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Plant organ growth and final shape rely on cell proliferation and, particularly, on cell expansion that largely determines the
visible growth of plant organs. Arabidopsis (Arabidopsis thaliana) petals serve as an excellent model for dissecting the coordinated
regulation of patterns of cell expansion and organ growth, but the molecular signaling mechanisms underlying this regulation
remain largely unknown. Here, we demonstrate that during the late petal development stages, SPIKE1 (SPK1), encoding a
guanine nucleotide exchange factor, activates Rho of Plants (ROP) GTPase proteins (ROP2, ROP4, and ROP6) to affect
anisotropic expansion of epidermal cells in both petal blades and claws, thereby affecting anisotropic growth of the petal and
the final characteristic organ shape. The petals of SPK1 knockdown mutants were significantly longer but narrower than those of
the wild type, associated with increased anisotropic expansion of epidermal cells at late development stages. In addition, ROP2,
ROP4, and ROP6 are activated by SPK1 to promote the isotropic organization of cortical microtubule arrays and thus inhibit
anisotropic growth in the petal. Both knockdown of SPK1 and multiple rop mutants caused highly ordered cortical microtubule
arrays that were transversely oriented relative to the axis of cell elongation after development stage 11. Taken together, our
results suggest a SPK1-ROP-dependent signaling module that influences anisotropic growth in the petal and defines the final

organ shape.

A central question in plant organogenesis asks how
gene activities contribute to organ growth and the final
characteristic shape. Regulation of the growth and
shape of plant organs is largely determined by the co-
ordinated regulation of cell proliferation and cell ex-
pansion (Tsukaya, 2006; Barkoulas et al., 2007; Powell
and Lenhard, 2012; Peaucelle et al., 2015). Petals are
fascinating organs in flowering plants, with their fra-
grance and diverse color and shapes, which are im-
portant for attracting pollinators to ensure successful
pollination (Willmer et al., 2009; Yuan et al., 2013). The
Arabidopsis (Arabidopsis thaliana) petal has a laminar
structure with epidermal cells overlying the mesophyll
and vasculature; therefore, it has emerged as an excel-
lent model for dissecting the mechanisms underlying
organ growth and cell expansion (Irish, 2008; Huang
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and Irish, 2016). In Arabidopsis, petal organogenesis is
divided into several stages and depends on cell prolif-
eration and cell expansion (Smyth et al., 1990; Huang
and Irish, 2016). During the past decade, large numbers
of Arabidopsis genes that play crucial roles in regulat-
ing various aspects of cellular patterns and petal orga-
nogenesis have been identified (Dinneny et al., 2004;
Takeda et al., 2004; Szécsi et al., 2006; Irish, 2008; Li
et al., 2008b; Nag et al., 2009; Varaud et al., 2011;
Sauret-Giieto et al., 2013; Fujikura et al., 2014; Schiessl
etal., 2014; Huang and Irish, 2015, 2016). For example,
Arabidopsis JAGGED, which encodes a zinc finger
transcription factor expressed in the distal domain of
the petal, functions in the regulation of anisotropic
growth of the petal (Sauret-Giieto et al., 2013; Schiessl
et al., 2014). However, regulators that function in co-
ordinating cell expansion and anisotropic growth of
the petal remain largely unknown.

Plant Rho-like small GTPase, usually termed Rho of
Plants (ROP), belongs to a specific subfamily of the Rho
GTPase family (Etienne-Manneville and Hall, 2002;
Yang, 2002). In Arabidopsis, ROP proteins function as
molecular signaling switches involved in a number of
cellular processes, such as the regulation of cytoskeletal
organization, cell wall patterning, the tip growth of
pollen tubes, the interdigitated growth of leaf pavement
cells, and the intracellular trafficking of PIN auxin ef-
flux transporters (Lavy et al, 2007; Fu et al.,, 2009;
Hazak et al., 2010; Qin and Yang, 2011; Wu et al., 2011;
Craddock et al., 2012; Oda and Fukuda, 2012, 2013;
Huang et al., 2014; Lin et al., 2015). As a molecular
switch, ROP can shuttle between a GTP-bound active
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form and a GDP-bound inactive form, depending on its
activating protein (ROP“") or guanine nucleotide ex-
change factor (ROPFF). Once activated by upstream
signals, active ROP interacts with effector proteins to
relay signals into downstream cellular components and
thus induce cellular responses (Yang, 2002).

ROP“*F proteins in the Arabidopsis genome have
been classified as two types: one is named SPIKE1
(SPK1; Qiu et al., 2002; Basu et al., 2008; Zhang et al.,
2010), a homolog of the animal single dock homology
region; the other is a plant-specific ROP** family with
14 members that contain a plant-specific ROP nucleo-
tide exchange (PRONE) domain (Berken et al., 2005; Gu
et al., 2006). SPK1 loss-of-function mutation leads to
dwarf plant organs and severe defective leaf epidermis,
such as reduced cell-cell adhesion, loss of pavement cell
interdigitation, and fewer trichome branches (Qiu et al.,
2002; Basu et al., 2008; Zhang et al., 2010). SPK1 is in-
volved in the activation of the ROP6-RIC1 pathway to
regulate PIN2 internalization in root cells and, conse-
quently, affects lateral root development (Lin et al.,
2012). However, the molecular mechanisms by which
SPK1 regulates organ growth remain to be determined.

Cortical microtubule (CMT) arrays orient the direc-
tion and deposition of cellulose microfibrils around the
cell to build the cell wall and thus contribute to direc-
tional cell expansion (i.e. anisotropy; Baskin, 2001, 2005;
Wasteneys and Galway, 2003; Wasteneys, 2004; Smith
and Oppenheimer, 2005; Ehrhardt and Shaw, 2006;
Paredez et al., 2006; Crowell et al., 2009; Bringmann
etal., 2012; Wolf et al., 2012). Previous work has shown
that, in the shoot apical meristem (SAM), CMT arrays in
the peripheral SAM cells display ordered circumferen-
tial alignment to regulate growth anisotropy at both
cellular and tissue levels (Hamant et al., 2008; Uyttewaal
etal., 2012). Loss of function of the microtubule-severing
protein katanin, a downstream component of the ROP6-
RIC1 pathway (Lin et al., 2013), decreases the anisotropy
of the CMT arrays in the SAM cells, which in turn affects
the anisotropic growth of the SAM (Uyttewaal et al,,
2012). A recent work has shown that the plant hormone
auxin regulates growth anisotropy of the SAM by af-
fecting the activity of ROP6 and its downstream com-
ponents that control circumferential CMT alignment at
the SAM (Sassi et al., 2014). In the absence of auxin ac-
cumulation, the ROP6-dependent signaling keeps CMT
arrays at the SAM in an ordered circumferential state to
inhibit spontaneous lateral outgrowth, which leads to
the formation of a pin-like stem (Sassi et al., 2014).

To further consolidate our understanding of ROP-
dependent signaling in the regulation of organ growth,
we report here that SPK1 activates ROP proteins to in-
hibit anisotropic growth of petals at late development
stages and thus affect the final characteristic shape.
Consistent with this, petal blades and claws of SPK1
knockdown mutants have increased growth anisot-
ropy, with significantly longer but narrower shape than
those of the wild type, correlated with increased cell
elongation and suppressed cell lateral expansion at late
development stages. We also demonstrate that ROP
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proteins are activated by SPK1 to affect anisotropic
growth of the petal by promoting isotropic expansion of
epidermal cells in petal blades that is associated with
the isotropic organization of CMT arrays. Thus, we
suggest a ROP protein-dependent signaling module
that contributes to anisotropic growth of the petal
during late development stages.

RESULTS
SPK1 Regulates Petal Anisotropic Growth

To understand whether SPK1 functions in petal growth,
we first investigated SPK1 expression patterns and
found that SPK1 was highly expressed during petal
development (Supplemental Fig. S1). Previous studies
have shown that SPK1 loss of function caused seedling
lethality when grown in soil at 30% to 50% humidity
(Qiu et al., 2002; Lin et al., 2012). To better understand
the role of SPK1 in petal growth, we used SPKI
knockdown mutants for the analysis of petal pheno-
type. In an earlier study, we isolated a SPK1 weak-
allele mutant (spk1-4) that carries a mutation causing
missplicing of the SPK1 pre-mRNA (Lin et al., 2012).
We next examined the petal phenotype of the spkl-4
mutant. At development stage 14, the mature petal
blades of the spk1-4 mutant had significantly longer
but narrower shape and reduced petal blade areas
compared with those of the wild type (Fig. 1), leading
to an increased petal index (the ratio of length to
width), a description of petal shape (Fig. 1D). More-
over, the spk1-4 mutant petal showed a significant in-
crease in claw length and a decrease in claw width
(Supplemental Fig. S2). Expressing SPK1 in the spk1-4
mutant by transforming pSPK1::SPK1 into the spk1-4
mutant rescued the mutant petal phenotype in six in-
dividual lines (two displayed in Supplemental Fig. S3).
Thus, SPK1 knockdown mutants resulted in increased
anisotropic growth of petals.

To further confirm the role of SPK1 in the regulation
of anisotropic growth in petals, we suppressed SPK1
expression by transforming an RNA interference
(RNAI) construct, containing 309 bp of the SPK1 coding
sequence designed to create a double-stranded RNA,
into wild-type plants. Twenty SPK1 RNAI lines were
isolated, and three lines with significantly reduced
SPK1 transcriptional levels (Supplemental Fig. S4) were
chosen for phenotype analysis. Compared with the
wild type, at development stage 14, all three SPK1
RNAI lines had increased anisotropic growth with
more elongated and narrower mature petals, as did
the spk1-4 mutant (Fig. 1).

The morphological events of petal development are
well described in Arabidopsis (Hill and Lord, 1989;
Smyth et al., 1990). Before development stage 8, petals
grow slowly depending on cell division, while petals
undergo a rapid lengthening process from develop-
ment stage 9 until full flower opening (Smyth et al.,
1990; Pyke and Page, 1998; Dinneny et al., 2004). We
next asked how SPK1 influenced petal growth during
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Figure 1. Knockdown of SPKT results in longer and narrower mature petals. A, Fully expanded flowers and petals at development
stage 14 in the wild type, spk71-4, and SPKT RNAI lines. Bar = 1 mm. B to E, Quantitative analyses of petal parameters for the
indicated genotypes. Measurements are shown for petal blade length (B), petal blade width (C), petal blade index (i.e. length
divided by width; D), and petal blade area (E). The spk7-4 mutant and the SPKT RNAI lines had longer and narrower petals and
reduced petal blade area than the wild type. Asterisks indicate significant differences from the wild type (**, P < 0.01, Student’s

ttest). Values are given as means * sp of 16 petals.

late development stages by comparing petal phenotype
between the wild type and the spk1-4 mutant at devel-
opment stages 10 to 14. Measuring petal blade length
and width at development stages 10 and 11 showed
that the spk1-4 mutant had similar petal sizes to the wild
type (Fig. 2), while at development stage 12 and be-
yond, the spkl-4 mutant had increased anisotropic
growth with significantly longer and narrower petals
than those of the wild type (Fig. 2).

Taken together, these results show that SPK1 partic-
ipates in the inhibition of growth anisotropy of petals
during late development stages, thus influencing the
final characteristic shape.

SPK1 Regulates the Cell Expansion of Petal
Epidermal Cells

To examine whether the petal phenotype observed in
the spk1 mutant lines was associated with alterations in
cell proliferation and/or cell expansion, we first ana-
lyzed cell numbers in mature spk1-4 petals (stage 14)
and compared the results with those of the wild type.
Our results demonstrated that cell numbers along the
length and width directions of the petals and total cell
numbers of petal blades in the spk1-4 mutant were
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similar to those of the wild type (Supplemental Fig.
S5), which demonstrated that SPK1 might not partic-
ipate in controlling cell proliferation. Previous reports
have shown that loss-of-function SPK1 mutants ex-
hibit severe defects in the interdigitated growth of leaf
epidermal cells (Qiu et al., 2002). Thus, we expected
that the petal phenotype observed in the spkl mutant
lines was correlated with changes in cell expansion
patterns. We next analyzed the morphological phe-
notypes of both adaxial and abaxial epidermal cells in
wild-type and mutant petals, respectively.
Epidermal cells of the adaxial and abaxial surfaces
of Arabidopsis mature petal blades can be easily
distinguished, as the adaxial epidermal cells have a
conical shape with a pentagonal or hexagonal base,
whereas the abaxial epidermal cells are flattened and
shaped with interdigitated lobes (Irish, 2008). Anal-
ysis of the two-dimensional ground area of the cells
in the middle part of the petal blades showed that, at
development stage 14, adaxial epidermal cells in the
spk1-4 mutant and the SPK1 RNAI lines showed in-
creased anisotropic growth with increased cell elon-
gation and suppressed cell lateral expansion compared
with the wild type (Fig. 3), which was correlated with
the morphological phenotype of petal blades in spk1-4 and
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Figure 2. Petal phenotypes and quantitative analysis of the wild type and spk7-4 at development stages 10 to 14. A, Flowers and petals at
development stages 10 to 14 of the wild type and spk7-4. Bar = 1 mm. B to E, Quantitative analyses of petal blade parameters for the wild type and
spk1-4 from development stages 10 to 14. The spk7-4 mutant displayed similar petal blade length, width, and area to those of the wild type at
stages 10 and 11 (Student’s ttest, P> 0.05), whereas the spk7-4 mutant had significantly longer and narrower petal blades and increased size in
blade area than the wild type at development stage 12 and beyond (Student’s ttest, P<< 0.05). All data are represented as means = sp of 16 petals.

the SPK1 RNAI lines (Fig. 1A). Similarly, abaxial epider-
mal cells in the spk1-4 mutant had increased growth an-
isotropy compared with the wild type (Fig. 3).

Interestingly, the spkl mutant lines exhibited severe
defects in the interdigitated growth of abaxial epider-
mal cells of petal blades (Fig. 3A), similar to the leaf
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Figure 3. Adaxial/abaxial epidermal cell shape of the wild type, spk7-4, and SPK7 RNA:i lines at development stage 14. A,
Epidermal cell shape in the middle part of petal blades from the wild type, spk7-4, and SPKT RNAi lines at development stage 14.
Epidermal cells of the spk7-4 mutant and the SPKT RNAi lines had increased growth anisotropy with longer and narrower shape
than the wild type. Bars = 10 um. B and C, Quantitative analyses of adaxial/abaxial epidermal cell parameters for the indicated
genotypes at development stage 14. The spk7-4 mutant and the SPK7 RNAI lines displayed significantly increased cell length,
reduced cell width, and reduced cell area compared with the wild type. Asterisks indicate significant differences from the wild
type at P < 0.05 (Student’s t test). Values are given as means = sp of more than 500 cells from 12 petals.

pavement cell defects induced by SPK1 mutation (Qiu
et al., 2002). In addition, epidermal cells in the middle
part of petal claws of the spk1-4 mutant also had in-
creased growth anisotropy (Supplemental Fig. S6),
associated with the increased anisotropic shape of
petal claws in the spkl-4 mutant (Supplemental Fig.
S2). In the spk1-4 mutant, cell areas in both petal blades
and claws were reduced in size (Fig. 3, B and C;
Supplemental Fig. S6), correlated with changes in the
petal size of the mutant.

To determine whether the SPK1-regulated cell ex-
pansion is associated with anisotropic growth of petals
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during late development stages, we next performed
detailed phenotype analyses in the spk1-4 mutant after
development stage 10. We showed that, in wild-type
petal blades, both adaxial and abaxial epidermal cells
underwent both longitudinal and radial expansion at
development stages 10 to 14 (Fig. 4; Supplemental Fig.
S7). At development stages 10 and 11, the length and
width of adaxial and abaxial epidermal cells in the spkI-
4 mutant were similar to those of the wild type (Fig. 4;
Supplemental Fig. S7). In striking contrast to the wild
type, after development stage 12, abaxial epidermal
cells in the spkl-4 mutant expanded less radially and
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Abaxial epidermal cell shape of the wild type and spk7-4 at development stages 10 to 14. A, Abaxial epidermal cell shape

of wild-type and spk7-4 petal blades at development stages 10 to 14. Bar = 10 um. B to E, Measurements for abaxial epidermal cell
parameters of the wild type and spk7-4 at development stages 10 to 14. B, Cell length measurements at various stages showed that
the spk1-4 mutant had similar cell length to the wild type at stages 10 and 11 (P> 0.05, Student’s t test) but displayed significantly
increased cell length at stages 12 to 14 compared with the wild type (P < 0.05, Student’s ttest). C, Cell width measurements showed
that the spk7-4 mutant had similar cell width to the wild type at stages 10 and 11 (P > 0.05, Student’s ¢ test) but displayed signif-
icantly increased cell width at stages 12 to 14 compared with the wild type (P < 0.05, Student’s ttest). D, The spk7-4 mutant showed
significantly increased cell index (cell length divided by cell width) at stage 11 and beyond. E, The spk7-4 mutant had similar size in
cell area to the wild type before stage 11 (P > 0.05, Student’s t test) but had significantly reduced size in cell area at stages 11 to
14 (P < 0.05, Student’s t test). Values are given as means = sb of more than 500 cells from 12 petals.

more longitudinally than in the wild type throughout the
late development stages 12 to 14, and mutant cells were
marked by a cessation of radial expansion at stage 12 and
a dramatic increase in longitudinal expansion after stage
12 (Fig. 4). In addition, adaxial epidermal cells in the spk1-
4 mutant petal blades also showed increases in cell elon-
gation after development stage 12 (Supplemental Fig. 57).
Taken together, these observations suggest that SPK1
function is required mainly in the later phase during late
development stages to influence anisotropic expansion
of petal epidermal cells, correlating with growth anisot-
ropy in both the distal and basal parts of petals, which
contributes to the final characteristic shape of the petal.

ROP2, ROP4, and ROP6 Act Redundantly to Regulate
Anisotropic Growth in Petals

We next addressed the downstream mechanism by
which SPK1 mediates the effect on growth anisotropy

Plant Physiol. Vol. 172, 2016

in petals. We speculated that, as a GEF, SPK1 must di-
rectly activate ROP GTPase proteins and transmit the
developmental signals to downstream targets (Basu
et al., 2008; Lin et al., 2012). We analyzed available rop
knockout mutants for petal phenotype. However, no
rop single mutant displayed an obvious defect in petal
morphology (data not shown), suggesting that ROP
genes may have overlapping functions during petal
morphogenesis. Although neither rop2 nor rop6 single
mutants showed significant alterations in petal blade
length and width (Supplemental Fig. S8), the rop2 rop6
double mutant at development stage 14 displayed an
increase in growth anisotropy with longer and nar-
rower petal blades (Fig. 5), associated with increased
epidermal cell length and reduced epidermal cell width
(Fig. 6; Supplemental Fig. S9). Expressing ROP2 or
ROP6 by transformation of pROP2::GFP-ROP2 or
pROP6::GFP-ROP6 into the rop2 rop6 double mutant res-
cued the petal blade phenotype (Supplemental Fig. S10),
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which confirmed that the petal phenotype of the rop2 the SPK1 RNAI lines (Figs. 5 and 6; Supplemental Fig.

rop6 double mutant was caused by the loss of both S9). Furthermore, cell numbers along the length and
ROP2 and ROP6 functions. width directions of the petals in the rop2 rop6 double
The mature petal blade phenotype of the rop2 rop6 mutant and the rop2 rop6 ROP4i-4 mutant were similar
double mutant was milder than that of the spk1-4 mu- to those of the wild type (Supplemental Fig. S5), which
tant, which could be caused by the overlapping func- demonstrated that ROP protein-regulated growth an-
tion of ROP2 and ROP4, which share 97% amino acid isotropy was correlated with cell expansion rather than
identity (Fu et al., 2005). Next, we suppressed ROP4 cell proliferation.
expression by transferring a ROP4 RNAi construct into Moreover, the lengths of petal claws and claw cells in
rop2 rop6 double mutant plants. Multiple rop2 rop6 both the rop2 rop6 mutant and the rop2 rop6 ROP4i-4
ROP4 RNAI lines (referred as rop2 rop6 ROP4i) were mutant showed significant increases compared with
identified, and three lines with significantly reduced those of the wild type (Supplemental Figs. S12 and S13).
ROP1 transcriptional levels were chosen for phenotype The widths of petal claws and claw cells were normal in

analysis (Supplemental Fig. S11). Consistent with the the rop2 rop6 mutant but were reduced significantly in
overlapping roles of ROP4 and ROP2, the phenotypic the rop2 rop6 ROP4i-4 mutant (Supplemental Figs. 512
defects (stage 14) of petal blades and epidermal cells and S13). Therefore, we conclude that ROP2, ROP4, and
in the rop2 rop6 ROP4i lines were more severe than ROP6 act redundantly to inhibit growth anisotropy at
those of the rop2 rop6 double mutant (Figs. 5 and 6; both the distal and basal parts of petals.

Supplemental Fig. S9). Moreover, a mutant line, re- To determine whether ROP proteins function re-
ferred to as rop2 rop6 ROP4i-4, which displayed the dundantly in the regulation of growth anisotropy at late
lowest expression level of ROP4 (Supplemental Fig. development stages, we performed detailed phenotype

S11), had a similar phenotype to the spk1-4 mutant and analyses from development stages 10 to 14. Our results

Col-0 rop2 rop6 ropZ2 rop6 ROP4i-2 rop2 rop6 ROP4i-4 rop2 rop6 ROP4i-7
B C D
‘é‘ 2 —~14
18 * * * 13
-g—:s i,,, = *I E” ]. w * *
E 14| P gl L _‘I' 3
2. _‘g“ BE
= 3 =
8o gos o3
2 =%
] To: =5
- 02 - 0=
e o/ N | & [
- #~ ~ -~
B, B B CN 2
A T o o o R o
s R e, Y e, W, o
Qe O&v ()Y Qo?
z‘e g g‘?e k-4 &)

Figure 5. ROP2, ROP4, and ROP6 redundantly regulate growth anisotropy of petal blades. A, Fully expanded flowers and petals
at development stage 14 in the wild type, the rop2 rop6 double mutant, and the rop2 rop6 ROP4 RNAi lines. Bar=1 mm. B toE,
Quantitative analyses of petal parameters for the indicated genotypes. Measurements are shown for petal blade length (B), petal
blade width (C), petal blade index (i.e. length divided by width; D), and petal blade area (E). The rop2 rop6 double mutant and the
rop2 rop6 ROP4 RNAI lines had longer and narrower petals than the wild type (P < 0.05, Student’s t test) but displayed similar
petal blade area to the wild type (P> 0.05, Student’s ttest). Asterisks indicate significant differences from the wild type at P< 0.05
(Student’s t test). Values are given as means = sp of 16 petals.
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Figure 6. Abaxial epidermal cell shape of the wild type, the rop2 rop6 mutant, and the rop2 rop6 RON4i-4 mutant at devel-
opment stages 10 to 14. A to C, Abaxial epidermal cell shape of the indicated genotypes. The wild type (A), rop2 rop6 (B), and
rop2 rop6 rop4i-4 (C) are shown at development stages 10 to 14. Bar = 10 um. D to G, Quantitative analyses of parameters of
abaxial epidermal cells for the wild type, the rop2 rop6 mutant, and the rop2 rop6 rop4i-4 mutant at development stages 10 to 14.
D, Cell length measurements at various stages showed that both the rop2 rop6 mutant and rop2 rop6 rop4i-4 displayed similar cell
length to the wild type at stages 10 and 11 (P > 0.05, Student’s t test). The rop2 rop6 mutant displayed similar cell length to the
wild type at stage 12 (P> 0.05, Student’s t test) but had significantly increased cell length at stages 13 and 14 compared with the
wild type (P < 0.05, Student’s t test), while the rop2 rop6 rop4i-4 mutant displayed significantly increased cell length at stage
12 and beyond compared with the wild type (P < 0.05, Student’s t test). E, Cell width measurements showed that both the rop2
rop6 mutant and rop2 rop6 rop4i-4 displayed similar cell width to the wild type at stages 10 to 12 (P > 0.05, Student's t test) but
displayed significantly increased cell width at stages 13 and 14 compared with the wild type (P < 0.05, Student’s ¢ test). F,
Quantitative analysis of cell index (cell length divided by cell width) for the indicated genotypes. G, Quantitative analysis of cell
area for the indicated genotypes. The rop2 rop6 mutantand rop2 rop6 rop4i-4 displayed similar size in cell area to the wild type at
stages 10 to 14 (P> 0.05, Student’s t test). All values are given as means = sp of more than 500 cells from 12 petals.

demonstrated that the rop2 rop6 mutant at develop- SPK1 Is Required for the Activation of Both ROP2 and
ment stages 13 and 14, and the rop2 rop6 ROP4i-4 ROP6 in Floral Organs

mutant at development stage 12 and beyond, had We next tested the hypothesis that SPK1 is the direct
significantly increased anisotropic growth with more activator of ROP proteins in the regulation of aniso-
elongated and narrower petals (Supplemental Fig. tropic growth in petals. To determine whether SPK1 is
S514), which were associated with increased cell length required for the activation of ROP2 and ROP6 during
and reduced cell width, than those of the wild type petal growth, we examined ROP activities in the wild
(Fig. 6; Supplemental Fig. S9). type and the spkl mutant lines. The active form of a
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ROP protein (GTP-bound ROP) can bind its effector
protein, such as RIC1 (Fu et al., 2009); therefore, bac-
terially expressed recombinant MBP-RIC1 proteins can
be used for the effector binding-based pull-down assay
(Tao et al., 2002; Duan et al., 2010; Lin et al., 2012) to
measure the active form of ROP2 or ROP6 by western
blotting with a ROP2- or ROP6-specific antibody, re-
spectively. We then used this method for the quantita-
tive analysis of ROP2 or ROP6 activity in the floral
organs of the wild type, the spkl-4 mutant, and the
SPK1 RNAI lines. If SPK1 activates both ROP2 and
ROP6, we would expect both ROP2 and ROP6 activities
to decrease in the spkl-4 mutant and the SPK1 RNAIi
lines. Indeed, the pull-down experiments based on the
effector-binding assay demonstrated that, in spk1-4 and
the SPK1 RNAI lines, both ROP2 and ROP6 activities
were greatly decreased (Fig. 7, A-C), suggesting that
SPK1 is required for the activation of both ROP2 and
ROP6 in the floral organs.

SPK1 Regulates the Organization of CMT Arrays in
Petal Blades

Previous reports have shown that the isotropy or
anisotropy of cells in the SAM depend on the presence
of cellulose microfibrils in the extracellular matrix that
are arranged in a highly ordered manner (Hamant et al.,
2008; Corson et al., 2009; Uyttewaal et al., 2012). The
orientation of these cellulose fibrils depends in turn on
the organization of CMT arrays (Baskin, 2001; Ehrhardt
and Shaw, 2006). It is well established that ROP
GTPase-dependent signaling functions in the pattern-
ing of the cell wall (Oda and Fukuda, 2012, 2013). Well-
ordered CMT arrays arranged transversely relative to
the cell axis are associated with increased cell elonga-
tion but suppressed radial cell expansion (Wasteneys
and Galway, 2003; Smith and Oppenheimer, 2005).
Therefore, we hypothesized that the SPK1-ROP protein
pathway functions in the orientation of CMT arrays,
which contributes to the anisotropic expansion of petal
cells and to the growth anisotropy of petals during late
development stages.

Because the adaxial epidermal cell displays a three-
dimensional geometric shape with a conical tip and a
pentagonal or hexagonal base (Irish, 2008), we chose the
flattened abaxial epidermal cell to study the correlation
between CMT arrangements and cell expansion pat-
terns. We next analyzed the organization of CMT arrays
in a petal blade’s abaxial epidermal cells during late
stages of petal development. We used a transgenic line
expressing GFP-tagged a-tubulin (Ueda et al., 1999) to
observe CMT arrays and crossed the spk1-4 mutant to
the GFP-Tubulin6 line. We then compared the organi-
zation of CMT arrays in petal abaxial cells throughout
late development stages between the GFP-Tubulin6t
control line and a spkl1-4 GFP-Tubulin6 line. In both
wild-type and spkl-4 mutant petals at stage 10, the
young abaxial epidermal cells displaying a polygonal
shape exhibited a network of CMT arrays that were
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randomly oriented (Fig. 7, D, E, and ]). Starting at stage
11, wild-type abaxial epidermal cells with small lobes
that were beginning to extend retained many randomly
oriented CMTs and a few transverse CMTs, which were
only associated with the indentation regions of the cells
(Fig. 7, D and F-I). When spkl-4 mutant abaxial epi-
dermal cells started to elongate after stage 11, they
generally contained more transversely arranged CMT
arrays throughout the fast cell elongation stages (stages
11-13; Fig. 7, D and K-M). In mature petals at stage 14,
CMT arrays in wild-type abaxial epidermal cells were
oriented randomly (Fig. 7I), whereas the spk1-4 mutant
cells that were longer and narrower than the wild-type
cells exhibited highly ordered CMT arrays oriented
transversely relative to the axis of cell elongation (Fig.
7N). This finding, together with the petal cell pheno-
type in the spkl-4 mutant, is consistent with previous
observations that transverse CMT arrays are associated
with increased cell elongation but suppressed radial
cell expansion (Wasteneys and Galway, 2003; Smith
and Oppenheimer, 2005). Moreover, our immunofluo-
rescence analysis further confirmed that mutation of
SPK1 caused highly ordered CMT arrays in petal epi-
dermal cells after stage 11 (Fig. 8).

Taken together, our results show that mutation of
SPK1 promotes a transition of microtubule reorientation
from random to transverse at stage 11, which is consis-
tent with the inhibition of lateral expansion and the
promotion of longitudinal expansion in petal epidermal
cells of the spk1-4 mutant during late petal development
stages. The SPK1-promoted isotropic organization of
CMT arrays contributes to the growth isotropy of epi-
dermal cells likely by affecting cellulose microfibril ar-
rangements and cell wall patterns.

ROP2, ROP4, and ROP6 Act Redundantly to Regulate the
Organization of CMT Arrays

We next investigated the contribution of downstream
signaling components of SPK1, the ROP proteins, to the
organization of CMT arrays in petal abaxial epidermal
cells. We visualized CMT arrays in the rop2 rop6
and rop2 rop6 ROP4i-4 mutant petal cells using immu-
nofluorescence. Starting at development stage 12, wild-
type petal cells formed randomly oriented CMT arrays,
whereas cells in the rop2 rop6 or rop2 rop6 ROP4i mutant
generally displayed transversely arranged CMT arrays
at late stages of petal development (stages 12-14; Fig. 8),
as did the spk1-4 mutant. These well-ordered transverse
CMT arrays induced by loss of function of ROP proteins
were correlated with reduced lateral expansion and
increased longitudinal expansion in petal epidermal
cells of the rop2 rop6 mutant or the rop2 rop6 ROP4i-4
mutant (Fig. 6; Supplemental Fig. S9). Taken together,
these results suggest that ROP2, ROP4, and ROP6 act
redundantly at late development stages to promote the
formation of randomly oriented CMT arrays in petal
abaxial epidermal cells, which contributes to cell ex-
pansion and the final characteristic shape of petals.
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Figure 7. SPK1 activates both ROP2 and ROP6 and is required for the organization of CMTs in petals. A to C, Knockdown of SPK1
reduced both ROP2 and ROP6 activities by in vivo pull-down assays. A, Data shown at both top and bottom represent one of the
three replicates. B and C, Quantification of active ROP level (amount of GTP-bound ROP divided by the amount of total ROP)
relative to the wild-type control (as 1). Quantification data demonstrated that both ROP2 (B) and ROP6 activities (C) in SPKT
knockdown lines were reduced significantly in comparison with the wild type (**, P < 0.01, Student’s t test). Wild-type and
mutant inflorescences were collected and used for protein extraction. Twenty micrograms of MBP-RIC1-conjugated agarose
beads were added to the protein extracts for pull-down assays. Activated forms of GTP-bound ROP proteins that were associated
with the MBP-RIC1 beads were boiled and used for analysis by western blotting with a ROP2- or ROP6-specific antibody (for
details, see “Materials and Methods”). D, Quantitative analysis of the percentage of transverse CMTs. Asterisks indicate significant
differences from the control (**, P < 0.01, Student’s ttest). E to N, Knockdown of SPKT resulted in well-ordered transverse CMT
arrays in petal abaxial epidermal cells of the middle part of the petal blade. The organization of CMT arrays was analyzed at
various development stages in the wild type and spk7-4 using GFP-tagged Tubulin6 (TUA) as described in the text. At stage 10,
CMT arrays were oriented randomly in wild-type petal abaxial epidermal cells (E), and mutation of SPKT did not affect the or-
ganization of CMTarrays at this stage (J). Atstages 11 to 14, wild-type cells retained many randomly oriented CMTarrays and a few
transverse CMTs that were only associated with the indentation regions of the cells (F-I), whereas the spk7-4 mutant generally
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contained more transversely arranged CMT arrays throughout stages 11 to 14 (K-N). Bar = 5 um.

DISCUSSION

Our findings presented here have established a
SPK1-ROP GTPase-dependent signaling module that
functions in petals to regulate growth anisotropy and
thus defines the final characteristic shape. This signal-
ing module regulates the organization of CMT arrays,
which affects the expansion patterns of petal epidermal
cells, possibly through the arrangement and deposition
of cellulose microfibrils. Previous results have shown
that most anisotropically growing cells undergo two
distinct expansion phases: cells expand both longitu-
dinally and radially in the first phase, while cells ex-
pand only longitudinally in the second phase (Beemster

Plant Physiol. Vol. 172, 2016

and Baskin, 1998). Interestingly, our results suggest that
petal epidermal cells undergo a homogenous expansion
that requires both longitudinal and radial expansion
throughout late development stages, which is crucial
for the growth isotropy of petals and, consequently, to
generate the characteristic shape of petals with length
and width in proportion. A previous study has shown
that loss of SPK1 causes abnormal cell expansion in
leaves (Qiu et al., 2002); therefore, it remains an open
question whether SPIKE1 has a specific role in regu-
lating anisotropic cell expansion in petals.

Our results suggest that increased well-ordered CMT
arrays result in the greater anisotropic growth of petals
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Figure 8. Immunostaining of CMTs in petal abaxial epidermal cells. A,
Immunostaining of CMTs in petal abaxial epidermal cells from the wild
type, the rop2 rop6 double mutant, the rop2 rop6 ROP4i-4 line, and the
spk1-4 mutant at development stages 12 to 14. Immunofluorescence
was used for visualization of CMT organization. Starting at development
stage 12, wild-type petal cells formed randomly oriented CMT arrays,
whereas cells in rop2 ropé, rop2 rop6 ROP4i-4, and spk1-4 generally
displayed transversely arranged CMT arrays at late stages of petal de-
velopment (stages 12-14). Bar = 10 um. B, Quantitative analysis of the
percentage of transverse CMTs. Asterisks indicate significant differences
from the control (***, P < 0.001, Student’s t test).

in the spkl and rop mutants. However, the connection
between microtubule orientation and anisotropic
growth needs to be explored further. We cannot rule
out the possibility that this connection is indirect. For
example, perhaps the inability to form lobes in abaxial
epidermal cells of the spkl and rop mutants, which may
be regulated by actin filaments, leads to a default ani-
sotropic elongation mode and transverse microtubules.

Our previous study has demonstrated that SPK1 is
required in roots for the auxin-activated ROP6-RIC1
pathway to inhibit PIN2 internalization by stabilizing
actin microfilaments and, consequently, affect auxin
distribution and lateral root development (Lin et al.,
2012). In addition, SPK1 has been implicated in acti-
vating ROP signaling to regulate actin polymerization
via WAVE and ARP2/3 complexes in leaves (Qiu et al.,
2002; Basu et al., 2008; Zhang et al., 2010). We cannot
rule out the possibility that SPK1 plays an additional
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role in other signaling mechanisms in the organization
of actin microfilaments during cell expansion of petal
adaxial or abaxial epidermis, especially in the forma-
tion of lobes of abaxial epidermal cells. Further research
is required to investigate whether the SPK1-ROP path-
way affects the organization of actin microfilaments to
control the interdigitated growth of petal abaxial epi-
dermal cells and the formation of the conical shape of
petal adaxial epidermal cells.

It is well established that ROP2 /4 and ROP6 function
antagonistically in leaves (Fu et al., 2005, 2009; Xu et al.,
2010); however, in this study, our results show that
ROP2/4 and ROP6 act redundantly in petals to regulate
cell shape and petal growth, which suggests that ROP
proteins may have distinct roles in specific organs. The
ROP GTPase proteins ROP2 and ROP6 function an-
tagonistically in leaves to create the jigsaw puzzle piece
shape of leaf pavement cells (Fu et al., 2005, 2009; Xu
et al., 2010). ROP2 activates its effector protein RIC4 to
promote the assembly of cortical actin microfilaments
required for localized outgrowth, thus leading to lobe
formation, while ROP6 activates its effector protein
RIC1 to produce well-ordered transverse CMTs in neck
regions, leading to the inhibition of neck outgrowth. In
leaves, the rop2 rop4 RNAi double mutant had pave-
ment cells with fewer lobes and narrow necks associ-
ated with transversely ordered CMT arrays (Fu et al,,
2005), whereas loss of ROP6 function results in leaf
pavement cells with wider necks but normal lobes as-
sociated with randomly oriented CMT arrays com-
pared with the wild type (Fu et al., 2009). In this study,
our results showed that, in petal blades at stage 12 and
beyond, the rop2 rop6 and rop2 rop6 ROP4i-4 mutants
had fewer lobed abaxial epidermal cells associated with
transversely ordered CMT arrays (Fig. 6), which dem-
onstrates that ROP2, ROP4, and ROP6 act redundantly
to promote the isotropic organization of CMT arrays
that are required for isotropic expansion of abaxial epi-
dermal cells in petal blades. Previous studies have
shown that the rop6 mutation alone decreases growth
anisotropy in different organs, including hypocotyl and
meristem (Fu et al., 2009; Sassi et al., 2014), whereas our
study shows that the double rop2 rop6 mutation causes
an increase in growth anisotropy in the petal. The de-
tailed mechanisms underlying the regulation of growth
anisotropy and CMT arrangements by ROP6 appear to
differ between cell types and tissues (Fu et al., 2009;
Chen et al., 2014), which may reflect the diverse de-
velopmental signals required for the activation of ROP
signaling and the fact that ROP proteins may use di-
verse effectors (Lavy et al., 2007; Lietal., 2008a; Fu et al.,
2009; Mucha et al., 2010).

Given that petal phenotypes of the rop mutants were
not as strong as the spkl mutants, this seems to suggest
that other ROP proteins or regulators that function
downstream of SPK1 also may be involved in the SPK1
pathway in the regulation of petal growth; therefore,
future studies should identify novel components that
function in the SPK1 pathway. In addition, future
studies should determine the developmental signals
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required for the activation of SPK1-ROP signaling and
identify the downstream targets of ROP proteins in the
organization of CMT arrays during petal growth and
should investigate the role of phytohormones, such as
auxin and jasmonates, in the regulation of SPK1 activ-
ity. In addition, further studies should illustrate how
the SPK1-ROP pathway influences the arrangement of
cellulose microfibrils and cell wall patterning during
petal growth and development.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) Columbia-0 was used as the wild type.
The spkl-4 mutant used in this study was described previously (Lin et al.,
2012). The T-DNA insertion mutants of ROP2 and ROP6, named rop2
(SALK_055328C) and rop6 (SALK_091737C), respectively, were obtained from
the Arabidopsis Biological Resource Center. The rop2 and rop6 homozygous
mutants were identified with PCR amplification to confirm the presence of
T-DNA insertions. The rop2 rop6 double mutant was generated by crossing
parental single homozygous lines. The resulting F2 segregating progeny were
genotyped to identify plants homozygous for each locus. Plants were grown
in nutrition soil or in Murashige and Skoog agar petri dishes supplemented
with 1% (w/v) Suc. Controlled environmental conditions were provided in
the growth room at 22°C under a 16-h-light/8-h-dark cycle.

DNA Constructs and Plant Transformation

All constructs were made using the primers listed in Supplemental Table S1.
For complementation experiments, full-length genomic DNAs (including its
native promoter) of SPK1, ROP2, and ROP6 were amplified and cloned into
vector PH355-GW or PH35S-GFP-GW. The resulting pSPK1::SPK1 was intro-
duced into the spk1-4 mutant by Agrobacterium tumefaciens-mediated transfor-
mation for the complementation experiments. The resulting pROP2::GFP-ROP2
and pROP6::GFP-ROP6 were introduced into the rop2 rop6 double mutant. To
make the SPK1-RNAi and ROP4-RNAi constructs, cDNA fragments specific to
SPK1 and ROP4 were amplified, respectively, using the PCR primers listed in
Supplemental Table S1, and the fragments were further introduced into the
modified binary vector pFGC5941. The SPK1-RNAi construct used the 35S
promoter, but the ROP4-RNAi construct used the native promoter of ROP4 to
replace the 35S promoter. The resulting construct, SPKI-RNAi, was then
transformed into Columbia-0 to generate the SPK1-RNAi lines. And the resulting
construct, ROP4-RNAi, was then transformed into the rop2 rop6 double mutant to
generate the rop2 rop6 ROP4 RNAI lines.

Imaging of Petal Epidermal Cells and Measurements of
Cell Phenotypes

We used young plants (wild-type and mutant plants with no mature siliques)
grown under the same conditions. Petals from flowers at stages 10 to 14 were
carefully dissected and then staining in a solution containing 10 g mL ™" pro-
pidium iodide for 1 h. Then, petal adaxial epidermis or abaxial epidermis was
imaged by confocal microscopy. For all mutants and the wild type, 12 to
16 petals from four individual plants were used to scan the epidermal cells.
Petal blade cell length, cell width (distal region of the petal blade), and cell area
were measured manually using Image]. More than 500 cells from 12 to 16 petals
were measured. Student’s ¢ test was used for statistical analysis.

Confocal Microscopy

Confocal images were collected using a Zeiss LSM 880 confocal microscope.
To visualize petal epidermal cells, petal adaxial epidermis or abaxial epidermis
was stained in propidium iodide solution and then imaged by confocal scanning
using a 543-nm laser. To visualize CMT arrays, samples that express GFP-
Tubuliné were imaged by confocal scanning using a 488-nm laser, and a se-
ries of optical sections were taken at 0.6-um increments with a 40X water lens
and then three-dimensional projections were used.
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ROP2 and ROP6 Activity Assays

For ROP2 and ROP6 activity assays in the spk1-4 mutant and the SPK1 RNAi
lines, the assay was conducted as described previously (Lin et al., 2012). Briefly,
0.1 g of wild-type and mutant inflorescences was collected and frozen in liquid
nitrogen. Total proteins were extracted using extraction buffer (25 mm HEPES,
pH 74,10 mm MgCl,, 10 mm KCl, 5 mm dithiothreitol, 5 mm NasVO,, 5 mm NaF,
1 mm phenylmethylsulfonyl fluoride, 1% Triton X-100, and protease inhibitor
cocktail). Twenty micrograms (20 uL) of MBP-RIC1-conjugated agarose beads was
added to the protein extracts and incubated at 4°C for 2 h on a rocker. The beads were
washed four times in wash buffer (25 mm HEPES, pH 7.4, 1 mm EDTA, 5 mm MgCl,,
1 mwm dithiothreitol, and 0.5% Triton X-100) at 4°C. GTP-bound ROP proteins that were
associated with the MBP-RIC1 beads were boiled and used for analysis by western
blotting with a ROP2- or ROP6-specific antibody (Xu et al.,, 2014). ROP2 and ROP6
polyclonal antibodies were generated against the peptides QFFIDHPGAVPITINQG
and LIGAPAYIECSAKTQQ), respectively (Abicode). Prior to the pull-down assay, a
fraction of total proteins was analyzed by immunoblot assay to determine total ROP2
or ROP6 (GDP bound and GTP bound). The amount of the GTP-bound active form of
ROPs was normalized to that of total ROPs.

Immunofluorescence

Immunostaining experiments were performed according to the procedure
described previously (Wasteneys et al., 1997). Briefly, petals were fixed,
frozen, shattered, and permeabilized. The fixed tissues were incubated with
monoclonal anti-a-tubulin-fluorescein isothiocyanate antibody produced in
mouse (1:300; Sigma F2168) The samples were analyzed using the Zeiss LSM
880 confocal microscopy system.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome Ini-
tiative or GenBank/EMBL databases under the following accession numbers: SPK1
(AT4G16340), ROP2 (AT1G20090), ROP4 (AT1G75840), and ROP6 (AT4G35020).

Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1. Expression analysis of SPK1 in floral organs.

Supplemental Figure S2. Phenotype and quantification of petal claws of
the spk1-4 mutant.

Supplemental Figure S3. Complementation of the spk1-4 mutant.

Supplemental Figure S4. RT-PCR and qRT-PCR analysis of SPKI RNAi
lines.

Supplemental Figure S5. Quantitative analysis of cell numbers.

Supplemental Figure S6. Phenotype and quantification of epidermal cells
in petal claws of the spk1-4 mutant.

Supplemental Figure S7. Adaxial epidermal cell shapes of the wild type
and spk1-4 at development stages 10 to 13.

Supplemental Figure S8. Analysis of petal phenotypes of the rop2 and rop6
single mutants.

Supplemental Figure S9. Adaxial epidermal cell shapes of the wild type,
the rop2 rop6 mutant, and the rop2 rop6 ROP4 RNAI lines.

Supplemental Figure S10. Complementation of the rop2 rop6 mutant.

Supplemental Figure S11. RT-PCR analysis of the rop2 rop6 mutant and
the rop2 rop6 ROP4 RNAI lines.

Supplemental Figure S12. Phenotypes and quantification of petal claws in
the rop2 rop6 mutant and the rop2 rop6 ROP4i-4 mutant.

Supplemental Figure S13. Phenotypes and quantification of epidermal cells
in petal claws of the rop2 rop6 mutant and the rop2 rop6 ROP4i-4 mutant.

Supplemental Figure S14. Quantitative analysis of petal phenotypes for
the wild type, the rop2 rop6 double mutant, and the rop2 rop6 ROP4i-4
line from development stages 10 to 14.

Supplemental Table S1. Primers used in this study.
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