasy PlantMini Kit
(Qiagen). RT was performed using the ThermoScript III RT-PCR system
(Invitrogen). Quantitative real-time PCR assays were performed in triplicate
using the 7900HT fast real-time PCR system (Applied Biosystems) and the
KAPA SYBR FAST ABI Prism qPCR Kit (KAPA Biosystems). Expression
assayswere performedusingRNAs fromdifferent batches of independently
prepared plant inflorescences (biological replicates using different plants),
and each was run in triplicate (technical replicates). Tip41-like (At4g34270)
served as the internal reference gene (Czechowski et al., 2005).

Phylogenetic Shadowing and cis-Element Identification

Phylogenetic shadowing was performed as described previously
(Yamaguchi et al., 2018). The 59 intergenic sequence of the Arabidopsis
(Arabidopsis thaliana) WUS promoter was obtained from the The Arabi-
dopsis Information Resource website. Using the Arabidopsis WUS pro-
moter sequence as a query, similar sequences from eight Brassicaceae
were obtained through National Center for Biotechnology Information
BLASTn. The resulting eight promoter sequenceswere aligned bymVISTA
(http://genome.lbl.gov/vista/mvista/submit.shtml). Three CRMs were
identified and defined as CRM1, CRM2, and CRM3. Because KNU bound
to theCRM3 region,CRM3wascharacterized indetail byClustalW (https://
www.genome.jp/tools-bin/clustalw) and a conserved and putative aatc
KNU cis-element was identified.

In Situ Hybridization

Nonradioactive in situ hybridizations were performed as described previously
(Carlesetal.,2005).ToproduceaWUS-specificantisenseprobe,apMHwus16
clone carrying WUS cDNA was used as a template for in vitro transcription.

GUS Staining

GUS staining was performed as described previously (Ito et al., 2003) and
observed on paraffin sections or plastic sections (Yamaguchi et al., 2018).
Photographsweretakenusingastereomicroscope(CarlZeissMicro-Imaging).

Vector Construction and Plant Transformation

ProFIE:FIE-myc was prepared as follows. First, the pENTR-D (In-
vitrogen)–based ProFIE:FIE-VENUS-myc (Sun et al., 2014) was digested
with SfoI to release the VENUS fragment. Subsequently, the digested
vector was self-ligated to generate ProFIE:FIE-myc. Finally, the pENTR-
D–based ProFIE:FIE-myc was recombined into pKGW (Invitrogen) using
LR-recombinase (Invitrogen). ProFIE:FIE-mycwas introduced into ap1 cal
Pro35S:AP1-GR ProKNU:KNU-VENUS. The transformation was per-
formed using the Agrobacterium tumefaciens-mediated floral dipping
method (Clough and Bent, 1998).

ChIP Assays

ChIPexperimentswereperformedasdescribedpreviously (Ito et al., 1997),
with slightmodifications. Inflorescenceswereground in liquid nitrogen and
postfixed with 1% (w/v) formaldehyde for 10 min. Chromatin was isolated
and solubilized by sonication to generate DNA fragments with an average
length of 400 bp. After incubation with salmon sperm DNA/protein-A
agarose beads (Millipore), the solubilized chromatin was incubated
overnightwithanti-H3K27me3antibody (07-449,Millipore), anti-H3K4me3
antibody (07-473, Millipore), or anti–acetyl-H3 antibody (06-599, Millipore;
1:200 dilution used for all histone modification ChIP experiments), or the
solution containing sonicated DNA fragments was incubated overnight
withanti–c-Myc-Agarosebeads (A7470;Sigma-Aldrich;1:20dilutionused)
or anti–hemagglutinin (HA)-Agarose beads as a control (A2095, Sigma-
Aldrich; 1:20 dilution used, for KNUChIP). The relative enrichment for KNU
on the WUS locus was taken as the ratio between Myc and HA. For Pol II
ChIP Pol II antibody (ab817, Abcam; 1:200 dilution used) was used, and for
FIE ChIP and EMF2 ChIP GFP-Trap beads (gta-20, Chromotek; 1:20 di-
lution used) were used. DNA fragments were recovered from the purified
DNA–protein complexes and then used for enrichment tests by real-time
PCR analysis in triplicates. The primary ratio between the bound DNA after
IP and the input DNA before IP was calculated for all the representative
primer sets spanning theWUS genomic region, and the ratios were plotted
toshowthe relativechanges in the levelsof theH3K27me3mark,H3K4me3
mark, andH3acetylation. ForSYDChIP,ChIPwasperformedasdescribed
previously (Wu et al., 2015), with minor modifications. The SYD antibody
was used as in a previous publication (Kwon et al., 2005). For theSYDChIP
result in the supplemental data (Supplemental Figures 5E and 5F), due to
a lack of SYD antibody, we generated a tagging line of knu-2/1 ap1 cal
Pro35S:AP1-GR ProSYD:SYD-GFP and used GFP-Trap beads (gta-20,
Chromotek; 1:20 dilution used). ChIP samplewasnormalized to the related
input sample. The percent input data were converted to enrichment rate
and plotted to facilitate comparison of time-course occupancy levels. For
all ChIP experiments,Mu-like transposons (Supplemental Table) served as
a negative control locus and the relative enrichment rate was set to 1. ChIP
assays were performed using inflorescences from different batches of
independently prepared plant materials (biological replicates with using
different plants), each run in triplicate (technical replicates).

Formaldehyde-Assisted Isolation of Regulatory Elements

FAIRE was performed as described previously (Wu et al., 2015), with minor
modifications. Inflorescence tissues (0.5 g) were harvested after 1-min
treatment in a solution containing 100 nM DHT at 22°C. Tissues were
crosslinkedwith 1% (w/v) formaldehyde under vacuum for 10min, replaced
by 125 mM Gly in buffer 1 (Omidbakhshfard et al., 2014) for 5 min at room
temperature, and rinsed with ice-cold water three times. Chromatin was
isolated by grinding in buffer 1, filtered through four layers of miracloth,
washed with buffers (Omidbakhshfard et al., 2014), and sonicated to pro-
duce DNA fragment shorter than 500 bp. One volume of phenol:chloro-
form:isoamyl alcohol (25:24:1) was added to extract the chromatin, and
samplesweremixed for2minbyvortex.After ethanol precipitation,DNAwas
purified again using a QIAquick DNA Purification Kit (Qiagen). DNA was
determined for crosslinked and noncrosslinked FAIRE samples with a Light
Cycler 480 (Roche) and Light Cycler 480 release 1.5.1.62 SP software
(Roche) using FastStart DNA essential DNA Green Master (Roche). The Ta3
retrotransposon (At1g37110, Supplemental Table; Johnson et al., 2002)was
used as the negative control locus for FAIRE experiments. FAIRE experi-
ments were repeated twice, and the combined data are shown.

Yeast One-Hybrid Assays

Yeastone-hybridassayswereperformedasdescribedpreviously (Sparkes
et al., 2006).WUS-W2 (2308 to2125 bp upstreamof theATG start codon)
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fragment was cloned into the pAbAi vector digested with SmaI and XhoI,
creating WUS-W2-AbAi. WUS-W2-AbAi was linearized by digestion with
BstBI prior to transformation of the yeast strain Y1H Gold. The full-length
cDNA of KNUwas isolated and cloned into the pGADT7 activation domain
(AD) vector, creating the pAD-KNU plasmid. The pAD-KNU vector was
subsequently transformed into the yeast strain containing the WUS-W2-
AbAi constructs. Activation of the yeastwasobservedafter 3donselection
plates (synthetic dextrose/2Ura) containing 200 ng mL21 aureobasidin A.

Yeast Two-Hybrid Assay

To construct the vectors for yeast two-hybrid assays, the full-length and
truncated versions of KNU as well as the WD repeat domain of FIE were
amplified and cloned into pGADT7 or pGBKT7 (Clontech). The yeast two-
hybrid assay was performed using the Yeastmaker Yeast Transformation
System 2 (Clontech) according to the manufacturer’s instructions.

BiFC Assay

The full-length coding sequences of KNU and FIEwere cloned into pGreen
vectors and transformed into Agrobacterium. The Agrobacteria were co-
infiltrated into tobacco (Nicotiana benthamiana) leaves of 3-week-old
plants as described previously (Sparkes et al., 2006).

Co-IP Experiment

The flower buds at stage 6 from ap1 cal Pro35S:AP1-GR and ap1 cal
Pro35S:AP1-GR ProKNU:KNU-VENUS ProFIE:FIE-mycwere ground with
a mortar and pestle in liquid nitrogen, and proteins were prepared in IP
buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.5 mM EDTA, 0.5% (v/v)
Nonidet P-40, 5% (v/v) glycerol, 1 mM dithiobis, and 13 Complete Pro-
tease Inhibitor Cocktail) and then incubated with anti–c-Myc agarose
beads (Sigma-Aldrich) for 4 h at 4°C on a rotator. After incubation, the
beads were washed four times with ice-cold Dulbecco’s PBS buffer and
then eluted by boiling in SDS sample buffer. Samples were separated on
10% (w/v) SDS-PAGE gels, transferred to a nitrocellulose membrane, and
thenprobedwith anti-GFPantibody (Cell SignalingTechnology).Detection
was according to the procedures in the Clarity Western ECL Substrate Kit
(Bio-Rad). Images showing immunoblot results were taken using the
Chemi DOC XRS1 Imaging System (Bio-Rad). Co-IP experiments were
repeated twice, and representative data are shown.

Confocal Microscopy Imaging

To observe the reporter lines in Arabidopsis inflorescences, the transgenic
seedswere sown in soil and the inflorescenceswere plucked andmounted
on slides. The older floral buds were then carefully removed or spaced out
to expose the SAM and early-stage floral buds. Dissected inflorescences
were incubated with FM4-64 dye (50 mg/mL) for 45 min on slides. Plants
were imagedwith a Zeiss LSM510 upright (withmotorized stage) confocal
microscope using an EC Plan-Neofluar 403/1.30 Oil differential in-
terferencecontrastoraPlan-Apochromat203/0.8objective lens.GFPwas
stimulated with an argon laser at 488 nm at 60 to 70% of its output with
emission filtered with a 505 to 530 nm band-pass filter. VENUS was
stimulated with an argon laser at 514 nm at 65 to 80% of its output with
emission filtered with a 530 to 600 nm band-pass filter. FM4-64 dye
emission was filtered with a 585 nm long-pass filter. The z-stack was
acquired using a 512 3 512 pixel frame, and the three-dimensional pro-
jections of the obtained z-stacks were generated with Zeiss LSM Image
Brower version 4 and adjusted with Adobe Photoshop.

Electrophoretic Mobility Shift Assay

The DNA fragment of KNU CDS was inserted into the pMAL-c5G vector
digested with NdeI and BamHI, which was expressed in Transetta (DE3)
Chemically Competent Cells (TransGen Biotech) to produce MBP-tagged
KNU protein. The recombinant fusion protein was purified using Amylose
Resin (NEB) following the manufacturer’s instructions. The probes were
labeled with biotin and annealed before use. The EMSA kit (Thermo Fisher
Scientific) was used for binding reactions and detection of biotin-labeled
probe. The nonlabeled probes were used as competitors at 50 times the
concentration of labeled probes. For individual probes, the detailed length
information is provided in the Figure 3A legend.

Statistical Analyses

Student’s t tests were performed using SPSS version 21 software to
determine significance, whenever groups were compared, and are de-
scribed in the corresponding figures (Figures 2B, 4B to 4G, and 6B to 6G;
Supplemental Figures 2B, 4B, and 5C to 5J). Statistical significance was
suggested at the indicatedP-values. Detailed results of statistical analyses
are available in Supplemental File.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative under the following accession numbers: KNU (At5g14010),WUS
(At2g17950), AP1 (At1g69120), CAL (At1g26310), SYD (At2g28290), FIE
(At3g20740), TFL2 (At5g17690), CLF (At2g23380), CLV1 (At1g75820),
CLV2 (At1g65380), CLV3(At1g69970), EMF2 (At5g51230), ZFP11
(At2g42410).

Supplemental Data

Supplemental Figure 1. Confocal observation of the doubly trans-
genic inflorescence for ProWUS:GFP-ER (red) and ProKNU:KNU-
VENUS (green) in stage 6 flower buds, together with KNU and WUS
expression patterns in stage 7 flower buds.

Supplemental Figure 2. ChIP assay for KNU binding on WUS.

Supplemental Figure 3. KNU binds conserved core sequence aatc on
WUS promoter.

Supplemental Figure 4. H3K27me3 analysis of WUS chromatin upon
KNU activation.

Supplemental Figure 5. Change of WUS chromatin status is KNU-
dependent.

Supplemental Figure 6. Genetic interaction between KNU with PcG
factors,WUS expression in PcG mutants, and KNU binding onWUS in
clf-28 mutant background.

Supplemental Figure 7. KNU physically interacts with FIE in yeast
and co-immunoprecipitation of KNU and FIE.

Supplemental Table. List of primer sequences used in this study;
primer names are followed by their sequences (59 to 39).

Supplemental File. Statistical analysis.
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