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Endosidin20 (ES20) was recently identified as a cellulose
biosynthesis inhibitor (CBI) that targets the catalytic do-
main of CELLULOSE SYNTHASE 6 (CESA6) and thus inhibits
the growth of Arabidopsis thaliana. Here, we characterized
the effects of ES20 on the growth of other plant species and
found that ES20 is a broad-spectrum plant growth inhibitor.
We tested the inhibitory effects of previously characterized
CBIs (isoxaben, indaziflam and C17) on the growth of
Arabidopsis cesa6 mutants that have reduced sensitivity to
ES20. We found that most of these mutants are sensitive to
isoxaben, indaziflam and C17, indicating that these tested
CBIs have a different mode of action than ES20. ES20 also has
a synergistic inhibitory effect on plant growth when jointly
applied with other CBIs, further confirming that ES20 has a
different mode of action than isoxaben, indaziflam and C17.
We demonstrated that plants carrying two missense muta-
tions conferring resistance to ES20 and isoxaben can tolerate
the dual inhibitory effects of these CBIs when combined.
ES20 inhibits Arabidopsis growth in growth medium and
in soil following direct spraying. Therefore, our results
pave the way for using ES20 as a broad-spectrum herbicide,
and for the use of gene-editing technologies to produce
ES20-resistant crop plants.

Keywords: Cellulose • Cellulose biosynthesis Inhibitor •
Cellulose synthase • Endosidin20 • Herbicide.

Introduction

Cellulose microfibrils are crystalline polymers of β-1,4-D-glucose
units that serve as the main load-bearing component of plant
cell walls. Cellulose is biosynthesized by the rosette-structured
cellulose synthase (CESA) complex (CSC) at the plasma mem-
brane (PM) (Mueller et al. 1976, Giddings et al. 1980, Mueller
and Brown 1980). Each CSC consists of 18 CESAs of three dif-
ferent isoforms in a 1:1:1 molar ratio (Doblin et al. 2002,
Fernandes et al. 2011, Newman et al. 2013, Gonneau et al.
2014, Hill et al. 2014, Oehme et al. 2015, Wang et al. 2015,
Nixon et al. 2016, Wang and Hong 2016, Jarvis 2018, Kubicki
et al. 2018, Turner and Kumar 2018, Purushotham et al. 2020).
Arabidopsis CSCs that biosynthesize the primary cell wall are

composed of CESA1, CESA3 and CESA6 or a CESA6-like subunit
(CESA2, CESA5 or CESA9), whereas the CSCs that biosynthesize
the secondary cell wall are composed of CESA4, CESA7 and
CESA8 (Taylor et al. 2003, Desprez et al. 2007, Persson
et al. 2007).

Electron micrographs of freeze-fractured plant cells revealed
that the rosette-structured CSCs are located at the PM, Golgi
and post-Golgi vesicles (Haigler and Brown 1986). More recent
live-cell imaging using functional fluorescence-tagged CESAs
confirmed that CSCs are localized at the PM, Golgi, trans-
Golgi network and vesicles called microtubule-associated
CESA compartments or small CESA compartments (Paredez
et al. 2006, Crowell et al. 2009, Gutierrez et al. 2009). CSCs at
the PM undergo bidirectional movement using microtubules as
a guide, powered by cellulose polymerization (Paredez et al.
2006, Fujita et al. 2013).

CSC subcellular transport requires the vesicle trafficking ma-
chinery and other CESA-interacting proteins. STELLO interacts
with multiple CESAs to control the efficient exit of the CSCs
from the Golgi (Zhang et al. 2016). POM2/CELLULOSE
SYNTHASE INTERACTIVE PROTEIN 1 directly interacts with
CESAs in the central cytoplasmic domain to associate the
CSCs with microtubules (Gu et al. 2010, Bringmann et al.
2012, Lei et al. 2012). Moreover, COMPANION OF
CELLULOSE SYNTHASE 1 interacts with CESAs to regulate
CSC transport under salt stress (Endler et al. 2015). Successful
CSC delivery to the PM also requires the coordinated functions
of ACTIN, MYOSIN XI, the exocyst complex and PATROL1
(Sampathkumar et al. 2013, ZHu et al. 2018, Zhang et al.
2019). The newly identified SHOU4 protein negatively regulates
CSC delivery to the PM, while clathrin-mediated endocytosis
removes CSCs from the PM (Bashline et al. 2013, Polko et al.
2018). Therefore, cellulose biosynthesis is a complex process
involving the coordinated function of multiple proteins.

Cellulose biosynthesis inhibitors (CBIs) are small molecules
that inhibit cellulose biosynthesis by targeting CESAs or other
proteins required for cellulose biosynthesis. CBIs often inhibit
plant growth, cause cell swelling and/or affect CSC subcellular
localization (Debolt et al. 2007, Harris et al. 2012, Brabham et al.
2014, Xia et al. 2014, Worden et al. 2015, Hu et al. 2016,
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Tateno et al. 2016). Isoxaben is a well-characterized CBI that has
been widely used to study the mechanisms of cellulose biosyn-
thesis. Isoxaben was originally used as an herbicide to control
broad-leaf weeds because of its high-efficiency inhibition of
plant growth (Huggenberger and Gueguen 1987, Jamet and
Thoisy-Dur 1988, Brinkmeyer et al. 1989), which was later found
to be caused by its alteration of plant cell wall composition
(Heim et al. 1990). Single amino acid mutations in CESA3 and
CESA6 promoted the plant tolerance of isoxaben (Scheible et al.
2001, Desprez et al. 2002), providing evidence that this CBI
inhibits plant growth by targeting CESAs. Live-cell imaging of
isoxaben-treated plants expressing fluorescence-tagged CESAs
revealed that this herbicide rapidly depletes the CSCs from the
PM (Paredez et al. 2006), which makes it useful for the elucida-
tion of CSC subcellular trafficking.

A recently characterized small molecule, C17, also depletes
CSCs from the PM and inhibits plant cytokinesis, root growth
and cellulose biosynthesis (Hu et al. 2016). Mutations in CESA1,
CESA3 and the genes encoding some pentatricopeptide repeat-
like proteins can overcome the inhibitory effect of C17 on plant
growth (Hu et al. 2016). The inhibitor of mitochondrial complex
III can also reduce plant sensitivity to C17 treatment, indicating
that C17 might have a complex mode of action instead of dir-
ectly targeting CESAs to inhibit plant growth. C17 has an in-
hibitory effect on a variety of plant species andmay therefore be
a good candidate for broad-spectrum herbicide development
(Hu et al. 2019).

Indaziflam is a potent CBI that has been commercialized as
an herbicide; it functions by increasing the abundance of the
CSCs at the PM, which counterintuitively inhibits cellulose bio-
synthesis via an unknown mechanism (Brabham et al. 2014).
CESTRIN reduces the cellulose content of plant cell walls and
removes CSCs from the PM, but its endogenous target protein
has not been identified (Worden et al. 2015). Morlin is an in-
hibitor of microtubule dynamics and, in turn, affects the tra-
jectories of CSC at the PM (Debolt et al. 2007). This collection of
CBIs allows the transient manipulation of the cellulose biosyn-
thesis process and provides candidate small molecules for herbi-
cide development.

Endosidin20 (ES20) inhibits cellulose biosynthesis in
Arabidopsis thaliana by targeting the catalytic site of
CESA6 (Huang et al. 2020). Multiple missense mutations in
CESA6 reduce plant sensitivity to ES20, limiting its effect on
the growth of these mutants (Huang et al. 2020). Here, we
report the characterization of ES20 and its inhibitory effect
on different plant species and compare its mode of action
with those of isoxaben, indaziflam and C17. Most mutants
with reduced sensitivity to ES20 are sensitive to isoxaben,
indaziflam and C17. We show that ES20 is a broad-
spectrum plant growth inhibitor with a different mode of
action than the other CBIs and can act synergistically in
combination with these three tested CBIs to further inhibit
plant growth. We show that ES20 has the potential to be used
as a commercial herbicide and identify a strategy to create
plants with a reduced sensitivity to both ES20 and isoxaben
using gene editing.

Results

ES20 is a broad-spectrum plant growth inhibitor

The previous characterization of ES20 activity in Arabidopsis
showed that it targets the catalytic site of CESA6, which is a
highly conserved sequence among the CESAs (Huang et al.
2020). This high level of amino acid conservation at the catalytic
site indicates that ES20 might be a broad-spectrum plant
growth inhibitor that targets CESAs in different plants. The
mutations of CESA1D604N and CESA7P557T also cause reduced
sensitivity to ES20, indicating ES20 targets other CESAs in add-
ition to CESA6 (Huang et al. 2020). Sequence comparison of
Arabidopsis CESA6 homologs in rice (Oryza sativa), tomato
(Solanum lycopersicum), soybean (Glycine max), Nicotiana ben-
thamiana and maize (Zea mays) indicates that plant CESA6
homologs share very similar protein sequences
(Supplementary Fig. S1). The Arabidopsis CESA6 amino acids
that cause reduced sensitivity to ES20 when mutated are all
conserved in these selected species (Supplementary Fig. S1).
Here, we tested the effects of ES20 on the growth of various
dicotyledonous and monocotyledonous plant species by ger-
minating seeds on vertical plates with the growth medium with
agar or on filter paper soaked with water containing ES20. We
found that ES20 significantly inhibited the root growth of all the
plant species we tested. ES20 inhibited the growth of the di-
cotyledon plants dandelion (Taraxacum officinale), N. ben-
thamiana, tomato and soybean at a concentration of 5 μM
(Fig. 1A–H). ES20 inhibited the growth of the monocotyledon
rice and maize at a concentration of 20 μM (Fig. 1I–L). The
inhibition of the growth of two grasses, perennial ryegrass
(Lolium perenne) and Kentucky bluegrass (Poa pratensis),
requires a concentration of 50 μM ES20 (Fig. 1M–P). Among
the plants we tested, dandelion and the previously tested
Arabidopsis are common weeds found in agricultural fields
and lawns (Meyerowitz 1989, Yu et al. 2019). The inhibitory
effects of ES20 on both dicotyledonous and monocotyledonous
plants indicate that ES20 is a broad-spectrum plant
growth inhibitor.

To test whether ES20 could affect plant growth via a direct
application onto the leaf surfaces, we sprayed soil-grown wild-
type (Col-0) Arabidopsis plants with ES20 and monitored their
phenotypes. We transferred 5-day-old Col-0 seedlings grown on
the half-strength Murashige and Skoog (1=2 MS) medium into
the soil, and 2 d later sprayed them with 50ml sterile water
containing DMSO (0.5%) or ES20 (500 μM), respectively. Seven
days after spraying, the ES20-treated seedlings had almost com-
pletely died, while the DMSO-treated seedlings exhibited nor-
mal growth (Fig. 1Q). These small-scale experiments indicate
that ES20 has the potential to inhibit plant growth when dir-
ectly sprayed onto the leaf surfaces.

Analysis of the structure–activity relationship
of ES20
ES20 (4-methoxy-N-f[2-(2-methylbenzoyl)hydrazino]carbo-
thioylgbenzamide) is a carbonothioyl benzamide derivative.
To better understand the pharmacophore of ES20 that is
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essential for the inhibition of plant growth, we tested 11 ES20
analogs for their effect on plant growth (Fig. 2A). We grew
Arabidopsis Col-0 seedlings on 1 μM of the different analogs
and compared their root lengths with those of the DMSO con-
trol (Fig. 2B, C). Among the compounds we tested, only ES20
significantly inhibited root growth in Col-0.

After comparing the structures of the 11 analogs with that of
ES20, we found that the presence and position of the 4-methoxy
group are essential for the inhibitory effect of ES20, as the analogs

in which the 4-methoxy group is changed to another group or
another location on the compound could not actively inhibit root
growth. Similarly, the analogs in which the methylbenzoyl group
had been changed or moved to another location could not ac-
tively inhibit plant growth. Moreover, the analogs that altered the
methylbenzoyl group by replacing the benzyl group or changing
the position of the methyl group did not inhibit plant growth.
Therefore, the 4-methoxy and methylbenzoyl groups and their
locations are key for ES20 function.

Fig. 1 ES20 is a broad-spectrumplant growth inhibitor. (A–P) ES20 inhibits plant growthwhen seedswere germinated and grown in the presence of
ES20. Representative seedlings of 5-day-old dandelion (A), tobacco (C), tomato (E), soybean (G), rice (I), maize (K), perennial ryegrass (M) and
Kentucky bluegrass (O) treated with DMSO (0.1%) and the indicated concentration of ES20 are presented. The perennial ryegrass and Kentucky
bluegrass seedswere soaked in sterile water supplementedwith the corresponding treatment, whereas the seeds of the other species were grown on
solid 1=2 MS growth medium supplemented with the indicated treatment. (Q) Spraying ES20 inhibits the growth of soil-grown Arabidopsis.
Arabidopsis Col-0 was grown on soil sprayed with DMSO (0.5%; left) or ES20 (500 μM; right). Images were taken 7 d after spraying. Scale bars:
1 cm. (B,D, F, H, J, L,NandP)Quantificationof the root lengths in (A), (C), (E), (G), (I), (K), (M)and (O), respectively.�P< 0.05 and���P< 0.001 (two-
tailed Student’s t-test), in comparison with the DMSO control treatment. The data represent the mean ± SD. N¼ 10, 15, 10, 8, 12, 10, 10 and 9 for
panels (B), (D), (F), (H), (J), (L), (N) and (P), respectively.
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ES20 uses a different mode of action than isoxaben,
indaziflam and C17 to inhibit cellulose biosynthesis
The chemical structures of ES20, isoxaben, indaziflam and C17
are quite different (Supplementary Fig. S2), indicating that
they might use different modes of action to inhibit cellulose
biosynthesis. Although genetic data suggest isoxaben targets
Arabidopsis CESA3 and CESA6 (Scheible et al. 2001, Desprez
et al. 2002), the direct target proteins of indaziflam and C17 are
not clear. We compared their activities with that of ES20. All
four tested CBIs inhibit Arabidopsis growth with different effi-
ciencies. Indaziflam was the most efficient at inhibiting the
growth of the control plants (Fig. 3). The roots of 5-day-old
Arabidopsis plants grown in the presence of 0.25 nM indaziflam
were only about 30% as long as those grown in the DMSO
control medium. Isoxaben and C17 inhibited Arabidopsis root
growth by >50% at concentrations of 8 and 200 nM, respect-
ively. As reported previously (Huang et al. 2020), ES20 inhibits
about 80% of Arabidopsis root growth at a concentration of
1 μM (Fig. 3; SYP61-CFP and PIN2-GFP control plants).

Previously, we identified 15 cesa6 alleles that carry ethyl meth-
anesulfonate (EMS)-induced missense mutations at CESA6 with
reduced sensitivity to ES20 inhibition and named them ES20-

resistant (es20r) mutants (Huang et al. 2020). We tested whether
these mutants that have reduced sensitivity to ES20 also have
altered sensitivity to isoxaben, indaziflam or C17. When we grew
these ES20-resistant mutants in growthmedia supplemented with
1μM ES20, all of them showed a reduced sensitivity to ES20 when
compared with the SYP61-CFP and PIN2-GFP control plants that
have the same genetic background as thesemutants (Fig. 3). In the
presence of 8 nM isoxaben, 0.25 nM indaziflam or 200 nMC17, the
growth of most of the es20r mutants was inhibited to a similar
level as the control plants; however, some of the es20r mutants
showed a reduced sensitivity to isoxaben, indaziflam and C17.
Based on the quantification of the relative root growth inhibition,
es20r1 (CESA6E929K), es20r3 (CESA6G935E), es20r4 (CESA6D605N),
es20r5 (CESA6S360N) and es20r10 (CESA6P595S) had reduced sensi-
tivity to isoxaben; es20r1 (CESA6E929K), es20r3 (CESA6G935E), es20r4
(CESA6D605N) and es20r5 (CESA6S360N) had reduced sensitivity to
indaziflam; and es20r3 (CESA6G935E), es20r4 (CESA6D605N), es20r5
(CESA6S360N), es20r6 (CESA6D602N), es20r7 (CESA6S394F) and
es20r12 (CESA6G780S) had reduced sensitivity to C17. The different
sensitivities of the mutants to these CBIs imply that ES20 has a
different target site than the other three CBIs. We found that
es20r3 (CESA6G935E), es20r4 (CESA6D605N) and es20r5

Fig. 2 ES20 structure–activity relationship analysis. (A) Chemical structures of ES20 and 11 analogs. (B) Representative 5-day-old Arabidopsis Col-0
seedlings grown on 1=2MS growthmedium supplementedwith DMSO (0.1%) or 1 μMof the indicated analog. Scale bar: 1 cm. (C) Quantification of
the root lengths of the seedlings shown in (B). The data represent themean± SD.N¼ 10. Different letters indicate a statistically significant difference
(P< 0.05), as determined using a one-way Analysis of Variance (ANOVA) followed by Tukey’s multiple comparison test.
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(CESA6S360N) have reduced sensitivity to all three inhibitors, indi-
cating that these inhibitorsmay share some common characters in
affecting cellulose synthesis.

In our previous study, we found that, in addition to the EMS-
induced ES20-resistant mutants, transgenic plants expressing
CESA6 carrying predicted mutations at the catalytic
site (CESA6D562N, CESA6D564N, CESA6D785N, CESA6Q823E,
CESA6R826A and CESA6W827A) in the background of cesa6 null
mutant procuste 1 (prc1-1) have reduced sensitivity to ES20 in
terms of growth (Huang et al. 2020). To further explore whether
ES20 and the other CBIs have the same binding site, we exam-
ined how the six predicted mutations at the catalytic site and
two predicted mutations beyond the catalytic site (CESA6L365F

and CESA6D395N) in CESA6 affected the responses to the three
CBIs. Consistent with the previous results, the six predicted

mutations in the catalytic site caused reduced sensitivity to
ES20, but the two predicted mutations beyond the catalytic
site did not affect the plants’ sensitivity to ES20 (Fig. 4). By
contrast, none of the predicted mutations affected the plant
sensitivity to the other three CBIs. These results further imply
that ES20 has a different target site than the other three CBIs.

Three mutations, isoxaben resistance (ixr)1-1 (CESA3G998D),
ixr1-2 (CESA3T942I) and ixr2-1 (CESA6R1064W), were previously
reported to cause reduced sensitivity to isoxaben (Scheible et al.
2001, Desprez et al. 2002). Isoxaben is thus believed to target
these CESAs directly to inhibit cellulose biosynthesis and has
been widely used in cellulose biosynthesis research (Scheible
et al. 2001, Desprez et al. 2002, Shim et al. 2018). These three
mutations are located in the C-terminal regions of the corre-
sponding CESAs, but most of the mutations that cause a

Fig. 3 The growth of the ES20-resistant (es20r) mutants in the presence of isoxaben, indaziflam and C17. (A) Representative 5-day-old es20rs
seedlings grownon 1=2MSmediumsupplementedwithDMSO(0.1%), ES20 (1 μM), isoxaben (8 nM; ISO), indaziflam(0.25 nM; IND)orC17 (200 nM).
Scale bars: 1 cm. (B) Quantification of the relative root lengths of the seedlings shown in (A). Different letters indicate a statistically significant
difference (P< 0.05), as determined using a one-way ANOVA followed by Tukey’s multiple comparison test. The data represent the mean ±
SD. N¼ 12.
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reduced sensitivity to ES20 are located in the central cytoplas-
mic domain. We next tested how the isoxaben-insensitive
mutants respond to ES20. We grew ixr1-1, ixr1-2 and ixr2-1 on
growth medium supplemented with DMSO (0.1%), isoxaben
(10 nM), or ES20 (1 μM) for 5 d. Although the ixr mutants
displayed reduced sensitivity to isoxaben, as previously
reported, they showed the same sensitivity to ES20 as the
wild-type plants (Fig. 5). These findings further indicate that
ES20 and isoxaben target different sites in CESAs.

ES20 has a synergistic inhibitory effect on plant
growth with other CBIs
Since ES20 has a different mode of action than isoxaben, indazi-
flam and C17, we next explored whether ES20 has synergistic
effects with these CBIs in inhibiting plant growth. We first
tested a series of concentrations of ES20, isoxaben, indaziflam

and C17 to determine the maximum concentration for each
that does not inhibit the root growth of Col-0 seedlings. As
shown in Fig. 6 and Supplementary Fig. S3, 250 nM ES20,
4 nM isoxaben, 0.06 nM indaziflam or 40 nM C17 alone did
not significantly inhibit wild-type root growth. Using combined
treatments, we found that 250 nM ES20 together with 4 nM
isoxaben, 0.06 nM indaziflam or 40 nM C17 significantly inhib-
ited root growth compared with the DMSO control treatment
or the individual drug treatments (Fig. 6, Supplementary Fig.
S3). It is possible that our observed more significant inhibitory
effects by two inhibitors together are simply an additive effect
of two cellulose synthesis inhibitors with different target sites
that have led to a more severe effect on root growth in general.
However, taken together with our genetic data that some
mutants that are resistant to ES20 are sensitive to other inhib-
itors, these data corroborate a synergistic effect of the ES20 with

Fig. 4 Plants expressing CESA6 carryingmutations at the predicted binding sites are sensitive to isoxaben, indaziflamandC17. (A) Representative 5-
day-old seedlings ofprc1-1/cesa6 complementedwithwild-typeCESA6ormutatedCESA6 carryingpredictedmutations at themodeled catalytic site.
The plants were grown on 1=2 MS medium supplemented with DMSO (0.1%), ES20 (1 μM), isoxaben (8 nM; ISO), indaziflam (0.25 nM; IND) or C17
(200 nM). Scale bars: 1 cm. (B) Quantification of the relative root lengths of the seedlings shown in (A). Different letters indicate a statistically
significant difference (P< 0.05), as determinedusing a one-wayANOVA followedbyTukey’smultiple comparison test. Thedata represent themean
± SD. N¼ 12.

L. Huang and C. Zhang j ES20 differs than other cellulose synthase inhibitors

2144

D
ow

nloaded from
 https://academ

ic.oup.com
/pcp/article/61/12/2139/5940137 by Purdue U

niversity Libraries AD
M

N
 user on 30 June 2021

https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcaa136#supplementary-data
https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcaa136#supplementary-data
https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcaa136#supplementary-data
https://academic.oup.com/


other tested cellulose synthesis inhibitors. These synergistic
effects of ES20 with other CBIs in inhibiting root growth further
support the idea that ES20 has a different mode of action than
isoxaben, indaziflam and C17.

Single amino acid change in CESA6 enables plants to
tolerate ES20 without affecting their growth
Among our previously identified ES20-resistant mutants, es20r1
(CESA6E929K) did not have significantly reduced root growth
and displayed the least amount of growth inhibition when
treated with ES20 (Fig. 3) (Huang et al. 2020). This normal
growth pattern and strong tolerance of ES20 indicate that edit-
ing CESA6 is a promising approach for creating ES20-resistant
plants. To test this, we introduced a single-nucleotide mutation
in the YFP-CESA6 genomic construct to create the

YFP-CESA6E929K construct. We then transformed the YFP-
CESA6 and YFP-CESA6E929K constructs into the cesa6 null mu-
tant prc1-1, which produces shorter roots under control con-
ditions. We then screened for and obtained independent
homozygous single insertion transgenic lines for YFP-CESA6
and YFP-CESA6E929K. We found that the expression of YFP-
CESA6 could rescue the growth defect of prc1-1 (Fig. 7A, B).
The YFP-CESA6 transgenic plants showed the same sensitivity to
ES20 as the wild-type plants when grown on a growth medium
supplemented with ES20. By contrast, YFP-CESA6E929K not only
rescued the growth defect of prc1-1, but the transgenic plants
were also tolerant of ES20, showing normal root growth on
media supplemented with ES20. We also grew the transgenic
plants on normal growth media and treated them with ES20
overnight. We found that the YFP-CESA6;prc1-1 plants had

Fig. 5 The isoxaben-resistant mutants are sensitive to ES20. (A) Representative 5-day-old seedlings of Col-0 and the three isoxaben-resistant
mutants (ixr1-1, ixr1-2 and ixr2-1) grown on 1=2 MS growth medium supplemented with DMSO (0.1%), isoxaben (10 nM; ISO) or ES20 (1 μM). Scale
bar: 1 cm. (B) Quantification of the root lengths of the seedlings shown in (A). ��P< 0.01, ���P< 0.001 (two-tailed Student’s t-test) in comparison
with Col-0. The data represent the mean ± SD. N¼ 9.

Fig. 6 ES20 has a synergistic inhibitory effect on root growth when combined with isoxaben, indaziflam or C17. (A) Representative 5-day-old Col-0
seedlings grown on 1=2 MS medium supplemented with DMSO (0.1%), ES20 (0.25 μM), isoxaben (4 nM; ISO), indaziflam (0.06 nM; IND), C17
(0.04 μM) and a mixture of ES20 (0.25 μM) and one of the three other inhibitors. Scale bar: 1 cm. (B) Quantification of the root lengths of the
seedlings shown in (A). Different letters indicate a statistically significant difference (P< 0.05), as determined using a one-way ANOVA followed by
Tukey’s multiple comparison tests. The data represent the mean ± SD. N¼ 15.
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swollen root tips with significantly greater diameters following
the ES20 treatment, while the YFP-CESA6E929K;prc1-1 root tips
were not swollen under the same ES20 treatment (Fig. 7C, D).
These growth assays indicate that the CESA6E929K mutation
enables plants to tolerate ES20.

ES20 targets CESA6 and a short-term ES20 treatment
reduces the CSC localization at the PM (Huang et al. 2020).
Since YFP-CESA6E929K was sufficient to cause plants to tolerate
ES20 and not show ES20-induced growth inhibition and cell

swelling, we next investigated whether this ES20 resistance
occurs at the subcellular level. We performed a short-term
ES20 treatment on the YFP-CESA6;prc1-1 and YFP-CESA6E929K;
prc1-1 plants and examined their CSC localization. Consistent
with our previous report (Huang et al. 2020), the YFP-CESA6;
prc1-1 seedlings treated with 6 μM ES20 for 30min had a sig-
nificantly reduced CSC density at the PM compared with those
subjected to the DMSO control treatment (Fig. 7E, F). YFP-
CESA6T783I;prc1-1 seedlings treated with 6 μM ES20 for 30min

Fig. 7 The CESA6 point mutation E929K abolishes the inhibitory effect of ES20 on root growth and on the depletion of CSC at the PM. (A)
Representative 5-day-old seedlings of prc1-1, Col-0 and prc1-1 complementedwithwild-type ormutatedCESA6.The seedlingswere grownon 1=2MS
medium supplemented with DMSO (0.1%) or ES20 (1 μM). Scale bars: 1 cm. (B) Quantification of the root lengths of the seedlings shown in (A).
Different letters indicate a statistically significant difference (P< 0.05), as determined using a one-way ANOVA followed by Tukey’s multiple
comparison tests. Lower- andupper- case letters represent the statistical analysis of plants grownonmedia containingDMSOand ES20, respectively.
The data represent the mean ± SD. N¼ 10. (C, D) The CESA6 point mutation E929K abolishes a swollen root phenotype caused by the ES20
treatment. (C)Representative root imagesof 5-day-oldCol-0 and transgenic plants expressingwild-typeormutatedCESA6 in theprc1-1background.
Theplantswere treatedwith liquid 1=2MS supplementedwithDMSO(0.1%) or ES20 (3 μM) for 20 h. Scale bar: 100 μm. (D)Quantificationof the root
widths of the seedlings shown in (C). ���P< 0.001 (two-tailed Student’s t-test), in comparison with the DMSO treatment, while n.d. indicates no
significant difference. The data represent the mean ± SD. N¼ 15. (E, F) The E929K mutation causes a reduced sensitivity to the effect of ES20
treatment onCSC localization. (E) Representative images of PM-localized YFP-CESA6, YFP-CESA6T783I, YFP-CESA6D785N and YFP-CESA6E929K after a
30-min ES20 treatment. Scale bar: 5 μm. (F) Quantification of the density of PM-localized CSC shown in (E). �P< 0.05 and ���P< 0.001 (two-tailed
Student’s t-test), in comparison with the DMSO treatment, while n.d. indicates no significant difference. The data represent the mean ± SE.N¼ 24.
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also have reduced CSC density at the PM, although the level of
reduction upon ES20 treatment is slightly lower than that of
YFP-CESA6;prc1-1 (Fig. 7E, F). By contrast, 30min of the 6 μM
ES20 treatment did not significantly affect the CSC density at
the PM in the YFP-CESA6D785N;prc1-1 and YFP-CESA6E929K;prc1-1
seedlings. Thus, a single amino acid change in CESA6 is sufficient
to allow plants to tolerate ES20 in terms of plant growth and
CSC trafficking at the cellular level and different mutations
contribute differently to ES20 sensitivity in growth and in
CSC trafficking.

Our previously identified cesa6 alleles with reduced sensitiv-
ity to ES20 provide guidance for generating mutations in other
plant species to confer reduced sensitivity to ES20 using genetic
engineering. To test whether the reduced ES20 sensitivity trait is
dominant or recessive, we transformed three YFP-CESA6 gen-
omic constructs carrying missense mutations (YFP-CESA6E929K,
YFP-CESA6T783I and YFP-CESA6D396N) driven by the native CESA6
promoter into the Arabidopsis wild-type Col-0 using
Agrobacterium-mediated transformation. We grew the trans-
genic plants expressing YFP-CESA6E929K, YFP-CESA6T783I and
YFP-CESA6D396N on growth media supplemented with DMSO
(0.1%) or ES20 (1 μM). These transgenic plants did not display
obvious growth defects when grown on the DMSO control
medium but had longer roots than the non-mutated YFP-
CESA6 plants when grown on growth media supplemented
with ES20 (Fig. 8). We also noticed that the plants expressing
the mutated CESA6 constructs in the Col-0 background had a

lower level of ES20 resistance than the EMS-generated mutants
(Figs. 3, 8), indicating that the reduced sensitivity to ES20
caused by the cesa6 mutations was semi-dominant.

Generation of a plant with dual resistance to ES20
and isoxaben
Repetitive applications of a single herbicide over long periods of
time can be problematic because the selection pressure encour-
ages herbicide-tolerant weeds to grow and herbicide-resistant
weeds to emerge through natural mutations (Heap 2014). ES20
and isoxaben seem to target CESAs at different binding sites;
therefore, the joint application of ES20 and isoxaben is expected
to reduce the likelihood of an herbicide-tolerant weed devel-
oping. Establishing a strategy to create crop plants that are
resistant to both ES20 and isoxaben is expected to be important
for the use of these herbicides in the control of weeds in agri-
cultural production.

We attempted to combine the ES20- and isoxaben-resistant
traits by crossing the ES20-resistant mutant es20r1 (CESA6E929K)
with the isoxaben-resistant mutant ixr1-1 (CESA3G998D). We
obtained the homozygous es20r1;ixr1-1 F3 generation and
tested their growth phenotype on media supplemented with
DMSO (0.1%) as the solvent control, ES20 (1 μM), isoxaben
(12 nM) or both ES20 (1 μM) and isoxaben (12 nM). As shown
in Fig. 9A, B, the es20r1 and ixr1-1 single mutant seedlings did
not have any obvious root growth defects compared with the
wild-type plants when grown on the control growth medium;
however, the es20r1;ixr1-1 double mutant plants had slightly
shorter roots (Fig. 9A, B) when grown on media supplemented
with DMSO. The single mutant es20r1 and ixr1-1 plants had a
reduced sensitivity to ES20 or isoxaben, respectively, but the
es20r1;ixr1-1 double mutants could tolerate combined ES20 and
isoxaben treatment (Fig. 9A, B).

As the es20r1;ixr1-1 double mutant seedlings had slightly
reduced root growth, we next determined whether they dis-
played any growth phenotypes at later growth stages. We grew
the mutant plants in the soil until the end of their lifecycle and
found that the es20r1 plants have normal-sized rosettes but
ixr1-1 single mutant and es20r1;ixr1-1 double mutant plants
produced smaller rosettes than the wild type (Fig. 9C, D).
The height of the 40-day-old soil-grown es20r1;ixr1-1 double
mutant was also shorter than the wild type and the single
mutants (Fig. 9E, F). Thus, although the es20r1;ixr1-1 double
mutant can tolerate both ES20 and isoxaben, it does have some
trade-offs in terms of growth.

Discussion

CBIs are of significant interest to scientists and agricultural
companies (Heim et al. 1990, Brabham et al. 2014, Worden
et al. 2015, Hu et al. 2016). These inhibitors allow for the dis-
covery of novel genes or pathways that function in cellulose
biosynthesis using sensitivity screens (Scheible et al. 2001,
Desprez et al. 2002, Shim et al. 2018), while short-term CBI
treatments facilitate the observation of the dynamic behaviors
of the CSCs and their regulatory proteins upon the transient

Fig. 8 ES20 tolerance causedby the cesa6mutations is a semi-dominant
trait. (A) Representative 5-day-old seedlings of Col-0 and the transgenic
lines expressing three different mutated CESA6 constructs (CESA6E929K,
CESA6D396N and CESA6T783I) in Col-0. The plants were grown on 1=2 MS
medium supplementedwith DMSO (0.1%) and ES20 (1 μM). Scale bars:
1 cm. (B) Quantification of the root lengths of the seedlings shown in
(A). Different letters indicate a statistically significant difference
(P< 0.05), as determined using a one-way ANOVA followed by
Tukey’s multiple comparison tests. The data represent the mean ±
SD. N¼ 10.
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inhibition of cellulose biosynthesis (Montezinos and Delmer
1980, Heim et al. 1989, Scheible et al. 2001, Desprez et al.
2002, Debolt et al. 2007, Brabham et al. 2014, Worden et al.
2015, Hu et al. 2016, Tateno et al. 2016, Tran et al. 2018). Because

of the importance of cellulose in plant growth, CBIs are used as
herbicides in agricultural production (Schneegurt et al. 1994,
Brabham et al. 2014, Hu et al. 2019). The effects of CBIs on plant
cellulose biosynthesis and CSC trafficking mean it is reasonable

Fig. 9 The es20r1;ixr1-1 doublemutant can tolerate a combined treatment of ES20 and isoxaben. (A, B) The es20r1;ixr1-1 seedlings exhibit a reduced
sensitivity to the combinedES20 and isoxaben treatment. (A) Representative 5-day-old seedlings of SYP61-CFP, Col-0, es20r1, ixr1-1 and es20r1;ixr1-1.
The plantswere grownon 1=2MSmedium supplementedwithDMSO (0.1%), ES20 (1 μM), isoxaben (12 nM; ISO) or the combined treatment of ES20
(1 μM) and isoxaben (12 nM). Scale bars: 1 cm. (B) Quantification of the root lengths of the seedlings shown in (A). Different letters indicate a
statistically significant difference (P< 0.05), as determined using a one-way ANOVA followed by Tukey’s multiple comparison tests. The data
represent themean ± SD.N¼ 15. (C) The rosettes of 3-week-old SYP61-CFP, Col-0, es20r1, ixr1-1 and es20r1;ixr1-1 seedlings grown on soil. Scale bar:
1 cm. (D) Quantification of the size of the rosettes of the 3-week-old soil-grown plants shown in (C). Rosette size was measured as the sum of the
lengths of the longest leaf and second longest leaf. The data represent the mean ± SD. N¼ 9. Different letters indicate a statistically significant
difference (P< 0.05), as determined using a one-way ANOVA followed by Tukey’s multiple comparison tests. (E) Representative 40-day-old soil-
grown plants of SYP61-CFP, Col-0, es20r1, ixr1-1 and es20r1;ixr1-1. Scale bars: 3 cm. (F) Quantification of the height of the soil-grown plants shown in
(E). The data represent themean ± SD.N¼ 8. Different letters indicate a statistically significant difference (P< 0.05), as determined using a one-way
ANOVA followed by Tukey’s multiple comparison tests.
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to assume that some CBIs may target CESAs directly, e.g. iso-
xaben is likely to target Arabidopsis CESA3 and CESA6 directly
(Scheible et al. 2001, Desprez et al. 2002); however, the endogen-
ous cognate proteins for these inhibitors have not been well
characterized, which has limited our interpretation of the
observations made when using these molecules.

ES20 is a newly identified CBI that shares some character-
istics with other known CBIs in terms of cellulose content re-
duction and the ectopic accumulation of lignin and callose after
treatment (Huang et al. 2020). Strong genetic and biochemical
evidence suggests that ES20 targets CESA6 at its catalytic site
(Huang et al. 2020); however, ES20 has a different mode of
action than the other three CBIs tested here, based on two
main observations. First, most of the ES20-resistant mutants
remain sensitive to the other three CBIs, isoxaben, indaziflam
and C17, while all three isoxaben-insensitive mutants were sen-
sitive to ES20. Second, all of the predicted ES20-binding site
mutants are sensitive to the other tested CBIs, indicating that
the binding site of ES20 differs from the binding sites of the
other three CBIs.

Several ES20-resistant mutants show cross-resistance to iso-
xaben, indaziflam and C17; e.g. es20r3 (CESA6L935E), es20r4
(CESA6D605N) and es20r5 (CESA6S360N) had reduced sensitivity
to all four CBIs we tested here (Fig. 3). The amino acids L935,
D605 and S360 are important for CESA6 function because the
plants in which they were mutated have obvious root growth
defects (Fig. 3). The reduced sensitivities to the CBIs caused by
the mutations in these amino acids indicate that these four
tested CBIs may share some common features in affecting cel-
lulose biosynthesis, although their exact target sites are differ-
ent. It is possible that these amino acids are close to the target
sites for isoxaben, indaziflam and C17. This will remain an open
question because the direct interaction between the CESAs and
isoxaben, indaziflam and C17 requires further characterization.
This future research will be especially interesting for indaziflam,
which seems to act differently than the other CBIs at the cellular
level; indaziflam increased the CSC density at the PM, but ES20,
isoxaben and C17 decreased the CSC density at the PM
(Paredez et al. 2006, Brabham et al. 2014, Hu et al. 2016,
Huang et al. 2020). It will be very interesting to investigate
why the same mutations can lead to resistance to various
CBIs despite their differing effects on CSC subcellular
localization.

Weeds compete with crops for the limited resources of nu-
trition, space, light and water and are thus undesirable in agri-
cultural production. In extreme cases, uncontrolled weeds may
cause crop yield losses of over 80% (Heap 2014). Based on their
modes of action, herbicides can be further divided into different
functional groups, such as photosynthesis inhibitors, acetolac-
tate synthase inhibitors and CBIs (Gianessi 2013). Naturally
occurring herbicide-tolerant and herbicide-resistant weeds
have become problematic after the repeated usage of a single
herbicide due to selection (Delye et al. 2013, Heap 2014).
According to the international survey of herbicide-resistant
weeds (http://www.weedscience.org), 262 weed species (152
dicots and 110 monocots) have been reported to have evolved
herbicide resistance to 23 of the 26 known herbicide sites of

action, and to 167 different herbicides. A good example is 2,4-D,
the well-known synthetic auxin that was commercialized in the
1940s. This herbicide is one of the oldest and most widely used
in the control of broad-leaf weeds and woody plants for a var-
iety of small grain, fruit and vegetable crops (Peterson et al.
2016). After over 70 years of applications, >40 weed species
have been reported to show resistance to 2,4-D, according to
the international survey of herbicide-resistant weeds (http://
www.weedscience.org). Thus, the identification of novel her-
bicides is quite urgent to enhance crop production to feed the
ever-increasing global population.

CBIs provide valuable resources for commercial herbicide
development. CBIs are a class of herbicides with one of the
lowest occurrences of weed resistance (Heap 2014).
Interestingly, the mutations of different CESAs, especially the
primary cell wall-related CESAs 1, 3 and 6, have been found to
reduce plant sensitivity to CBIs (Scheible et al. 2001, Desprez
et al. 2002, Tateno et al. 2016, Hu et al. 2018). The CBIs and the
reduced-sensitivity mutants are therefore valuable resources for
the development of novel herbicides and for the breeding of
herbicide-resistant crops, which can be accomplished using
gene-editing technologies (Hu et al. 2019).

We characterized the inhibitory effect of ES20 on different
plant species and found that it is a broad-spectrum plant
growth inhibitor with a higher efficiency in dicotyledonous ra-
ther than monocotyledonous plants. ES20 has a synergistic in-
hibitory effect on plant growth when used in combination with
other CBIs (Fig. 6), which implies that these compounds could
be jointly used as herbicides to increase the weed control effi-
ciency and to reduce the development of weed resistance. ES20
can inhibit plant growth in soil, although a relatively high dos-
age is needed (Fig. 1Q). A future optimization of compound’s
structure will facilitate the development of ES20 into a com-
mercial herbicide with a higher efficiency. Among the 15 iden-
tified mutants with a reduced sensitivity to ES20, CESA6E929K

was the most efficient in tolerating its inhibitory effect. At the
cellular level, PM-localized CESA6E929K is not affected by ES20
treatment. This ES20 resistance resulting from a single amino
acid change in CESA6 indicates that it could be possible to
create ES20- resistant crop species using gene-editing technol-
ogy. CRISPR-mediated gene editing has been used to generate
C17- resistant plants (Hu et al. 2019), and it could also be pos-
sible to create ES20- resistant plants using this technology. We
also revealed that it is possible to create plants with a dual
resistance to ES20 and isoxaben, as was shown for the es20r1;
ixr1-1 double mutant (Fig. 9). This double mutant did display
slightly reduced root growth, smaller rosettes and a shorter
height under the control conditions, however, indicating that
the spontaneous mutations of CESA3 and CESA6 further
affected the normal functioning of the CSC. The previously
reported double mutant cesa1aegeus;cesa3ixr1-2, which displays
dual resistance to quinoxyphen and isoxaben, also showed a
far more pronounced dwarf phenotype than either of the single
mutants (Harris et al. 2012). By contrast, the recently reported
CESA3S983F;ixr2-1(CESA6R1064W) double mutant shows dual re-
sistance to isoxaben and C17 without any obvious growth phe-
notypes (Hu et al. 2019), indicating that different combinations
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of mutated CESAs may affect the plant growth differently and
that it is possible to obtain dual-resistant cesamutants without
a growth penalty. The resistance of the es20r1;irx1-1 double
mutant to both ES20 and isoxaben suggests that it is worth
trying to create double amino acid mutations in CESA6 in an
attempt to confer resistance to both ES20 and isoxaben without
affecting growth.

Taking our results together, we showed that ES20 has a dif-
ferent mode of action to isoxaben, indaziflam or C17. ES20 has a
synergistic effect with these other CBIs in inhibiting plant
growth. ES20 could be used as a potential spray herbicide,
and it is possible to create plants that can tolerate both ES20
and isoxaben using gene-editing technologies.

Materials and Methods

Plant materials and growth conditions
To test the effect of ES20 on different plant species, A. thaliana Col-0, tomato
Micro-tom, soybeanWilliams 82, maize B73, rice Nipponbare, perennial ryegrass
Bright star and Kentucky bluegrass Brilliant were used. Dandelion seeds were
collected from a wild population in West Lafayette, Indiana, USA. The seeds of
Arabidopsis, dandelion, tomato, soybean, maize and rice were sterilized and
sown on 1=2 MS medium containing 0.8% agar (pH 5.8) and different concen-
trations of ES20. The plants were grown vertically under continuous light
(130 μmol m�2 s�1 intensity) at 22�C. The Kentucky bluegrass and perennial
ryegrass seeds were directly grown on filter paper soaked in sterile water sup-
plemented with DMSO (0.1%) or ES20 (50 μM) at 22�C.

Different CBI treatments and ES20 structure–
activity relationship analysis
To test the sensitivity of the es20r mutants and the CESA binding site mutants
to the different CBIs, the sterilized Arabidopsis seeds were grown vertically on 1=2
MS medium supplemented with the indicated concentrations of the CBIs. An
equal volume of DMSO was used as a control. After 5 d of growth, the plates
were scanned using an Epson Perfection V550 scanner (Epson, 3 Chome-3-5
Owa, Suwa, Nagano 392-0001, Japan) and the resulted images were used for root
length quantification using ImageJ (https://imagej.nih.gov/ij/index.html,
October 21, 2020, date last accessed). Representative seedlings grown on
different CBIs were selected and placed on an agar plate. The plate was then
scanned using an Epson Perfection V550 scanner to obtain images for repre-
sentative seedlings. To test the structure–activity relationship of ES20, 11 ES20
analogs were ordered from Vitascreen (Vitascreen, University of Illinois Urbana-
Champaign Research Park, 2001 South First Street, Suite 201, Champaign, IL,
61820, USA). Sterilized Arabidopsis Col-0 seeds were grown on 1=2 MS medium
supplemented with 1 μM of ES20 or the different analogs. An equal volume of
DMSO was used as a control. After 5 d of vertical growth, the plates were
scanned using an Epson Perfection V550 scanner and the resulted images
were used for root length quantification using ImageJ. Representative seedlings
grown on different analogs were selected and placed on an agar plate. The plate
was then scanned using an Epson Perfection V550 scanner to obtain images for
representative seedlings.

Generation of transgenic Arabidopsis plants
The YFP-CESA6E929K construct was created as described previously (Huang et al.
2020). Briefly, the genomic construct containing the CESA6 gene and its en-
dogenous promoter was cloned into the modified binary vector pH7WGR2,
from which the 35S promoter and RFP-tag had been removed. The YFP tag
was inserted into the N-terminal region of the CESA6 start codon. The mutation
E929K was introduced using site-directed mutagenesis. The verified plasmids
were transformed into Col-0 or the CESA6 null mutant prc1-1 (CS297) using
Agrobacterium tumefaciens-mediated floral dipping (Clough and Bent 1998).
The prc1-1 seeds were obtained from the Arabidopsis Biological
Resource Center.

Live-cell imaging with spinning-disk
confocal microscopy
Spinning-disk confocal microscopy (SDCM) was used to examine the localiza-
tion of the CSCs at the PM. The seedlings of YFP-CESA6;prc1-1, YFP-CESA6E929K;
prc1-1, YFP-CESA6T783I;prc1-1 and YFP-CESA6D785N;prc1-1 grown on 1=2 MS me-
dium for 5 d in a vertical orientation were treated with DMSO or 6 μM ES20 for
30min. Two thin strips of double-sided tape were placed onto glass slides about
2 cm apart. A 100-μl aliquot of 1=2 MS liquid growth medium containing DMSO
(0.1%) or 6 μMES20was applied to the glass slides, into which the seedlings were
carefully mounted using tweezers. A 22-mm� 40-mm cover glass was placed on
top of the double-sided tape for imaging. Images were taken off the 2nd or 3rd
epidermal cells below the first obvious initiated root hair in the root elongation
region using a CSU-X1-A1 scanner unit (Yokogawa Electric, 2-9-32 Nakacho,
Musashino, Tokyo, Tokyo 180-8750, Japan) mounted on an Olympus IX-83
microscope (Olympus, 2-3-1 Nishi-Shinjuku, Shinjuku-ku, Tokyo, 163-0914,
Japan) equipped with a 100� 1.45-numerical aperture UPlanSApo oil objective
(Olympus, 2-3-2 Nishi-Shinjuku, Shinjuku-ku, Tokyo, 163-0914, Japan) and an
Andor iXon Ultra 897BV EMCCD camera (Oxford Instruments, Tubney Wood,
Sandleigh, Abingdon-on-Thames, UK). YFP fluorescence was excited with a 515-
nm laser and the emissions were collected using a 542/27-nm filter.

PM-localized CSC density analysis
To examine the effect of ES20 on the PM-localized CSC density, the SDCM
images were analyzed using ImageJ. The Freehand selection tool was used to
select a region of interest (ROI) avoiding CSCs from the Golgi. The CSC particles
from the selected ROIs were detected on 8-bit images using the Find Maxima
tool with the same noise threshold for all images. The CSC particle density was
calculated by dividing the number of particles by the ROI area.

ES20 spray test on soil-grown plants
Arabidopsis Col-0 seedlings grown on 1=2 MS growth medium for 5 d were
transferred into soil and covered with a transparent plastic lid for 2 d. The
plants were then sprayed with 50ml of sterile water supplemented with
DMSO (0.5%) or ES20 (500 μM). The plants were imaged 7 d after spraying.

Supplementary Data

Supplementary data are available at PCP online.
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