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The regulation of chromatin configuration at AGAMOUS
locus by LFR-SYD-containing complex is critical for
reproductive organ development in Arabidopsis
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SUMMARY

Switch defective/sucrose non-fermentable SWI/SNF) chromatin remodeling complexes are evolutionarily
conserved, multi-subunit machinery that play vital roles in the regulation of gene expression by controlling
nucleosome positioning and occupancy. However, little is known about the subunit composition of
SPLAYED SYD)-containing SWI/SNF complexes in plants. Here, we show that the Arabidopsis thaliana Leaf
and Flower Related LFR) is a subunit of SYD-containing SWI/SNF complexes. LFR interacts directly with
multiple SWI/SNF subunits, including the catalytic ATPase subunit SYD, in vitro and in vivo. Phenotypic
analyses of Ifr 2 mutant flowers revealed that LFR is important for proper filament and pistil development,
resembling the function of SYD. Transcriptome profiling revealed that LFR and SYD shared a subset of co-
regulated genes. We further demonstrate that the LFR and SYD interdependently activate the transcription
of AGAMOUS AG), a C-class floral organ identity gene, by regulating the occupation of nucleosome, chro-
matin loop, histone modification, and Pol Il enrichment on the AG locus. Furthermore, the chromosome
conformation capture 3C) assay revealed that the gene loop at AG locus is negatively correlated with the
AG expression level, and LFR-SYD was functional to demolish the AG chromatin loop to promote its tran-
scription. Collectively, these results provide insight into the molecular mechanism of the Arabidopsis SYD-
SWI/SNF complex in the control of higher chromatin conformation of the floral identity gene essential to
plant reproductive organ development.
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INTRODUCTION Xiao, Jin, & Wagner, 2017). SWI/SNF complexes are

In eukaryotes, gene transcriptional activity is precisely con-
trolled by dynamic changes in chromatin accessibility in
response to developmental and environmental signals
(Ramirez-Prado & Benhamed, 2021). Switch defective/
sucrose non-fermentable (SWI/SNF) chromatin remodeling
complexes are crucial for mediating these chromatin
changes by utilizing energy from ATP hydrolysis to regu-
late nucleosome occupation and positioning (Wagner, 2003;

multi-subunit machinery, evolutionarily conserved among
yeasts, animals, and plants (Clapier & Cairns, 2009; Han
et al., 2015; Ramirez-Prado & Benhamed, 2021). According
to sequence similarity with known SWI/SNF components
of other eukaryotes, four Snf2-type ATPases of SWI/SNF
complexes were identified in the Arabidopsis genome,
including BRAHMA (BRM), plant-specific SWI/SNF ATPases
SPLAYED (SYD), MINUSCULE 1 and 2 (MINU1 and 2, also
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known as CHR12 and 23) (Farrona et al., 2004; Hurtado
et al., 2006; Mlynarova et al., 2007; Sang et al., 2012; Su
et al., 2006; Wagner & Meyerowitz, 2002). In addition to the
core catalyzing enzyme, several other subunits were also
identified according to sequence homology with known
SWI/SNF components of other eukaryotes, including the
single SNF5 subunit termed BUSHY (BSH), four SWI3 pro-
teins (SWI3A SWI3D), two SWI/SNF associated proteins 73
(SWP73A) and SWP73B (also known as CHCs or BAF60s),
in addition to two actin-related proteins (ARP4) and ARP7
(Brzeski et al., 1999; Han et al., 2015; Jerzmanowski, 2007;
Reyes, 2014; Sarnowska et al., 2016; Sarnowski et al.,
2005). Different SWI/SNF subunits enable the combinato-
rial assembly of variant forms of complexes with distinct
properties (Ramirez-Prado & Benhamed, 2021). A typical,
canonical, plant SWI/SNF complex is thought to contain
one ATPase, one SNF subunit, two SWI3 subunits, and one
SWP73 (Han et al., 2015). These core catalytic enzymes and
other SWI/SNF components are involved in plant vegeta-
tive and reproductive organ development, phase transition,
as well as responses to hormone and environmental stim-
uli through the transcriptional control of relevant target
genes by varying genome accessibility in plants (Bezhani
et al., 2007; Reyes, 2014; Sarnowska et al., 2016; Shang &
He, 2022). A series of informative genome-wide occupancy
analyses of SWI/SNF subunits (BRM, SYD, and BAF60) by
chromatin  immunoprecipitation-sequencing (ChlIP-seq),
combined with transcriptome profiling revealed their simi-
lar enrichment patterns, acting as both activators and
repressors of gene expression (Archacki et al., 2017; Jegu
et al., 2017; Li et al., 2016; Shu et al., 2021). Furthermore,
immunoprecipitation combined with mass spectrometry
(IP-MS) were used to efficiently identify new core subunits
of SWI/SNF, namely: two BRM interacting protein (BRIP1
and BRIP2), three bromodomain-containing proteins
(BRD1, BRD2, and BRD13), and two TRIPLE PHD FINGERS
proteins (TPF1 and TPF2) (Hernandez-Garcia et al., 2022;
Jaronczyk et al., 2021; Ramirez-Prado & Benhamed, 2021;
Yu et al.,, 2020, 2021), which greatly improved collective
understanding in the composition of plant BRM- and
MINU-containing SWI/SNF complex; however, the plant
SYD-containing complex remains poorly elucidated.

Most angiosperm flowers are organized into four con-
centric whorls, for example, Arabidopsis flowers have four
sepals, four petals, six stamens (the male reproductive
organs), and two fused carpels (pistil, the female reproduc-
tive organs). Stamens and pistils form in almost all angio-
sperm flowers and are pivotal for both reproductive
success and survival (Litt & Kramer, 2010). Floral organ
identity is specified by the four classes of homeotic regula-
tors termed ABCE, among which class B and C genes spec-
ify stamen and pistil identity. AGAMOUS (AG) is the only
C-class gene function in the male and female reproductive
organs and contributes to flower meristem determinacy
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(Bowman et al., 1991; Dennis & Peacock, 2019; Ito et al.,
2004; Krizek & Fletcher, 2005; Liu et al., 2014; Yanofsky
et al., 1990). SWI/SNF complex components were reported
to affect flower development: SWI/SNF chromatin remodel-
ing ATPases are recruited by the MONOPTEROS transcrip-
tion factor to the chromatin for key regulators of flower
primordium initiation, directly increasing accessibility of
their genomic DNA (Wu et al., 2015). Furthermore, SYD
and BRM play redundant roles in flower patterning by
directly activating the expression of APETALA3 (AP3, class
B gene) and AG, counteracting the repressive effects medi-
ated by the Polycomb Repressive Complex 2 (PRC2) (Wu
et al., 2012). In addition, SWP73B plays an important role
in flower development by directly changing the nucleo-
some occupancy, and promoting the transcriptional
expression level of the key floral identity genes, such as
APETALA1 (AP1, class A gene), AP3, and SEPALLATA3
(SEP3, class E gene) (Sacharowski et al., 2015). SWP73B is
also involved in the chromatin loop formation of the
FLOWERING LOCUSC (FLC) gene, a flowering repressor
belonging to the MADS-box family (Jegu et al., 2014). The
floral homeotic gene AG also encodes a MADS-box tran-
scription factor, and has a 3-kb second intron in the AG
gene, which is key to the appropriate spatiotemporal
expression of this gene for regulating floral cell fate deci-
sions and maximizing reproductive fitness (Pelayo et al.,
2021). Intriguingly, AG is regulated by multi-layered epige-
netic mechanisms, such as noncoding RNA (Wu et al.,
2018), histone modification (Pelayo et al., 2021), and his-
tone variant (Lee et al., 2022); however, the higher-order
chromatin structure at this locus remains unclear (Ramirez-
Prado & Benhamed, 2021).

Leaf and Flower Related (LFR) was predicted to
encode a nuclear Armadillo (ARM)-repeat protein (Wang
et al., 2009). Notably, LFR depletion resulted in defects in
leaf and flower development (Wang et al., 2009). Our previ-
ous studies have shown that LFR directly interacts with
AS2 or SWI3B to control the expression of BREVIPEDICEL-
LUS (BP) or FILAMENTOUS FLOWER (FIL) and IAA car-
boxyl methyltransferase 1 (IAMT]1), respectively, during
leaf development (Lin et al., 2018, 2021). Although the
molecular mechanism of LFR in leaf development has been
deciphered, its detailed function in flower development is
largely unknown. LFR was identified in the IP-MS complex
of AN3 and SWP73B (Nelissen et al., 2015; Vercruyssen
et al., 2014); however, whether Arabidopsis LFR stably
exists in the SWI/SNF complex, as well as the physical and
genetic interactions between LFR and SWI/SNF ATPase,
remain largely unknown.

Here, we show that LFR is involved in the SYD-
containing SWI/SNF complex in Arabidopsis. We found
that LFR physically interacts with SWI/SNF complex com-
ponents, including the ATPase SYD, in vivo and in vitro.
The N-terminus of SYD, including the QLQ domain, is
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(a)

(b)

Fraction Total Input FT Elution
T 2 4 6 8 1012 14 16 18 202224 26 WT TR WT TR TRWTTR
' SURVTRRMMN nsa:.

p35S:LFR-3FLAG/Ifr-1 669 440 158 44 (kDa) | W

(c)
Locus name ID Protein Peptides MW (kDa)
AT3G22990 LFR 39 50
AT2G28290 SYD 80 387(180)
AT4G34430 SWI3D 52 108
AT5G14170 SWP73B 40 59
AT1G18450 ARP4 62 49
AT3G60830 ARP7 10 40
AT5G07940 SYS1 1 168.9
ATS5G07970 5YS52 18 121.1
AT5G07980 SYS3 29 164.3
AT3G18780 ACTINZ 138 41.9
AT5G09810 ACTINY 32 4.7
AT4G22320 BCL7A 8 26.3
AT5G55210 BCL7B 22 18.5
AT3G06010 MINUA 69 130
AT5G19310 MINUZ2 20 128
AT2G47620 SWI3A 78 57
AT2G33610 SWI3B 9 52
AT3G01890 SWP73A 1 51
AT3G17590 BSH 1 27
AT1G58025 BRD5 33 86.5
AT3G52100 TPF1 12 77.4
AT3G08020 TPF2 11 86.2
AT1G50620 PMS1A 8 68.3
AT1G32730 PSA1 57 36.3

Figure 1. Arabidopsis SWI/SNF complex components identified in LFR-containing complexes.

(a) Gel filtration analysis of LFR-containing complexes in Arabidopsis. Immunoblotting with anti-FLAG showing the Superose 6 gel-filtration profiles of LFR-
3FLAG. Top, Fraction number; Bottom, Molecular weight markers (kDa); T, Total proteins.

(b) Western blot analysis of LFR-3FLAG before and after immunoaffinity purification (IP). Total proteins were extracted from 14-day-old seedlings of Col-0 wild
type (WT) or p35S:LFR-3FLAG/Ifr-1 (TR) transgenic rescued line using Anti-FLAG antibody. FT, flow through.

(c) LFR-associated proteins were detected by liquid chromatography tandem mass spectrometry (LC MS/MS). Total peptide numbers and molecular weight

(MW) of each LFR-associated protein are shown.

critical for the interaction between LFR and SYD. Genetic
and transcriptomic profiling analysis suggested that LFR
and SYD have largely overlapped functions, especially for
the development of reproductive organs. In addition, LFR
and SYD interdependently bind to and activate AG by alter-
ing the chromatin state, including nucleosome occupancy
and chromatin loop. These data suggest that LFR is a com-
ponent of the SYD-containing SWI/SNF complex that pro-
motes AG expression by regulating its chromatin
configuration in the flower organ development of
Arabidopsis.

RESULTS

Biochemical purification and identification of LFR-
containing complex

To gain an insight into the molecular function of LFR,
Superose 6 gel-filtration was performed using protein
extracts prepared from the p35S:LFR-3FLAG/Ifr-1 trans-
genic complementary lines. Next, the peak of LFR-3FLAG
protein was detected mainly in higher molecular com-
plexes (near 669 kDa) by western blot, but the monomer of
LFR-3FLAG (57 kDa) was totally absent (Figure 1a),

suggesting that the LFR protein may form complexes with
other plant proteins. To identify interacting partners of
LFR, IP-MS assays were used to isolate the LFR-containing
complex respectively from a stable transgenic complemen-
tary line p35S:LFR-3FLAG/Ifr-1 seedlings using LFR-3FLAG
as bait (Figure 1b,c; Figure S1). Multiple SWI/SNF complex
components, including SYD, SWI3D, SWP73B, ARP4,
ARP7, and SYD-associated SWI/SNF complex subunit 1
(SYS1/2/3), and so on, specifically co-purified with LFR-
3FLAG in three biological replicates, while no similar pep-
tides were detected in the control extract (Figure 1c;
Table S1). These data suggest that LFR is associated with
SWI/SNF complexes in Arabidopsis.

LFR directly interacts with multiple SWI/SNF CRC
subunits, and the N-terminal domain of SYD protein is
sufficient for interaction with LFR in Arabidopsis

To confirm the interaction between LFR and SWI/SNF com-
plexes, the yeast two-hybrid (Y2H) system was used to
examine physical interactions between LFR and several
subunits of the SWI/SNF complexes, such as SYD C1 (1

2009 amino acids), BRM C1 (1 921 amino acids), MINU1,
MINU2, SWI3A/B/C/D, ARP4/7, SWP73A/B, and BSH. It was
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Figure 2. LFR interacts with multiple SWI/SNF subunits.

(a) LFR interacts with some SWI/SNF components in the yeast two-hybrid (Y2H) assay. The growth experiment of AH109 yeast colonies co-transformed with AD-
LFR and BD-SWI/SNF genes or AD-SWI3C and BD-LFR (990, without autoactivation) on medium lacking leucine, tryptophan (SD/—L-W), and selective medium
lacking leucine, tryptophan, histidine and adenine (SD/—L-W-H-A). Black triangles depict 10 fold serial dilutions (107", 1072, and 10~3). AD-T and BD-p53 or BD-
lam were used as positive or negative controls, respectively.

(b) LFR interacts with some SWI/SNF members in transiently transformed epidermal cells of Nicotiana benthamiana leaf in the bimolecular fluorescence comple-
mentation (BiFC) assay. 4 ,6-Diamidino-2-phenylindole (DAPI) signal indicates nucleus. Green fluorescent protein (GFP) signals show the protein interaction.
Merge means overlay of DAPI and GFP fluorescence signals. Scale bar =5 um.

(c, d) LFR-3FLAG exists in the same complex as SYD, ARP4-MYC, SWI3A, SWI3B, and ARP7-MYC in the co-immunoprecipitation (co-IP) assay. Total protein
extracts were derived from 14-day-old seedlings of p35S:ARP4-MYC transgenic line, or p35S:ARP4-MYC and p35S:LFR-3FLAG double transgenic line (c), and
p35S:ARP7-MYC transgenic line or p35S:ARP7-MYC and p35S:LFR-3FLAG double transgenic line (d). Antibodies used for detection are labeled on the left. +/—
indicates with/without corresponding protein or reagent in (c) and (d), respectively. , a non-specific band in the western blot assay for SWI3A.

(e) Schematic illustration of the SYD protein and its truncated derivatives. The SYD conserved domain, as described previously (Farrona et al., 2004) is marked
on the top. Corresponding truncated protein lengths are listed below or on the right.

(f) Y2H assays for examining the interactions between different truncated versions of SYD and LFR.

found that yeast AH109 colonies co-transformed with while yeast colonies transformed with the negative con-
AD-LFR, and BD-SYD C1/-SWI3A/-SWI3B/-ARP4/-SWP73A/- trols failed to grow under the same conditions (Figure S2).
SWP73B grew well on the selective medium (Figure 2a), Since the ARP7 elicited strong autoactivation in the yeast
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AH109 strain, the Y2HGold yeast colonies
co-transformed with AD-LFR and BD-ARP7 grew well on
the selective medium, but not the negative control
(Figure S3). These results indicate that LFR interacts
directly with SYD, SWI3A, SWI3B (Lin et al., 2021), ARP4,
ARP7, SWP73A, and SWP73B in yeast. However, no direct
interaction was detected between LFR and BRM, MINU1,
MINU2, SWI3C/D, and BSH by Y2H (Figure 2a; Figure S3).

To further confirm the interaction between LFR and
these SWI/SNF subunits in plant cells, bimolecular fluores-
cence complementation (BiFC) assay was performed in
Nicotiana benthamiana leaves. GFP signals were observed
in nuclei co-transformed with nYFP-SYD C1/cCFP-LFR,
nYFP-ARP7/cCFP-LFR, SWP73A-nYFP/LFR-cCFP, nYFP-LFR/
cCFP-SWI3A, nYFP-LFR/cCFP-SWI3B, LFR-nYFP/ARP4-cCFP/,
or LFR-nYFP/SWP73B-cCFP (Figure 2b); however, the series
of negative controls showed no fluorescence signal
(Figure S4). These results of the BiFC assay further con-
firmed LFR interacts with SYD, SWI3A, SWI3B, ARP4,
ARP7, SWP73A, and SWP73B in plant.

Furthermore, a co-immunoprecipitation (co-IP) assay
was used to determine the co-existence of LFR and SWI/
SNF complex in vivo. LFR-3FLAG and its associated pro-
teins were immunoprecipitated from protein extracts of
p35S:ARP4-MYC and p35S:LFR-3FLAG double transgenic
seedlings, where the protein extracts prepared from
p35S:ARP4-MYC transgenic line served as the negative
control. Western blot analysis revealed the presence of
ARP4-MYC, SYD, SWI3A, and SWI3B in the anti-FLAG
immunoprecipitation from the double transgenic line using
specific anti-MYC antibody, anti-SYD, anti-SWI3A, and anti-
SWI3B (Sarnowski et al., 2002), respectively (Figure 2c). In
addition, in the p35S:ARP7-MYC and p35S:LFR-3FLAG/Ifr-1
double transgenic line, the presence of ARP7-MYC was
detected in the immunoprecipitated complex by anti-
FLAG, but not in the control lines (Figure 2d). We also car-
ried out co-IP assay in different tissues such as seeding,
inflorescence, and rosette leaves using transgenic rescued
line pLFR:LFR-3FLAG/Ifr-2. The results indicated that LFR is
associated with the SWI/SNF components, SWI3A and
SWI3B, in different tissues (Figure S5). To exclude the pos-
sibility that LFR interacts with these proteins dependent on
the existence of DNA, nucleic acid enzymes (benzonase) or
ethidium bromide (EB), capable of digesting DNA or pre-
venting DNA-protein complex formation, respectively,
were added, and the results showed that they did not
affect the co-precipitation of LFR and SWI/SNF complex
(Figure 2c). Taken together, these results indicate that the
interactions between LFR and SWI/SNF complex, such as
SYD, SWI3A, SWI3B, ARP4, and ARP7 were stable and
independent of DNA in Arabidopsis.

Given that SYD is the only SWI/SNF core ATPase that
directly interacted with LFR in the Y2H experiment, the
domains of SYD that were responsible for its interaction

with LFR were mapped. It was found that SYD C5,
SYD M1, and SYD M2, which lack N-terminal region
containing the QLQ domain, did not interact with LFR.
However, SYD M3, which only contains the QLQ domain,
did not interact with LFR either (Figure 2¢,f). These results
showed that the N-terminal region of SYD including the
QLQ domain (SYDC 4) is required for LFR interaction.

LFR genetically interacts with SYD during filament and
pistil development

To unravel the genetic relationship between LFR and
the SWI/SNF core ATPase SYD, a null mutant of syd-5 in the
Col-0 ecotype (Bezhani et al., 2007) was crossed with the null
mutant of /fr-2 to get the /fr-2 syd-5 double mutant (dm).
The single and double mutants were identified at the RNA
and protein levels (Figure 3a c). These experiments revealed
the lack of transcriptional- or protein-level regulation
between LFR and SYD (Figure 3a c). Interestingly, /fr-2 and
syd-5 mutants had similar defects in stamens and pistils,
such as shorter stamen filaments (Figure 3d,f), abnormal pis-
tils with decreased carpel number, and elongated internodes
(Figure 3e,g). Furthermore, the Ifr-2 syd-5 double mutant
showed similar defects of pistils and stamens to the single
mutants with no phenotype enhancement (Figure 3d g).
These results indicate that LFR and SYD are essential for
male and female reproductive organ development, support-
ing the notion that LFR and SYD act in the same complex in
the floral organ development regulation.

LFR and SYD co-regulate transcription of a subset
of genes

To further reveal the overlapping molecular roles of LFR
and SYD, transcriptome profiling data was generated for
wild-type, Ifr-2, and syd-5 inflorescences using ATH1
microarrays. A total of 1271 differentially expressed genes
(DEGs) genes (Fischer's exact P-value >0, |FC| > 2) were
identified in Ifr-2 or syd-5 relative to the wild type
(Figure 4a; Figure S6; Table S2). Of these, 1089 genes dis-
played a significantly altered expression in Ifr-2 relative to
the wild type (g-value <5 , |FC| > 2), including 354 up- and
735 down-regulated genes; and a total of 528 genes dis-
played a significantly altered expression in syd-5, including
285 up- and 243 down-regulated genes (Figure 4b;
Table S2). To address whether LFR and SYD have similar
targets or regulate similar processes, the genes differen-
tially expressed in [fr-2 were compared to those
differentially expressed in syd-5. Interestingly, there was a
significant overlap for genes repressed (155 genes) or acti-
vated (134 genes) by both LFR and SYD (Figure 4b;
Table S2). Gene ontology (GO) term enrichment analysis
of genes whose expression was affected in both mutants
revealed enrichment of genes linked to stimuli response
(stress, external, and endogenous cues), which is consis-
tent with SYD preferentially targeting stimulus-responsive
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Figure 3. Phenotypes of /fr and syd single and double mutants in filament and pistil development.

(a) Transcript levels of LFR or SYD were detected by RT-PCR in wild type, /fr-2, syd-5 single and double mutants (dm). The template RNA was isolated from 14-
day-old seedlings of the indicated genotypes. Transcript levels were normalized to ACTIN7.

(b, c) Western blot assays were performed to analyze the protein level of LFR and SYD in nuclear protein extracted from 14-day-old seedlings in genotypes as
indicated using anti-LFR antiserum (b), and anti-SYD (c), respectively. Histone H3 was used as loading control.

(d, e) Arabidopsis flowers at stage 13 after removing the sepals and petals to show the stamen (d) and pistils (e) in WT, Ifr-2, syd-5, and dm. Scale bar = 1 mm.
(f) Statistical analysis of filament length in stage 13 flowers in WT, Ifr-2, syd-5, and dm. Significant statistical differences were tested via Student’s t-test
( P<0.001).n 15.ns, not significant.

(g) Percentage of pistils with different carpel number in stage 13 flowers in WT, Ifr-2, syd-5, and dm. n  30.

genes and hormone pathways (Bezhani et al., 2007; Shu
et al., 2021); as well as the regulation of gene expression,
transport, organ growth, and development (Figure 4c;
Table S2). A total of 16 genes were selected for Reverse
Transcription-Quantitative Real-Time Polymerase Chain
Reaction (RT-gPCR) validation of differential expression in
both Ifr-2, syd-5, and dm mutants, including 8 down- and 8
up-regulated genes. In all tests, the RT-qgPCR data sup-
ported the microarray data (Figure 4d); thus, the results
suggested that LFR and SYD may co-regulate a subset of
gene expression.

Taken both the physical interaction between LFR and
SYD together, similar floral defects of the single and dou-
ble mutants, as well as largely overlapping transcriptome

data strongly suggest that LFR acts in a manner similar to
SYD for regulating a subset of gene expression in plants.

Filament and pistil defects in Ifr 2, syd 5, and Ifr 2 syd 5
double mutants are partially attributable to the
downregulation of AG expression

To elucidate the molecular role of LFR and SYD in floral
organ development, microarray data were explored and
revealed that several MADS-box ABCE genes involved in
floral organ identity were misregulated in /fr-2 and syd-5
mutants (Figure 5a). The expression level of these genes
was further confirmed by RT-gqPCR in Ifr-2, syd-5, and dou-
ble mutants. In /fr-2 mutants, it was found that class A
(AP1), B (AP3 and PI), and C (AG) floral homeotic gene
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Figure 4. Genes misexpressed in /fr-2 and syd-5 inflorescences.

(a) Heat map showing the differentially expressed genes in three replicates of microarray data of /fr-2 or syd-5 mutants. Red and blue represent up- and down-
regulation in mutants, respectively (1271 misregulated genes in total).

(b) Venn diagrams showing statistically significant overlaps between genes up- or down-regulated in /fr-2 and syd-5. P > 0, hypergeometric test.

(c) Gene ontology (GO) enrichment analysis of DEGs in /fr-2 and syd-5 mutants.

(d) RT-gPCR validation of gene expression changes in the microarray assay. Bars indicate the mean + SD of three independent biological repeats. EAF4al was
used as an internal control. The y-axis was set in two segments to show both the upregulated and downregulated genes in the same graph.
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expression was dramatically reduced relative to the wild
type (Figure 5b). In syd-5 mutants, the expression level of
AP1 and AG was dramatically reduced relative to the wild
type; and the class B gene expression showed a slight,
albeit insignificant reduction in our growth conditions
(Figure b5b). These gene expression levels in double
mutants were almost similar to those of the single mutant
(Figure 5b). In agreement with previous reports, SYD is a
positive upstream regulator of AG (Wu et al., 2012), and it
was found that the AG expression was dramatically
reduced in syd-5 single and double mutants (Figure 5b). To
further confirm the down-regulation of the AG gene, the
construct of B-glucuronidase (GUS) driven by the AG pro-
moter and the second intron (pAGiGUS) (Sieburth &
Meyerowitz, 1997) was introduced into /fr-2 and syd-5 sin-
gle or double mutants. In agreement with previous reports,
the GUS reporter was expressed in developing whorls 3
and 4 of the flowers, especially in pistils and filaments. The
GUS reporter signals were reduced in the pistils and fila-
ments of /fr-2 and syd-5 single mutants (Figure 5c). Similar
GUS signal reduction was observed in /fr-2 and syd-5 dou-
ble mutants comparable to that in single mutants
(Figure 5c). To further confirm the histological staining
result, GUS fluorometric assay was used to quantify the
GUS activity of the pAGi:GUS in different genotypes. In
agreement with GUS staining and RT-qPCR results, the
GUS activity of the pAGi:GUS was reduced in single and
double mutants compared with the wild type (Figure 5d).
AG was reported to control filament elongation and pistil
development (Ito et al., 2007); thus, these results possibly
indicate that the down-regulation of AG expression may
partially account for the filament and pistil defects in Ifr-2
and syd-5 mutants.

To further test whether the filament and carpel defects
in Ifr-2 and syd-5 result from the down-expression of AG,
we introduced the construct of p35S:AG (Wu et al., 2012)
into /fr-2 and syd-5 single mutants. We observed the fila-
ment and carpel phenotypes of three independent lines
showing an obvious overexpression of AG in the inflores-
cence of /fr-2 and syd-5 mutants background (Figure 5e g;
Figure S7). The reduced length of filament and carpel

LFR interacts SYD-SWI/SNF complex to activate AG 485

number defects of /fr-2 and syd-5 single mutants flowers
were partially rescued by p35S:AG (Figure 5e i; Figure S7).
This is consistent with previous research that AG controls
filament elongation and carpel development (lto et al.,
2007). Thus, these results indicated that the down-
regulation of AG expression partially accounts for filament
and carpel defects in /fr-2 and syd-5 mutants.

LFR and SYD interdependently bind to AG chromatin

Previous studies suggested that SYD binds to specific sites
in the second intron of AG to activate its expression during
flower development (Wu et al., 2012). Since LFR shows not
only physical and genetic interaction with SYD but also a
similar positive role on AG expression to that of SYD, we
hypothesized that LFR may also directly regulate AG
expression. Therefore, the association of LFR with
AG chromatin by ChIP was assessed with the stable trans-
genic complementary line pLFR:LFR-3FLAG/Ifr-2 inflores-
cence (Figure 6). A total of 10 fragments were selected and
distributed in the promoter, as well as 5-UTR (p7-p7),
intron (AGiT-i2), and 3-UTR (down) of AG (Figure 6a). The
ChIP-gPCR data showed that the promoters p3 and p4, and
second intron AGi2 fragments were reproducibly amplified
from chromatin of pLFR:LFR-3FLAG/Ifr-2 immunoprecipi-
tated with anti-FLAG; however, no such enrichment was
detected in the negative control of the wild type
(Figure 6b). In addition, it was found that SYD showed a
similar binding pattern as LFR, including the promoters p3
and p4 (Figure 6¢), and the previously reported region of
AGi2 in pSYD:.GFP-SYD C1/syd-5 transgenic complemen-
ted line (Wu et al., 2012), in which SYD C7 was used
because it was shown to be sufficient for its biological
activity (Su et al., 2006). These results provided evidence
of LFR directly binding to AG chromatin in a similar pattern
to SYD.

To address the interdependency of LFR and SYD in
the association with the target gene, a ChIP-gPCR assay
with anti-SYD and anti-LFR antiserum was performed in
wild type, Ifr-2, and syd-5 inflorescence. In the absence of
functional LFR or SYD, their enrichment to AG was nearly
reduced to background level similar to the negative control

Figure 5. LFR and SYD regulate transcription of several MADS-box ABCE genes.

(a) Heatmap of selected MADS-box ABCE genes in three independent biological repeats of microarray data for /fr-2 and syd-5 mutants. Fold-change in gene
expression was log2-transformed and represented as: red, upregulated; blue, downregulated.

(b) RT-gPCR data for the transcript level of five major floral homeotic MADS genes in different backgrounds as indicated. The total RNA was isolated from the
inflorescence of WT or various mutants. Transcript levels were normalized to the loading control gene eAF4AT1.

(c) GUS staining assay of the inflorescence (upper), and the flowers at stage 13 (bottom) of pAGi:GUS in WT, Ifr-2, syd-5, and double mutant background.

(d) Quantitative fluorometric GUS assays of the inflorescence of pAGi:GUS in WT, Ifr-2, syd-5, and double mutant background.

(e, f) Arabidopsis flowers at stage 13 after removing the sepals and petals to show the stamen (e) and pistils (f) in p35S:AG 1 2 in WT, Ifr-2 and syd-5 mutant

background.

(g) RT-gqPCR data for the transcript level of AG in multiple p35S:AG 1 2 transgenic lines in different background. Transcript levels were normalized to loading

control gene eAF4AT.

(h) The statistical data of filament length from stage 13 flowers in multiple p35S:AG 1 2 transgenic lines in different mutant background, n > 20.
(i) The percentage of carpel number from stage 13 flowers in multiple p35S:AG 1 2 transgenic lines in different background, n > 20. Significant statistical differ-
ences were tested using Student’s t-test ( P<0.05; P<0.01; P <0.001; ns, not significant). Scale bar = 0.5 cm (c) and 0.2 mm (e, f).
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(Figure 6d,e). Since it was shown that the protein level of
LFR in syd-5 was almost comparable to that in the wild-
type control and vice versa (Figure 3b,c), this eliminated
the possibility that binding reduction may result from low
LFR or SYD levels in syd-5 or Ifr-2 mutants, respectively.

Collectively, these results demonstrated that LFR and SYD
are interdependently associated with AG chromatin.

To investigate whether other ABCE-class genes are
direct targets of LFR and SYD, we performed ChIP-gPCR
assay in pLFR:LFR-3FLAG/Ifr-2 or pSYD:GFP-SYD C1/syd-5
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Figure 6. LFR and SYD interdependently bind to AG chromatin in flower development.

(a) Diagrams of AG gene structures: Black boxes indicate exons, gray boxes are untranslated regions, and long black lines represent the promoter, introns, and
3 terminal sequences, respectively. The black arrow represents the transcription start site (TSS), and the black lines below the gene structures represent PCR
fragments tested in chromatin immunoprecipitation (ChIP)-quantitative (q) PCR in (b e) and Figure 7a,b.

(b, ¢) LFR and SYD bind to the AG chromatin in ChIP-qPCR assay using anti-FLAG antibody (a-FLAG) (B), and anti-GFP antibody (a-GFP) (C) in inflorescence of
transgenic complementary lines as indicated.

(d, e) Association of LFR and SYD with the AG chromatin in ChIP-qPCR assay using the polyclonal anti-LFR antiserum (a-LFR) (d) or anti-SYD (a-SYD) (e) in WT,
syd-5, and Ifr-2 inflorescence. For (b e), three biological replicates were carried out, and similar results were obtained. Bars represent the means + SD of the
three technological replicates from one representative biological replicate. Significant statistical differences were tested via Student’s t-test ( P < 0.05). A retro-
transposon locus TA3 (At1g37110) was used as the negative control.

inflorescences. The ChIP-qPCR data showed that LFR and
SYD are associated with the promoters and TSS region of
AP1, AP3, and PI (Figure S8a). We found that LFR, but not

SYD, can bind to SEP3 (Figure S8b). These results indi-
cated that LFR and SYD may have largely overlapping
functions in regulating the ABC genes in floral organ

Figure 7. LFR and SYD affect AG gene chromatin configuration.

(a, b) ChIP-gPCR analysis of H3K27me3 modification (a), and Pol Il enrichment levels (b) on AG chromatin in Col-0, /fr-2, syd-5, and double mutant inflorescence.

A retrotransposon locus TA3 (At1g37110) was used as the negative control.

(c) Relative nucleosome occupancy in a region including the TSS region (—350 350 bp), and the second intron including the i2 fragment (3480 4080 bp) of AG

in inflorescence. Upper panel: nucleosome occupancy detected by MNase-qPCR in WT (black), /fr-2 (red), syd-5 (green), and double mutants (dm, blue). The —73

position of gypsy-like retrotransposon (At4g07700) was used for the control. X-axis values denote the distance (bp) from TSS. Lower panel: schematic diagram

of position and occupancy of the nucleosome in WT, Ifr-2, syd-5, and double mutants. Gray ovals with two gray lines represent positioned nucleosomes in WT,

and the relative increase of nucleosome occupancy in the mutants is shown by black ovals. Three biological replicates were performed, and similar results were

obtained. Values depict the mean of three technical replicates from one representative experiment.

(d) Diagrams of AG gene structures, where blue vertical lines represent the Nlalll and Dpnll restriction sites. The black arrow depicts TSS, while the black short

horizontal lines below the gene model represent the positions of primers used in the chromosome conformation capture (3C)-qPCR assay in (e, f). LC was used

as the loading control.

(e g) 3C-gPCR assay to detect chromatin loop of the AG locus using A2 as the anchor region in WT, Ifr-2, syd-5, and dm inflorescence (e), 14-d-old wild-type

inflorescence and seedlings (f), and wild-type, Ifr-2, syd-5, clf-29 single and several double mutant seedings (g). Relative interaction frequencies were calculated

as described in Methods. At least two biological replicates were conducted, and similar results were obtained. Values represent means of the three technology

replicates from one representative experiment, while error bars depict SD. Significant statistical differences were tested by Student’'s t-test ( P < 0.05,
P <0.001).
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development. However, they may also have some differ-
ent/specific targets because LFR is also involved in the
MINU-containing chromatin remodeling complex.

LFR and SYD regulate AG expression by influencing
histone modification and Pol Il enrichment levels

The modification level of the trimethylation of histone H3
Lys27 (H3K27me3) accounts for an important negative
effect on AG expression (Lee et al., 2022; Wellmer et al.,
2006; Wu et al., 2003, 2012; Xiao, Jin, Yu, et al., 2017).
Here, the H3K27me3 level of AG was examined by ChIP-
gPCR experimental analysis in the wild type, syd-5, Ifr-2,
and Ifr-2 syd-5 double mutants. The H3K27me3 levels
markedly increased in Ifr-2, syd-5, and Ifr-2 syd-5 inflores-
cence (Figure 7a). In addition, the recruitment of RNA poly-
merase (Pol Il) was also examined, revealing that it was
reduced in syd-5, Ifr-2, and Ifr-2 syd-5 mutants compared
with that in the wild type at the AG regulatory regions
(Figure 7b). Taken together, the increase of H3K27me3
level and reduced recruitment of Pol Il at the AG locus are
in accordance with the downregulated expression of AG in
syd-5, Ifr-2, and Ifr-2 syd-5 mutants (Figure 5a,b).

LFR and SYD participate in nucleosome occupancy and
gene loop at AG locus

Since the SWI/SNF chromatin remodelers affect the acces-
sibility of the genomic DNA by altering the occupancy or
positioning of nucleosomes (Clapier & Cairns, 2009;
Sacharowski et al., 2015), the effect of LFR or SYD mutation
on the accessibility of the AG locus was then monitored
here. Nucleosome positioning and occupancy around the
transcription start site (TSS), and the second intron region
(including AGi2 fragment of AG in wild-type and mutant
inflorescence) were examined via micrococcal nuclease
(MNase)-qPCR. The DNA fragments protected by nucleo-
somes from MNase digestion were mapped near the TSS
region and second intron at the AG locus in the wild type
(Figure 7c). Notably, the increase of nucleosome occu-
pancy in the region exactly downstream of TSS (nucleo-
somes localized between ~75 to ~350 bp), and near the
LFR- and SYD-binding site in intron 2 at the AG locus
(AGi2; localized between ~3480 to ~3580 bp) in syd-5, Ifr-2,
and Ifr-2 syd-5 mutants were consistently reproduced,
compared with that of the wild type (Figure 7c). No strong
change in nucleosome occupancy or positioning was
observed at the control locus, a gypsy-like retrotransposon
gene (At4g07700) in wild type and mutants (Figure S9).
These results demonstrated that LFR and SYD may be
required to reduce nucleosome occupancy at some specific
AG loci.

As stated, the present ChIP-gPCR data showed that
LFR and SYD simultaneously bind to the promoter and sec-
ond intron (~3-kb long) of AG, and are required for its tran-
scriptional activation. Since the chromatin loop is reported
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to play a role in transcriptional regulation (Cavalli &
Misteli, 2013; Jegu et al., 2014), quantitative chromosome
conformation capture (3C) experiments were also per-
formed using wild-type and mutant inflorescences to test
for a high-order chromatin structure in AG, as well as the
possible regulatory role of SYD and LFR during chromatin
structure formation. We selected multiple segments in the
promoter (D1 and A2), and second intron regions (D3, D4,
and D5) of the AG gene (Figure 7d). Significant increases
in gene loop formation of the AG gene were detected in
Ifr-2 and syd-5 single and double mutant inflorescences
compared to that in the wild type and non-crosslinked con-
trol (Figure 7e; Figure S10). These results indicate that the
chromatin loop at the AG locus may restrict its transcrip-
tion, and LFR-SYD may play a negative role in the estab-
lishment and/or stability of chromatin loop at the AG
locus.

Gene loop at AG locus is required for gene silence in
seedling

Since the AG gene is differentially expressed in the vegeta-
tive (silent) and reproductive stages (active), the relation-
ship between the silent or active state of AG with the gene
loop formation in seedling or inflorescence was further
analyzed. Notably, it was found that there was a chromatin
loop between the promoter and second intron of AG in the
wild-type seedlings, but not in the inflorescences or
the non-crosslinked control (Figure 7f; Figure S11); thus,
the results indicated that the gene loop at AG locus may
also contribute to gene silencing in seedlings.

To further confirm the possible biological significance
of the chromatin loop in AG expression level and the roles
of LFR, SYD, and CLF in seedling chromatin loop forma-
tion, we first tested the chromatin loop in c/f-29 seedling.
The 3C assay and RT-gPCR data showed that a dramatic
loss of chromatin loop was detected in c/f-29 in seedlings,
which showed ectopic expression of AG in seedlings
(Figures 7g; Figures S12 and S13). We found that the
removal of LFR or SYD in the clf-29 background partially
represses the chromatin loop loss and ectopic expression
of the AG gene in cl/f-29 (Figure 7g; Figure S12), which is
consistent with the ChIP data showing that LFR and SYD
can bind to AG chromatin in c¢/f-29 mutant, but not in wild-
type seedlings (Figure S14). These results indicated that
the chromatin loop formation is negatively correlated with
the expression level of AG and CLF may promote the chro-
matin loop formation to repress its expression by antago-
nizing with LFR and SYD.

Taken together, these results suggest that LFR and
SYD target the AG gene, reduce the nucleosome occu-
pancy, inhibit the chromatin loop formation and
H3K27me3 modification, and maintain high Pol Il levels to
guarantee an active state of AG expression during floral
organ development. Regarding the vegetative growth,
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Figure 8. Modeled role of LFR-SYD-chromatin remodeling complex (CRC) in the control of AG gene transcription. During vegetative growth, the PRC2 complex,
including CLF, inhibits LFR and SYD from targeting the AG gene (Present study; Wu et al., 2012). The AG gene formed a chromatin loop, inhibiting AG transcrip-
tion. In reproductive growth, LFR-SYD CRC was recruited to the AG locus and maintained relatively low nucleosome occupancy, chromatin loop, and H3K27me3
modification levels, as well as a high Pol Il level to guarantee an active state of AG expression in floral organ development.

however, a chromatin loop is formed at the AG chromatin
to repress its transcription (Figure 8).

DISCUSSION

LFR functions as a SYD-containing SWI/SNF CRC
component

Plant SWI/SNF complexes are pivotal for the appropriate
gene expression across a wide range of processes in
response to environmental and developmental cues, and
numerous recent studies have provided important insight
into the subunit composition and mode of action of plant
BRM-containing SWI/SNF complexes (Jaronczyk et al.,
2021; Yu et al., 2020, 2021). SYD may be a plant-specific
SWI/SNF ATPase that is distinct from BRM, as well as its
yeast and mammal orthologs, in that it lacks the Bromo-
domain for acetylated-histone tail binding in the C-
terminus (Wagner & Meyerowitz, 2002); however, the
plant-specific SYD-containing complex remains to be fully
elucidated. LFR is an ARM-repeat domain-containing pro-
tein, which has been predicted to be a subunit of the
SWI/SNF complex (Wang et al., 2009). Yet, the compel-
ling biochemical, molecular, and genetic evidence is
largely missing. In the present study, detailed analyses
showed that LFR is stably associated with the SWI/SNF
complex in Arabidopsis using IP-MS, BiFC, Y2H, and co-
IP approaches (Figures 1 and 2). Among the four SWI/

SNF complex core ATPases, it was found that SYD stably
interacts with LFR across all different methods used in
this study (Figure 2a,b). It was also demonstrated that
LFR is stably co-immunoprecipitated with SYD indepen-
dent of DNA (Figure 2c). Interacting domain analysis
revealed that the N-terminal domain, including QLQ of
SYD, is important for interaction with LFR (Figure 2e);
thus, supporting evidence has been provided that LFR
may be a SYD-containing SWI/SNF component. Our data
is also consistent with LFR being a component of a
MINU1/2 ATPase-containing SWI/SNF complex (Diego-
Martin et al., 2022), although in this case, the interaction
between LFR and MINU1/2 would be indirect. During the
review of our manuscript, two recent studies reported
that LFR is involved in both the SAS and MAS complex
(SYD- and MINU1/2-associated SWI/SNF complexes) (Fu
et al., 2023; Guo et al., 2022), which serves as supports
of our work. Indeed, multiple SAS or MAS components
were specifically co-purified with LFR-3FLAG in our IP-MS
assays (Figure 1c). For example, ARP4 and ARP7,
SWIP73B, BDH1/2 (BCL7A/B), and ACTIN2/7 are SAS- and
MAS-shared components; SYD, SWI3D, and SYS1/2/3
(SSIP1/2/3), are SAS-specific components; MINU1/2,
SWI3A, SWI3B, BSH, TPF1/2 (PMS1A), BRD5, and PSA1
(MIS) are MAS-specific components. LFR is a non-
catalytic subunit with three ARM-repeat domains homolo-
gous to human ARID1/2 (Hernandez-Garcia et al., 2022).
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The ARM domains of ARID1 interact with the core
ATPase and all other Base subunits and play pivotal roles
in the complex organization (He et al., 2020; Mashtalir
et al., 2020). In addition, the ARID1 subunit is required
for nucleosome sliding activity (He et al., 2020). Though
LFR lacks the ARID domain for DNA binding compared
with ARID1/2 (Hernandez-Garcia et al., 2022), this struc-
tural and biochemical information helps us to unravel the
detailed contribution of LFR to the SWI/SNF complexes
in the future.

LFR directly activates AG expression by altering chromatin
structure together with SYD in stamen and pistil
development

Recent reports have not only identified the new subunits
of BRM-SWI/SNF complexes but also examined the genetic
relationship between brm-1 and brip1/2 or brd1/2/13, for
which the multiple mutants did not exacerbate the defects
of the null mutant brm-1, thereby showing that they act in
the same complex (Jaronczyk et al., 2021; Yu et al., 2020,
2021). In contrast to brm, the genetic relationship between
syd and its possible complex partner remains unknown.
The loss of If, as it was named a Leaf and Flower Related
gene, resulted in defects in the leaf and flower. Though the
possible molecular mechanism in leaf development is
unraveled (Lin et al., 2018, 2021), the mechanisms of floral
organ defects remain elusive. The present results demon-
strated that LFR and SYD not only interact with each other
but also show similar floral organ defects, while Ifr did not
enhance the syd-5 phenotype, indicating that they function
within the same complex (Figure 3). Transcriptome data
also showed that LFR and SYD may co-regulate a subset of
gene expression, including the well-established ABC model
genes in floral organ identity specification (e.g., AG; Fig-
ures 4 and 5). LFR and SYD interdependently co-targeted
to AG chromatin, reduced nucleosome occupancy, altered
the chromatin configuration, decreased the H3K27me3
modification level, and increased the Pol Il association for
the success of AG transcription (Figures 6 and 7), ensuring
normal male and female reproductive organ morphology
(Figure 8). In addition, /fr-2 and syd-5 mutants both pro-
duced small rosettes, were dwarfed with reduced apical
dominance, and exhibited sterile defects (Figure S15; Wag-
ner & Meyerowitz, 2002; Wang et al., 2009), for which the
underlying molecular mechanisms are of great importance,
but remain to be revealed. Future studies are thus
required to identify more common target genes directly
regulated by LFR and SYD-containing /SNF complexes in
Arabidopsis.

AG is subjected to higher chromatin conformation
regulation by CLF and SWI/SNF complexes

In Arabidopsis, the only C-class gene AG encodes a MADS-
box transcription factor that exerts critical roles in
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reproductive organ development (Bowman et al., 1991;
Dennis & Peacock, 2019; Ito et al., 2004; Krizek &
Fletcher, 2005; Liu et al., 2014; Yanofsky et al., 1990). The
AG gene is silenced in seedlings but is activated in early
floral primordia during the reproductive phase. Different
epigenetic mechanisms are involved in the spatiotemporal
expressions of AG. A ~ 3 kb second intron of AG is critical
for its expression, in that it produces several intronic
ncRNAs (incRNAs) to repress AG transcription (Pelayo
et al., 2021). The present results further showed that the
LFR and SYD-containing SWI/SNF chromatin remodeling
complex activate AG expression by binding to both the
promoter and second intron and inhibit chromatin loop
formation at the AG locus in floral organ development
(Figure 7f,g). In the wild-type seedlings, CLF may promote
the repressive chromatin loop formation to silence AG
(Figure 7g; Figure S12), which is consistent with the previ-
ous research that Polycomb group proteins (PcGs) mediate
repressive chromatin loops formation to facilitate the gene
silencing in Drosophila and Arabidopsis (Kim et al., 2021;
Ogiyama et al., 2018; Sun et al., 2023). Since LFR and SYD
can successfully bind to AG chromatin in c¢/f-29 mutant,
but not in wild-type seedlings (Figure S14), and the
removal of LFR or SYD in the clf-29 background partially
repressed the chromatin loop loss and high expression of
AG gene in clf-29 (Figure 7g; Figures S12 and S13), indicat-
ing that LFR and SYD may also inhibit chromatin loop for-
mation at the AG locus in clf-29 seedlings. Together, these
results demonstrated that CLF may promote repressive
chromatin loop formation and repress this floral identity
gene by inhibiting the association of LFR and SYD to the
AG locus to ensure flattened leaf formation in vegetative
growth. However, we notice that the removal of LFR/SYD
only partially rescued the chromatin loop down-regulation
in clf-29, but not to the wild-type level. The possible rea-
sons are as follows: i, the mutation of CLF led to the failure
of some of the loop formation; ii, besides LFR and SYD,
there could be some other epigenetic factors that are
required to block the chromatin loop formation. Since SYD
was reported to act as trithorax proteins to reverse the PcG
repression (Wu et al., 2012), ATX1, a member of the
trithorax complex counteracting repression by Polycomb
group (PcG) complexes (Alvarez-Venegas et al., 2003;
Carles & Fletcher, 2009), and its paralogs may also inhibit
the chromatin loop similar to LFR/SYD.

The abovementioned results allow us to elucidate the
effect of the chromatin loop in AG transcriptional regula-
tion. It was also demonstrated that the SWP73B/BAF60
subunit of the SWI/SNF complex plays a negative role in
the gene loop formation to reduce the expression of FLC,
and induce flowering after vernalization (Jegu et al., 2014).
These results show that LFR-SYD and BAF60 may play sim-
ilar negative roles in the gene loop formation, and/or sta-
bility of the chromatin loop, at least at AG or FLC loci,

2023 Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), 116, 478-496

ASUADIT suoWWO)) dA1ear)) d[qeatjdde oy £q pauIdA0S a1 SA[OIIE V() AN JO S3[N1 10§ AIeIqIT dul[uQ) AJ[IA| UO (SUOHIPUOI-PUB-SULIS)/ WO’ AA[1M " KIRIqI[aul[uo//:sdy) SUonIpuoy) pue suud ], a1 3RS ‘[$707/50/61] uo K1eiqry aurjuQ L[IA\ ‘BrUBA[ASUUS] JO ANSIOAIUN AQ 6891 [dy/[ 11 1°01/10p/wod Kopim’Areiqijaurjuoy/:sdny woiy papeojumo( ‘z ‘€707 XE1£S9¢€1



492 Xiaowei Lin et al.

respectively. Consistently, a high-throughput genome-wide
analysis, combining Hi-C, histone modification, nucleo-
some positioning, and density, as well as gene expression
in brm showed that the SWI/SNF chromatin remodeling
complexes regulate genome architecture in Arabidopsis
(Yang et al., 2022).

In summary, deeper insight into the composition and
mode of action of the Arabidopsis SYD-SWI/SNF complex
has been provided by unraveling the biochemical, molecu-
lar, and genetic relationship between LFR and SYD, which
independently bind to, and directly open the chromatin
configuration for active AG transcription. These results
allow for the molecular mechanism of the SYD-SWI/SNF
complex to be deciphered, which is essential for higher
chromatin conformation of floral identity genes in repro-
ductive organ development.

MATERIALS AND METHODS
Plant materials and growth conditions

All plants used in this study were in the Col-0 ecotype. The Ifr-2
mutant and p35S:LFR-3FLAG/Ifr-1 transgenic line were described
previously (Lin et al.,, 2021; Wang et al., 2009). The syd-5
(SALK_023209) obtained from Arabidopsis Biological Resource
Center (ABRC) was reported by Bezhani et al. (2007) and Shu
et al. (2021). The pLFR:LFR-3FLAG/Ifr-2 was generated by our pre-
vious work (Ma et al., 2023). p35S:ARP4/Col, p35S:ARP7/Col, and
p35S:AG transgenic line were obtained in this study by floral infil-
tration, while pSYD:SYD C1/syd-5 (Su et al., 2006) and pAGi:GUS
transgenic plants were reported previously (Sieburth & Meyero-
witz, 1997). Plants were grown at 22°C in a greenhouse under
long-day conditions (16:8 h light: dark).

Plasmid construction

For Y2H analysis, full-length coding sequences (CDS) of LFR and
SWI/SNF complex genes, or truncated SYD and BRM were ampli-
fied with specific primers (Table S3) from the cDNA prepared from
the Col-0 Arabidopsis seedlings. The amplified fragment was
digested using an appropriate restriction endonuclease, and
inserted into yeast two-hybrid vectors: pGADT7 (prey)
and pGBKT7 (bait). All construction plasmids obtained were
checked via sequencing. pGADT7-LFR (AD-LFR) and pGBKT7-
SWI3B (BD-SWI3B) were reported previously by the authors (Lin
et al., 2018).

For the BiFC experiment, full-length CDS of LFR, SYD C1,
SWI3A/B, ARP4/7, and SWP73A/B, with or without the stop codon
were amplified via PCR using the Arabidopsis cDNA as a template.
They were further cloned into pENTRY/D/SDTOPO, and these
genes were introduced into pxcCFPGW or pxnYFPGW, and
pcCFPXGW or pnYFPxGW by LR reactions were reported previ-
ously by the authors (Lin et al., 2018).

For the binary vectors of the transgenic complementation
and genetic analyses, full-length CDS of ARP4 and ARP7 were
amplified with specific primers (Table S3), digested using appro-
priate restriction endonucleases, and introduced into binary vec-
tors pCAMBIA2300-35S5:6MYC to generate p35S:ARP4-6MYC and
p35S:ARP7-6MYC. These plasmids were transformed into Agro-
bacterium strain GV3101, and individually into the Col-0 to get the
p35S:ARP4-MYC and p35S:ARP7-MYC lines.

Nuclear protein extracts and Western blot

Nuclear proteins were extracted from 1 g of inflorescence. Nuclear
protein extraction and Western blot processes were performed as
described by Lin et al. (2018), with minor modifications.
Polyvinylidene fluoride membranes were probed with anti-LFR
rabbit polyclonal antiserum (0.5 ug-ml~") (Lin et al., 2018),
2 pg-ml~" anti-SYD antibody (rabbits against the synthesized poly-
peptide ‘EDGFRGELFDPKGR’, amino acids 319 332 of SYD),
0.2 pg-ml~" anti-SWI3A (both anti-SYD and anti-SWI3A antibodies
were generated by Gen Script, http:/www.genscript. com),
0.5 pg-ml~" anti-SWI3B (Sarnowski et al., 2002), 0.2 pg-ml~" anti-
FLAG (Sigma, No. F3165), and 0.5 pg-ml’1 anti-H3 (Abcam, No.
ab1791) for 2 h. Goat anti-rabbit or anti-mouse IgG secondary
antibodies were used for immunodetection.

Gel filtration chromatography

Approximately 500 pg of total proteins were extracted from Arabi-
dopsis seedlings according to a previously described process (Lin
et al., 2021), with some modifications. The protein concentration
should not exceed 2 mg-ml~", and the protein solution was fil-
tered by a 0.22 um Millipore membrane. The Superose 6 chroma-
tography column (Superpose 6 increase 10/300, No. 71501874-EK)
were analyzed with a high/low molecular weight calibration kit
(Amersham) using a cleaning solution (50 mM Na,HPO,/NaH,PO,
pH7.4, 150 mM NaCl, 0.05 0.1 Triton X-100, 15 glycerol, 1 mM
PMSF, Fresh add 1  Roche protease inhibitor complete) as the
mobile phase before chromatography. The protein sample was
placed in the injection ring after rinsing with 1 ml mobile phase.
A total of 26 samples were collected at 0.5 mL intervals. After col-
lection, each sample was added into StrataClean Resin for protein
enrichment, followed by Western blot analysis with anti-FLAG
antibodies (Sigma, No. F3165).

Co-immunoprecipitation co-IP) and immunoprecipitation
combined with mass spectrometry IP-MS)

For co-IP experiments, 10 g fresh 14-day-old p35S:LFR-3FLAG/Ifr-
1, p35S:ARP4-MYC/p35S:ARP7-MYC single and double transgenic
seedlings, or inflorescence, and 30-day-old rosette leaves were
ground into fine powder in liquid nitrogen, and the total protein
extraction was performed using protein solution buffer (50 mM
Na,HPO,/NaH,PO,, pH7.4, 150 mM NaCl, 1  Triton X-100, 15
glycerol, 1 mM PMSF and 1 protease inhibitor cocktail from
Roche). The protein supernatant was filtered twice through two
layers of microcloth, and incubated with 50 pl anti-FLAG Magnetic
beads (Sigma, No. M8823) for 2 h at 4°C. The beads were washed
three times with washing buffer (50 mM Na,HPO,/NaH,PO,, pH
7.4, 150 mM NaCl, 0.1  Triton X-100, 10 glycerol, 1 mM PMSF,
and 1 protease inhibitor cocktail from Roche). Elute proteins
from beads were isolated using 1 SDS at room temperature. The
IP proteins were analyzed by Western blotting using anti-FLAG,
anti-MYC, anti-H3 antibody, anti-LFR polyclonal antiserum, anti-
SWI3A, and anti-SWI3B (Sarnowski et al., 2002).

For IP-MS, ~20 g fresh 10-day-old or wild-type seedlings were
extracted using 100 pl anti-FLAG Magnetic beads (Sigma, No.
M8823) for 2 h at 4°C. The beads were washed with 10 volumes of
wash buffer at 4°C. Elute proteins were obtained from beads using
200 ul 1 SDS at room temperature and then boiled for 5 min at
100°C. The IP experiment was repeated across 15 independent
biological replicates, and each 5 IP protein samples were mixed
together to obtain IP1, IP2, and IP3 protein samples of SDS-PAGE
gel. Some protein samples were subjected to western blot
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analysis to make sure that LFR-FLAG proteins were enriched
successfully. Lyophilized samples were dissolved in 100 pl
2 Laemmli buffer, separated by 12 1D SDS-PAGE in a large-
formatted vertical electrophoresis cell, and stained with Deep
Purple total protein stain. The protein bands of the IP sample or
control gel were excised for in-gel trypsin digestion by grade-
modified trypsin (Promega, No. promega V5111). The peptide
samples were lyophilized and resuspended in reversed-phase
HPLC buffer (0.4 AcOH, 0.005 heptafluorobutyric anhydride in
H,0). The identities of the polypeptides present in each band were
then determined by liquid chromatography tandem mass spec-
trometry (LC MS/MS). LC MS/MS data were acquired in a data-
dependent acquisition controlled by Xcalibur v.2.0 (Thermo Fisher
Scientific), while spectral data were searched against the TAIR
v.10 databases using Protein BioWorks v.3.3.1. LC MS/MS data of
IP1, IP2, and IP3 for p35S:LFR-FLAG/Ifr-1and WT (negative control)
were presented in Table S1.

Yeast two-hybrid Y2H) assays

Y2H assays were performed as described in the Clontech Yeast
Protocols Handbook. Full-length LFR and SWI/SNF genes, or trun-
cated SYD and BRM were cloned into two vectors (pGADT7 and
pGBKT7) and co-transformed into yeast strain AH109 or Y2HGold.
The co-transformed colonies were chosen to grow on a selective
medium that lacked leucine and tryptophan (SD/—L-W). A growth
assay was then conducted, in which the physical interaction
between different pairs of proteins were tested on a selective
medium that lacked leucine, tryptophan, adenine, and histidine
(SD/—L-W-A-H).

Bimolecular fluorescence complementation BiFC)

BiFC analysis was performed using the methods previously
described in (Ou et al., 2011). The plasmids were transformed into
Agrobacterium GV3101 and co-infiltrated into the leaves of N.
benthamiana. After incubation for ~48 h, the fluorescent pictures
were taken on LSM 710 confocal microscope (Zeiss). The GFP and
DAPI signals were excited at 488 and 405 nm, and emitted at
535 nm and 460 nm. The pX-CCFP and pX-NYFP, or CCFP-pX and
NYFP-pX empty vectors were used as negative controls.

Microarray assay and data analysis

For microarray analysis, three biological replicate RNA samples
were prepared from inflorescences with 3 4 opening flowers at
38 40 days for Col-0, Ifr-2, or syd-5. RNA isolation, purification,
and microarray hybridization were carried out by the CapitalBio
Corporation (http://www.capitalbio.com, Beijing, China) using
Affymetrix ATH1 Genome array. Arrays were scanned by Affy-
metrix GeneChip Scanner 3000, and image analyses were per-
formed with Affymetrix Expression Console™. To determine the
significant differentially expressed genes, Significance Analysis
of Microarrays (SAM, v.3.02) was performed (Tusher et al.,
2001), and Fisher's exact test was used to determine statistical
significance. Genes with q value ( ) <5, and a fold change of
mutant to wild type (|FC|)>2 were considered significantly
altered in expression. Heat map analysis was conducted using
TBtools, and Gene Ontology term enrichment was conducted
using Blast2GO.

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

Total RNA was extracted using the Trizol reagent (TaKaRa) from
inflorescences with 3 4 opening flowers. A total of 500 ng of RNA
was used for cDNA synthesis via an SYBR PrimeScriptTM RT-PCR
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Kit (TaKaRa). PCR fragments were amplified using their specific
primers (Table S3), analyzed via 2 agarose gel, and stained with
Goldview™ Nucleic Acid Stain. ACTIN7 was used for constitutive
expression control. Real-time PCR was subsequently performed to
quantify cDNA using SYBR Premix Ex Taq (TaKaRa) in a 7500 real-
time PCR instrument (Applied Biosystems) by corresponding
primers (Table S3). EAF4a1 was used as an internal control.

-Glucuronidase GUS) staining and fluorometric assays

GUS staining and GUS fluorometric assays were performed in
accordance with (Jefferson et al., 1987). For the GUS fluorometric
assays, total soluble proteins were extracted from 0.1 g inflores-
cences and quantified by the Bradford method according to the
procedures of Jefferson et al. (1987) and Lin et al. (2018).

Chromatin immunoprecipitation ChIP) assay

The ChIP procedure was performed as reported (Yamaguchi et al.,
2014). Briefly, 0.3 0.6 g of inflorescences with three to four open-
ing flowers were crosslinked with 1 formaldehyde before being
fully ground in liquid nitrogen. Chromatin was isolated using
nuclei lysis buffer, and cut into approximately 500 bp DNA frag-
ments via sonication. The chromatin suspension was incubated
with 50 pl magnetic protein G beads (Invitrogen, No. 10004D) for
2 h at 4°C. Subsequently, chromatin suspension was incubated
with either 5 mg of anti-FLAG antibody (Sigma, No. F3165), 5 mg
of anti-GFP antibody (Abcam, No. ab290), 5 mg of anti- H3K27me3
antibody (Millipore, No. 07-473), 50 pl anti-pol Il (Millipore, No. 07-
352), 10 pl anti-SYD antibody, or 2 ul anti-LFR rabbit polyclonal
antiserum (taking pre-immune serum as the control). A DNA puri-
fication kit (Qiagen, No. 28104) was used in the purification of
immunoprecipitated DNA and was applied in real-time quantita-
tive PCR as a template using the primers shown in Table S3.

MNase assay

The nuclei were isolated as described in Liu et al. (2014) from 1 g
of inflorescences with 3 4 open flowers from Col-0, /fr-2, syd-5,
and Ifr-2 syd-5 plants using 50 mM Tris HCl, 5 mM CaCl,,
1 BSA, 20 ug-ml~" RNase A, and 1  protease inhibitor cocktail
from Roche. The DNA integrity analysis was detected by 1 aga-
rose gel, and the DNA concentration was adjusted to
~600 pg mi~", taking 200 pl as the input. The residual chromatin
was digested by 200 units-ml~" micrococcal nuclease (NEB,
MO0247S), and incubated at 37°C. Then, the digestion reaction was
terminated by adding the same volume of stop buffer (0.1 M Tris

HCI, 0.1 M NaCl, 50 mM EDTA, 1 SDS, and 20 pg-ml~" protein-
ase K) 10 min after micrococcal nuclease was added. DNA was
purified under the CTAB method and resolved in a2 agarose gel
to visualize the DNA digestion patterns. The purified DNA was
quantified using Qubit v.3.0. Two nanogram’s DNA were used for
gPCR to monitor nucleosome occupancy. The —73 site of the
At4g07700 transposon was used as a sample loading control, and
data analysis was performed in accordance with (Han et al., 2012).
The tiled primers used for qPCR are listed in Table S3.

Chromosome conformation capture 3C)

The 3C assay was performed as described in (Guo et al., 2018),
with some minor modifications. Two grams (2 g) of 14-day-old
seedlings or inflorescence was cross-linked in 4  (v/v) formalde-
hyde at room temperature for 20 min, followed by quenching with
0.125 M glycine. The cross-linked plantlets were ground, and the
nuclei were isolated and treated with buffer (10 mM phosphate
buffer, pH 7.0, 0.1 M NaCl, 10 mM pB-mercaptoethanol, 1M
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hexylene glycol; Sigma-Aldrich), 1  protease inhibitor cocktail
(Roche), and 1 mM Phenylmethanesulfonyl fluoride. Digestions
were performed overnight at 37°C with 400 units of Nlalll and
400 units of Dpnll. The restriction enzymes were inactivated by
the addition of 1.6 SDS, and incubation at 65°C for 20 min. SDS
was sequestered with 1 Triton X-100. DNA was ligated by incu-
bation at 22°C for 5 h in a 5 ml volume using 100 units of T4 DNA
ligase. Reverse cross-linking was performed via overnight treat-
ment at 65°C. DNA was recovered after proteinase K treatment by
phenol/chloroform extraction and ethanol precipitation. Relative
interaction frequencies were calculated by RT-qPCR using 15 ng
of DNA, while a region uncut by Nilalll and Dpnll in the proximal
promoter was used to normalize the DNA amount. The primers
used for 3C-gPCR are listed in Table S3.
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