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ABSTRACT

During the terminal stage of stomatal development,
the R2R3-MYB transcription factors FOUR LIPS
(FLP/MYB124) and MYB88 limit guard mother cell
division by repressing the transcript levels of multiple
cell-cycle genes. In Arabidopsis thaliana possessing
the weak allele flp-1, an extra guard mother cell di-
vision results in two stomata having direct contact.
Here, we identified an ethylmethane sulfonate-
mutagenized mutant, flp-1 xs071c, which exhibited
more severe defects than flp-71 alone, producing giant

tumor-like cell clusters. XS071C, encoding F-BOX
STRESS-INDUCED 4 (FBS4), is preferentially ex-
pressed in epidermal stomatal precursor cells.
Overexpressing FBS4 rescued the defective stomatal
phenotypes of flp-1 xsO1c and flp-1 mutants. The
deletion or substitution of a conserved residue (Pro-
line166) within the F-box domain of FBS4 abolished
or reduced, respectively, its interaction with Arabi-
dopsis Skp1-Likel (ASK1), the core subunit of the
Skp1/Cullin/F-box E3 ubiquitin ligase complex. Fur-
thermore, the FBS4 protein physically interacted with
CYCA2;3 and induced its degradation through the
ubiquitin-26S proteasome pathway. Thus, in addition
to the known transcriptional pathway, the terminal
symmetric division in stomatal development is en-
sured at the post-translational level, such as through
the ubiquitination of target proteins recognized by
the stomatal lineage F-box protein FBS4.

Keywords: cell division, cell cycle, F-BOX, stomatal develop-
ment, ubiquitination
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INTRODUCTION

Stomata are plant epidermal micro-valves which regulate
gas exchange and water transpiration between plants
and the environment (Casson and Hetherington, 2010).
A stoma consists of a pair of mirror-symmetric guard cells
(2-GCs) surrounding a pore, and the cell structure is im-
portant for stomatal movement in response to environmental
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changes. Stomata are derived from protodermal cells
through a series of cell divisions and cell differentiation. The
precursor meristemoid (M) mother cell (MMC) undergoes
asymmetric division to produce the triangular M. The M dif-
ferentiates into a guard mother cell (GMC), which generates a
pair of GCs through a symmetric division. In past decades,
major breakthroughs in our understanding of stomatal
development have included the identification of multiple
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transcription factors and their roles in cell fate decision, cell
division, and cell differentiation. The basic Helix-Loop-Helix
transcription factors play pivotal roles in regulating stomatal
development. SPEECHLESS (SPCH) is critical for the asym-
metric divisions (MacAlister et al., 2007; Pillitteri and Torii,
2012), MUTE controls the transition from M to GMC (Pillitteri
et al.,, 2007), and FAMA is required for the terminal GMC
division and GC differentiation that form a functional stomatal
complex (Ohashi-Ito and Bergmann, 2006).

The R2R3-MYB transcription factor FOUR LIPS (FLP/
MYB124) has a function similar to that of FAMA in regulating
the terminal GMC division. In plants containing the weak al-
lele fip-1, approximately 25% of stomata exist in pairs having
direct contact, which leads to the formation of the four GC
(4-GC) stomatal clustering phenotype (Lai et al., 2005).
MYBS8S8 is a close paralog of FLP, but its mutation does not
produce a stomatal phenotype. However, the flo myb88
double mutant displays a more severe phenotype than the fip
single mutant. In addition, FLP is a pleiotropic gene that
participates in many other aspects of plant development and
responses to abiotic stresses (Xie et al., 2010b; Makkena
et al.,, 2012; Chen et al., 2015; Wang et al., 2015).

Both FLP and MYB88 control the stomatal terminal division
through the transcriptional repression of cell-cycle genes, in-
cluding CYCLIN-DEPENDENT KINASE B1s (CDKBT1s), CDKA;1,
and CYCLIN A2s (CYCAZ2s) (Xie et al., 2010a; Vanneste et al.,
2011; Yang et al., 2014). Reducing the activities of CDKB1s or
CDKA;1 leads to defective GMC division, resulting in the for-
mation of single guard cells (SGCs) (Xie et al., 2010a; Yang
et al., 2014). CDKB1s and CYCA2s form a functional CDK-
CYCLIN complex to synergistically promote GMC division
(Boudolf et al., 2009; Vanneste et al., 2011). Specifically ele-
vating the transcriptional levels of CDKs and CYCLINs at the
late stage of stomatal development induces extra GC divisions.
The CYCA2 expression levels are the rate limiting factors in the
terminal division of stomatal development (Yang et al., 2014).
The CDKB1-mediated phosphorylation of DNA replication pro-
tein A2 precisely controls the terminal division and DNA repair in
plants, indicating that post-translational modifications are also
important in GMC division (Yang et al., 2019).

The degradation of cyclins by E3 ubiquitin ligases is an im-
portant regulatory mechanism for cell-cycle transition from one
stage to the next (Nakayama and Nakayama, 2005). In yeast,
the C-type cyclin Ctk2p of the CTDK-I complex, which has been
implicated in the phosphorylation of RNA polymerase Il and in
transcriptional control, can be rapidly degraded through the
ubiquitin-proteasome pathway (Hautbergue and Goguel, 1999).
In animals, cyclin A and cyclin B are ubiquitinated and degraded
by Anaphase-Promoting Complex/Cyclosome (APC/C)°P°2° in
prometaphase and metaphase, respectively (den Elzen and
Pines, 2001; Geley et al., 2001). In humans, cyclin D3 is poly-
ubiquitinated via Skp1/Cullin/F-box (SCF)™*® for degradation at
the G1-to-S phase transition (Yoshida et al., 2021). Additionally,
the APCC" and SCFC%* complexes work together to ubig-
uitinate and degrade cyclin Clb6 during the G1-to-S phase
transition in yeast, which suggests that multiple E3 ubiquitin
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ligases are coordinately involved in cyclin proteolysis during
cell-cycle progression (Jackson et al., 2006; Wu et al., 2016).

In plants, the E3 ligases are classified into four types,
Homologous to the E6-AP Carboxyl Terminus, Really Inter-
esting New Gene, U-box, and Cullin-RING Ligase (CRL).
However, the best-characterized plant E3s are the APC/C
and SCF complexes of the CRLs, which are involved in al-
most all aspects of plant development (Ban and Estelle,
2021). In the model plant Arabidopsis thaliana, APC/C sub-
unit 11 (APC11) ubiquitinates and promotes CYCB1;1 deg-
radation, which is required for the initiation of the first zygotic
division (Guo et al., 2016). CELL CYCLE SWITCH 52 (CCS52)
proteins are activators of APC/C, and a mutation in CCS52A1
enhances the stabilization of CYCA2;3-GFP (green fluo-
rescent protein), leading to decreased endoreduplication and
excessive cell divisions (Boudolf et al., 2009). ULTRAVIOLET-
B-INSENSITIVE 4 (UVI4) is a specific inhibitor of APC/
CCCS%2A1 and a mutation in UV/4 results in the premature exit
from the cell cycle and decreased numbers of meristematic
cortex cells in roots (Heyman et al., 2011, 2017; Xu et al.,
2016). CYCA3;4 is a target of APC/CCCS5242 and the lack of
stomatal phenotypes in CYCAS3;4-overexpression lines is
partially counteracted by the co-overexpression of CCS52A2,
indicating a role for APC/C®®S%2A2_mediated CYCAS3;4 regu-
lation in stomatal development (Willems et al., 2020).

Plant F-box proteins act as important components of the
SCF complex (Fang and Weissman, 2004). F-box proteins
interact with Skp1/ASK proteins through F-box domains
and with their substrates through C-terminal protein—protein
interaction domains (Hua and Vierstra, 2011). F-box proteins
having F-box domain deletions are able to interact with their
substrates, but are unable to mediate substrate degradation
(Yaron et al., 1998). In addition, untethering F-box proteins
from SCF complexes changes their stability (Yu et al., 2015).
In Arabidopsis, there are nearly 700 F-box proteins, but only a
small subset has been characterized in detail (Abd-Hamid
et al.,, 2020). The E3 ubiquitin ligase CONSTITUTIVE PHO-
TOMORPHOGENIC1 degrades the SCREAM/ICE1 tran-
scription factor in darkness, demonstrating the involvement
of ubiquitination pathways in the modulation of stomatal
development (Lee et al., 2017).

To further reveal the regulatory mechanisms involved in the
FLP-mediated terminal division of stomatal development, an
ethylmethane sulfonate-mutagenized flp-7 population was
used to discover novel components. In this study, we identi-
fied the mutant flp-7 xsO7c, which had a severe defective
stomatal phenotype compared with that of flp-1. XS01C enc-
odes F-BOX STRESS-INDUCED 4 (FBS4), which is preferen-
tially expressed in epidermal stomatal precursor cells. FBS4
interacted with Arabidopsis Skp1-Like1 (ASK1), the core
subunit of the SCF E3 ubiquitin ligase complex, via its F-box
domain. Furthermore, we demonstrated that FBS4 physically
interacted with CYCA2;3 and induced its degradation via the
ubiquitin-26S proteasome pathway. Thus, in addition to the
known FLP-mediated transcriptional regulatory pathway,
the terminal symmetric division of stomatal development is
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verified at the post-translational level through the FBS4-
mediated ubiquitination pathway.

RESULTS

A XS01C mutation aggravates the stomatal defects

of fip-1

In contrast to the normal 2-GC stomata found in wild-type
plants, approximately 30% of stomata in plants harboring the
weak allele flp-1 consist of four GCs in direct contact, forming a
4-GC stomatal cluster (Figure 1A, B). To identify novel compo-
nents that influence FLP-dependent stomatal terminal divisions,
we screened mutants from the ethylmethane sulfonate-
mutagenized M, populations of fip-1 by observing stomatal
phenotypes. flp-1 xsO1c was isolated because of its significantly
enhanced flp-1 stomatal phenotype. Unlike the formation of
4-GC stomatal clusters in fip-1, flp-1 xsO71c produces giant
tumor-like cell clusters having over-proliferative small and
narrow epidermal cells, and 73.9% of the clusters consist of

Journal of Integrative Plant Biology

To identify the fates of the over-proliferating cells in the fip-1
xs07c epidermis, stomatal lineage- and stage-specific reporters
were introduced into the fip-1 xs07c double mutant by crossing.
TOO MANY MOUTHS (TMM) is expressed throughout
stomatal lineages, but not in pavement cells and mature GCs
(Nadeau and Sack, 2002). Most of the dividing cells within fip-1
xs07c tumors exhibited TMM-GFP signals, confirming that the
tumor cells had stomatal lineage cell fates but most of them
failed to reach the mature GC stage (Figure 1D, E). FAMA:GFP
was strongly expressed in late GMCs and young GCs (YGCs),
but the level gradually decreased in mature GCs. Within the fip-
1 xsO1c tumors, most cells expressed FAMA:GFP, indicating
their GMC/YGC identity (Figure 1F, G). In the older cotyledons
of flp-1 xsO1c, continuous cell overproliferation resulted in the
enlargement of tumors (Figure 1G inset).

Similar to FAMA, FLP is specifically expressed in late
GMCs that are about to divide and in newly formed YGCs. In
the flp-1 xsO1c mutant, FLP:GUS was highly expressed in
tumor cells. The expression of FLP:GUS in the fip-1 xsO1c
tumors indicates that FLP and XS07C are not absolutely re-
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E L\;,\

S\

TMM:TMM-GFP
flp-1.xs01c

TMM: TMM-GFP
flp-1 xs01¢c Col

,H 2 [ K F15J1 F8D20 F4B14 T19K4
(N 7 1 1 3 1
s X S TR | T
SN R o T
® e 7 { & fbs4-2 At4g35930 e
Ny = e U e ATG TGA
s N
& ~ AT e
FERP:GUS) |\ FLP:GUS
flp-1 xs01c ag (991) aa (xs01c/fbs4-1)
L O g120
g B 28 cell
28 cells
© 80
g @ 5-7 cells
% 40 4 cells
ke 0 2 cells
FBS4:GFP-gFBS4 ® 0
-GFP-g 1 T o T T T |
fip-1 fbsd-2 flp-1 fos4{1420 < Q"\ 50\ Q° K W 9"‘%’1’0
W F £ F & O
N NI
\ N OQQ '\‘(0
\

Figure 1. XS071C encodes the FBS4 protein that represses excessive stomatal division in the Arabidopsis flp-1 mutant

(A) Normal 2-GC stomata in Col (wild type). Cell outlines were counterstained with propidium iodide but are presented in purple. (B) The white arrow
indicates a 4-GC stomatal cluster in flp-1. (C) White brackets indicate the formation of large cell tumors in flp-1 xsO7c. (D) Expression of the stomatal
lineage marker TMM:TMM-GFP in a 6 d after plating (DAP) Col cotyledon. (E) Expression of TMM:TMM-GFP in the tumor cells of a 6-DAP flp-1 xsO1c
cotyledon. (F) FAMA:GFP expressed in GMCs and YGCs of an 8-DAP Col cotyledon. (G) Expression of FAMA:GFP in the tumor cells of an 8-DAP flp-1
xs017c cotyledon. Inset, FAMA:GFP expression in an enlarged tumor of a 13-DAP flp-1 xs07c cotyledon. (H) FLP:GUS expressed in GMCs and YGCs of a
6-DAP Col cotyledon. (I) FLP:GUS expression in the tumors of a 6-DAP flp-1 xs07c cotyledon. (J) No stomatal defect was found in the xs07c single mutant.
(K) Map-based isolation and gene structure of the XS01C/FBS4 gene. Boxes represent exons. The mutation site in xsO7c is indicated by a red arrow, AG
(991) changes to AA, which induces a splicing defect. A T-DNA insertion line, fbs4-2, is indicated by a triangle. (L) Normal stomata of the fbs4-2 single
mutant. (M) White brackets indicate the formation of giant cell tumors in the flp-1 fbs4-2 double mutant. (N) Transformation with FBS4:GFP-gFBS4
complements the over-dividing stomatal defects of flp-1 fbs4-1; transgenic line #20 is shown (see also Figure S4). An arrow indicates a flp-1-like 4-GC
stomatal clusters. (O) Quantitative analysis of the cluster size from 8-DAP cotyledons. Data represent the means + SDs (three individual experiments,
n =25). Scale bars, 20 pm. GC, guard cell; GMC, guard mother cell; YGC, young guard cell.
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To obtain a single mutant, we crossed flp-1 xsO07c with the
wild type. The xsO7c single mutant showed a normal stomatal
phenotype, indicating that the formation of tumor-like cell
clusters induced by the xsO7c mutation is dependent on the
flo-1 mutant background (Figure 1J). SPCH:SPCH-GFP ex-
pression is transiently and specifically limited to stomatal
lineage cells during the early stages of stomatal development
(MacAlister et al., 2007). In the flp-1 xs01c epidermis, SPCH:
SPCH-GFP expression was indistinguishable from that in
wild-type plants, but it was absent in the stacked cells of
tumors (Figure S1A, B). MUTE:MUTE-GFP is expressed in
late Ms and early GMCs (Pillitteri et al., 2007). Interestingly,
MUTE:MUTE-GFP expression was also present in some cells
within the flp-1 xsO71c tumors, indicating that these cells
possess at least a GMC identity (Figure S1C, D). Occasion-
ally, a few cells within a tumor eventually reached the mature
GC stage, as assessed by the expression of the mature GC
marker E1728 (Figure S1E, F).

XS01C encodes FBS4 protein

To clone the XS01C gene, fip-1 xsO1c was crossed with Ler
to generate a mapping population. Using a map-based
cloning approach, we identified the mutation site of the
XS01C gene in the approximately 17-kb interval between
molecular markers F8D20 and T19K4 on chromosome IV
(Figure 1K). After sequencing putative genes within this re-
gion of the fip-1 xs01c mutant, we found a G-to-A substitution

flp-1 (
fhs 1-2CRISPR
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at the splice donor site of the second intron of FBS4
(At4g35930). Consequently, we renamed the homozygous
mutant xsO7c as fbs4-1. The mutation at the splicing site in
fbs4-1 produces two abnormal splicing variants that cause
frameshift mutations, which probably lead to dysfunctional
FBS4 proteins, although the tested transcription level in fbs4-
1 was higher than in wild type (Figure S2).

A homozygous mutant of SALK_032720C harboring a
T-DNA insertion in the first exon of FBS4 was named as fbs4-2
(Figure 1K). As with fbs4-1, fbs4-2 had a normal stomatal phe-
notype (Figure 1L). No significant changes in stomatal density or
the stomatal index were found in fbs4-1 and fbs4-2 single mu-
tants. However, we cannot exclude a possible role for FBS4 in
asymmetric divisions, similar to its flp-dependent role in sym-
metric division, that might be masked by other stomatal factors
(Figure S3). The fip-1 fbs4-2 double mutant displayed a stomatal
defect similar to that of flp-1 fbs4-1 (Figure 1M, O).

Furthermore, the introduction of genomic FBS4 fused with
GFP driven by the FBS4 native promoter, FBS4:GFP-gFBS4,
suppressed the formation of giant tumor-like cell clusters in
flo-1 fbs4-1. For example, in a transgenic line #20, approx-
imately 20% of stomata were in 4-GC clusters, and this re-
sembled the stomatal phenotype of the fip-1 single mutant
(Figure 1N, O). Similar effects of the FBS4:GFP-gFBS4
transgene on stomatal phenotype were observed in lines
#25 and #60 (Figure S4A, B). Additionally, in FBS4:GFP-
gFBS4 transgenic line #41, which had a higher transgene

Nivs2-1fbs3-1 ..
Yoss-2 - —

Figure 2. FBS4 is specifically required to suppress excessive divisions in the fip-1 mutant

(A, B) No stomata occurred on spch-4 and spch-4 fbs4-1 epidermal tissues. (C, D) Arrested meristemoids in mute and mute fbs4-1 are highlighted in
purple. (E, F) Enlarged cell tumors in the fama-1 fbs4-2 double mutant in comparison with the fama-1 single mutant. The cell tumors are highlighted in blue
and brackets indicate the size. (G, H) In contrast to the normal stomata of myb88, flp-1-like stomatal clusters are occasionally found in the myb88 fbs4-1
double mutant, as indicated by the white arrow. (I-L) The normal stomatal phenotypes of 8 d after plating (DAP) cotyledons from fbs7-2CF/SPR fbs2-1, and
fbs3-1 single mutants, and the fbs2-1 fbs3-1 fbs4-1 triple mutant. (M—P) Stomatal clusters of flp-1 fbs1-2C71SPR fip_1 fbs2-1, and fip-1 fbs3-1 are
indistinguishable from those of the flp-7 single mutant. The white arrows indicate 4-GC stomatal clusters. GCs are highlighted in blue. Differential
interference contrast microscopy images are of 8-DAP cotyledons. Scale bars, 20 um. GC, guard cell.
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expression level compared with the other lines, all the sto-
matal units were 2-GCs, suggesting that FBS4 overexpression
not only complements fip-7 fbs4-1 tumor-like defects but also
fully rescues fip-1 stomatal defects (Figure S4C-E). In addi-
tion, both flp-1 fbs4-1 and flp-1 fbs4-2 double mutants ex-
hibited dwarfed seedlings, delayed flowering time, and poor
fertility, which were rescued by the transformation of genomic
FBS4, suggesting that FBS4 functions outside stomatal de-
velopment (Figure S5).

The mutation of FBS4 did not alter the stomatal pheno-
types of spch-4 and mute mutants, but it did enhance the
tumor sizes in fama-1 (Figure 2A-F). Although no stomatal
defects were present in myb88 and fbs4-1 single mutants,
myb88 fbs4-1 occasionally displayed fip-1-like 4-GC stomatal
clusters, in agreement with the functional redundancy of FLP
and MYBS88 in GMC division (Figure 2G, H). We failed to
obtain a flp-1 myb88 fbs4-1 triple mutant, possibly because
of the severe stomatal and plant growth defects. Thus, FBS4
functions as a stage-specific repressor of excessive divisions
at the terminal stage of stomatal development that are
caused by a mutation of either FLP/MYB88 or FAMA.

Evolutionary analysis of FBS proteins in plants

FBS4 contains four exons and encodes a 321-amino acid
protein that is a member of the F-box protein family. Except for
the F-box motif in the middle region of FBS4, no other recog-
nizable domains were predicated by SWISS-MODEL. FBS4 has
three paralogs in Arabidopsis that belong to the FBS subfamily
of F-box proteins. FBS4 shares 15.26%, 16.82%, and 12.15%
identity levels with FBS1, FBS2, and FBS3, respectively, and
the F-box domain of FBS4 is well conserved, sharing 54.35%,
45.65%, and 41.30% identity levels, respectively. Proline85
(P85) within the F-box domain of FBS1 is a key residue for the
interaction between FBS1 and the Arabidopsis Skp1-Like1
(ASK1) subunit of the SCF complex (Sepulveda-Garcia and
Rocha-Sosa, 2012). A protein sequence alignment suggested
that Proline166 (P166) of the FBS4 protein is a conserved res-
idue possibly required for its interactions with ASKs of the SCF
complex (Figure S6).

To characterize the possible roles of other FBS subfamily
members in stomatal development, we examined the stomatal
phenotypes in fbs1-2°7SPR (a mutant obtained using clustered
regularly interspaced palindromic repeats (CRISPR)/CRISPR-
associated protein 9 (Cas9) technology), fbs2-1 (SAIL_1187_
G06), and fbs3-1 (SALK_030006) (Figures 2I-K, S7). However,
no stomatal defects were found in these single mutants, nor in
the triple mutant fbs2-1 fbs3-1 fbs4-1 (Figure 2L). Then, we
crossed single mutants into the flp-7 mutant background.
Unlike flpo-7 fbs4-1, neither flp-1 fbs1-2°FSPR fip-1 fbs2-1, nor
flp-1 fbs3-1 displayed cell tumors or an enhanced stomatal
clustering phenotype, suggesting that FBS4 is specifically re-
quired to suppress excessive cell divisions in the flp-7 mutant
(Figure 2M-P).

The phylogenetic tree analysis indicated that in early land
plants the appearance of FBS family homologs coincided
with the appearance of stomata. For example, the unicellular
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green algae Coccomyxa subellipsoidea and Chlamydo-
monas reinhardtii have no FBS homologous genes in their
genomes (Figure S8). However, moss and hornworst, the
most ancient extant lineages to possess stomata, have
putative FBS homologs (Chater et al., 2016, 2017). For ex-
ample, four homologs are found in the model bryophyte
Physcomitrella patens. Multiple homologs might exist in
higher plants, such as the dicot plants Glycine max (8),
Solanum lycopersicum (4), and Medicago truncatula (3), and
the monocot plants Zea mays (8), Sorghum bicolor (2), Oryza
sativa (2), and Brachypodium distachyon (3). All these pro-
teins contain a typical F-box domain, which is a conserved
sequence of approximately 50 amino acids (Maldonado-
Calderon et al., 2012). The seagrass Zostera marina is a
basal monocot that has re-adapted to a marine lifestyle, in
which the absence of all the genes involved in stomatal
differentiation has led to the loss of stomata (Olsen et al.,
2016). However, Z. marina possesses three FBSs, sug-
gesting that FBS proteins may have functions outside of
stomatal development.

FBS4 plays a conserved function in stress responses

FBSs play roles in the general responses of plants to biotic
and abiotic stresses (Maldonado-Calderon et al., 2012).
However, whether FBS4, like the other FBS family members,
is involved in stress responses remains unknown. In contrast
to the hypersensitivity to salt stress displayed by fbs2-1 and
fbs3-1, fbs4-1 displayed a sensitivity to salt similar to that
of the wild type (Figure S9). FLP is a pleiotropic MYB tran-
scription factor that is also involved in abiotic stress re-
sponses (Xie et al., 2010a). Compared with the wild type, the
flo-1 mutant displayed a hypersensitive response to a salt
treatment, resulting a significantly reduced survival rate. In-
triguingly, the flp-1 fbs4-1 double mutant was more sensitive
to salt stress than flp-7, which suggests that the function of
FBS4 is closely linked to that of FLP outside of stomatal
development (Figure S10A-I).

Jasmonates (JAs) are important phytohormones which
mediate plant responses to abiotic and biotic stresses, in-
cluding salt stress (Kazan, 2015). FBS1 appears to be re-
quired for the modulation of JA-responsive genes (Gonzalez
et al., 2017), and JAZ10, VSP2, and PDF1.2 are immediate
early, medium, and late JA-responsive genes, respectively
(Lorenzo et al., 2004; Fernandez-Calvo et al., 2011). We an-
alyzed changes in the transcriptional levels of these three
genes at different time points after a 50 -umol/L MeJA
treatment. The JA-induced upregulation of JAZ710 was
greater in the fbs4-1 mutant. However, the MeJA treatment
did not induce VSP2 expression in the fbs4-1 mutant, and no
significant change in PDF1.2 expression was found between
the wild type and fbs4-1 (Figure S10J). The different, or even
opposite, behaviors of JA-responsive genes may be asso-
ciated with their distinct roles in different stress responses
(Lorenzo et al., 2004; Fernandez-Calvo et al., 2011). Thus, it is
very possible that FBS4 is involved in multiple JA-mediated
stress responses.
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FBS4 is expressed in stomatal precursor cells

The Arabidopsis eFP browser website database (http://bar.
utoronto.ca/) indicated that FBS4 is strongly expressed in
stomatal lineage cells (Figure S11). Thus, we generated the
FBS4 native promoter-driven g-glucuronidase (GUS) reporter
line FBS4:GUS to examine the FBS4 expression pattern in
Arabidopsis. In 5 d after plating (DAP) seedlings, FBS4:GUS
was mainly expressed in veins and stomatal lineage cells in
the epidermal tissues of cotyledons and leaves (Figure S12A-
C), as well as in hypocotyls (Figure S12F). FBS4:GUS was
also expressed in lateral root primordia and root tips
(Figure S12D, E). However, in older 25-DAP seedlings, FBS4:
GUS expression was not found in rosette leaves
(Figure S12G). FBS4:GUS expression was also found in in-
florescences and developing siliques but not in mature cap-
sules (Figure S12H, |).

To further characterize the FBS4 expression pattern within
stomatal lineage cells, we compared the expression of FBS4:
GUS with those of three stomatal stage-specific GUS reporters,
FLP:GUS-GFP, CDKB1;1:GUS, and CYCA2;3:GUS-GFP. The
expression of FBS4:GUS overlapped with those of the three
reporter constructs in GMCs and YGCs. However, the FBS4-
associated GUS activity was also detected in Ms at the early
stage of stomatal development (Figure 3A, B). Furthermore, we
analyzed the complementary transgenic line FBS4:GFP-gFBS4.
However, the epidermal GFP florescent signals in all the tested
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transgenic plants were faint (Figure 3C). Consequently, we
boosted the brightness of images taken from the green channel
(Figure 3D). As shown in Figure 3E, GFP-gFBS4 was prefer-
entially expressed in stomatal lineage cells from Ms and from
GMCs to YGCs, but not in GCs (Figure 3E). In addition, the
diffuse distribution of GFP-gFBS4 in stomatal precursor cells
indicated that the FBS4 protein localized in both nuclei and
cytoplasm (Figure S13).

Interactions with ASK via F-box domain affect FBS4's
protein abundance

FBS4 is a protein containing a typical conserved F-box do-
main. Consequently, we determined whether this F-box do-
main was required for the interactions between FBS4 and the
components of the SCF E3 ubiquitin ligase complex. Yeast
two-hybrid assays showed that full-length FBS4 was able to
interact with ASK1, a core component of the SCF complex
(Cardozo and Pagano, 2004). However, a mutated FBS44FPoX,
in which the F-box domain was deleted, failed to interact
with ASK1. Additionally, FBS4*N and FBS4°, which lacked
the N-terminus and C-terminus, respectively, but had intact
F-box domains, maintained their interactions with ASK1. Fur-
thermore, we substituted the Proline166 (P166) residue within
the F-box domain of FBS4 with an alanine (P166A). FBS4716A
displayed a reduced ability to interact with ASK1, which
supported P166 being a functionally conserved residue in the
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Figure 3. FBS4 is specifically expressed within stomatal lineage cells in the epidermis

(A) Expression of FBS4:GUS in a developing 5 d after plating (DAP) cotyledon. (B) FBS4:GUS was strongly expressed in Ms, GMCs and YGCs, and its
expression partially overlapped the expression of FLP:GUS-GFP, CDKB1;1:GUS, and CYCA2;3:GUS in GMCs and YGCs. (C) FBS4:GFP-gFBS4 fluo-
rescence was very weak in the epidermis. (D) GFP-gFBS4 signals were boosted by adjusting image brightness. (E) Enlarged images of GFP-gFBS4 in
stomatal lineage cells. FBS4 was localized in the nucleic and cytoplasm of Ms, GMCs, and YGCs but not of GCs. Scale bars, 20 um. GC, guard cell; GMC,

guard mother cell; M, meristemoid; YGC, young guard cell.
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interactions between FBSs and ASKs (Sepulveda-Garcia and
Rocha-Sosa, 2012) (Figure 4A). The interaction between FBS4
and ASK1 was verified using a luciferase complementation
imaging (LCI) assay. However, the mutant FBS4F°° fajled to
interact with ASK1, confirming that the F-box domain is es-
sential for the FBS4-ASK1 interaction (Figure S14B).

The application of MG132, an inhibitor that represses the
activity of the 26S proteasome, enhanced the fluorescence
signal of FBS4:GFP-gFBS4 (Figure 4B, C). To determine

Journal of Integrative Plant Biology

associated with its autocatalytic degradation, we separately
introduced constructs carrying independent mutations of
FBS42F2% and FBS4775%4 fused with GFP into Arabidopsis.
Three transgenic lines harboring similar transcription levels
of transgenes were confirmed by reverse-transcription
quantitative polymerase chain reaction (RT-gPCR) analysis
(Figure S15). Using the same imaging settings, we found that
the GFP signal in FBS4:GFP-FBS4“F"°% was much stronger
than that in FBS4:GFP-gFBS4. The intensity of the GFP

whether the assembly of FBS4 into the SCF complex was  signal in FBS4:GFP-FBS471%%* was weaker than that in
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Figure 4. The F-box domain is essential for FBS4 function and the interaction with ASK1

(A) Yeast two-hybrid assays. The left diagram indicates the constructs used in the assay. The F-box domain is highlighted in purple. The red arrow indicates
the position of the P166 residue. Transformants grown on the control media lacking His, Trp, and Ura (SD/-His/-Trp/-Ura, -3) and selective media lacking
His, Leu, Trp, and Ura (SD/Gal/Raf/-His/-Leu/-Trp/-Ura, -4) at different dilutions (10x, 100x, and 1000x). Blue cones indicate positive interactions. The
negative control is present in Figure S14A. (B, C) Green fluorescent protein (GFP) signals in 5 d after plating (DAP) FBS4:GFP-gFBS4 epidermal tissues
were barely detectable but enhanced after an 8-h MG132 (80 pmol/L) treatment. The panels underneath are enlarged images of Ms and GMCs. (D, E) By
contrast, stronger GFP signals were present in precursor cells of GFP-FBS4“F*°* (F-box deletion variant) and GFP-FBS477%4 (P166A substitution variant)
transgenic plants. (F) FBS4 and variants fused with a MYC tag were transiently expressed in tobacco leaves and detected using western blotting. An
MG132 treatment stabilized the FBS4 protein. Both FBS44F29% gnd FBS47166A displayed higher protein abundances compared with wild-type FBS4. Red
numbers indicate relative ratios of protein levels relative to the wild-type FBS4 dimethyl sulfoxide mock after semi-quantification. Actin served as the
loading control. (G) Overexpression of FBS4 in FBS4:gFBS4 line #4 rescued the stomatal cluster phenotype of flp-1. (H, I) Overexpression of FBS4 variants
of the F-box deletion in FBS4:MYC-FBS42F°% line #3 or P166A substitution in FBS4:MYC-FBS4” %% |ine #7 aggravated the stomatal clustering phenotype
of flp-1. (J) Overexpression levels of FBS4 and variants were identified by RT-gPCR. Data are means + SDs (n = 12). (K) Quantitative analysis of the cluster
size from cotyledons of 8-DAP transgenic lines. Data represent the means + SDs (n = 25). Scale bars, 20 pym. GMC, guard mother cell; RT-qPCR, reverse-
transcription quantitative polymerase chain reaction.
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FBS4:GFP-FBS44F°°% but slightly greater than that in FBS4:
GFP-gFBS4 (Figure 4B-E).

We failed to detect FBS4 proteins using a western blotting
analysis in both GFP-gFBS4 and MYC-FBS4 transgenic
plants, perhaps owing to the low abundance or short lifetime
of the FBS4 protein in Arabidopsis. Next, we performed bi-
ochemical assays by transiently expressing Arabidopsis
FBS4 and its variants in Nicotiana benthomiana leaves
(Figure 4F). Consistent with the observations in Arabidopsis,
the application of MG132 increased the amount of FBS4
protein in tobacco leaves (relative ratio 1:1.46), indicating that
the transiently expressed Arabidopsis FBS4 protein was de-
graded by tobacco 26S proteasomes. The amount of mu-
tated MYC-FBS42FP°* protein was approximately three
times that of MYC-FBS4 (relative ratio 1:3.15). The mutation
of P166A also caused an increase in the MYC-FBS4P1%5A
protein level compared with MYC-FBS4 (relative ratio 1:1.39).
Consequently, we hypothesized that the deletion of the F-box
domain or a point-mutation in P166A may disrupt the inter-
actions between FBS4 and ASK1. The reduced assembly of
F-box proteins into the SCF complex consequently de-
creases F-box degradation (Galan and Peter, 1999; Yu et al,,
2015). Thus, the interaction of FBS4 with ASK1 via the F-box
domain affects FBS4 protein abundance.

The F-box domain is critical for the FBS4-mediated
repression of excessive cell division

Overexpressing FBS4 not only complemented the tumor-like
phenotype of flp-1 fbs4-1 but also rescued the 4-GC stomatal
cluster defect caused by flp-1 (Figure S4C—E). This result
suggests that FBS4 may function downstream of FLP. We
further verified the impact of FBS4 overexpression on the fip-1
single mutant. As shown in Figure 4G, only 2-GC stomata were
found in FBS4:gFBS4 fip-1 transgenic line #4 (Figure 4G, K).
However, in FBS4:gFBS4 flp-1 line #17, in which the FBS4
transcript level is lower than in line #4, the effect of FBS4 on
4-GC stomatal cluster formation was limited (Figure S16).
In contrast, overexpressing either FBS4:MYC-FBS44F2°% or
FBS4:MYC-FBS4"'%%4 in fip-1 aggravated the stomatal clus-
tering defect of the flp-1 mutant, resulting in the production of
larger clusters (Figure 4H-K). Thus, FBS44F°°* and FBS4P166A
may compete with the endogenous FBS4 protein to interact
with FBS4 substrates, but they are unable to mediate sub-
strate degradation, leading to substrate accumulation (Yaron
et al., 1998).

FBS4 genetically interacts with CYCA2-CDKB1 in
stomatal terminal divisions

CYCA2;3 and CDKB1;1 are transcriptional targets of FLP/
MYB88 during the terminal stage of stomatal development.
We investigated whether CYCA2;3 and CDKB1;1 are the tar-
geted substrates of FBS4-mediated post-translational regu-
lation downstream of FLP. Because of the redundancy among
CYCA2 family members, the undivided GCs (SGCs) that were
presented in higher order cyca2 mutants were rarely found in
the cyca2 single mutant. No obvious stomatal defects were
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found in cyca2;3 and cyca2;3 fbs4-1. However, the proportion
of stomatal clusters was significantly reduced to 11.3% in the
cycaz;3 flp-1 double mutant in comparison with approximately
30% in the flp-1 single mutant (Figure 5A-C, J). To further
investigate the genetic relationships among CYCA2;3, FLP,
and FBS4, we generated a cyca2;3°™ Ffp-1 fbs4-1 triple
mutant using CRISPR/Cas9 technology (Figure S17). Com-
pared with the giant tumors in flp-1 fbs4-1, the additional
mutation of CYCAZ2;3 led to reductions in the excessive cell
proliferation of fip-1 fbs4-1, indicating that CYCA2;3 functions
downstream of FLP and FBS4 (Figure 5D, E, J).

The stomatal defect of cdkb1;71 1,2 fip-1 resembled that of
cdkb1;1 1;2 (Figure 5F, G). For example, 29.3% of stomata in
cdkb1;1 1;2 and 36.1% of stomata in cdkb1;1 1;2 flp-1 were
SGCs (Figure 5K). Surprisingly, no tumors or stomatal clus-
ters were found in cdkb1;1 1;2 flp-1 fbs4-1, indicating that
CDKB1 activities are required for the excessive divisions that
occur in flp-1 fbs4-1. The loss of FBS4 function significantly
reduced the SGC proportion of the total stomata, resulting in
13.5% of SGCs in the cdkb1;1 1;2 fbs4-1 triple mutant and
13.2% of SGCs in the cdkb1;1 1,2 fip-1 fbs4-1 mutant, which
indicated that the mutation of FBS4 reduced the proportion
of SGCs in cdkb1;1 1,2 (Figure 5H, |, K). We previously re-
ported that the formation of SGCs in a CDKB1;1 dominant
negative line, 35:CDKB1;1.N161, is rescued by CYCA2;3.
CYCA2;3 overexpression results in a highly upregulated
CDKA;1 transcription level, and its kinase activity may parti-
ally replace the CDKB1 function (Yang et al., 2014). It is
plausible that, as a consequence of the increased CYCA2;3
level in fbs4 mutants, the elevated CDKA;1 level is able to
complement the GMC-division defects in the cdkb1;1 1,2
mutant.

FBS4's function in stomatal division is independent
Of APC/CCC552A1

CCS52A1, as an activator of APC/C ubiquitin ligase, regulates
the degradation of CYCA2;3 to control the endocycle onset.
The stability of CYCA2;3-GFP is enhanced in ccs52a7-1 mu-
tant roots, indicating that CYCA2;3 is a CCS52A1 substrate
(Boudolf et al., 2009). However, no stomatal division defect
was found in the ccsb2a7-1 mutant. The stomatal clusters in
ccs52ai-1 flp-1 and flp-1 were not discernable, suggesting
that CCS52A1, unlike FBS4, may not be required for stomatal
terminal division (Figure 5L). UVI4 is a specific inhibitor of APC/
CCCS%2A1 and CYCA2;3 fails to accumulate in the uvi4 mutant
(Heyman et al., 2011). Consistently, the mutation of UVI4 had
no influence on the defective divisions in flp-1 and fip-1 fbs4-1
(Figure 5M). Thus, the APC/CC®S52A1 complex may not par-
ticipate in stomatal development. However, SCFT®5* plays an
important role in repressing excessive divisions at the terminal
stage of stomatal development.

FBS4 is physically associated with the CYCA2;3
protein

To determine whether FBS4 associates with the
CDKB1;1-CYCA2;3 complex and regulates its stability, we first
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Figure 5. FBS4 functions in stomatal terminal division through CYCA2-CDKB1

(A-C) Mutation in cyca2;3 partially suppressed stomatal clusters in flp-7 but had no impact on fbs4-1. (D, E) Loss of the CYCAZ2;3 function in cyca2;.

3CRISPR

significantly reduced the stomatal cluster size of flp-1 fbs4-1. Quantitative analysis of cell numbers in stomatal units of (A-E), see panel (J). (F, G) The
mutation of flp-7 did not change the SGC proportion in cdkb1;1 1,;2. cdkb1;1 1,2 fully suppressed the stomatal cluster formation caused by flp-7. (H) fos4-1
reduced the proportion of SGCs in cdkb1;1 1;2. (l) flp-1 fsb4-1 partially suppressed the formation of SGCs in cdkb1;1 1,2, whereas cdkb1;1 1,2 fully
suppressed the stomatal cluster formation caused by flp-1 fbs4-1. Quantitative analysis of stomatal units of (F-I), see panel (K). SGCs are highlighted in
red. GCs and stomatal clusters are highlighted in blue. (L) Stomata are normal in ccs52a7-1 mutants. The mutation of ccs52a7-1 had no impact on the flp-1
stomatal clustering phenotype. (M) The uvi4 mutant had normal stomata. The mutation of uvi4 had no impact on the excessive divisions in flp-1 and fip-1
fbs4-1. (J-M) Quantitative analysis of stomatal phenotypes from 8 d after plating (DAP) cotyledons. Data represent the means + SDs (n = 25). Asterisks

indicate significant differences (Student's t-test, **P < 0.01). Scale bars in (A-l), 20 ym. GC, guard cell; SGC, single guard cell.

performed yeast two-hybrid assays. However, no interactions
were found between full-length FBS4 and either CYCA2;3,
CDKB1;1 or the dominant negative form CDKB1;1.N161.
Surprisingly, the F-box deletion variant FBS427° interacted
with CYCAZ2;3 but not with CDKB1;1 or CDKB1;1.N161 (Figure
6A). We then performed a co-immunoprecipitation analysis to
confirm these results. MYC-FBS427°°% was co-expressed with
CYCA2;3-GFP or negative control GFP alone in Nicotiana
benthamiana leaves. Total proteins were isolated and in-
cubated with GFP agarose beads to immunoprecipitate
CYCA2;3-GFP and GFP proteins. As shown in Figure 6B,
MYC-FBS44FP%% was detected with precipitated CYCA2;3-
GFP but not with GFP alone (Figure 6B). Furthermore, we
performed bimolecular fluorescence complementation ex-
periments. Strong yellow fluorescent protein (YFP) signals
were observed in epidermal cells of Nicotiana benthamiana
leaves co-transformed with nYFP-FBS4%F%* and cYFP-
CYCA2;3, confirming a physical interaction between FBS4 and
CYCA2;3 (Figure 6C).

56-72

64  January 2022 | Volume 64 | Issue 1

FBS4 promotes CYCA2;3 degradation via the
ubiquitination-26S proteasome pathway

Although the transcription of CYCA2;3 was upregulated in
flp-1, both fbs4-1 and flp-1 fbs4-1 displayed CYCA2;3 tran-
script levels similar to that of the wild type (Figure 6D). To
determine whether CYCA2;3 is regulated by FBS4 at the
protein level, we first investigated the CYCA2;3-GFP protein
using seedlings expressing the XVE:CYCAZ2;3-GFP fusion
protein (Imai et al., 2006; Boudolf et al., 2009). Although
dramatically increased GFP signals were present in roots
after the MG132 treatment, no detectable GFP expression
was observed in the leaf epidermis (Figure S18). Therefore,
we infiltrated CYCA2;3-GFP into Nicotiana benthamiana
leaves and detected the CYCA2;3-GFP protein by western
blotting. The MG132 treatment increased the accumulation
of CYCA2;3-GFP, indicating that the transiently expressed
Arabidopsis CYCAZ2;3-GFP protein was degraded by tobacco
26S proteasomes (Figure 6E). To verify the effects of FBS4 on
the CYCA2;3 protein, we co-expressed CYCA2;3-GFP with
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Figure 6. FBS4 targets the CYCAZ2;3 protein for degradation

(A) FBS44F*% interacted with CYCAZ2;3 in a yeast two-hybrid assay. Transformants grown on the control media (SD/-His/-Trp/-Ura, -3) and selective media
(SD/Gal/Raf/-His/-Leu/-Trp/-Ura, -4). Blue indicates positive interactions. (B) FBS427P°% associated with CYCAZ2;3 in a co-immunoprecipitation assay. (C)
The bimolecular fluorescence complementation assay demonstrated an interaction between FBS44F°°* and CYCA2;3. Green, yellow fluorescent protein
(YFP) signals indicated a positive interaction. BF, bright-field image. (D) RT-qPCR analysis of CYCA2;3 transcription in 10 d after plating (DAP) seedlings.
Asterisks indicate significant differences compared with Col wild type (Student's t-test, **P < 0.01). Data are means + SDs of three biological replicates (n =
12). (E) MG132 stabilized transiently expressed Arabidopsis CYCAZ2;3-GFP (green fluorescent protein) in Nicotiana benthamiana leaves. Coomassie Brilliant
Blue (CCB) staining; rubisco served as the loading control. (F-H) Transient co-expression with MYB-FBS4 reduced the CYCA2;3-GFP intensity. GFP
fluorescence in the epidermis was detected 3 d after infiltration. The numbers in the lower left corners indicate the GFP intensities relative to CYCA2;3 co-
expressed with MYC (see also Figure S19). (I) The FBS4-promoted degradation of CYCA2;3-GFP was inhibited by MG132. (J) Analysis of CYCA2;3
ubiquitination in protein extracts prepared from GST-CYCA2;3-transformed Col and fbs4-1 seedlings. Brackets indicate uibiquitinated CYCA2;3 proteins.
Asterisks indicate GST-CYCAZ2;3 proteins. (K-P) Confocal images of induced XVE:CYCAZ2;3-GFP in Col and fbs4-1 mutant roots. Five DAP seedlings were
induced with 50 umol/L B-estradiol for 16 h before imaging. L, M, O, and P, enlarged images of the regions denoted in K and N. Numbers next to the white
boxes represent the fluorescence intensities in the measured areas (see also Figure S20). Scale bars, 20 pm (C, F-H) and 50 pm (K-P). RT-qPCR, reverse-
transcription quantitative polymerase chain reaction.
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MYC, MYC-FBS4 and MYC-FBS4“F°* independently in
Nicotiana benthamiana leaves. The intensity of CYCA2;3-GFP
signals were noticeably reduced in leaves co-expressing
MYC-FBS4 relative to those co-expressing MYC and MYC-
FBS44FP%% (Figure 6F-H). A quantitative analysis of the rel-
ative GFP intensity in nuclei revealed that the CYCA2;3-GFP
intensity was reduced by approximately 50% when co-
expressed with MYC-FBS4, compared with the MYC control.
By contrast, co-expressing CYCA2;3-GFP with FBS44FPox
had no impact on the CYCA2;3-GFP intensity (Figure S19).
Furthermore, the application of MG132 greatly inhibited
FBS4-induced CYCA2;3-GFP degradation (Figure 6l).

To determine whether FBS4 mediated the ubiquitination of
CYCAZ2;3 in vivo, we investigated the GST-CYCA2;3 ubiquiti-
nation status in wild-type and fbs4-1 protein extracts. The
GST-CYCA2;3 was polyubiquitinated in the wild-type protein
extracts but was less ubiquitinated in the fbs4-71 extracts
(Figure 6J). The ubiquitination of CYCA2;3 in fbs4-1 mutant did
not absolutely disappear. This may be because other E3 Ii-
gases ubiquitinated the CYCA2;3 protein. Thus, FBS4 can
mediate CYCAZ2;3 ubiquitination. Interestingly, the intensity of
the nuclear localized CYCA2;3-GFP signals in fbs4-1 roots,
especially in columella and elongation-zone cells, was stronger
than in the wild-type background, indicating that a similar
FBS4 regulatory effect on CYCAZ2;3 stability might exist during
root development (Figures 6K-P, S20). In conclusion, our re-
sults demonstrate that FBS4 degrades the CYCA2;3 protein
through ubiquitin-proteasome pathways.

DISCUSSION

E3 ubiquitin ligase-mediated protein degradation plays im-
portant roles in many processes, such as auxin signaling,
organ development, and stress responses (Wang et al.,
2016; Zhu et al, 2017). CONSTITUTIVE PHOTO-
MORPHOGENICH1, a ring finger ligase, mediates stomatal
development by targeting SCREAM/ICE1 proteins for deg-
radation (Lee et al., 2017). FBL17 forms an SCF protein—E3
ubiquitin ligase complex (SCFFB-'7) that targets the cyclin-
dependent kinase inhibitors KRP6 and KRP7 for proteasome-
dependent degradation (Kim et al., 2008). The invalidation of
F-box protein FBL17 induces an increase in stomatal density
(Noir et al., 2015). However, F-box proteins and ubiquitin li-
gase complex-mediated protein modifications involved in
regulating the late stage of stomatal development have not
been fully studied. Here, we identified and characterized the
functional role of the F-box protein FBS4 in repressing ex-
cessive terminal divisions during stomatal development.
FBS4 physically interacted with CYCA2;3 and induced its
degradation via the ubiquitin-26S proteasome pathway.
Malfunctions in SCFT®%* complex-mediated CYCA2;3 deg-
radation in the flp-1 mutant CYCA2;3 induced cell over-
proliferation during the terminal division, resulting in the for-
mation of giant tumor-like cell clusters in the epidermis
(Figure 7).
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FBS4 belongs to the four-member FBS subfamily in Ara-
bidopsis. FBS1 is rapidly induced by biotic and abiotic
stresses, and FBS1 regulates multiple genes that respond to
the plant stress hormones JA and abscisic acid (Gonzalez
et al., 2017). Here, we demonstrated that FBS4 has a con-
served function in the regulation of JA-responsive genes.
However, unlike other FBS subfamily member mutants, the
fbs4 mutant displayed a flp-7 background hypersensitivity to
salt stress, suggesting that the function of FBS4 in stress
responses is closely associated with that of FLP.

The F-box domain is important for FBS1 interactions with
ASK1. A mutation of Proline85 (P85A) suppresses the FBS1
interaction with ASK1 (Maldonado-Calderon et al.,
2012; Sepulveda-Garcia and Rocha-Sosa, 2012). Proline166
within the FBS4 F-box domain plays a conserved function in
the interaction of FBS4 with ASK1. Deleting the intact F-box
domain or substituting the key residue P166A interrupted the
assembly of FBS4 into SCF ligase complexes, resulting in an
increase in FBS4 protein stability.

SCFs target substrates for degradation, and F-box pro-
teins in SCF complexes specifically mediate interactions with
substrates (Sullivan et al., 2003). Most F-box proteins are
predicted to use specific C-terminal domains to recognize
substrates, such as leucine-rich regions, WD-40, and Kelch
repeats. However, there is a large number of F-box proteins
in Arabidopsis that do not contain a consensus C-terminal
domain (Gagne et al., 2002). According to an analysis of
SMART and PFAM data, FBS4 has no representative domain
within its C-terminus, suggesting that FBS4 may use novel
domains to interact with specific targets.

FLP, MYB88, and FAMA are involved in the repression of
the transcription of core cell-cycle genes, including CYCA2;3
and CDKB1;1, ensuring that the terminal division happens
only once (Lai et al., 2005; Xie et al., 2010a; Vanneste et al.,
2011). We speculated that FBS4, as a F-box protein, regu-
lates these core cell-cycle genes at post-translational level. A
genetic analysis revealed that the cyca2;3 mutant partly
rescued the cluster phenotype of fip-1 fbs4-1, demonstrating
that cyca2;3 is epistatic to fbs4-1 with respect to stomatal
terminal division. The decreased proportions of undivided
SGCs in cdkb1;1 1;2 fbs4-1 and cdkb1;1 1,2 fip-1 fbs4-1
were consistent with the roles of CYCA2s in regulating
CDKBH1 activity during the stomatal GMC division.

CYCA2;3 and CDKB1;1 can form complexes to de-
termine the timing of the mitosis-to-endocycle transition.
CCS52A1 and UVI4 function as activator and inhibitor of
APC/C complexes, respectively, to regulate CYCA2;3 sta-
bility, control endocycle onset, and affect cell proliferation
(Boudolf et al., 2009; Heyman et al., 2011). However, the
additional mutation of CCS52A1 or UVI4 had no influence
on the stomatal defects of flp-1 and fip-1 fbs4-1 (Figure 5L,
M). In addition, we used flow cytometry to detect DNA
ploidy levels in wild-type and fbs4-1 cotyledons, and no
obvious differences were detected (Figure S21), indicating
that FBS4 may act within stomatal lineage cells by sup-
pressing cell overproliferation.
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Figure 7. FBS4 is involved in suppressing the excessive terminal divisions of stomatal development

FOUR LIPS (FLP) was involved in the repression of the transcription of core cell-cycle genes, including CYCA2;3, ensuring that the terminal division
occurred only once. FBS4 interacted with ASK1 and promoted CYCA2;3 degradation via the ubiquitination-26S proteasome pathway. Malfunctions of
SCF™®%* complex-mediated CYCA2;3 degradation in the flp-7 mutant induced cell overproliferation during the terminal division, resulting in the formation of

giant tumor-like cell clusters in the epidermis.

In addition to being expressed in stomatal lineages of the
epidermis, FBS4:GUS was also expressed in root tips
(Figure S12E), and CYCAZ2;3 stability increased in fbs4 roots
(Figure BN-P). UVI4 regulates endocycle onset in leaves as
well as maintaining root meristem size. The mutation of
UVI4 causes a decrease in the number of meristematic
cortex cells, resulting in a smaller root meristem size com-
pared with the wild type (Hase et al., 2006; Heyman et al.,
2011). Thus, we compared the lengths of root meristematic
zones in different mutant combinations. The mutation of
FBS4 had no significant impact on the root meristematic
length, either in flp-1, uvi4, or uvi4 flp-1 mutant back-
grounds, suggesting that UVI4-mediated CYCA2;3 stability
is the major regulatory pathway in roots (Figure S22), which
indicates distinct roles for APC/C®CS%2A1 and SCFMBS4 in
plant development.

MATERIALS AND METHODS

Plant materials and growth conditions

Arabidopsis thaliana Columbia (Col-0) was used as the wild type
in all experiments. Mutant seeds of fbs2-1 (SAIL_1187_GO06),
fbs3-1 (SALK_030006) and fbs4-2 (SALK_032720C) were ob-
tained from the Arabidopsis Biological Resource Center (ABRC).
The following mutants flp-7 (Lai et al., 2005), cdkb1;1 1,2
(Xie et al., 2010a), cyca2;3 (Vanneste et al., 2011), ccs52a1-1 (Xu

www.jipb.net

et al., 2016), uvi4 (lwata et al., 2011), spch-4 (MacAlister et al.,
2007), mute (Pillitteri et al., 2007) and fama-1 (Ohashi-lto and
Bergmann, 2006) were used. The following transgenic seeds
FLP:GUS-GFP (Lai et al., 2005), CDKB1;1:GUS (Xie et al.,
2010a), CYCA2;3:GUS-GFP (Vanneste et al., 2011) were used.
The cyca2;3 fip-1, cycaz;3 fbs4-1, cdkbi1;1 1;2 flp-1 fbs4-1,
cdkb1;1 1,2 fip-1, cdkb1;1 1,2 fos4-1, uiv4 fip-1, uvid flp-1 fos4-
1, ccs52a1-1 fip-1 were generated by cross and PCR-based
approaches. FBS4:GFP-gFBS4 fip-1 fbs4-1, FBS4:GFP-gFBS4
Col, FBS4:GFP-FBS4*7*° GCol, FBS4:GFP-FBS4"'%* Col,
FBS4:MYC-FBS42F°°% fin_-1, FBS4:MYC-FBS4”'%%* flp-1 and
FBS4:gFBS4 flp-1 were generated by the floral-dip method
(Clough and Bent, 1998). Arabidopsis plants were grown on half-
strength Murashige and Skoog (MS) medium containing 1%
sucrose at 22 °C under 16 h/8 h light/dark cycles.

Map-based cloning

The screened method in the flp-7 background has been
described previously (Yang et al., 2019). To clone the XS01C
gene, the flp-1 xsO71c was crossed with Ler and generated
F2 mapping populations. The plants having tumor cells in
cotyledon were selected for mapping by using Arabidopsis
molecular markers which were developed from an Arabi-
dopsis mapping platform (http://amp.genomics.org.cn/).
The XS01C mutation was finely mapped to a region and
then putative genes within this region were sequenced (BGlI
Company).
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Constructs and plant transformation

To obtain FBS4:GFP-gFBS4, FBS4:GFP-FBS4*7*° and FBS4:
GFP-FBS47%% constructs, the 2945-bp promoter of FBS4 was
amplified using the primers ProFBS4-p1300221-F and
ProFBS4-p1300221-R. The genomic fragment gFBS4 was
amplified with primers gFBS4-F and gFBS4-R. GFP-F and GFP-
R were used to amplify GFP. Above fragments were subcloned
into a pCAMBIA1300 vector by one-step method. The se-
quences of primers are listed in Table S1. The mutated
FBS4F765A DNA fragment was generated by 496 bp C to G site-
directed mutagenesis of FBS4 fragment. For transient ex-
pression in N. benthamiana, the GFP- or MYC-fused FBS4,
FBS4AFbo%  CYCA2;3 sequences were cloned into the
PSUPER1300 vector (Ni et al., 1995; Yang et al., 2010). The
cyca2;3°FSPRfln_1 fbs4-1 triple mutant and fbs1-27577 were
generated by CRISPR/Cas9 technology as previously de-
scribed (Xing et al., 2014). Briefly, the guide RNAs (QRNAs) were
designed to target the second exon of CYCA2;3 and F-box
domain of FBST. Then the gRNAs were cloned into the
PHEE041 vector. The constructs were electroporated into
Agrobacteria tumefaciens EHA105 and transformed into flp-1
fbs4-1 double mutant and Col, respectively. Transgenic plants
were selected on half-strength MS medium supplemented with
30 pg/L hygromycin.

GUS staining

Four-d-old FBS4:GUS cotyledons were incubated in 90%
acetone for 1 h at 4 °C. After washing in phosphate buffer for
three times, cotyledons were stained in enzymatic reaction
solution (Wang et al., 2015) and incubated at 37 °C for 2 h.
Ethanol:Acetic acid (3:1) solution was used to remove
chlorophyll after GUS staining.

Real-time quantitative PCR

Total RNA was isolated from different organs using HiPure Plant
RNA Mini Kit (http://www.magentec.com). The first-strand com-
plementary DNA (cDNA) was synthesized by the Promega
Reverse-Transcription Kit (http://www.promega.com) according
to the manufacturer's instructions. RT-qgPCR was performed with
Hieff gPCR SYBR Green Master Mix (Yeason) on a Roche Light
cycler 96. We calculated the ratios by using 2724%, Three bio-
logical replicates were conducted in all experiments. For the
expression level of FBS4, ACTIN2 gene was used as the control.
For the expression level of JAZ10 (1 h treatment), VSP2 (8h
treatment) and PDF1.2 (24 h treatment), total RNA of 7-d-old Col
and fbs4-1 seedlings were extracted at 1, 8, 24 h after 50 umol/L
MeJA treatment. The ACTIN8 gene was used as the internal
control. Primer sequences are list in Table S1.

Yeast two-hybrid assay

The yeast two-hybrid assay method was previously described
(Song et al., 2011). The cDNA of FBS4 was amplified with pri-
mers in Table S1 and cloned into the vector pB42AD (Clontech).
ASK1 was cloned into vector pLexA (Clontech). The two vectors
were co-transformed into yeast strain EGY48 [p8op-lacZ] and
plated on SD/-His/-Trp/-Ura DO supplement (Clontech) at 30 °C
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for 3-4 d. Then the yeast transformants were selected on 2%
Gal/1% raffinose/SD/-Ura/-His/-Trp/-Leu/X-3-Gal. The inter-
actions were observed after 3-7 d of incubation at 22 °C.

Bimolecular fluorescence complementation assay

The cDNA sequences of CYCA2:3 and FBS42F*°* were cloned
into the pSPYNE-35S and pSPYCE-35S, respectively. CYCA2,3-
CE and FBS4“FP_NE were transformed into EHA105. Agro-
bacterium strains carrying the paired constructs together with
the p19 strain were injected into Nicotiana benthomiana leaves.
The YFP signal was observed at the 3rd d after infiltration using a
confocal scanning microscope (Olympus FV1000MPE). Leaves
were injected with a solution containing 40 umol/L MG132
(Sigma-Aldrich) 12 h before observation (Kim et al., 2019).

Co-immunoprecipitation assay

To examine the interaction of FBS42F°> and CYCA2;3 in
planta, the constructs were infiltrated into 4-week-old Nicotiana
benthamiana. A solution containing 80 umol/L MG132 was in-
jected into the leaf tissues 12 h before collection (Kim et al.,
2019). Total proteins were extracted with extraction buffer
(Boudolf et al., 2009) supplemented with 80 umol/L MG132 and
protease inhibitor cocktail (Roche). Antibodies for anti-MYC
mAb-Agarose (MBL) were added to the protein extracts (1.5 mg)
and incubated for 1h at 4 °C. The beads were washed with
wash buffer (50 mmol/L Tris-HCI, 150 mmol/L NaCl, 5 mmol/L
ethyleneglycotetraacetic acid, and 1 mmol/L dithiothreitol, pH
7.6) five times. The protein samples were separated in 10%
sodium dodecyl-sulfate (SDS)-polyacrylamide gel and detected
by immunoblot analysis with anti-MYC (MBL) and anti-GFP
(MBL) antibodies, respectively.

Luciferase complementation imaging assays

Luciferase complementation imaging assays were performed as
described previously (Chen et al., 2008). Each fragment of
FBS4, FBS427° and ASK1 were amplified by PCR using the
primer pairs of FBS4-cluc-F and FBS4-cluc-R or ASK1-nluc-F
and ASK1-nluc-R which are listed in Table S1. Fragments were
cloned into the pCAMBIA-NLuc or pCAMBIA-CLuc vectors.
FBS4-CLuc or FBS4“F*CLuc and ASK1-Nluc were co-
expressed in N. benthamiana leaves. Two days after infiltration,
the leaves were treated with 40 umol/L MG132 (Sigma-Aldrich)
for 12 h before observation (Kim et al., 2019).

Transient expression analysis

The transient expression assays were performed in Nicotiana
benthamiana leaves. The coding sequences of FBS4,
FBS44F£ox FBS4P1664 and CYCA2;3 fused with GFP or MYC
tag sequence were cloned into a modified pCAMBIA1300
vector (CAMBIA) driven by SUPER promoter. Different combi-
nations were co-transformed into 4-week-old Nicotiana ben-
thamiana. Infected leaves were observed under a confocal
laser scanning microscope (Olympus) after 3 d. All experiments
were repeated three times with similar results. The relative
fluorescence intensities were measured using Imaged software
(http://imagej.nih.gov/ij/). For the western blotting protein
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analysis, Rubisco or actin (antibody f-actin, CWBIO,

CW0264M) served as loading controls.

In vitro ubiquitination assay

The CYCAZ2;3 was cloned into pGEX4T-1 vector and trans-
formed into BL21 strain of Escherichia coli. The transformed
strains were grown to 600 nm optical density =0.5 at 37°C
and then were induced with 0.4 mmol/L isopropyl-f-b-1-
thiogalactopyranoside (IPTG) at 16 °C for 15 h. Phosphate-
buffered saline (PBS) was used as buffer to lyse the har-
vested strains. The GST-CYCAZ2;3 protein was enriched by
glutathione-Sepharose (GE Healthcare) and divided into
four groups.

Total protein was extracted from 4-d-old seedlings of Col
and fbs4-1 with extraction buffer. Each reaction included
100 uL GST-CYCA2;3, 2 ug UBQ-His, 2 mmol/L adenosine
triphosphate, 80 umol/L MG132, and 600ug Col/fbs4-1
supernatant for 0 and 60 min. After reaction, the protein
samples were loaded on the 8% SDS-polyacrylamide gel,
followed by western blotting using anti-GST (MBL), anti-His
(MBL), and anti-ubiquitin (Sigma-Aldrich).
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SUPPORTING INFORMATION

Additional Supporting Information may be found online in the supporting
information tab for this article: http://onlinelibrary.wiley.com/doi/10.1111/
jipb.13193/suppinfo

Figure S1. Expression patterns of stomatal lineage markers in wild-type
and flp-1 xs07c mutant cotyledons

(A, B) SPCH:SPCH-GFP expression patterns are similar between Col and
flo-1 xsO1c (2 d after plating (DAP)). (C, D) Expression of GMC marker
MUTE:MUTE-GFP can be found in the cells within the tumors of fip-1
xs07c (3 DAP). (E, F) Expression of E1728 indicates the mature GCs that
occasionally formed within the tumors of flp-1 xsO7c (8 DAP). Scale bars,
20 pm. GC, guard cell; GMC, guard mother cell.

Figure S2. The mutation in FBS4 splicing site leads to reading frame shifts
(A) The point-mutation in the second intron of FBS4 results in two different
splice variants. The first wrong cut (FBS4-WC-1), 588 bp-601 bp of FBS4
complementary DNA sequence is deleted. The second intron (FBS4-WC-
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2), is not spliced successfully. Two splice variants all lead to frame shift
mutation. (B) The gene expression levels of FBS4 in fbs4-1 higher than Col;
primers are shown by red arrows (A). Asterisks indicate significant differ-
ences relative to Col (Student's t-test, ** P < 0.01). Data are means + SD (n
=15).

Figure S3. No significant changes on stomatal density and index in fbs4-1
and fbs4-2 mutants

(A) The stomatal densities (B) The stomatal indexes. Data are represented
as means + SD (n = 25). No significant differences in comparison with Col
after Student's t-test.

Figure S4. Transformation of FBS4 gene complements the stomatal
defects in flp-1 fbs4-1 mutants

(A, B) In FBS4:GFP-gFBS4 transgenic lines #25 and #60, transformation of
genomic FBS4 partially complements the stomatal clustering phenotype
in flp-1 fbs4-1. (C) In transgenic line #41, FBS4 fully complements the
stomatal defects of flp-1 fbs4-1 to normal. Stomatal GCs are highlighted
with blue color. Scale bars, 20 ym. (D) The transcriptional level of FBS4 in
transgenic line #41 is much higher than other lines, corresponding to its
stronger complementary effect on stomatal defects. The stomatal phe-
notype of Line #21 is shown in Figure 1N. (E) Quantitative analysis of the
cluster size. Data represent the mean + SD (n =25). GC, guard cell.
Figure S5. Additional mutation of FBS4 causes retarded plant growth in
flp-1 mutant background

(A) The side-views of 30-d-old plants. Addition mutation of FBS4, either by
fbs4-1 or by fbs4-2, caused a retarded plant growth and delayed flowering
in flp-1 mutants. Transformation of FBS4:GFP-gFBS4 restored the plant
growth of flp-1 fbs4-1 (transgenic line#20). (B) Top views of same seed-
lings shown in panel (A). Scale bar, 2cm.

Figure S6. The sequence alignments of F-BOX STRESS-INDUCED (FBS)
family genes and proteins

(A) Alignment of FBS1, FBS2, FBS3, FBS4 complementary DNA se-
quences. Black underline indicates the region encoding F-BOX domain. (B)
Alignment of amino acid sequences of FBS family proteins. Black under-
line indicates the F-box domain, in which P85 of FBS1 and P166 of FBS4
(indicated by red asterisks) are conserved residues for their interaction
with Arabidopsis Skp1-Like1 (ASK1) of Skp1/Cullin/F-box (SCF) complex.
Figure S7. Generation and identification of FBS family mutants

(A) fbs1-2CFISPR \was created by clustered regularly interspaced palin-
dromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9)-based ge-
nome editing. Protospacer adjacent motif sequence is labeled in green
color. (B) Identification of T-DNA insertion lines fbs2-1 and fbs3-1. Primers
used in reverse-transcription — polymerase chain reaction (RT-PCR) are
indicated by red arrows.

Figure S8. Phylogenetic relationships of F-BOX STRESS-INDUCED (FBS)
proteins in plants

Phylogenetic tree was constructed using amino acid sequences by the
neighbor-joining method of MEGA7. Bootstrap values for 1 000 replicates
are given in nodes as percent. Arabidopsis thaliana, Zea mays, Brachy-
podium distachyon, Glycine max, Oryza sativa, Physcomitrella patens,
Zostera marina, Medicago truncatula, Soihum bicolor, %anum lyco-
persicum. Underlined letters used for the species abbreviations.

Figure S9. fbs2 and fbs3 mutants are hypersensitive to salt stress

(A-F) Compared to Col, both fbs2-1 and fbs3-1 mutants display hyper-
sensitive response to salt stress. Top-view images of 20-d-old seedlings
after 6 d treatment with 300 mmol/L NaCl. (G, H) fbs4-1 displays a similar
sensitivity to salt stress with Col. (I) Quantitative analysis of seedling sur-
vival rate. Data represent the mean + SD (3 individual experiments, n = 64);
Statistical analysis, P < 0.05, Duncan's multiple range test.

Figure S10. F-BOX STRESS-INDUCED 4 (FBS4) is involved salt stress and
jasmonate (JA)-responsive gene expression

(A-H) Top-view images of 20-d-old seedlings after 6 d of 300 mmol/L NaCl
treatment. Compared to Col or fbs4-1, flp-1 displays a sensitive response
to salt stress, while flp-1 fbs4- 1 seedlings are hypersensitive to salt stress.
(I) Quantitative analysis of the survival rates. Data represent the mean + SD
(3 individual experiments, n = 64). The specific differences in means were
compared with Duncan's multiple range test (P <0.05). (J) Real-time
quantitative polymerase chain reaction (PCR) analysis shows the relative
expression changes of 3 JA-responsive genes after 50 umol/L MeJA
treatment in 8 d after plating plants, JAZ10 (at 1h), VSP2 (at 8h), and
PDF1.2 (at 24 h). The messenger RNA levels were normalized to ACTINS.
Data represent the mean + SD (repeated from three biological experi-
ments, n=12). Asterisks indicate significant difference to Col (Student's
t-test, *P < 0.01, *P < 0.05).
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Figure S11. FBS4 is predicated on having a preferential expression profile
within stomatal lineage cells

The results obtained from Arabidopsis eFP browser website (http://bar.
utoronto.ca/).

Figure S12. Expression pattern of FBS4:GUS reporter in Arabidopsis

(A) FBS4:GUS expression in a 5 d after plating (DAP) seedling. (B)
B-glucuronidase (GUS) expression in veins and epidermis of cotyledon. (C)
Preferential expression of FBS4:GUS in stomatal lineage cells in cotyledon
epidermis. (D) GUS expression in a lateral root primordium. (E) GUS expression
in a primary root tip. (F) GUS expression in vein and stomata in a hypocotyl. (G)
No GUS signal is found in a 25-DAP rosette leaf. (H) GUS in 25-DAP in-
florescence and young siliques. (I) No GUS expression in a mature capsule.
Scale bars, 2 mm (A, G, H, I), 200 um (B), 50 um (D, E), and 20 um (C, F).
Figure S13. Subcellular localization of F-BOX STRESS-INDUCED 4 (FBS4) in
stomatal precursors

(A) Confocal images of epidermis of FBS4:GFP-gFBS4 cotyledons. Cell out-
lines are counterstained with propidium iodide but presented in purple color.
Due to the weak expression of green fluorescent protein (GFP)-gFBS4, image
brightness of GFP channel was upregulated before merging. xy view, a single
optical section from confocal z-stacks. yz view and xz view, the orthogonal
views along the yellow crossline. (B) The enlarged three-dimensional images of
the region within the white box are shown in panel (A). GFP signals are en-
riched in the cytoplasm and the nucleus of a stomatal precursor. Scale bars,
20pm (A), 5pm (B).

Figure S14. F-box domain mediates F-BOX STRESS-INDUCED 4 (FBS4) in-
teraction with Arabidopsis Skp1-Like1 (ASK1)

(A) Negative control for yeast two-hybrid assay shown in Figure 4A. Trans-
formants grown on the control media lacking His, Trp, and Ura (SD/-His/-Trp/-
Ura, -3) and selective media lacking His, Leu, Trp, and Ura (SD/Gal/Raf/-His/-
Leuw/-Trp/-Ura, -4) with different dilution times (10x, 100x, and 1000x). (B) The
interaction between FBS4 and ASK1 was verified as well by a luciferase
complementation imaging (LCI) assay. However, mutated FBS47°* fajled to
interact with ASK1, confirming that the F-box domain is essential for the FBS4-
ASK1 interaction.

Figure S15. The FBS4 transcriptional levels in transgenic plants

The relative FBS4 gene transcriptional levels in multiple transgenic lines
were checked by RT-qPCR, comparing with the F-BOX STRESS-INDUCED
4 (FBS4) transcript in non-transformed Col plants. Data represents the
mean + SD (n = 16). No significant difference of FBS4 expression is found
between line #11, line #4, and line #5 after Student's t-test statistical anal-
ysis. RT-gPCR, reverse-transcription quantitative polymerase chain reaction.
Figure S16. Quantitative analysis of FBS4 expression level and phenotype
in FBS4:gFBS4 flp-1 line #17 transgenic plants

(A) The FBS4 transcriptional levels in flp-1 and FBS4:gFBS4 fip-1 transgenic
line #17 were checked by RT-gPCR. (B) Quantitative analysis of the cluster
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size in flp-1 and FBS4:9FBS4 flp-1 line #17. Comparing with line #4 (see
Figure 4G), the effect of FBS4 expression on the formation of stomatal
clusters in flp-1 is limited in line #17. Data represents the mean + SD (n = 25).
RT-gPCR, reverse-transcription quantitative polymerase chain reaction.
Figure S17. Generation of CYCA2;3°F5P mutant

Diagram showing the target and mutated sites of cyca2;3°7'SFR py
clustered regularly interspaced palindromic repeats (CRISPR)/CRISPR-
associated protein 9 (Cas9) technology. The genomic RNA (gRNA) se-
quences within the second exon of CYCA2;3 are indicated with underline.
Protospacer adjacent motif sequences are labeled in green.

Figure S18. The proteasome inhibitor MG132 stabilizes CYCA2;3-GFP
(green fluorescent protein) in root tips

(A) The GFP signals in 5 d after plating (DAP) root tip of XVE:CYCA2;3-
GFP after induction. (B) Application of 26S Proteasome Inhibitor
MG132 increases the GFP signals in a root tip of XVE:CYCAZ2;3-GFP.
Green, GFP; purple, cell outlines are counterstained with propidium
iodide. Scale bars, 50 um.

Figure S19. Quantitative and statistical analysis of the fluorescent
intensities of CYCA2;3-GFP (green fluorescent protein) that co-
expressed with F-BOX STRESS-INDUCED 4 (FBS4)

Co-expression with MYC-FBS4, but not with mutated MYC-FBS44F-
box " dramatically reduced the fluorescence intensity of CYCA2;3-GFP,
relative to the intensity level of CYCA2;3-GFP co-expressed with MYC.
The experiment was repeated three times with similar results. Data are
means + SD (n = 30). Asterisks indicate the significant difference after
Student's t-test, **P < 0.01.

Figure S$20. Quantitative analysis of CYCA2;3-GFP (green fluorescent
protein) fluorescent intensity in roots

(A) Relative intensity of CYCA2;3-GFP signals in the epidermal cells of
elongation zone in Col and fbs4-1 roots. (B) Relative intensity of
CYCAZ2;3-GFP signals in the root caps of Col and fbs4-1. The experi-
ment was repeated three times with similar results. Data are means +
SD (n = 46). Asterisks indicate significant differences between Col and
fbs4-1 (Student's t-test, **P < 0.01).

Figure S21. DNA ploidy distribution profiles in Col and fbs4-1 coty-
ledons

(A, B) Flow cytometric analysis of 11 d after pollination (DAP) Col and
fbs4-1 cotyledons. (C) Quantitative analysis DNA ploidy levels.
Figure S$22. F-BOX STRESS-INDUCED 4 (FBS4) is not involved in root
length regulation

Length of 6-DAP root meristematic zone. Additional mutations of fbs4-
1 and flp-1 had no effect on the root meristematic zone length in uvi4.
Data are means = SD (n > 15). Letters above the columns indicate the
statistical analysis results after Duncan's multiple range test (P < 0.05).
Table S1. List of primers used in this study
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