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Although cytokinesis is vital for plant growth and development, our mechanistic understanding of the highly regulated
membrane and cargo transport mechanisms in relation to polysaccharide deposition during this process is limited. Here, we
present an in-depth characterization of the small molecule endosidin 7 (ES7) inhibiting callose synthase activity and arresting
late cytokinesis both in vitro and in vivo in Arabidopsis (Arabidopsis thaliana). ES7 is a specific inhibitor for plant callose
deposition during cytokinesis that does not affect endomembrane trafficking during interphase or cytoskeletal organization.
The specificity of ES7 was demonstrated (1) by comparing its action with that of known inhibitors such as caffeine, flufenacet,
and concanamycin A and (2) across kingdoms with a comparison in yeast. The interplay between cell plate-specific post-Golgi
vesicle traffic and callose accumulation was analyzed using ES7, and it revealed unique and temporal contributions of secretory
and endosomal vesicles in cell plate maturation. While RABA2A-labeled vesicles, which accumulate at the early stage of cell
plate formation, were not affected by ES7, KNOLLE was differentially altered by the small molecule. In addition, the presence of
clathrin-coated vesicles in cells containing elevated levels of callose and their reduction under ES7 treatment further support the
role of endocytic membrane remodeling in the maturing cell plate while the plate is stabilized by callose. Taken together, these
data show the essential role of callose during the late stages of cell plate maturation and establish the temporal relationship
between vesicles and regulatory proteins at the cell plate assembly matrix during polysaccharide deposition.

During plant cytokinesis, the de novo formation of a
new cell wall partitions the cytoplasm of the dividing
cell (Staehelin and Hepler, 1996; Jürgens, 2005). The
formation of the transient cell plate structure is a complex
multistep process (Samuels et al., 1995; Jürgens, 2005). At
the end of late anaphase, vesicle delivery is guided by the
phragmoplast to the center of the dividing cell, the cell
plate assembly matrix (CPAM; Samuels et al., 1995).
Vesicles at the CPAM undergo homotypic fusion and
fission, contributing to the formation of the incipient cell
plate (Jürgens, 2005). The initial vesicular fusion and
fission events (fusion of Golgi-derived vesicles stage
[FVS]) lead to the formation of a tubulovesicular network
(TVN), which undergoes a morphological change to

form a tubular network (TN). Callose deposition starts
during this stage (Supplemental Fig. S1), which is
thought to provide mechanical support to the mem-
brane network that ultimately results in the planar
fenestrated sheet (PFS). The cell plate expands cen-
trifugally by the accumulation and fusion of newly
arriving vesicles at its leading edge. This process is
accompanied by the accumulation of new polysac-
charides and the removal of excess material maturing at
the center. Separation of the daughter cells concludes
by fusion of the cell plate with the parental plasma
membrane (Samuels et al., 1995).

A vast amount of proteins including those involved
in vesicle trafficking participate in cell plate formation
(McMichael and Bednarek, 2013). Vesicle fusion with
the target membrane is mediated by the formation of
Soluble N-ethylmaleimide-sensitive factor protein
attachment protein receptor (SNARE) complexes
(Bassham and Blatt, 2008). The well-characterized
SNARE complex at the cell plate comprises the
Q-SNARE KNOLLE and the functionally redundant
R-SNARES, the vesicle-associated membrane proteins
VAMP721 and VAMP722 (Lauber et al., 1997; Zhang
et al., 2011; El Kasmi et al., 2013). The SEC1/Munc18
protein KEULLE, the Soluble N-ethylmaleimide-
sensitive factor adaptor protein33, and the novel plant-
specific SNARE11 (Assaad et al., 2001; Heese et al.,
2001; Zheng et al., 2002) play a role in this SNARE
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complex formation. Of all the SNAREs required for
vesicle fusion at the cell plate, only KNOLLE has been
shown to function exclusively in cytokinesis.

The formation of the cell plate requires specific
amounts of vesicle-delivered membrane and other se-
cretory products. The GTPase RABA2A is necessary for
the delivery of trans-Golgi network (TGN)-derived ves-
icles to the cell plate leading edge (Chow et al., 2008).
However, due to the excess delivery of material arriving
at the cell plate formation site, it is estimated that 70% is
recycled (Samuels et al., 1995; Otegui et al., 2001). Elec-
tron microscopy observations indicate the role of
clathrin-coated vesicles (CCVs) in the removal and/or
recycling of excess membranes from the cell plate
(Samuels et al., 1995; Otegui and Staehelin, 2004; Seguí-
Simarro et al., 2004). Specifically, clathrin light chain
(CLC), dynamin-related proteins (DRPs), the adaptin-like
TPLATE, and AP180 amino-terminal homology/epsin
amino-terminal homology domain-containing protein
have been identified at the cell plate, providing evidence
that clathrin-mediated endocytosis facilitates this mem-
brane recycling (Konopka et al., 2008; Konopka and
Bednarek, 2008; Fujimoto et al., 2010; Van Damme et al.,
2011; Ito et al., 2012; Song et al., 2012; McMichael and
Bednarek, 2013). In addition, it has been suggested that
plasma membrane endocytosis contributes material to-
ward de novo cell plate formation (Dhonukshe et al.,
2006). However, the level of endocytosis involvement
remains questionable, as pharmacological inhibition of
endocytosis does not interfere with cytokinesis
(Reichardt et al., 2007). The temporal association of dif-
ferent vesicle populations at the CPAM might provide
further insights into their contribution to the forming cell
plate.

Despite the large number of studies investigating
membrane dynamics, relatively few studies exist on
polysaccharide deposition during cell plate maturation.
It has been suggested that callose, a (1,3)-b-glucan, sta-
bilizes the delicate tubular network during the initial cell
plate formation stage, until the deposition of additional
polysaccharides increases its rigidity (Samuels et al.,
1995). Callose accumulation is transient, with the poly-
mer being removed once other polysaccharides such as
hemicelluloses, pectins, and cellulose are deposited at the
cell plate (Supplemental Fig. S1; Samuels et al., 1995;
Albersheim et al., 2010). The timing of callose deposition
at the cell plate in relation to that of vesicle trafficking
that contributes to cell plate formation is unknown.

Genetic studies have indicated a role of callose ac-
cumulation at the cell plate (Chen et al., 2009; Thiele
et al., 2009; Guseman et al., 2010). However, the le-
thality of mutant alleles for the callose synthase/
glucan synthase-like family (GSL) has hampered the
detailed examination of the role of callose synthase
and its product in cell plate maturation (Verma and
Hong, 2001; Chen et al., 2009; Thiele et al., 2009;
Guseman et al., 2010). The ability to transiently perturb
callose deposition at the cell plate is key to under-
standing callose’s contribution to the separation of the
daughter cells compared with other polysaccharides.

Here, we used pharmacological inhibitors to over-
come the challenges of the lethality of callose synthase
mutants. In a high-throughput confocal microscopy-
based screen for small molecules affecting endosomal
trafficking (Drakakaki et al., 2011), endosidin 7 (ES7)
was identified as an inhibitor of cell plate formation.
ES7 induces characteristic cell plate gaps, observable
by the mislocalization of KNOLLE and RABA2A,
while it does not affect the localization of endo-
membrane compartment markers in interphase cells.
The potential of ES7 to inhibit callose deposition
at the cell plate (Drakakaki et al., 2011) provides
avenues to study cell plate maturation. We have
characterized the activity of ES7 using both in vitro
and in vivo studies establishing its inhibitory effects
on callose biosynthesis. We have exploited the pro-
perties of ES7 to characterize in detail callose depo-
sition at the cell plate, thereby providing further
insight into the overall cell plate formation process.
Our results conclusively show that callose is essen-
tial for the later stages of cell plate maturation and
lay out the temporal association and interplay of
TGN and endosomal vesicles during polysaccharide
deposition.

RESULTS

ES7 Interrupts Cytokinesis and Inhibits Plant Growth

The cell plate formation and growth of Arabidopsis
(Arabidopsis thaliana) seedlings were examined in the
presence of ES7 to gain insight into the effect of the
drug on plant development. A 2-h pulse treatment
with 50 mM ES7 induced characteristic cell plate gaps
and fragmented cell plates, as observed with FM4-64
staining and the aid of the cell plate-localized yellow
fluorescent protein (YFP)-RABA2A at the root tip di-
vision zone (Fig. 1, A and B). In three-dimensional
micrograph reconstructions, cell plate stubs are visible
and disconnected from the parental cell wall (magenta
arrow in Supplemental Fig. S2B). This incomplete cy-
tokinesis leads to the formation of binucleate cells (Fig.
1C), a common feature of mutants exhibiting impaired
cell division, even at 25 mM ES7. In contrast, the di-
methyl sulfoxide (DMSO) control treatment has no
effects on the cell plate during each cytokinetic stage
(Fig. 1A; Supplemental Fig. S2A).

The bioactivity of ES7 in seedlings was further as-
sessed by examining cell division patterns and quan-
tifying growth. ES7 strongly altered the cell file pattern
in root tips. Cellular organization became more ir-
regular with concurrent loss of symmetry (Fig. 2,
A and B), both of which are phenotypic hallmarks of
cytokinesis-defective mutants (Söllner et al., 2002).
These defects are not restricted to root cells but also
extend to the cotyledons. Incomplete cell walls in
cotyledons are clearly observable in the ES7-treated
samples (Fig. 2, C and D). Furthermore, seedling
growth was reduced by ES7 in a concentration-
dependent manner (Fig. 2E). Seedling growth is
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arrested and leads to lethality at 25 mM, which suggests
that this dose is sufficient to strongly inhibit cell divi-
sion. The half-maximal inhibitory concentration of ES7
is 4.8 mM as determined by root growth assays (Fig.
2F). These data show that ES7 hinders somatic cyto-
kinesis and is a potent inhibitor of plant growth. Five

and 10 mM concentrations of ES7 were selected for root
growth assays. These concentrations result in 50%
and 80% inhibition of root growth, respectively. Higher
concentrations (25 and 50 mM) were used for 2-h pulse
treatments of subcellular effects (Drakakaki et al.,
2011).

Figure 1. Inhibition of cell plate maturation by ES7 in Arabidopsis root cells. A, DMSO control treatment. From the early cell
plate formation steps, YFP-RABA2A-labeled vesicles strongly accumulate at the cell plate. Numbers next to arrowheads indicate
the relative stage of cell plate maturation. Counterstaining of the plasma membrane with FM4-64 is indicated in magenta, while
YFP-RABA2A is presented in green. B, Pulse treatment with 50 mM ES7 for 2 h causes characteristic cell plate gaps observed by
FM4-64 staining and mislocalization of YFP-RABA2A (white arrows). C, PI staining of the ES7-treated root shows binucleated
cells, highlighted by perforated circles. Cell wall stubs indicating that double nuclei are caused by incomplete cell division are
marked by yellow arrows.

Figure 2. ES7 treatment results in concentration-dependent growth inhibition of Arabidopsis seedlings. A and B, Arabidopsis
roots at 5 d after germination (DAG) stained by FM4-64. While roots grown with DMSO display regular cell organization (A),
exposure to ES7 causes the collapse of root tissue organization and abnormal cell sizes (yellow arrowheads in B). C and D, PI
staining of leaf pavement cells. Seedlings grown under 10 mM ES7 for 5 d show cell wall stubs and result in fewer guard cells at
the epidermis (yellow arrowheads in D) compared with cotyledons grown under DMSO (C). E, ES7 dosage-dependent inhi-
bition of 5-d-old seedling root growth. F, Dosage-dependent root growth of Arabidopsis seedlings over an ES7 concentration
gradient. The half-maximal inhibitory concentration is calculated to be 4.8 mM for root growth of 5-d-old seedlings, with n. 48.
Seedlings were imaged and root lengths were measured at 4 DAG (green circles), 5 DAG (blue squares), and 6 DAG (purple
triangles). Trend lines were generated by a one-phase exponential decay curve fit (r2 . 0.9).
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ES7 Is a Plant-Specific Cytokinesis Inhibitor

The inhibition of callose at the cell plate was inves-
tigated by immunostaining. A concentration-dependent
inhibition of callose deposition was observed in ES7-
treated plants (Fig. 3), which demonstrates the activity
of ES7 on this polysaccharide. Interestingly, while cal-
lose deposition was not detectable upon 25 mM ES7
treatment (Fig. 3D), cells treated with lower concentra-
tions displayed visible, albeit abnormal, deposition of
callose at the cell plate (Fig. 3, B and C).

Callose deposition at the cell wall occurs in a num-
ber of different biological events (Verma and Hong,
2001). We investigated whether ES7 is a plant-specific
inhibitor and if it affects callose deposition only during
cytokinesis and not in other developmental processes
in which callose plays a role (Supplemental Fig. S3).
Callose accumulation in physically wounded plants
was not affected by ES7 (Supplemental Fig. S3, B and E).
However, its effect on cytokinesis in the same tissues
was apparent (Supplemental Fig. S3, C and F); this
indicates that the inhibition of cytokinesis does not
influence stress-induced callose deposition.

Similarly ES7 did not affect callose plug formation in
sieve elements (Supplemental Fig. S3, G and H). This
observation was not due to limited uptake, because cell
plate defects in the neighboring cells of sieve elements

were apparent in the same root tissues. Altogether,
these data support the specificity of ES7 on cytokinesis-
associated callose deposition. As noted previously
(Drakakaki et al., 2011), ES7 treatment suppressed
pollen germination (Supplemental Fig. S3J).

(1,3)-b-Glucans similar to callose are major struc-
tural components of yeast (Saccharomyces cerevisiae)
cell walls, and the corresponding S. cerevisiae (1,3)-
b-glucan synthase shares structural similarities with
Arabidopsis GSLs (Hong et al., 2001). In order to test
the specificity of ES7 on plant callose synthases, we
evaluated yeast cell growth over a range of ES7 con-
centrations, including those that are lethal for plants
(Supplemental Fig. S4). ES7 treatment did not mea-
surably affect yeast population growth over periods of
24 and 48 h (Supplemental Fig. S4), which underscores
its specific activity on plants.

ES7 Inhibits Callose Synthase Activity

The effect of ES7 on callose synthase activity was
investigated by employing a well-established assay
using CHAPS extracts of Arabidopsis cell membranes
as an enzyme source. Previous studies using per-
methylation linkage analysis, 13C-NMR spectroscopy,
and x-ray diffraction unequivocally showed that cal-
lose is the only polysaccharide synthesized under these
in vitro conditions (Him et al., 2001). Assays of callose
synthase activity in the presence of 0 to 100 mM ES7
revealed a concentration-dependent decrease (Fig. 4A).
One hundred micromolar ES7 reduced the activity of
the enzyme by 50%. In order to understand the mode
of action of ES7, enzyme kinetics were determined in
the presence of 0, 40, and 80 mM ES7 (Fig. 4B). The data
revealed that increasing concentrations of ES7 were
accompanied by higher apparent Km and lower Vmax
values compared with the control. For the two con-
centrations of ES7 tested, the apparent association
constant of ES7 to the enzyme-substrate complex mea-
sured in the presence of the inhibitor was twice as high
as the apparent association constant of ES7 to the free
enzyme, indicating that ES7 acts as a mixed-type in-
hibitor that may interact directly or indirectly with the
free enzyme and with the enzyme-substrate (UDP-Glc)
complex with a different affinity.

Cellulose Deposition Is Not Inhibited by ES7

Cellulose, a (1,4)-b-glucan, accumulates at later stages
of cell plate formation (Samuels et al., 1995). To further
examine the specificity of ES7 on both Glc-based pol-
ysaccharides (cellulose and callose), we examined cel-
lulose localization after chemical treatment. There was
no discernible difference in Glc labeling between DMSO-
and ES7-treated sections (Supplemental Fig. S5, A and B).
Average fluorescence intensity values for labeled cel-
lulose in tissues incubated in the presence and absence
of ES7 did not differ by more than 4%. In addition, root

Figure 3. Concentration-dependent inhibition of callose accumulation
at the cell plate. A, Control cells were treated with DMSO. B, A 5 mM

ES7 treatment caused abnormal accumulation of callose at the cell
plate. C, A 10 mM ES7 treatment displayed less callose deposition at the
cell plate than DMSO or 5 mM ES7 treatment. Note that BRI1-GFP
accumulation at the center of the cell plate formation site is still visible
(yellow arrows in B and C). D, Callose deposition at the cell plate
disappears under 25 mM ES7 treatment. Plasma membrane labeling of
BRI1-GFP is shown in green, a-callose in red, and DAPI nuclear
staining in blue. All treatments were 2 h long. Bars = 10 mm.
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growth of procuste1, a mutant allele for the CELLULOSE
SYNTHASE6 (CESA6) subunit (Fagard et al., 2000), was
strongly inhibited by ES7 treatment (Supplemental Fig.
S5C), providing further evidence of the specificity of ES7
toward callose deposition.

ES7 Inhibits the Late Steps of Cell Plate Formation

As stated above, cell plate formation follows dis-
tinct developmental stages (Samuels et al., 1995;
Supplemental Fig. S1). We refer to the stage in which
Golgi-derived vesicles are fusing as an early stage, while

the formation of TVN, TN, and PFS is referred to as later
stages. To dissect vesicle dynamics in cell plate formation,
we investigated the effects of ES7 on the localization of
the fluorescent cell plate markers (Supplemental Table S1)
YFP-RABA2A (Chow et al., 2008), KNOLLE-GFP
(Reichardt et al., 2007), DRP1C-GFP and CLC2-GFP
(Kang et al., 2003; Konopka et al., 2008) at early and
later stages. These proteins were selected for their
known roles in cell plate formation.

In the meristematic zone of Arabidopsis root tips
treated with DMSO, YFP-RABA2A was found to ac-
cumulate at the cell plate in two distinct forms: (1) as a
disc-like pattern during the early stages and (2) as
a ring-type pattern in later stages (Fig. 5, A and G;
Supplemental Fig. S2A). This developmental pattern
agrees well with previous observations in Arabidopsis
root tips (Chow et al., 2008). Since the cell plate ma-
tures centrifugally, a disc-like cell plate structure con-
tains several stages of maturation, with the early stage
being located on the circumference of the plate
(Supplemental Fig. S1). While both disc- and ring-type
structures of YFP-RABA2A accumulation at the cell
plate were unaffected by DMSO (Fig. 5, A and G;
Supplemental Fig. S2A, white and yellow arrows),
ES7 affected the two accumulation patterns in a
different manner. While disc-like accumulations
were not affected (Fig. 5D; Supplemental Fig. S2B,
white arrow), ring-shaped YFP-RABA2A structures
exhibited characteristic gaps (Fig. 5K; Supplemental
Fig. S2B, yellow arrow). This differential behavior
indicates that ES7 inhibits the later stages of cell plate
maturation.

Additional marker proteins involved in cell plate
formation were analyzed to further corroborate the
observed late-stage effects of ES7 (Fig. 5). KNOLLE
is exclusively expressed in dividing cells throughout
cytokinesis (Lauber et al., 1997). In the presence of ES7,
KNOLLE-GFP showed normal accumulation at the
center of the dividing cells during the early stages of
cell plate formation (Fig. 5, E and B). This contrasted
with the behavior of KNOLLE-GFP during the late
stages of cell plate formation, in which the protein
accumulated in stubs exhibiting a massive lateral ex-
pansion (Fig. 5, L and H). DRPs are present in early
and late stages of cell plate formation (Otegui et al.,
2001; Collings et al., 2008; Konopka et al., 2008). It has
been postulated that, together with CLC, DRPs are in-
volved in endocytosis at late stages, thereby promoting
cell plate maturation (Konopka et al., 2008; Fujimoto
et al., 2010). While DRP1C-GFP proteins were identifi-
able at an early cell plate stage (Fig. 5, C and F), CLC2-
GFP accumulations were not detectable at the same
stage. However, both proteins accumulated in mature
cell plates (Fig. 5, I and J). In the presence of ES7,
DRP1C-GFP displayed abnormal accumulation only in
mature cell plates (Fig. 5M), while CLC2-GFP patterns
remained punctate, with preferred localizations at the
cell plate stub (Fig. 5N).

Taken together, these data conclusively demonstrate
that ES7 exerts its inhibitory effects only during the later

Figure 4. Concentration-dependent inhibition of callose synthase ac-
tivity by ES7. A, Callose synthase activity in Arabidopsis microsome
extracts, measured in the presence of 1 mM UDP-Glc over a range of ES7
concentrations. B, Michaelis-Menten kinetics of callose synthase activity
in the absence of ES7 (solid line) and in the presence of 40 mM (dotted
line) and 80 mM (dashed line) ES7. Initial velocities V0 (nmol/min) for
different chemical concentrations are shown. The apparent Km, Vmax,
and association constants of ES7 to the free enzyme (Ki) and to the en-
zyme-substrate complex (Ki9) for the three cases are shown.
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steps of cell plate maturation and that vesicle accumula-
tion at the plane of division during the early stage of cell
plate formation is unaffected. Furthermore, these results

show that ES7 exerts its inhibitory effect differentially for
specific vesicle populations, which depends on both their
function and the timing of accumulation at the CPAM.

Figure 5. ES7 inhibits later stages of cell plate maturation. In the early steps of cell plate formation, YFP-RABA2A (A),
KNOLLE-GFP (B), and DRP1C-GFP (C) accumulate at the center of the dividing cell. Early-stage cell plates labeled by these
markers are not affected by ES7 (D–F). During later stages of cell plate maturation, YFP-RABA2A largely accumulates at the
edge of the growing cell plate (G), KNOLLE-GFP and DRP1C-GFP localize along the cell plate (H and I), and CLC2-GFP
shows relatively low levels of cell plate accumulation while localizing in the vicinity of the cell plate (J). During later
maturation stages, ES7 causes split cell plates with abnormal accumulation of the markers (K–N). Note the aggregation of
KNOLLE-GFP at cell plate stubs (L). FM4-64 counterstaining of the plasma membrane is indicated by magenta, and the
respective markers are indicated in green. Bars = 10 mm.
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Interplay of Vesicle Accumulation and Callose Deposition
during Cell Plate Maturation

To further understand the timely contribution of ves-
icle populations to cell plate maturation, we followed
protein localization in relation to callose deposition at the
cell plate (Fig. 6). In early cell plate formation steps, YFP-
RABA2A, KNOLLE-GFP, or DRP1C-GFP strongly ac-
cumulated at the center of the dividing cells, whereas
callose did not accumulate (Fig. 6, A, D, and G, respec-
tively). During later stages, YFP-RABA2A localized at
the leading edge of the growing cell plate (Fig. 6B;
Supplemental Movie S1), whereas KNOLLE-GFP (Fig. 6E;
Supplemental Movie S2) and DRP1C-GFP accumu-
lation was uniform along the cell plate (Fig. 6H). Callose
deposition was initially observed at this stage (Fig. 6,
B, E, and H, yellow arrowheads). Interestingly, callose de-
position at the cell plate was accompanied by a reduction
in YFP-RABA2A accumulation (Fig. 6C), while the ac-
cumulation of the KNOLLE-GFP protein was unaltered
(Fig. 6F). Although DRP1C-GFP exhibited even accu-
mulation along the cell plate, similar to KNOLLE-GFP,
its level of accumulation was reduced at stages where
callose deposition started, compared with early cell plate
stages (Fig. 6, G–I). CLC2-GFP was not observed at early
stages, but its occurrence was occasionally detectable in
expanding cell plates (Fig. 6J). However, concurrent with
callose deposition, CLC2-GFP enrichment at the cell
plate was observed (Fig. 6, K and L).
No callose deposition is detectable at the cell plate

upon ES7 treatment (Fig. 7). The absence of callose
at the early stages of cell plate development (Fig. 7,
A, C, and E) did not cause any cell plate defects. At
later stages of cell plate formation, the absence of cal-
lose is accompanied by characteristic cell plate defects,
which are identified by the markers YFP-RABA2A,
KNOLLE-GFP, and DRPC1C-GFP (Fig. 7, B, D, and F;
Supplemental Movies S3 and S4). Interestingly, KNOLLE-
GFP displayed abnormal highly voluminous aggre-
gates at the cell plate stubs (Fig. 7D), implying that the
lack of callose at the cell plate arrests the expansion of the
existing TVN/TN, leading to aggregations of the syn-
taxin KNOLLE. The CLC2-GFP pattern remained punc-
tate under ES7 treatment (Fig. 7G).
These results establish the timing of ES7 concurrent with

callose deposition. In addition, they show the role of callose
in TVN/TN maturation and the association of the poly-
saccharide with a specific vesicle population at the CPAM.

ES7 Is a Highly Specific Inhibitor for Callose Deposition
at the Cell Plate Compared with Known
Cytokinesis Inhibitors

Several small molecules acting as inhibitors of
endomembrane trafficking have been used to perturb
cell plate formation. For example, concanamycin A
(ConcA), a vacuolar type H+-ATPase inhibitor (Dröse
et al., 1993; Huss et al., 2002), blocks TGN-mediated
vesicle trafficking (Dettmer et al., 2006). Flufenacet

inhibits the synthesis of long-chain fatty acids (Bach
et al., 2011). Caffeine affects cytoskeletal organization
and callose deposition, resulting in fragmented cell
plates (Jones and Payne, 1978; Samuels and Staehelin,
1996; Yasuhara, 2005). We compared the response of
ES7 with that of the above-mentioned inhibitors and
investigated their activities on a variety of marker
protein localizations and callose deposition at the cell
plate. The selectedmarkers were YFP-RABA2A as an early
cell plate marker, GFP-microtubule-associated protein4
(GFP-MAP4) as a microtubule marker, and the cellulose
synthase GFP-CESA3 as a marker for Golgi- and
microtubule-associated vesicles (Supplemental Table S1).

In living cells, ES7, caffeine, flufenacet, and ConcA
treatments resulted in characteristic split cell plate
formation, as shown by YFP-RABA2A (Fig. 8, B–E).
Phragmoplast formation was normal upon ES7 and
ConcA treatments (Fig. 8, G and J). However, flufe-
nacet treatment led to ectopic phragmoplast formation
at the mature cell plate (Fig. 8I). Caffeine changed the
morphology of the phragmoplast in a way that is
somewhat similar to that of a mitotic spindle (Fig. 8H).
In addition, microtubule aggregation in the interphase
cells was induced by caffeine (Supplemental Fig. S6G,
white arrow). Recent studies showed that cellulose
synthase proteins localize at the cell plate during cy-
tokinesis (Miart et al., 2014). A partial vacuolar-type
organization was observed for GFP-CESA3 dividing
cells treated with ES7, while a normal localization was
observed in interphase cells (Fig. 8L; Supplemental
Fig. S6B). Interestingly, GFP-CESA3 aggregated upon
caffeine treatment, with many of these aggregates local-
izing adjacent to the cell wall (Fig. 8M, white arrow),
probably due to abnormal microtubule organization
(Fig. 8H; Supplemental Fig. S6G). Furthermore, the
ring-type fluorescence of GFP-CESA3 was observed in
interphase cells (Supplemental Fig. S6C). Flufenacet
treatment caused severe aggregation of the CESA3
complexes in both dividing and interphase cells (Fig. 8N;
Supplemental Fig. S6D), while ConcA led to their
vacuolization (Fig. 8O). ES7 and caffeine caused inhibi-
tion of callose at the cell plate (Fig. 8, Q and R), while
flufenacet did not (Fig. 8S). Taken together, these data
demonstrate that ES7 does have a distinct mode of ac-
tion that differs markedly from that of the other cyto-
kinesis inhibitors.

DISCUSSION

In this report, we characterized the distinct effects of ES7
on cell plate formation and the inhibition of callose syn-
thase activity and investigated the interplay of secretory
vesicle trafficking with callose deposition at the cell plate.

ES7 Affects a Cytokinesis-Specific Callose
Deposition Pathway

Although the involvement of callose in cell plate
maturation has been documented, detailed genetic
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Figure 6. Differential vesicle accumulation occurs during callose deposition at the cell plate. Immunostaining of callose is shown with
respect to the localization of vesicle markers involved in cell plate formation. Representative cells at different cell plate maturation stages
are shown, and fluorescence intensities are plotted in line profiles, as indicated with the two asterisks, reflecting the fluorescence at the
center of the cell plate. Throughout, a-callose is marked in magenta, while the respective fluorescent markers are indicated in green.
A to C, YFP-RABA2A-labeled vesicles largely accumulate at the center of the cell during early stages, in which callose is not detectable
(A). In later stages (B), YFP-RABA2A is localized at the leading edge of the cell plate, while callose started accumulating (yellow ar-
rowhead). With the callose accumulation increasing along the cell plate, the presence of YFP-RABA2A is reduced concomitantly (C).
D to F, Similar to YFP-RABA2A, KNOLLE-GFPaccumulates at the center of the cell during the FVS (D). However, unlike for YFP-RABA2A,
the accumulation of KNOLLE-GFP remains the same during callose deposition (E and F). G to I, The DRP1C-GFPaccumulation pattern is
similar to that of KNOLLE-GFP. Vesicles accumulate along the cell plate in the FVS (G) and throughout the later stages when callose
strongly accumulates (H and I). J to L, No cells labeled with CLC2-GFP undergoing the FVS are observable. Occasionally, CLC2-GFP is
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studies are challenging due to the lethality typically
associated with cytokinesis alterations (Samuels et al.,
1995; Thiele et al., 2009; Worden et al., 2012). To
overcome this, temporal inhibition with a chemical
inhibitor approach can be employed. Here, we de-
scribe the specific inhibition of callose deposition
during cytokinesis by the small molecule ES7. Bio-
chemical assays are consistent with the microscopic
observations at the cell plate and demonstrate the in-
hibitory effect of ES7 on callose biosynthesis in vitro
and in vivo. Cellulose and callose are both synthesized
from UDP-Glc, and both are present at the cell plate
(Samuels et al., 1995; Miart et al., 2014). However,

cellulose deposition was shown to be insensitive to the
ES7 treatment, thereby indicating a high specificity of
the drug for callose biosynthesis. Callose accumulation
plays a role in several aspects of plant development
and is not restricted to cytokinesis. The polysaccharide
can be found in abundance in plasmodesmata, sieve
plates, pollen mother cells, pollen tubes, and root hairs.
Callose accumulation can also be induced by patho-
gens, wounding, and environmental stresses (Chen
and Kim, 2009). ES7 does not inhibit callose accumu-
lation at the sieve element or in response to wounding,
while it exerts its inhibitory effects on cytokinesis in
the same tissues. This demonstrates that the specificity

Figure 7. ES7 inhibits cell plate maturation after FVS. A, C, and E, Vesicle accumulation during the FVS is not affected by ES7.
B, D, F, and G, A 2-h treatment with 50 mM ES7 abolished callose deposition at the cell plate, arresting cell plate maturation.
This is indicated by the absence of the fluorescent markers in the center of the plate (arrowheads), normally the site of callose
deposition. Note the aggregation of KNOLLE (D). No cell plate localization of CLC2-GFP is detectable (G). a-Callose is marked
in magenta, while the respective fluorescent markers are indicated in green. A.U., Arbitrary units. Bars = 10 mm.

Figure 6. (Continued.)
observed in expanded cell plates without callose deposition, possibly representing an early TVN stage (J). Accumulation of CLC2-GFPat
the cell plate does not change between the later stages of cell plate maturation (K and L). Note the increased vesicle localization in the
proximity of the cell plate (white arrowheads in J–L). A.U., Arbitrary units. Bars = 10 mm.
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Figure 8. ES7 specifically affects callose deposition at the cell plate and no other cellular components. The effect of ES7 and
other known cytokinesis inhibitors on the localization of subcellular markers and callose deposition is compared. A to E, YFP-
RABA2A-labeled cells after drug treatments. Under DMSO treatment, YFP-RABA2A accumulates at the leading edge of the expanding
cell plate at a 100% frequency (A). Under ES7 treatment, YFP-RABA2A and FM4-64 accumulation shows characteristic cell plate gaps
at an 87% frequency (B; white arrow). Under caffeine treatment, the accumulation of YFP-RABA2A is highly irregular at the cell plate
in 85% of scorable cells (C). Flufenacet treatment causes cell plate gaps, similar to those under ES7 treatment in 57% of scorable cells.
In addition, aggregates of RABA2A are observed under the same treatment (D; yellow arrow). ConcA causes cell plate mislocalization
and fluorescent aggregates in 88% of scorable cells (E). F to J, Dividing GFP-MAP4-labeled cells after chemical treatment. Under
DMSO, the regular phragmoplast structure of GFP-MAP4 labeling is observed at a 100% frequency (F). Under ES7 treatment, the
phragmoplast arrangement remains unaffected in 100% of scorable cells (G). Caffeine treatment causes abnormal phragmoplast
structure in 88% of scorable cells (H). Under flufenacet treatment, GFP-MAP4 labels ectopic phragmoplast-like structures at the center
of the mature cell plate in 60% of scorable cells (I). Under ConcA treatment, regular phragmoplast GFP-MAP4 labeling is observed at a
100% frequency (J). K to O, GFP-CESA3-labeled cells under chemical treatment. Under DMSO treatment, GFP-CESA3 weakly labels
the mature cell plate, with high accumulation of vesicles localizing at the cell plate vicinity in 100% of scorable cells (K). ES7
treatment reduces GFP-CESA3 accumulation at the cell plate in 100% of scorable cells, and diffused fluorescent localization indi-
cating vacuolar localization is observed (L; yellow arrow). Under caffeine treatment, GFP-CESA3 shows a strong aggregate pattern
with partial localization of the aggregates at the cell plate stub in 99% of scorable cells (M; white arrow). Flufenacet treatment causes
severe aggregation of GFP-CESA3 vesicles in 100% of scorable cells (N). ConcA treatment causes strong vacuolar localization of GFP-
CESA3 in 100% of scorable cells (O). P to S, Immunostaining of callose after chemical treatment. Under DMSO treatment, cell plate
accumulation of callose is observed at a 100% frequency (P). Under ES7 treatment, callose deposition is absent at the cell plate at a
100% frequency (Q). Similarly, caffeine treatment also reduces callose deposition in 75% of scorable cells (R). Flufenacet treatment
does not affect callose deposition at the cell plate in all observed cells (S). Concentrations of chemicals are given in brackets (in mM).
The respective marker fluorescence is shown in green, while FM4-64 staining of plasma membrane (A–D) and PI staining of the cell
wall (F–O) are shown in magenta. Callose labeling is shown in red, while nuclei staining by DAPI is indicated in blue. Results were
observed from more than 36 cells from at least four roots of each marker plant for each drug treatment. Bars = 10 mm.
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of ES7 on cytokinesis restricted callose deposition and
the high regulation of callose synthesis in plants.
Our biochemical analysis shows that the inhibition of

callose synthase activity is consistent with a mixed-type
inhibition. This effect is most likely attributable to con-
formational changes, which typically require high in-
hibitor concentrations to fully inactivate all enzyme
molecules present in the mixture. The interaction of
callose synthase with other regulatory proteins has been
shown for the GSL6 subunit, in that it forms a complex
with Rho-related protein from plants1 and DRP1 in
tobacco (Nicotiana tabacum) Bright Yellow-2 cells (Verma
and Hong, 2001). A plausible hypothesis is that ES7
binds to a specific member of the complex, but not
necessarily to the catalytic subunit itself, thereby re-
ducing the overall synthase activity at the cell plate. It is
also possible that, similar to the cellulose synthase ro-
settes, callose synthase is a multimeric complex at the
cell plate that consists of multiple GSL proteins. However,
the precise composition of the callose synthase complexes
and the stoichiometry of their protein components are not
established in plants (Liu and Balasubramanian, 2001;
Verma and Hong, 2001).
Our biochemical analysis using total Arabidopsis

microsomes required a higher concentration of ES7 for
substantial callose synthesis inhibition compared with
Arabidopsis root meristem. The in vitro assay is per-
formed with a detergent extract of isolated membranes
from cell suspension cultures; such conditions lead to a
high level of callose synthase activity in vitro upon cell
disruption, much higher than that taking place in vivo,
potentially due to the release of a mixture of synthases,
not only those specialized in cytokinesis. In addition, it
is noteworthy that the intracellular UDP-Glc concen-
tration is estimated to be in the submillimolar (ap-
proximately 0.1–0.3 mM) or even lower range, depending
on the type of cells and plant species considered
(Schlupmann et al., 1994; Ito et al., 2014). Since callose
synthase shows a high catalytic rate in vitro, signi-
ficantly higher concentrations of substrate (at least
1 mM) than those occurring in vivo are required to
perform the assay and maintain initial rate conditions
in vitro. As a consequence, higher concentrations of
inhibitor must be used in vitro to detect the same in-
hibitory effect of the drug as that observed in vivo.
Overall, the data from the independent and comple-
mentary in vitro and in vivo approaches concur and
both show that ES7 inhibits callose biosynthesis.

ES7 Specifically Affects Plant (1,3)-b-Glucan Biosynthesis

The specificity of ES7 for plant callose biosynthesis
was verified by comparing the influence of the drug on
glucan function in yeast. The yeast cell wall is pri-
marily composed of (1,3)-b-glucans similar to plant
callose together with branched (1,3;1,6)-b-glucans and
mannans (Kopecká et al., 1974); however, ES7 did not
provoke an inhibition of yeast cell growth. This sug-
gests that the type of callose synthase complex active

in plant cytokinesis is not shared with yeast. This is
particularly remarkable, since selected plant callose
synthase isoforms exhibit functional similarity with
their yeast counterpart (Østergaard et al., 2002). Within
the Arabidopsis callose synthase family, GSL5 partially
complements the yeast callose synthase mutant (fks1)
which mediates sensitivity to echinocandin class of
antifungal glucan synthase inhibitors (Østergaard et al.,
2002). GSL5 is highly accumulated in the mitogen-
activated protein kinase mutant mpk4, which exhibits
high systemic acquired resistance upon salicylic acid
elicitation (Petersen et al., 2000). This emphasizes that
callose accumulation in plants due to pathogen stress
is more closely related to cell wall glucan formation
in yeast than callose deposition during cytokinesis.
Overall, our data show that ES7 does not influence
cell wall formation in yeast and that different mechanisms
operate in yeast and plants for glucan biosynthesis,
despite the similarities of sequences between FKS1
in yeast and GSL in plants.

Time Course of Vesicular Accumulation at the CPAM

During cell plate formation, vesicles accumulate at
the division plane, where they contribute to the
membrane network, deliver cargo, and facilitate the
removal of CPAM (Samuels et al., 1995; Jürgens, 2005;
McMichael and Bednarek, 2013). However, the time-
dependent contribution of cell plate-specific regulatory
proteins in relation to polysaccharide deposition is
poorly understood. Comparing the temporal localiza-
tion of marker proteins at the CPAM with respect to
callose deposition revealed a stage-dependent accu-
mulation pattern (Fig. 9). We observed RABA2A ac-
cumulation to recede from the leading edge of the cell
plate as callose deposition increased, suggesting that
RABA2A vesicles contribute the major part of the
membrane and cargo to the forming cell plate. These
results further indicate that these vesicles are involved
in neither polysaccharide deposition nor cell plate
maturation. In contrast to RABA2A, KNOLLE contin-
uously accumulated at the cell plate during callose
deposition. This demonstrates that KNOLLE’s func-
tion is not restricted to the fusion of the arrived post-
Golgi vesicles at the early stage. KNOLLE is the main
cytokinesis-specific syntaxin and is required through-
out cell plate formation, including the stages of callose
deposition.

Although DRP was present from early cell plate
stages onward, its localization pattern did not match
that of RABA2A. Strong accumulation of DRP1C was
observed in the early stage but also in the late stages of
cell plate maturation, concurrent with callose deposi-
tion. This corroborates previous observations of DRP
presence at early stages in the absence of clathrin-
coated buds and at later stages in the presence of CCVs
(Gu and Verma, 1996; Otegui et al., 2001; Kang et al.,
2003; Seguí-Simarro et al., 2004; Konopka et al., 2008;
Ito et al., 2012; Song et al., 2012). The presense of DRP1
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in early cell plate stages may help concentrate the
vesicle content of dumbbell-shaped vesicles, inducing
the gelling of the cell plate maturing polysaccharides

(Seguí-Simarro et al., 2004). However, the presence of
DRP in mature stages may facilitate membrane recy-
cling. In contrast to the case of DRP1C, the cell plate-
associated accumulation of CLC2 was only observed
during mature stages, concurrent with callose locali-
zation. Several recent studies established the associa-
tion of DRPs with CLC, a process that is mediated by
regulatory proteins at the maturing cell plate (Song
et al., 2012). The presence of both proteins at this stage
(i.e. during elevated callose levels) supports their role
in clathrin-mediated endocytosis remodeling, includ-
ing excess membrane elimination from the maturing
cell plate while it is stabilized by callose.

Based on the accumulation pattern of callose and the
protein markers used, we conclude that ES7 acts at the
TVN/TN transition stage. Earlier stages in which cal-
lose does not accumulate were not affected by ES7.
This selective behavior illustrates the temporal speci-
ficity of ES7 and indicates its activity on a highly
regulatory mechanism of callose deposition and the
essential role of the polysaccharide at this particular
stage of cell plate development. Moreover, ES7 treat-
ment resulted in distinct mislocalization patterns of the
subcellular markers tested. KNOLLE, following chem-
ical treatment, displayed large dilated cell plate stubs. It
is plausible that, with the elimination of callose depo-
sition, the lateral pressure and, with it, the forces that
are normally exerted to ensure spatial distribution that
results in an elongated shape of the TN, are missing.
The presence of the KNOLLE aggregates at the pe-
riphery of the cell plate disc further supports the notion
that the cell plate matures from the center outward
(Samuels et al., 1995). This behavior strongly contrasts
with that of CLC2, which hardly localizes at the cell
plate upon ES7 treatment. This suggests that, with the
arrest of cell plate maturation, the cell plate does not
proceed to the stage in which CCVs are required for
membrane recycling, resulting in their limited presence
under chemical treatment.

ES7 Is Highly Specific in Contrast to Other
Cytokinesis Inhibitors

A number of pharmacological inhibitors have been
employed to disrupt cytokinesis. Direct and system-
atic comparison of a wide range of marker proteins
provides an overview of their respective specificities
(Fig. 9; Supplemental Table S1). Caffeine is one of the
widely used inhibitors that disrupts cell plate forma-
tion and inhibits callose deposition at the TVN, al-
though the exact mode of action remains unknown.
One plausible mechanism is the reduction of cellular
Ca2+ levels, given that Ca2+ gradients in the vicinity of
the cell plate play a vital role in cytokinesis (Paul and
Goff, 1973; Chen and Wolniak, 1987; Saunders and
Jones, 1988; Jürgens et al., 1994). We employed rela-
tively low concentrations of caffeine (1 mM), which
affected several processes and structures (i.e. the cy-
toskeleton, the localization of CESA, and levels of

Figure 9. Proposed model of cell plate maturation and its inhibition by
small molecules, including ES7. A, Cell plate formation steps and its
temporal inhibition by small molecules during cell plate formation
steps. In the early stage of cell plate formation (FVS), RABA2A (pink)
and KNOLLE (blue) vesicles with guidance from the phragmoplast
vigorously accumulate at the center of the dividing cells. While vesi-
cles gathered at the CPAM change their structure by fusion and fission
(purple tubular membrane structures in TVN), callose (orange hexa-
gons) starts depositing at the maturing cell plate in the TN stage to
support membrane structures and facilitate the transition to PFS. ES7
specifically inhibits callose synthase activity at this stage, preventing
cell plate maturation. Flufenacet and ConcA affect the FVS cell plate
stage, while caffeine affects the FVS-to-TVN transition stage. Corre-
sponding references and new findings in this study are listed in
Supplemental Table S1. B, Differential accumulation of cellular com-
ponents during cell plate maturation. RABA2A association with the
membrane is significantly reduced, while the KNOLLE levels remain
constant. ES7 does have a unique mode of action, preventing further
maturation steps after TVN by the inhibition of callose accumulation at
the cell plate, differing markedly from that of ConcA, flufenacet, and
caffeine, which have a broad range of inhibition in cellular mecha-
nisms. C, Proposed model of an ES7-treated cell plate based on our
confocal microscopy observations. Cell plate maturation after TVN is
prevented by ES7 due to the inhibition of callose deposition. KNOLLE
often accumulated in ectopic aggregates upon ES7 treatment, possibly
due to excessive deposition of tubular membrane material.
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callose deposition). Given previous observations in
which caffeine substantially reduced Ca2+ levels in
tobacco Bright Yellow-2 cells, we inferred that Ca2+

levels in Arabidopsis root tips are similarly reduced
(Samuels and Staehelin, 1996). An observed side effect
of caffeine treatment is the inhibition of microtubule
depolymerization (Yasuhara, 2005). With Ca2+ being
important for microtubule structural integrity and ac-
tivity, our observations, together with previous reports
on phragmoplast depolymerization, are not altogether
surprising. Furthermore, isolated phragmoplasts treated
with caffeine still maintain callose biosynthetic activity
(Yasuhara, 2005), raising questions about a direct in-
hibitory effect of caffeine on callose biosynthesis at the
cell plate. Altogether, the broad effects of caffeine are a
severe challenge in assessing its specific influence on
callose synthesis.
The herbicide flufenacet inhibits the activity of a

broad spectrum of very-long-chain fatty acid elon-
gases, which in turn leads to organ fusion phenotypes
(Trenkamp et al., 2004). Treatment of Arabidopsis
seedlings with flufenacet causes cytokinetic defects
observable by RABA2A mislocalization (Bach et al.,
2011). The prevacuolar compartment, late endosome,
and TGN are reportedly not globally affected by flu-
fenacet (Bach et al., 2011). However, using additional
markers, our data show that flufenacet caused ectopic
phragmoplast accumulation at the mature cell plate
and the aggregation of CESA in interphase cells. It is
possible that the modification of very-long-chain fatty
acids induced membrane recycling defects (Bach et al.,
2011; Markham et al., 2011) and the aggregation of
CESA vesicle populations. It is worth noting that cal-
lose deposition remains unaffected by flufenacet.
Treatment with ConcA results in subcellular phe-

notypes exhibiting changes in the Golgi morphology
that include bending of cisternae, fragmentation of
Golgi stacks, and aggregations of swollen vesicles in a
variety of systems (Robinson et al., 2004; Dettmer et al.,
2005, 2006). Thus, the cytokinesis defects are attributed
to a secondary effect of total TGN-mediated trafficking
interference rather than to a specific inhibition of cell
plate-mediated vesicle trafficking. In our study, expo-
sure to ConcA resulted in cytokinetic defects, observ-
able via cell wall stubs (Reichardt et al., 2007), and
caused vacuolar-type localization of CESA. ConcA is
known to inhibit vacuolar acidification and to stop the
degradation of GFP in the vacuole (Tamura et al., 2003).
It is possible that the recycling of CESA complexes not
delivered to the cell plate or the plasma membrane is
blocked under ConcA exposure. As a consequence, the
complexes appear to be trafficked to the vacuole,
where they accumulate. In contrast to the molecules
discussed above, ES7 did not affect the cytoskeleton in
interphase cells or during cell division but showed
specificity for callose inhibition during cell plate
maturation. In ES7-treated cells undergoing division,
a limited vacuolar type of CESA localization was ob-
served. This might be a consequence of the inability of
the CESA proteins to reach their target sites in the

corrupted cell plate. It is apparent from our study and
data in the literature that lipid composition, TGN-
mediated trafficking, and callose deposition are all
contributing factors to cell plate formation. We have
shown that ES7 affords a direct inhibition of cytoki-
nesis, with temporal and spatial control during cell
plate maturation in plants, which cannot be achieved
with previously employed inhibitors, including caf-
feine, flufenacet, and ConcA.

CONCLUSION

Cell plate maturation is a multifaceted process in-
volving highly regulated membrane and cargo trans-
port mechanisms, whose complete understanding
remains challenging. By specifically inhibiting callose
biosynthesis during cytokinesis with ES7, the dissec-
tion of callose deposition during cell plate maturation
is possible. Given the tremendous role that cellulose
synthase inhibitors such as isoxaben had in the identi-
fication of cellulose synthase subunits and contributed
to our current understanding of cellulose biosynthesis
(Scheible et al., 2001; Desprez et al., 2002), we expect
that the unique properties of ES7 will analogously open
up many avenues to dissect further callose biosynthesis
during cell plate formation.

The precise molecular mechanisms by which callose
synthase and callose itself are transported during cell
plate formation are not understood (Chen and Kim,
2009). To date, there are no reports of live imaging of
callose synthase during cytokinesis. Such experiments
performed in the presence and absence of ES7 could
help reveal the intermediate step of GSL trafficking to
the cell plate, which might be targeted by ES7. Ongo-
ing work toward the identification of novel trafficking-
regulating components is centered on the isolation
and characterization of the vesicular cargo (Drakakaki
et al., 2012) at the individual stages of cytokinesis.
Overall, we expect that the inhibitory qualities of ES7
will guide future research into the role of callose syn-
thase in plant cytokinesis, leading to a comprehensive
understanding of this vital process for plant growth
and development.

MATERIALS AND METHODS

Plant Materials and Growth

All Arabidopsis (Arabidopsis thaliana) seedlings were grown as de-
scribed previously (Park and Nebenführ, 2013). Briefly, seeds were ger-
minated on square plates containing Murashige and Skoog (MS) medium
(Sigma; one-quarter strength) supplemented with 1% (w/v) Suc, pH ad-
justed to 5.7, and solidified with 0.5% (w/v) phytagel (Sigma) and des-
ignated chemicals. Plates were incubated at 10° off vertical in a growth
room with a 16-h-light/8-h-dark photoperiod for 3 to 5 d as specified in
the next paragraph. Transgenic lines expressing YFP-RABA2A (Chow
et al., 2008), KNOLLE-GFP (Reichardt et al., 2007), DRP1C-GFP (Konopka
et al., 2008), CLC2-GFP (Konopka et al., 2008), GFP-MAP4 (Marc et al.,
1998), GFP-CESA3 (Desprez et al., 2007), and Brassinosteroid-Insensi-
tive1-GFP (Geldner et al., 2007) were used to observe subcellular pheno-
types upon chemical treatment.
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Chemical Treatment

For microscopy, seedlings were grown as described above for 3 d and
then transferred to 48-well plates containing 2 mL of liquid MS medium
supplemented with 390 mM DMSO (Sigma), 1 mM ConcA (Sigma), 100 nM

flufenacet (Sigma), 50 mM (or desired concentration) ES7 (Chembridge), or
1 mM caffeine (Sigma). Chemicals were diluted to their working concen-
trations from either 1,0003 stock solutions for flufenacet (DMSO) and ES7
(DMSO) or 1003 stock solutions for ConcA (DMSO) and caffeine (water).
Pulse treatments of Arabidopsis seedlings were performed for 2 h in the
presence of the desired chemicals. Seedlings were either immediately ob-
served with the microscope or fixed with 4% (w/v) paraformaldehyde
(Electron Microscopy Sciences) in a microtubule-stabilizing buffer com-
posed of 50 mM PIPES, 2 mM EGTA, and 2 mM MgSO4. Fixation was per-
formed in a two-step process involving an initial treatment under vacuum
for 15 min followed by an overnight incubation at 4°C at atmospheric
pressure.

Root Growth Measurements

For root growth assays, seedlings were grown on vertical plates as described
above. Plates were scanned using a flatbed scanner (Epson Perfection V300) at
days 3, 4, and 5 after germination, and root lengths were measured using the
segmented line tool in the image-analysis software package ImageJ (National
Institutes of Health). Statistical analyses and graphic visualization were carried
out in Prism 6.0 (GraphPad).

Immunostaining of Callose

Three-day-old seedlings expressing the different fluorescent markers
listed above were treated with the pharmacological compounds and fixed in
4% (v/v) paraformaldehyde. Samples were washed once with microtubule-
stabilizing buffer and transferred into medium baskets of an InsituPro VSi
instrument (Intavis) for automated in situ hybridization and immunohis-
tochemistry or stored at 4°C for later use. A standard protocol for basic
whole-mounted Arabidopsis seedlings was used (Sauer and Friml, 2010).
Briefly, samples were successively washed three times with phosphate-
buffered saline containing 0.1% (v/v) Triton X-100, incubated in 2% (w/v)
Driselase (Sigma) for 45 min at 37°C for cell wall hydrolysis, and treated
with 10% (v/v) DMSO and 3% (v/v) octylphenoxypolyethoxyethanol
(IGEPAL CA-630; Sigma) in phosphate-buffered saline containing 0.1% (v/v)
Triton X-100 for membrane permeabilization. Mouse monoclonal antibody
against callose (BioSupplies) was used at a dilution of 1:2,000, while the
secondary antibody, a goat anti-mouse IgG conjugated to Cy3 (Invit-
rogen), was used at a 1:500 dilution. Samples were mounted in Citifluor
AF1 antifadent mountant medium (Electron Microscopy Sciences) in the
presence of 1 mg mL21 49,6-diamidino-2-phenylindole (DAPI) and imaged
immediately.

Confocal Laser Scanning Microscopy

Three confocal laser scanning microscopes were used throughout this
study. A TCS SP2 (Leica Microsystems) and a LSM710 (Carl Zeiss) were used
for live-cell imaging following chemical treatment and immunolabeling of
Arabidopsis roots. At least 15 roots for each marker plant were imaged from
more than two experimental repeats. FM4-64 (Invitrogen) was used as a
counterstain of plasma membrane in live cells. A 488-nm argon laser was
used to excite GFP and FM4-64. A 561-nm diode laser was used for Cy3 and
propidium iodide (PI; Sigma), and a 405-nm diode laser was used for DAPI
and Aniline Blue (Sigma). Emissions were collected over a wavelength
range of 492 to 545 nm for GFP, 620 to 700 nm for FM4-64, 550 to 600 nm for
Cy3, 430 to 480 nm for DAPI, 450 to 510 nm for Aniline Blue, and 650 to 750
nm for PI. For multicolor imaging, the sequential line-scanning mode was
employed with either a 403 1.1 numerical aperture (NA) water-immersion
objective or a 633 1.4 NA oil-immersion objective. An LSM700 (Carl Zeiss)
was used for imaging whole root and leaf cell morphology (203 0.8 NA
objective) with FM4-64 and PI staining, respectively. For immunostaining
of callose at the root cells, after the immunostaining described above,
Z-series of the whole root tip in optical sections of 0.5-mm intervals were
imaged using an LSM710 equipped with a 403 1.1 NA water-immersion
objective. The Zen 2012 software (Carl Zeiss) was used for three-
dimensional rendering.

Detergent Extraction of Membrane Proteins and Callose
Synthase Assay

Arabidopsis cell suspension cultures from the Flanders Institute for Bio-
technology Plant Systems Biology Department (Landsberg erecta, PSB-D line)
at the University of Ghent were a generous gift of Dr. Ji�rí Friml. The cell
suspension cultures were grown in MS medium containing minimal organics
(Sigma) supplemented with 3% (w/v) Suc, 0.05 mg L21 naphthaleneacetic
acid, and 0.005 mg L21 kinetin. Cells were harvested after 7 d of culture in the
dark at 25°C under constant agitation on a rotary shaker (120 oscillations min21).
CHAPS extracts of microsomal membranes were prepared using a final
detergent concentration of 1% (v/v) as described previously (Him et al., 2001).
Callose synthase activity was assayed using the supernatant recovered after
centrifugation at 150,000g for 1 h. Activity was measured in a total volume of
200 mL in the presence of 0 to 100 mM ES7. Typical reaction mixtures consisted
of 100 mL of CHAPS extract, 352 mM DMSO (solvent of ES7), 100 mM MOPS/
NaOH buffer (pH 6.8), 8 mM CaCl2, and a mixture of UDP-Glc and UDP-[U-14C]
Glc (250 mCi mmol21; Perkin-Elmer) to reach the final concentrations of
substrate specified in earlier protocols (Fig. 1 in Him et al., 2001). The assays
were performed in triplicate at 22°C, and the experiments were repeated
twice. The reactions were stopped by adding 400 mL of absolute ethanol either
after 1 h or, in the case of enzyme kinetic assays, after 5, 10, 20, and 40 min.
The polysaccharide synthesized in vitro was precipitated at 220°C for 16 h.
The radioactive ethanol-insoluble polysaccharide was recovered by filtration on
glass-fiber filters (Millipore) and subsequently washed with 4 mL of water and
4 mL of absolute ethanol. Using a liquid scintillation counter, the radioactivity
retained in the filters was measured in 4 mL of the liquid scintillation cocktail.
The enzyme kinetics were fitted according to the Michaelis-Menten model.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Schematic illustration of cell plate formation.

Supplemental Figure S2. 3D rendering of YFP-RABA2A cell plate locali-
zation upon ES7 treatment.

Supplemental Figure S3. Effect of ES7 on callose deposition in various
plant tissues.

Supplemental Figure S4. ES7 is a plant-specific cytokinesis inhibitor.

Supplemental Figure S5. Cellulose localization remains unaffected under
ES7 treatment.

Supplemental Figure S6. Effects of selected cytokinesis inhibitors on the
localization of GFP-CESA3 and GFP-MAP4 in interphase cells.

Supplemental Table S1. Summary of markers and inhibitors used in this
study.

Supplemental Movie S1. 3D rendering of YFP-RABA2A cell plate locali-
zation in DMSO.

Supplemental Movie S2. 3D rendering of KNOLLE-GFP cell plate locali-
zation in DMSO.

Supplemental Movie S3. 3D rendering of YFP-RABA2A cell plate locali-
zation upon ES7 treatment.

Supplemental Movie S4. 3D rendering of KNOLLE-GFP cell plate locali-
zation upon ES7 treatment.
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