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Abstract

Plant cells are encased in a semi-rigid cell wall of complex build. As a consequence, cell wall

remodeling is essential for the control of growth and development as well as the regulation

of abiotic and biotic stress responses. Plant cells actively sense physico-chemical changes

in the cell wall and initiate corresponding cellular responses. However, the underlying cell

wall monitoring mechanisms remain poorly understood. In Arabidopsis the atypical receptor

kinase STRUBBELIG (SUB) mediates tissue morphogenesis. Here, we show that SUB-

mediated signal transduction also regulates the cellular response to a reduction in the bio-

synthesis of cellulose, a central carbohydrate component of the cell wall. SUB signaling

affects early increase of intracellular reactive oxygen species, stress gene induction as well

as ectopic lignin and callose accumulation upon exogenous application of the cellulose bio-

synthesis inhibitor isoxaben. Moreover, our data reveal that SUB signaling is required for

maintaining cell size and shape of root epidermal cells and the recovery of root growth after

transient exposure to isoxaben. SUB is also required for root growth arrest in mutants with

defective cellulose biosynthesis. Genetic data further indicate that SUB controls the isoxa-

ben-induced cell wall stress response independently from other known receptor kinase

genes mediating this response, such as THESEUS1 or MIK2. We propose that SUB func-

tions in a least two distinct biological processes: the control of tissue morphogenesis and

the response to cell wall damage. Taken together, our results reveal a novel signal transduc-

tion pathway that contributes to the molecular framework underlying cell wall integrity

signaling.

Author summary

Plant cells are encapsulated by a semi-rigid and biochemically complex cell wall. This

particular feature has consequences for multiple biologically important processes, such

as cell and organ growth or various stress responses. For a plant cell to grow the cell wall

has to be modified to allow cell expansion, which is driven by outward-directed turgor

pressure generated inside the cell. In return, changes in cell wall architecture need to be

monitored by individual cells, and to be coordinated across cells in a growing tissue, for
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an organ to attain its regular size and shape. Cell wall surveillance also comes into play

in the reaction against certain stresses, including for example infection by plant patho-

gens, many of which break through the cell wall during infection, thereby generating

wall-derived factors that can induce defense responses. There is only limited knowledge

regarding the molecular system that monitors the composition and status of the cell

wall. Here we provide further insight into the mechanism. We show that the cell surface

receptor STRUBBELIG, previously known to control organ development in Arabidop-

sis, also promotes the cell’s response to reduced amounts of cellulose, a main compo-

nent of the cell wall.

Introduction

Cell-cell communication is essential to regulate cellular behavior during many processes,

including growth, development, and stress responses. In plants, the extra-cellular cell wall

constitutes a central element of the underlying molecular mechanisms. It is mainly composed

of carbohydrates, such as cellulose, hemicellulose, and pectin, and phenolic compounds,

including lignin. Moreover, the cell wall also contains a plethora of different cell-wall-bound

proteins [1,2]. It imposes restrictions on cell expansion and the movement of cells and serves

as a barrier to pathogen attack. The cell wall counteracts turgor-driven growth and thus cell

wall remodeling is required for cell expansion [3]. Cell wall fragments released by pathogen-

derived lytic enzymes can act as danger signals and elicit plant immunity responses [4]. These

observations imply a necessity for plant cells to monitor cell wall integrity (CWI). Such a

mechanism would sense any physico-chemical alterations that occurred in the cell wall and

elicit a corresponding compensatory and protective cellular response [5–8].

Little is known about the molecular mechanisms that reside at the nexus of monitoring the

cell wall status and the control of development and stress responses. Only a few cell surface sig-

naling factors are presently implicated in monitoring CWI [5,8,9]. For example, a complex

between RECEPTOR-LIKE PROTEIN44 (RLP44) and BRASSINOSTEROID INSENSITIVE1

(BRI1), the brassinosteroid receptor, specifically connects BRI1-mediated signaling to the

detection of pectin modifications [10,11]. In addition, members of the Catharanthus roseus
Receptor-like Kinase1-like (CrRLK1L) family of receptor kinases (RKs) are implied in CWI

signaling. Recent evidence indicates that a cell wall sensing mechanism depending on a com-

plex between FERONIA (FER) [12] and extracellular leucine-rich repeat extensins (LRXs)

negatively regulates vacuole size [13]. Interestingly, the extracellular domain of FER binds pec-

tin in vitro and FER is also required to prevent cell bursting upon exposure of root cells to salt

[14]. Signaling mediated by ANXUR1 (ANX1) and ANX2 appears to contribute to monitoring

cell wall integrity and the prevention of the premature burst of pollen tubes [15–18]. ERULUS

(ERU), a CrRLK1L family member with a role in root hair growth regulation [19,20], was

shown to be involved in cell wall remodeling during root hair expansion [21].

Plant cells also respond to changes in cellulose levels in the cell wall. Cellulose is present in

the form of microfibrils that constitute the main load-bearing elements resisting turgor pres-

sure. The microfibrils are embedded in matrix polysaccharides, mainly various hemicelluloses

and pectins [1,2]. Cellulose is synthesized by cellulose synthase (CESA) complexes at the

plasma membrane (PM) [22]. The effects of a reduced production of cellulose on plant growth

and development can be studied by analyzing mutants with defects in genes encoding CESA

subunits involved in primary cell wall biosynthesis [23–27]. Alternatively, pharmacological

approaches can be applied. The herbicide isoxaben is a well-characterized inhibitor of cellulose

SUB mediates cell wall stress signaling
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biosynthesis [28,29]. A number of findings suggest CESAs to be the direct targets of isoxaben.

First, several known isoxaben-resistant mutants carry mutations near the carboxyl terminus of

certain CESA subunits [30,31]. Second, isoxaben induces a rapid clearing of CESA complexes

from the PM [32]. Third, isoxaben uptake or detoxification appears unaffected in resistant

plants [33].

The reaction of liquid culture-grown seedlings to isoxaben-induced cellulose biosynthesis

inhibition (CBI) represents a thoroughly studied stress response to cell wall damage (CWD)

[34–37]. The response is sensitive to osmotic support and eventually includes the upregulation

of stress response genes, the production of reactive oxygen species (ROS), an accumulation of

phytohormones, such as jasmonic acid (JA), changes in cell wall composition, including the

production of ectopic lignin and callose, and finally growth arrest. Similar effects were also

observed when studying the phenotypes of different cesA mutants [23–27].

The mechanism controlling the CWD response to CBI is known to involve three RKs [34].

THESEUS1 (THE1), another member of the CrRLK1L family, was first implicated in this

process [38]. THE1 was identified based on its genetic interaction with PROCUSTE1 (PRC1),

a gene encoding a CESA6 subunit [27]. Amongst others, cellulose-deficient prc1 single

mutants exhibit reduced hypocotyl length and ectopic lignin accumulation. In the1 prc1 dou-

ble mutants these effects are ameliorated although cellulose levels remain reduced [38]. More-

over, THE1 is required for the altered expression levels of several stress-response genes upon

exposing liquid-grown seedlings to isoxaben [39]. Recently, the leucine-rich repeat (LRR)-

XIIb family RK MALE DISCOVERER1-INTERACTING RECEPTOR LIKE KINASE 2/LEU-

CINE-RICH REPEAT KINASE FAMILY PROTEIN INDUCED BY SALT STRESS (MIK2/

LRR-KISS) [40,41] and the LRR-XIII family member FEI2 [42] have also been shown to partic-

ipate in the isoxaben-induced cell wall stress response [34,39,43]. Genetic analysis revealed

that THE1 and MIK2 have overlapping but also distinct functions, suggesting a complex regu-

lation of the CBI response, with THE1 and MIK2 promoting this response via different mecha-

nisms. FEI2 appears to be part of the THE1 genetic pathway [34].

Tissue morphogenesis in Arabidopsis requires signaling mediated by the atypical LRR-RK

STRUBBELIG (SUB). SUB, also known as SCRAMBLED (SCM), is a member of the LRR-V

family of RKs and controls several developmental processes, including floral morphogenesis,

integument outgrowth, leaf development and root hair patterning [44–46]. SUB represents an

atypical receptor kinase, as its in vivo function does not require enzymatic activity of its kinase

domain [44,47]. Our previous studies indicate that SUB not only localizes to the PM but is also

present at plasmodesmata (PD), channels interconnecting most plant cells [48,49], where it

physically interacts with the PD-specific C2 domain protein QUIRKY (QKY) [50].

Current data also associate SUB signaling to cell wall biology. For example, whole-genome

transcriptomics analysis revealed that many genes responsive to SUB-mediated signal transduc-

tion relate to cell wall remodeling [51]. Moreover, Fourier-transform infrared spectroscopy

(FTIR)-analysis indicated that flowers of sub and qky mutants share overlapping defects in cell

wall biochemistry [52]. Thus, apart from functionally connecting RK-mediated signal transduc-

tion and PD-dependent cell-cell communication SUB signaling also relates to cell wall biology.

Here, we report on a further exploration of the connection between the cell wall and SUB

function. Our data reveal a novel role for SUB signaling in the CBI-induced CWD response.

We show that SUB affects several processes, such as ROS accumulation, stress gene induction

as well as ectopic lignin and callose accumulation, that are initiated upon application of exoge-

nous isoxaben. Moreover, SUB signaling is necessary for maintaining cell shape and recovery

of root growth after transient exposure to isoxaben. Our genetic data further indicate that

SUB, THE1, and MIK2 act in different pathways and that not all contributions of SUB to CBI-

induced CWD signaling require QKY function.

SUB mediates cell wall stress signaling
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Results

In light of the connection between SUB signaling and cell wall biology, we set out to address

if SUB plays a role in the seedling responses to cell wall stress. In particular, we focused on the

possible role of SUB in the isoxaben-induced CWD response.

SUB does not affect cellulose production

We first investigated if SUB influences cellulose biosynthesis in seven days-old seedlings.

CESA1, CESA3 and CESA6 genes encode the CESA isoforms present in CSCs of the primary

cell wall [53,54]. We first analyzed transcript levels of CESA1, CESA3, and CESA6 in wild-type

and different sub mutants. We could not detect differences in transcript levels of CESA1,

CESA3, and CESA6 between sub and wild type in quantitative real-time polymerase chain reac-

tion (qPCR) experiments (Fig 1A). Moreover, we assessed the levels of cellulose. To this end

we generated a predicted null allele of SUB, sub-21, by a CRISPR-based approach to have avail-

able two independent strong sub alleles in the Col-0 background (sub-21, sub-9; see Materials

and methods). We did not detect differences between several sub mutants and wild type (Fig

1B). However, we could observe a reduction in cellulose levels in plants with a defect in CESA6
(prc1-1) that was comparable to previous findings [27] (Fig 1B). The results indicate that SUB
does not play a central role in cellulose biosynthesis in seedlings.

SUB affects the isoxaben-induced CWD response

We then assessed if SUB activity is necessary for accumulation of reactive oxygen species

(ROS) in response to isoxaben-induced CWD. To this end we exposed seven-day wild-type

and sub-9 seedlings, grown on half-strength Murashige and Skoog (MS) plates containing one

percent sucrose, to 600 nM isoxaben in a time-course experiment. Seedlings were monitored

for up to 120 minutes, at 30 minutes intervals. Upon treatment we assessed fluorescence inten-

sity of the intracellular ROS probe H2DCFDA in roots [55,56]. In wild-type Col-0 seedlings

treated for 30 minutes with isoxaben, we noticed an increase in H2DCFDA signal compared

with mock-treated seedlings (Fig 2A and 2B). Signal intensity of the probe increased further

in seedlings exposed to isoxaben for 60 minutes. This signal intensity remained for up to 120

minutes of continuous exposure to isoxaben. In sub-9 seedlings we detected a slightly and sta-

tistically insignificant increased H2DCFDA signal after 60 to 90 minutes of exposure to isoxa-

ben (Fig 2A and 2B). However, signal intensity was noticeably reduced in comparison to wild

type. In comparison to the mock control, isoxaben-treated sub-9 seedlings continued to show

slightly enhanced signal intensity for up to 120 minutes of exposure, although the relative dif-

ference to signal levels of mock-treated seedlings was never as pronounced as in wild type.

Thus, in comparison to wild type, sub-9 mutants showed a delayed onset of H2CDFDA signal

appearance and an overall reduced signal intensity for the time frame analyzed. The results

indicate that isoxaben causes the formation of intracellular ROS in roots of treated wild-type

seedlings within 30 minutes of application. Moreover, SUB affects this ROS response.

Next, we tested if SUB activity is required for the transcriptional regulation of several

marker genes, known to respond to isoxaben-induced CWD within eight hours [34,37,39].

We performed quantitative real-time polymerase chain reaction (qPCR) experiments using

RNA isolated from seven days-old liquid-grown seedlings that had been incubated with 600

nM isoxaben for eight hours (Fig 2C, S1 Fig). We observed that isoxaben-induced upregula-

tion of CCR1, PDF1.2, and RBOHD was attenuated in sub-21 (Fig 2C) and sub-9 (S1 Fig)

mutants compared to wild type. Moreover, we detected a somewhat enhanced upregulation of

CYP81F2 in isoxaben-treated seedlings in comparison to wild type. We detected a statistically

significant alteration in the upregulation of FRK1 for sub-21 but not for sub-9. We did not

SUB mediates cell wall stress signaling
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Fig 1. Effects of SUB on cellulose content in seven-day-old seedlings. (A) Gene expression levels for primary cell

wall CESA genes in wild type and sub as assessed by qPCR. Individual CESA genes and genotypes are indicated.

Mean ± SD is shown. Data points designate results of individual biological replicates. For each tested CESA gene no

statistically significant deviation between wild type and mutant was observed (unpaired t tests, two-tailed P values).

The experiment was performed two times with similar results. (B) Estimation of cellulose content. Genotypes are

indicated. Data points indicate results of individual biological replicates. Mean ± SD is shown. Col, sub-9, sub-21, prc1-
1: asterisks represent adjusted P value (���� P< 0.0001; one-way ANOVA followed by Tukey’s multiple comparison

tests). Ler, sub-1: no statistically significant difference (unpaired t test, two-tailed P values). Note absence of significant

SUB mediates cell wall stress signaling
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observe an effect of SUB on TCH4 induction by isoxaben (Fig 2C, S1 Fig). These results indi-

cate that SUB affects the isoxaben-induced upregulation of expression of several marker genes.

The seedlings’ response to isoxaben also includes the accumulation of the phytohormone

JA [37]. We thus tested if SUB affects the isoxaben-induced production of JA in seven days-

old liquid-grown seedlings that had been incubated in 600 nM isoxaben for seven hours. We

found that JA accumulation appeared largely unaffected in sub-9 or sub-21 mutants while two

overexpressing lines (pUBQ::SUB:mCherry, Lines O3 and L1, (S2 Fig)) showed strongly

diminished JA levels following isoxaben treatment (Fig 2D). The results indicate that SUB is

not required for isoxaben-induced JA accumulation. The phenotypes of the loss-of-function

and overexpressing mutants are not easy to reconcile with each other rendering an interpreta-

tion of the effects on JA accumulation seen in the SUB overexpressing lines difficult. Thus,

their biological relevance needs to be assessed in further experiments.

Isoxaben-induced CBI eventually results in the alteration of cell wall biochemistry as evi-

denced by the ectopic accumulation of lignin and callose [37]. To investigate if SUB affects

lignin biosynthesis, we estimated lignin accumulation in roots using phloroglucinol staining

after exposing six-day-old liquid-grown seedlings to 600 nM isoxaben for 12 hours. We

observed reduced phloroglucinol staining in the root elongation zone of sub-1 seedlings in

comparison to wild type Ler indicating less ectopic lignin production (Fig 3A and 3B). We

also noticed reduced phloroglucinol signal in sub-9 seedlings (Col-0 background) although

the effect was less prominent. However, in our hands Col-0 wild-type plants exhibited an

overall weaker phloroglucinol staining indicating that isoxaben-induced lignin accumulation

does not occur to the same level as in Ler (Fig 3A and 3B). We could detect increased phloro-

glucinol staining in two pUBQ::SUB:mCherry lines (L1, O3) (Fig 3A and 3B).

Isoxaben-treatment for 24 hours results in the formation of callose in cotyledons of wild-

type seedlings [37]. Thus, we tested if SUB is required for this process as well. To this end we

transferred seven days-old plate-grown seedlings to liquid medium without isoxaben for 12

hours. Subsequently, medium was exchanged, and seedlings were kept in 600 nM isoxaben for

another 24 hours followed by callose detection using aniline blue staining [57]. As expected,

we observed prominent aniline blue staining in cotyledons of Ler and Col wild-type seedlings

upon isoxaben treatment (Fig 3C and 3D). By contrast, we detected strongly reduced aniline

blue staining in cotyledons of isoxaben-treated sub-1 and sub-4 (both in Ler) as well as sub-9
and sub-21 (both in Col). One of the two SUB overexpressors (line L1) showed statistically sig-

nificant stronger aniline blue staining compared to wild type upon application of isoxaben

(Fig 3C and 3D).

Taken together, the results indicate that SUB is required for the isoxaben-induced forma-

tion of lignin and callose in seedlings.

The SUB-mediated CBI response is sensitive to sorbitol

The isoxaben-induced CWD response is sensitive to turgor pressure, as indicated by the sup-

pression of lignin or callose accumulation in the presence of osmotica, such as sorbitol

[34,36,37]. To test if SUB affects a turgor-sensitive CBI response we compared isoxaben-

induced accumulation of lignin and callose in six days-old Col-0, sub-9, and pUBQ::SUB:

mCherry seedlings in co-treatments with 600 nM isoxaben and 300 mM sorbitol (Fig 4A–4C).

We observed that simultaneous application of isoxaben and sorbitol resulted in strongly

differences between wild type and different sub mutants. The prc1-1 mutant shows the expected reduction in cellulose

content [27]. The experiment was repeated three times with similar results.

https://doi.org/10.1371/journal.pgen.1008433.g001
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Fig 2. SUB effects on isoxaben-induced ROS production, marker gene expression and JA accumulation. (A) Confocal

micrographs showing H2CDFDA signal in root tips of six-day-old seedlings exposed to 600 nM isoxaben for the specified

time. Genotypes are indicated. Note reduced signal in sub-9. (B) Quantification of results depicted in (A). Genotypes are

indicated. Box and whisker plots are shown. Whisker ends mark the minimum and maximum of all the data. 10� n� 15.

Asterisks represent adjusted P values (���� P< 0.0001; � P< 0.05; one-way ANOVA followed by Tukey’s multiple

comparison tests). No statistically significant differences were measured within or between genotypes during the first 15

minutes of mock or isoxaben treatment or between wild type and sub-9 mock treatment at any tested time point

(P> 0.9995; one-way ANOVA followed by Tukey’s multiple comparison tests). Experiments were performed three times

SUB mediates cell wall stress signaling
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reduced phloroglucinol and aniline blue signal in all tested genotypes, including the SUB:

mCherry overexpressing lines, which show hyperaccumulation of lignin or callose if solely iso-

xaben is applied. Lignin production was undetectable as we could not observe any phlorogluci-

nol staining in main roots of mock/sorbitol or isoxaben/sorbitol-treated seedlings (Fig 4A).

Very weak aniline blue signal could be detected in the cotyledons of mock/sorbitol or isoxa-

ben/sorbitol-treated wild-type and mutant seedlings indicating that callose was present at low

levels (Fig 4B and 4C). It even appeared that aniline blue-derived signal in the various isoxa-

ben/sorbitol-treated sub mutants tended to be even lower when compared to the corresponding

mock/sorbitol treatments. The cotyledons of the two mock/sorbitol-treated SUB:mCherry

overexpressing lines exhibited low levels of aniline blue staining that that did not change upon

exposure to isoxaben/sorbitol. Some of the aniline blue signal differences were statistically sig-

nificant (for example sub-9, adjusted P value< 0.02, and sub-21, adjusted P value< 0.0005;

one-way ANOVA followed by Tukey’s multiple comparison tests). However, given the very

low signal levels it is probably unlikely that the differences reflect biological significance.

SUB attenuates isoxaben-induced cell swelling and facilitates root growth

recovery

Next, we assessed the biological relevance of SUB in the isoxaben-induced CWD response.

Exposure of seedlings to isoxaben eventually results in the shortening and swelling of cells of

the root epidermis, possibly a result of reduced microfibril formation in the cell wall [34].We

transferred six days-old plate-grown seedlings into a mock solution or a solution containing

600 nM isoxaben for up to seven hours. We then assessed the timing of the initial appearance

of altered cellular morphology of root epidermal cells. In addition, we monitored the severity

of the phenotype. We focused on cells of the elongation zone that bordered the root meristem.

Notably, we did not observe any obvious morphological alterations in mock-treated wild-type

or mutant seedlings (Fig 5). In Col-0 wild-type seedlings cell shortening and swelling first

became noticeable during the five to six-hour interval proceeding treatment (Fig 5) (44/96

seedlings total, n = 4), as reported previously [34]. Upon isoxaben application to sub-9 or sub-
21 seedlings, however, similar cellular alterations were already detected at the three to four-

hour interval post treatment initiation (sub-9: 23/57, n = 2; sub-21: 20/46, n = 2). In addition,

sub mutants exhibited more pronounced cellular alterations after seven hours of isoxaben

treatment in comparison to wild type (Fig 5).

In wild-type seedlings, a transient 24-hour exposure to isoxaben results in a temporary stop

of root growth followed by a rapid recovery [34]. We tested the role of SUB in root growth

recovery upon a 24 hour-treatment with isoxaben. Six-day-old wild-type and mutant seedlings

grown on plates were transferred onto media containing 600 nM isoxaben for 24 hours, then

moved to fresh plates lacking isoxaben. Seedlings were then monitored for continued root

growth at 24-hour intervals, for a total of 72 hours (Table 1). As control, we used the ixr2-1
mutant, which is resistant to isoxaben due to a mutation in the CESA6 gene [30,31,58]. We

observed that 98 percent of ixr2-1 seedlings recovered root growth already within 24 hours,

with similar results. (C) Gene expression levels of several CBI marker genes by qPCR upon exposure of seven-day-old

seedlings to 600 nM isoxaben for eight hours. The results from three biological replicates are shown. Marker genes and

genotypes are indicated. Mean ± SD is presented. Asterisks represent adjusted P values (��� P< 0.0033, ���� P< 0.0001, one-

way ANOVA followed by Tukey’s multiple comparison tests). The experiment was repeated twice with similar results. (D)

JA accumulation. Mean ± SD is presented. Genotypes and treatments are indicated. The JA concentration of the isoxaben-

treated Col-0, sub-9, sub-21 and qky-11 mutants did not vary significantly. Asterisks represent adjusted P values (���

P< 0.001, ���� P< 0.0001, ns: not significant; one-way ANOVA followed by Tukey’s multiple comparison tests).

Experiments were performed three times with similar results. Abbreviation: ISX, isoxaben. Scale bars: (A) 100 μm.

https://doi.org/10.1371/journal.pgen.1008433.g002
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indicating that treatment did not generally impact the seedlings’ ability to recover root growth.

We then tested wild-type seedlings. We noticed that 46 percent of Ler and 39 percent of Col

seedlings had resumed root growth after 24 hours. By 72 hours, 86 percent of Ler and 90 per-

cent of Col seedlings had recovered root growth. In contrast, a significantly reduced fraction

Fig 3. SUB affects isoxaben-induced lignin and callose accumulation. (A) Phloroglucinol signal strength indicating lignin accumulation in roots

of six-day-old seedlings exposed to 600 nM isoxaben for 12 hours. Genotypes: Ler, and sub-1 (Ler); Col, sub-9 (Col), pUBQ::gSUB:mCherry (line OE

SUB L1). (B) Quantification of the results depicted in (A). Left panel shows results obtained from different sub mutants in the Ler or Col

background. Right panel depicts results from two independent pUBQ::gSUB:mCherry transgenic lines overexpressing SUB (Col, lines OE SUB L1,

O3). Box and whisker plots are shown. Whisker ends mark the minimum and maximum of all the data. 16� n� 21. Asterisks represent statistical

significance. Left panel: P< 0.0001; unpaired t test, two-tailed P values. Right panel: adjusted P values; � P< 0.03, �� P< 0.002; one-way ANOVA

followed by Tukey’s multiple comparison tests. The experiment was performed three times with similar results. (C) Confocal micrographs show

cotyledons of seven-day-old sub-9, Col, and pUBQ::gSUB:mCherry (line L1) seedlings treated with mock or 600 nM isoxaben for 24 hours. Aniline

blue fluorescence signal strength indicates callose accumulation. (D) Quantification of the results depicted in (C). Left panel shows results obtained

from sub mutants in Ler background. Right panel indicates results obtained from sub mutants and two independent pUBQ::gSUB:mCherry
transgenic lines overexpressing SUB (lines L1, O3) in Col background. Box and whisker plots are shown. Whisker ends mark the minimum and

maximum of all the data. 7� n� 18. Asterisks represent adjusted P values (�� P< 0.002, ���� P< 0.0001; one-way ANOVA followed by Tukey’s

multiple comparison tests). The experiment was performed three times with similar results. Abbreviation: ISX, isoxaben. Scale bars: (A) 0.1 mm;

(C) 0.2 mm.

https://doi.org/10.1371/journal.pgen.1008433.g003
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of sub-1 and sub-4 mutants had resumed root growth when compared to wild-type Ler
(Table 1). The sub-9 and sub-21 mutants also showed reduced root growth recovery in com-

parison to Col although sub-21 appeared less affected than sub-9. Importantly, ixr2-1 sub-9
mutants behaved identical to ixr2-1 single mutants at all time points scored. These findings

Fig 4. The effects of sorbitol on lignin and callose accumulation upon isoxaben exposure. (A) Phloroglucinol signal

strength indicating lignin accumulation in roots of six-day-old seedlings exposed to mock/300 mM sorbitol or to 600

nM isoxaben/300 mM sorbitol for 12 hours. Genotypes: Col, sub-9 (Col), pUBQ::gSUB:mCherry (line OE SUB-L1),

qky-11 (Col). Note absence of detectable signal upon simultaneous application of isoxaben and sorbitol. The

experiment was performed three times with similar results (n� 10). (B) Confocal micrographs show cotyledons of

seven-day-old sub-9, Col, and pUBQ::gSUB:mCherry (Col, line OE SUB-L1) seedlings treated with mock/300 mM

sorbitol or 600 nM isoxaben/300 mM sorbitol for 24 hours. Aniline blue fluorescence signal strength indicates callose

accumulation. No increase in signal intensity can be observed in isoxaben-treated seedlings. (C) Quantification of the

results depicted in (B). Left panel depicts results obtained from Ler and sub-1 (Ler background). Right panel shows

results obtained from Col-0 and sub mutants in Col-0 background and also depicts results from two independent

pUBQ::gSUB:mCherry transgenic lines overexpressing SUB (Col, lines SUB OE-L1, SUB OE-O3). Box and whisker

plots are shown. Whisker ends mark the minimum and maximum of all the data. 5� n� 10. The experiment was

performed three times with similar results. Abbreviation: ISX, isoxaben. Scale bars: (A) 0.1 mm; (C) 0.2 mm.

https://doi.org/10.1371/journal.pgen.1008433.g004
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indicate that ixr2-1 is epistatic to sub-9 and that the observed isoxaben-induced decrease in

root growth recovery in sub-9 mutants relates to the herbicide.

Taken together, the results suggest that SUB attenuates cell size and shape changes in root

epidermal cells and facilitates root growth recovery during the isoxaben-induced CWD

response.

Fig 5. Root epidermal cell shape changes upon isoxaben treatment. Six-day-old seedlings counter-stained with the

membrane stain FM4-64 are shown. Confocal micrographs depict the region where the elongation zone flanks the root

meristem. Time of exposure in hours to 600 nM isoxaben (ISX) or mock is indicated as are the genotypes. Numbers of

roots showing the phenotype are indicated (n/total number of roots scored). Arrows denote aberrant cell shapes. Scale

bar: 0.1 mm.

https://doi.org/10.1371/journal.pgen.1008433.g005

Table 1. Root growth recovery after isoxaben treatment.

Genotype N totala 24 hb 48 hb 72 hb

Ler 110 45.5 69.1 85.5

sub-1 82 24.4�� 50.0� 64.6��

sub-4 76 17.1�� 39.5���� 52.6����

qky-8 87 37.9ns 64.4ns 88.5ns

Col-0 142 38.7 65.5 90.1

sub-9 88 23.9� 45.5�� 70.5��

sub-21 72 26.4ns 51.4ns 68.1��

qky-11 81 37.0ns 64.2ns 92.6ns

ixr2-1 83 97.6���� 97.6���� 97.6ns

sub-9 ixr2-1 77 100.0���� 100.0���� 100.0��

the1-1 78 41.0ns 69.2ns 88.5ns

Percentages of root growth recovery of plate-grown, seven-day-old seedlings after transient exposure to 600 nM isoxaben for 24 hours. The top four sample rows list

genotypes that are in Ler background. The bottom seven sample rows list genotypes that are in Col background.
aTotal number of samples. Cases per class and timepoint were pooled from three independent experiments. For each biological replicate 22 � n� 32 seedlings were

analyzed per genotype and time point.
bStatistical significance (mutant vs respective wild type): na, not applicable;
ns, not significant;

� P< 0.05;

�� P < 0.005;

���� P < 0.0001; (Fisher’s exact test; two-sided).

https://doi.org/10.1371/journal.pgen.1008433.t001
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SUB attenuates root growth in prc1-1
PRC1 encodes the CESA6 subunit of cellulose synthase [27] and prc1 loss-of-function

mutants show reduced cellulose levels [27] (Fig 1B). In addition, prc1-1 mutants are charac-

terized by a reduced elongation of etiolated hypocotyls and roots [27]. To test if SUB also

affects a biological process in a scenario where cellulose reduction is induced genetically

we compared root length in sub-9, sub-21, and prc1-1 single and sub-9 prc1-1 double

mutants (Fig 6A and 6B). We found that root length of sub-9 or sub-21 did not deviate from

wild type while root length of prc1-1 was markedly smaller in comparison to wild type, con-

firming previous results [27]. Interestingly, however, we observed that sub-9 prc1-1 exhib-

ited a significantly longer root than prc1-1 though sub-9 prc1-1 roots were still notably

smaller than wild type roots. The results indicate that SUB contributes to root growth inhi-

bition in prc1-1.

SUB and QKY contribute differently to the CBI response

Evidence suggests that a protein complex including SUB and QKY is important for SUB-

mediated signal transduction regulating tissue morphogenesis [50,59,60]. Thus, we wanted

to explore if QKY is also required for the isoxaben-induced CWD response in seedlings. We

first investigated if QKY affects the early isoxaben-induced changes in intracellular ROS lev-

els by assessing H2CDFDA fluorescence in root tips of qky-11 seedlings that were treated

with 600 nM isoxaben. Similar to wild type we observed an obvious increase in signal inten-

sity between mock and isoxaben-treated qky-11 (Fig 7A). This indicates that QKY does not

contribute to altered intracellular ROS levels in root tips of treated seedlings in a noticeable

fashion. We then tested if QKY promotes isoxaben-induced marker gene expression in liq-

uid-grown seedlings. Using qPCR, we observed that QKY did not noticeably affect the

expression levels of the tested marker genes (Fig 7B). Next, we assessed isoxaben-induced

lignin accumulation in wild-type and qky seedlings by phloroglucinol staining. We noticed

Fig 6. SUB effect on root growth inhibition in prc1-1. (A) Root length in seven-day-old seedlings grown on plates under long-day

conditions (16 hours light). Genotypes are indicated. Note the partial rescue of root length in sub-9 prc1-1 but not in the1-1 prc1-1. (B)

Quantification of the data shown in (A). Box and whisker plots are shown. Whisker ends mark the minimum and maximum of all the

data. 21� n� 40. Asterisks represent adjusted P values (�� P< 0.004, ���� P< 0.0001; one-way ANOVA followed by Tukey’s multiple

comparison tests). The experiment was performed three times with similar results. Scale bars: 0.5 mm.

https://doi.org/10.1371/journal.pgen.1008433.g006
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Fig 7. Role of QKY in isoxaben-induced CBI responses. (A) Quantification of H2CDFDA signal indicating ROS accumulation in root tips of

six-day-old Col-0 and qky-11 seedlings exposed to mock or 600 nM isoxaben for the indicated time. Note the high signal in qky-11 after a 30- or

60-minutes exposure to isoxaben. Box and whisker plots are shown. Whisker ends mark the minimum and maximum of all the data. 10� n�

14. Asterisks represent adjusted P values (� P< 0.04, ���� P< 0.0001; ns: not significant; one-way ANOVA followed by Tukey’s multiple

comparison tests). No statistically significant differences were measured within or between genotypes at the zero minute time point of mock or

isoxaben treatment or between wild-type and qky-11 mock treatment at the 30 and 60 minutes time points (P> 0.8557; one-way ANOVA

followed by Tukey’s multiple comparison tests). Experiments were performed three times with similar results. (B) Gene expression levels of

several CBI marker genes by qPCR upon exposure of seven-day-old seedlings to 600 nM isoxaben for eight hours. The results from three
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reduced staining in qky-8 and qky-11 mutants compared to wild type (Fig 7C and 7D).

Again, the effect was less obvious in Col-0. In addition, we noticed that qky-11 did not affect

the absence of lignin accumulation in seedlings simultaneously treated with isoxaben and

sorbitol (Fig 4A). We also investigated the role of QKY in isoxaben-induced callose deposi-

tion by scoring the aniline blue-derived signal in cotyledons. Similar to wild type we

observed a significant difference in signal strength between mock and isoxaben-treated qky-
8 and qky-11 (Fig 7E and 7F). In addition, we found that qky-11 seedlings still accumulated

increased JA levels upon induction by isoxaben (Fig 2D). The results indicate that QKY is

required for isoxaben-induced increase in lignin but does not play a role in the accumulation

of callose or JA.

Next we analyzed isoxaben-induced shortening and swelling of root epidermal cells in qky-
11 mutants (Fig 4). We noticed the first defects in a three to four-hour interval (18/33, n = 3).

Cell swelling after seven hours exposure to isoxaben was prominent in qky-11 but less severe

in comparison to sub-9 (Fig 4). Finally, we investigated root growth recovery after transient

isoxaben application. We observed that qky-8 and qky-11 mutants did not significantly deviate

from wild type (Table 1).

Taken together, the results indicate that QKY and SUB contribute to the isoxaben-mediated

induction of lignin accumulation. Moreover, QKY also plays a role in the suppression of isoxa-

ben-induced alterations in cell morphology in the root epidermis. However, the results also

imply that QKY is not required for isoxaben-induced early ROS accumulation in root tips,

marker gene induction as well as callose accumulation in cotyledons and does not affect root

growth recovery after transient exposure to isoxaben.

SUB and THE1 share partially overlapping functions

THE1 is a central regulator of the isoxaben-induced CBI response [34,39,43]. Our data indicate

that SUB and THE1 have overlapping but also distinct functions in this process. For example,

SUB and THE1 control isoxaben-induced lignin accumulation in roots (Fig 3) [34,39]. In con-

trast, we failed to detect an effect of THE1 on root growth inhibition in prc1-1, while SUB con-

tributes to this process (Fig 6). In addition, we found that in contrast to sub root growth

recovery of the1-1 seedlings upon transient exposure to isoxaben did not deviate from wild

type (Table 1).

To explore further the relationship between THE1 and SUB we investigated the require-

ment of THE1 for isoxaben-dependent marker gene induction. We observed that like SUB
THE1 is required for isoxaben-induced upregulation of CCR1, PDF1.2, and RBOHD although

in the case of CCR1 and PDF1.2 the1-1 seedlings show a stronger effect than sub mutants (Fig

2C, S1 Fig). Regarding CYP81F2 we noticed a major difference between sub and the1-1. While

CYP81F2 appeared slightly higher induced upon exposure to isoxaben in sub seedlings (Fig

2C, S1 Fig) we observed strongly reduced CYP81F2 transcript levels in the1-1 (Fig 2C). This

biological replicates are shown. Marker genes and genotypes are indicated. Mean ± SD is presented. The experiment was repeated three times

with similar results. (C) Phloroglucinol signal strength indicating lignin accumulation in roots of six-day-old seedlings exposed to 600 nM

isoxaben for 12 hours. Genotypes: Col, qky-11 (Col), Ler, and sub-1 (Ler). (D) Quantification of the results depicted in (C). Genotypes are

indicated. Box and whisker plots are shown. Whisker ends mark the minimum and maximum of all the data. 15� n� 19. Asterisks represent

statistical significance (� P< 0.04, �� P< 0.01; unpaired t test, two-tailed P values). The experiment was performed three times with similar

results. (E) Confocal micrographs show cotyledons of seven-day-old Ler, qky-8 (Ler), Col, and qky-11 (Col) seedlings treated with mock or 600

nM isoxaben for 24 hours. Aniline blue fluorescence signal strength indicates callose accumulation. (F) Quantification of the results depicted in

(E). Left panel shows results obtained from qky-8 mutants in Ler background. Right panel indicates results obtained from qky-11 mutants in Col

background. Box and whisker plots are shown. Whisker ends mark the minimum and maximum of all the data. 5� n� 11. Asterisks represent

adjusted P values (� P< 0.04, ��� P< 0.0005, ���� P< 0.0001; one-way ANOVA followed by Tukey’s multiple comparison tests). The experiment

was performed three times with similar results. Abbreviation: ISX, isoxaben. Scale bars: (C) 0.1 mm; (E) 0.2 mm.

https://doi.org/10.1371/journal.pgen.1008433.g007
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observation differs from previous work where CYP81F2 induction was reported to be unal-

tered in the1-1 [39]. We also noticed that FRK1 induction was strongly reduced in the1-1 (Fig

2C), confirming previous data [39], while in sub seedlings isoxaben-dependent FRK1 tran-

script levels were either reduced or unaltered depending on the sub allele (Fig 2D, S1 Fig).

Next, we compared the role of SUB and THE1 in etiolated hypocotyl elongation. THE1 con-

tributes to the reduction of hypocotyl length of cellulose-diminished prc1-1 seedlings grown in

the dark as evidenced by the partial recovery of hypocotyl elongation in the1 prc1 double

mutants [38]. We compared sub-9 prc1-1 to the1-1 prc1-1 with respect to hypocotyl elongation

in six-day-old etiolated seedlings (Fig 8). We observed strongly reduced hypocotyl elongation

in prc1-1 in comparison to wild type and a significant suppression of this reduction in the1-1
prc1-1 double mutants (Fig 8A and 8B), as described earlier [38]. In contrast, hypocotyl length

in sub-9 mutants was not decreased, nor was there a partial reversal of reduced hypocotyl

Fig 8. Influence of THE1 on etiolated hypocotyl length of prc1-1 and isoxaben-induced ROS accumulation in root tips. (A)

Hypocotyl elongation in six-day-old seedlings grown on plates in the dark. Genotypes are indicated. Note the partial rescue of

hypocotyl elongation in the1-1 prc1-1 but not in sub-9 prc1-1. (B) Quantification of the data shown in (A). Whisker ends mark the

minimum and maximum of all the data. 14� n� 25. Asterisks represent adjusted P values (���� P< 0.0001; one-way ANOVA

followed by Tukey’s multiple comparison tests). The experiment was performed three times with similar results. (C)

Quantification of H2CDFDA signal indicating ROS accumulation in root tips of six-day-old Col-0 and the1-1 seedlings exposed

to mock or 600 nM isoxaben for the indicated time. Note the low signal in the1-1 after a 30- or 60-minutes exposure to isoxaben.

Box and whisker plots are shown. Whisker ends mark the minimum and maximum of all the data. 12� n� 15. Asterisks

represent adjusted P values (� P< 0.05; ��� P = 0.0005; ���� P< 0.0001, one-way ANOVA followed by Tukey’s multiple

comparison tests). No statistically significant differences were measured within or between genotypes at the zero minute time

point of mock or isoxaben treatment or between wild-type and the1-1 mock treatment at the 30 and 60 minutes time points

(P> 0.7997; one-way ANOVA followed by Tukey’s multiple comparison tests). Experiments were performed three times with

similar results. Abbreviation: ISX, isoxaben. Scale bars: 0.5 mm.

https://doi.org/10.1371/journal.pgen.1008433.g008
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elongation in sub-9 prc1-1 double mutants (Fig 8A and 8B). The results indicate that SUB does

not affect hypocotyl elongation in etiolated wild-type or prc1-1 seedlings.

Finally, we assessed the role of THE1 in isoxaben-induced early ROS accumulation in root

tips. We noticed no difference in H2CDFDA signal intensity when comparing the1-1 seedlings

that had been treated with either mock or isoxaben for 30 minutes (Fig 8C). By contrast, isoxa-

ben-induced reporter signal in the root tip became slightly stronger than the mock-mediated

signal at the 60 minutes time point (Fig 8C). Overall the results resemble the findings obtained

with sub-9 mutants (Fig 2B).

In summary, SUB and THE1 are required for ROS and lignin accumulation in roots. The

two genes exhibit partial overlap but also clear distinctions with respect to their role in stress

marker gene induction. SUB and THE1 show opposite effects on growth inhibition of roots

and hypocotyls in prc1 mutants and their functions differ with respect to root growth

recovery.

Discussion

Cell wall signaling during plant development and stress responses relies on complex and

largely unknown signaling circuitry [5,8,9,35,61]. Only a few RKs, including THE1, MIK2, and

FEI2, have so far been shown to play a major role in CBI-induced CWD signaling

[34,38,39,43]. Our data establish SUB signal transduction as a novel component in the molecu-

lar framework mediating the CWD response.

To date, published evidence has attributed a developmental role to SUB, particularly in the

control of tissue morphogenesis and root hair pattern formation [44–46,51,62]. The evidence

provided in this work identifies a novel role for SUB in CWD signaling. Application of isoxa-

ben results in reduced levels of cellulose [28,29]. Our results indicate that SUB affects multiple

aspects of the isoxaben-induced CWD response. The observation that sub-9 partially sup-

presses reduced root length exhibited by prc1-1 indicates that SUB also mediates a CWD

response that is caused by a genetic reduction in cellulose content. Thus, the collective data

support the notion that the origin of the CWD relates to the reduced production of cellulose, a

major carbohydrate component of the cell wall, and that SUB contributes to the compensatory

cellular response to this type of cell-wall-related stress.

The data indicate that SUB already affects the early response to isoxaben-induced CWD,

in particular ROS production. Previous results had revealed that the isoxaben-induced

CWD response involves THE1-dependent ROS production [37,63]. In luminol-based extra-

cellular ROS assays involving entire seedlings ROS production could be detected after

around three to four hours following the application of isoxaben [63]. We used the intracel-

lular ROS probe H2CDFDA and a microscope-based method that enabled tissue-level reso-

lution. H2CDFDA has for example been used to assess basal intracellular ROS levels when

studying GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE (GAPDH) genes and

root hairs [55,56]. Our time-course data indicate that isoxaben induces the formation of

intracellular ROS in the root meristem within 30 minutes. To our knowledge the isoxaben-

dependent change in H2CDFDA fluorescence signal represents the earliest available marker

for the isoxaben-induced CWD response. It also indicates that this response occurs even ear-

lier than previously appreciated [34].

The results suggest that SUB is required for full induction of several marker genes, such as

CCR1, PDF1.2, or RBOHD. Moreover, the data indicate that SUB promotes CBI-induced accu-

mulation of lignin and callose. The isoxaben-induced CWD response is sensitive to turgor

pressure as for example induction of marker gene expression or lignin accumulation is

strongly reduced upon exposing seedlings to isoxaben in combination with an osmoticum,
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such as sorbitol [34,37]. It has been proposed that a mechanical stimulus initiates the CWD

response to the isoxaben-induced reduction in cellulose and the associated weakening of the

cellulose framework counteracting turgor pressure [34,64–67]. In this model, the stimulus

could derive from a displacement or distortion of the plasma membrane relative to the cell

wall. Indeed, we did not observe an obvious influence of SUB on the reduced lignin and callose

state that results from simultaneous application of sorbitol and isoxaben indicating that SUB
mediates a response that also depends on turgor pressure. Thus, the combined results fulfil the

criteria that have been established for a CBI-induced CWD response [34,37].

Interestingly, different loss-of-function (sub-1, sub-9, sub-21) or gain-of-function (pUBQ::

SUB:mCherry) mutants show reciprocal effects regarding lignin and callose accumulation,

with sub mutants showing less and pUBQ::SUB:mCherry lines exhibiting higher levels of

lignin or callose, respectively, upon application of isoxaben. The pUBQ::SUB:mCherry O3

and L1 lines originate from independent transformation events. They differ in their combined

SUB and SUB:mCherry transcript levels with line O3 showing higher levels compared to line

L1 (S2 Fig). Still, upon exposure to isoxaben line L1 exhibited stronger lignin and callose accu-

mulation than line O3. This finding may be indicative of an optimal range of SUB activity with

respect to the control of lignin and callose accumulation upon isoxaben-induced CWD. Based

on this evidence, we propose the model that SUB represents an important genetic regulator of

isoxaben-induced lignin and callose accumulation and thus cell wall composition.

Several lines of evidence indicate that SUB plays a biologically relevant role in CWD signal-

ing initiated by a reduction in cellulose content. Firstly, SUB attenuates isoxaben-induced cell

bulging in the epidermal cells of the meristem-transition zone boundary of the root. Secondly,

SUB facilitates root growth recovery upon transient exposure of seedlings to isoxaben. Thirdly,

SUB is involved in root growth inhibition that is a consequence of a genetic reduction of cellu-

lose content. In particular, root length of sub-9 prc1-1 double mutant seedlings is less dimin-

ished in comparison to the root length of prc1-1 single mutant seedlings. The results imply

that SUB contributes to a compensatory response that counteracts the cellular and growth

defects caused by reduced cellulose synthesis and further support the notion that SUB plays a

central role in CBI-induced CWD signaling.

How does SUB relate to other known RK genes mediating the response to CBI-induced

cell wall stress, such as THE1 and MIK2? SUB, THE1, and MIK2 all promote isoxaben-

induced ectopic lignin production. The three genes are also required for full isoxaben-depen-

dent induction of certain stress marker genes [39] (Fig 2C). However, while THE1 and MIK2
are both required for the induction of CYP81F2 SUB appears to slightly attenuate induced

CYP81F2 transcript levels. THE1 and MIK2 are also required for FRK1 induction while the

role of SUB in the regulation of this gene remains to be resolved. In addition, THE1 and

MIK2 are necessary for isoxaben-induced JA accumulation [34,39,63], a process that appar-

ently does not require SUB function. We also did not observe an effect of THE1 on root

growth recovery upon transient exposure to isoxaben. In addition, we did not find an altered

hypocotyl length of sub-9 prc1-1 in comparison to prc1-1 indicating that SUB does not affect

hypocotyl growth inhibition in etiolated prc1-1 seedlings, in contrast to THE1 [38]. At the

same time, our data suggest that SUB contributes to root growth inhibition in prc1-1. How-

ever, our evidence does not support a function for THE1 in this process, as root length of

the1-1 prc1-1 double mutants did not deviate from the root length observed for prc1-1 single

mutants. This finding also implies that the lignin accumulation in the mature root parts of

prc1-1 (suppressed in prc1-1 the1-1 double mutants) [38] does not correlate with root growth

inhibition. Finally, we did not observe the left-hand root skewing in sub seedlings that has

been described for mik2 mutants [39], and we failed to observe floral defects in mik2 or the1
mutants (S3 Fig). Taken together, the data suggest that SUB has both overlapping and distinct
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functions with THE1 and MIK2. As the most parsimonious explanation of our results, we

propose that SUB contributes to CBI-induced cell wall damage signaling independently from

THE1 and MIK2 signaling, however the signaling pathways downstream of the different cell

surface receptor kinases eventually partially converge and contribute to a subset of overlap-

ping downstream responses.

QKY represents a central genetic component of SUB-mediated signal transduction during

tissue morphogenesis and root hair patterning [51]. The expression patterns of QKY and SUB
fully overlap [50] and present evidence supports the notion that SUB and QKY are part of a

protein complex with QKY likely acting upstream to, or in parallel with, SUB [50,59,60]. How-

ever, genetic and whole-genome transcriptomic data suggested that SUB and QKY also play

distinct roles during floral development [51]. The data presented in this study reveal that SUB
and QKY both contribute to CBI-induced CWD signaling. Similar to SUB QKY is required for

lignin accumulation. Moreover, QKY is also necessary for the prevention of cell bulging in the

epidermal cells of the meristem-transition zone boundary of the root although the weaker phe-

notype of qky-11 mutants indicates a lesser requirement for QKY in comparison to SUB. How-

ever, our data also indicate that QKY is not required for early ROS accumulation, marker gene

induction, ectopic callose accumulation, and root growth recovery as we did not find these pro-

cesses to be noticeably affected in qky mutants. Thus, these data provide genetic evidence that

the functions of SUB and QKY only partially overlap and that SUB exerts CWD signaling func-

tions that are independent of QKY. One way to rationalize these findings is to assume that SUB

can also function in isolation or in protein complexes or pathways that do not involve QKY.

The diverse functions of SUB in development and the CWD response are likely to be

achieved through participation in different signaling pathways. It is not uncommon that RKs

play important roles in several biological processes. In this respect, SUB resembles for example

the RK BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED KINASE 1 (BAK1) / SOMA

TIC EMBROYGENESIS RECEPTOR KINASE 3 (SERK3), which functions in growth, devel-

opment, and plant defense [68,69]. BAK1 interacts with a range of different LRR-RKs, includ-

ing FLAGELLIN SENSING 2 (FL2) and BRASSINOSTEROID INSENSITIVE 1 (BRI1), and

the discrimination between the growth and immunity functions of BAK1 was recently shown

to rely on phosphorylation-dependent regulation [70,71]. In light of these considerations it is

reasonable to propose that SUB is a member of different receptor complexes. As kinase activity

of SUB is not required for its function [44] SUB could act as a scaffold around which the com-

ponents of the various complexes assemble. A scaffold role has for example been proposed for

the RK AtCERK1/OsCERK1 in chitin signaling or the RK FER in immune signaling [72,73].

It will be interesting to explore this notion in future work.

Materials and methods

Plant work, plant genetics and plant transformation

Arabidopsis thaliana (L.) Heynh. var. Columbia (Col-0) and var. Landsberg (erecta mutant)

(Ler) were used as wild-type strains. Plants were grown as described earlier [51]. The sub-1,

qky-8 (all in Ler), and the sub-9 and qky-11 mutants (Col) have been characterized previously

[44,47,50,51]. The prc1-1 [27], the1-1 [38], the1-6 [74], mik2-1 [39], mik2-3 [75], and ixr2-1
[30] alleles were also described previously. The sub-21 (Col) allele was generated using a

CRISPR/Cas9 system in which the egg cell-specific promoter pEC1.2 controls Cas9 expression

[76]. The single guide RNA (sgRNA) 5’-TAATAACTTGTATATCAACTT-3’ binds to the

region +478 to +499 of the SUB coding sequence. The sgRNA was designed according to the

guidelines outlined in [77]. The mutant carries a frameshift mutation at position 495 relative

to the SUB start AUG, which was verified by sequencing. The resulting predicted short SUB
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protein comprises 67 amino acids. The first 39 amino acids correspond to SUB and include

its predicted signal peptide of 29 residues, while amino acids 40 to 67 represent an aberrant

amino acid sequence. The pUBQ::gSUB:mCherry plasmid used to generate the SUB overex-

pression lines L1 and O3 was generated previously [50]. Wild-type, and sub mutant plants

were transformed with different constructs using Agrobacterium strain GV3101/pMP

90 [78] and the floral dip method [79]. Transgenic T1 plants were selected on Kanamycin

(50 μg/ml), Hygromycin (20 μg/ml) or Glufosinate (Basta) (10 μg/ml) plates and transferred

to soil for further inspection.

Cellulose quantification

Seedlings were grown on square plates with half strength MS medium and 0.3% sucrose sup-

plemented with 0.9% agar for seven days. Cellulose content was measured following the Upde-

graff method essentially as described [80,81], with minor modifications as outlined here.

Following the acetic nitric treatment described in [80], samples were allowed to cool at room

temperature and transferred into 2 ml Eppendorf safety lock tubes. Samples were then centri-

fuged at 14000 rpm at 15˚C for 15 min. The acetic nitric reagent was removed carefully with-

out disturbing the pelleted material at the bottom of the tube. 1 ml of double-distilled H2O

was added, and the sample was left on the bench for 10 min at room temperature followed by

centrifugation at 14000 rpm at 15˚C for 15 min. After aspirating off the H2O 1 ml acetone was

added and the samples were incubated for another 15 min, followed by centrifugation at 14000

rpm at 15˚C for 15 min. Afterwards acetone was removed, and samples were air-dried over-

night. Then the protocol was continued as described in [80].

PCR-based gene expression analysis

For quantitative real-time PCR (qPCR) of CesA and stress marker genes 35 to 40 seedlings per

flask were grown in liquid culture under continuous light at 18˚C for seven days followed by

treatment with mock or 600 nM isoxaben for eight hours or on plates (21˚C, long-day condi-

tions). With minor changes, RNA extraction and quality control were performed as described

previously [82]. cDNA synthesis, qPCR, and analysis were done essentially as described [83].

Primers are listed in S1 Table.

ROS, lignin, and callose staining

Intracellular ROS accumulation in root meristems was estimated using the H2DCFDA fluores-

cent stain essentially as described [56]. Seeds were grown on square plates with half strength

MS medium and 1% sucrose supplemented with 0.9% agar. The seeds were stratified for two

days at 4˚C and incubated for seven days at 22˚C under long day conditions, at a 10-degree

inclined position. Seven days-old seedlings were first transferred into multi-well plates con-

taining half strength liquid MS medium supplemented with 1% sucrose for two hours. Then

medium was exchanged with liquid medium containing either DMSO (mock) or 600nM iso-

xaben without disturbing seedlings. 10 min prior to each time point seedlings were put in the

dark and the liquid medium was supplemented with 100 μM H2DCFDA staining solution.

Images was acquired with a confocal microscope. For quantification a defined region of inter-

est (ROI) located 500 μm above the root tip (excluding the root cap) was used in all samples.

Staining for lignin (phloroglucinol) and callose (aniline blue) was performed as described in

[39] and [57], respectively. ROS, phloroglucinol and aniline blue staining was quantified on

micrographs using ImageJ software [84].
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JA measurements

Chemicals. Jasmonic acid-d0 and jasmonic acid-d5 were obtained from Santa Cruz Bio-

technology, Inc. (Dallas, TX, USA). Formic acid was obtained from Merck (Darmstadt, Ger-

many), ethyl acetate and acetonitrile (LC-MS grade) were obtained from Honeywell (Seelze,

Germany). Water used for chromatographic separations was purified with an AQUA-Lab—

B30—Integrity system (AQUA-Lab, Ransbach-Baubach, Germany).

Sample preparation. Approximately 35 to 40 seedlings per flask were grown in liquid cul-

ture (1/2 MS, 0.3% sucrose) under continuous light and 18˚C for seven days followed by treat-

ment with mock or 600 nM isoxaben for seven hours and harvesting in liquid nitrogen. The

grinded plant material (100–200 mg) was placed in a 2 mL bead beater tube (CKMix-2 mL,

Bertin Technologies, Montigny-le-Bretonneux, France), filled with ceramic balls (zirconium

oxide; mix beads of 1.4 mm and 2.8 mm), and an aliquot (20 μL) of a solution of acetonitrile

containing the internal standard (-)trans-jasmonic acid-d5 (25 μg/mL), was added. After incu-

bation for 30 min at room temperature, the tube was filled with ice-cold ethyl acetate (1 mL).

After extractive grinding (3 × 20 s with 40 s breaks; 6000 rpm) using the bead beater (Precellys

Homogenizer, Bertin Technologies, Montigny-le-Bretonneux, France), the supernatant was

membrane filtered (0.45 μm), evaporated to dryness (Christ RVC 2-25 CD plus, Martin Christ

Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany), resolved in acetonitrile (70

μL) and injected into the LC−MS/MS-system (2 μL).

Liquid chromatography-triple quadrupole mass spectrometry (LC−MS/MS). Phyto-

hormone concentrations were measured by means of UHPLC-MS/MS using a QTRAP 6500

+ mass spectrometer (Sciex, Darmstadt, Germany) in the multiple reaction monitoring (MRM)

mode. Positive ions were detected at an ion spray voltage at 5500 V (ESI+) and the following

ion source parameters: temperature (550˚C), gas 1 (55 psi), gas 2 (65 psi), curtain gas (35 psi),

entrance potential (10 V) and collision activated dissociation (3 V). The temperature of the col-

umn oven was adjusted to 40˚C. For plant hormone analysis, the MS/MS parameters of the

compounds were tuned to achieve fragmentation of the [M+H]+ molecular ions into specific

product ions: (-)trans-jasmonic acid-d0 211!133 (quantifier) and 211!151 (qualifier), (-)

trans-jasmonic acid-d5 216!155 (quantifier) and 216!173 (qualifier). For the tuning of the

mass spectrometer, solutions of the analyte and the labelled internal standard (solved in aceto-

nitrile:water, 1:1) were introduced into the MS system by means of flow injection using a

syringe pump. Separation of all samples was carried out by means of an ExionLC UHPLC (Shi-

madzu Europa GmbH, Duisburg, Germany), consisting of two LC pump systems (ExionLC

AD), an ExionLC degasser, an ExionLC AD autosampler, an ExionLC AC column oven– 240

V and an ExionLC controller. After sample injection (2 μL), chromatography was carried out

on an analytical Kinetex F5 column (100 × 2.1 mm2, 100 Å, 1.7 μm, Phenomenex, Aschaffen-

burg, Germany). Chromatography was performed with a flow rate of 0.4 mL/min using 0.1%

formic acid in water (v/v) as solvent A and 0.1% formic acid in acetonitrile (v/v) as solvent B,

and the following gradient: 0% B held for 2 min, increased in 1 min to 30% B, in 12 min to 30%

B, increased in 0.5 min to 100% B, held 2 min isocratically at 100% B, decreased in 0.5 min to

0% B, held 3 min at 0% B. Data acquisition and instrumental control was performed using Ana-

lyst 1.6.3 software (Sciex, Darmstadt, Germany).

Hypocotyl and root measurements

For measuring etiolated hypocotyl length, seedlings were grown for five days on half-strength

MS agar supplemented with 0.3% sucrose. Seedlings were photographed and hypocotyl length

was measured using ImageJ. For root growth assays, seedlings were grown for seven days in

long-day conditions at 21˚C on half-strength MS agar supplemented with 0.3% sucrose. Plates

SUB mediates cell wall stress signaling

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008433 January 21, 2020 20 / 27

https://doi.org/10.1371/journal.pgen.1008433


were inclined at 10 degrees. Root length was measures using ImageJ. For root growth recovery

assays seedlings were grown on half-strength MS agar supplemented with 0.3% sucrose. Seeds

were stratified for two days followed by incubation at 21˚C in long day conditions for seven

days. Plates were inclined at 10 degrees. Individual seedlings were transferred to plates contain-

ing either 0.01 percent DMSO (mock) or 600 nM isoxaben for 24 hours. After treatment, seed-

lings were transferred onto half-strength MS agar plates supplemented with 0.3% sucrose. The

position of the root tip was marked under a dissection microscope. Root length was measured

every 24 hours for up to three days. For root cell bulging assays seedlings were grown for seven

days in long-day conditions at 21˚C on half-strength MS agar supplemented with 0.3% sucrose.

Plates were inclined at 10 degrees. Individual seedlings were first transferred into liquid

medium for two hours habituation followed by treatment with 600 nM isoxaben for up to

seven hours. To take images, seedlings were stained with 4 μM FM4-64 for 10 minutes and

imaged using confocal microscopy. Confocal micrographs were acquired at each time point.

All hypocotyl length or root measurements were performed in double-blind fashion.

Statistics

Statistical analysis was performed with PRISM8 software (GraphPad Software, San Diego,

USA).

Microscopy and art work

Images of seedlings exhibiting phloroglucinol staining were taken on a Leica MZ16 stereo

microscope equipped with a Leica DFC320 digital camera. Images of hypocotyl and root

length were taken on a Leica SAPO stereo microscope equipped with a Nikon Coolpix B500

camera. Aniline blue-stained cotyledons and root cell bulging were imaged with an Olympus

FV1000 setup using an inverted IX81 stand and FluoView software (FV10-ASW version

01.04.00.09) (Olympus Europa GmbH, Hamburg, Germany) equipped with a 10x objective

(NA 0.3). For assessing cell bulging a projection of a 5 μm z-stack encompassing seven individ-

ual optical sections was used. Aniline blue fluorescence was excited at 405 nm using a diode

laser and detected at 425 to 525 nm. H2DCFDA and EGFP fluorescence excitation was done at

488 nm using a multi-line argon laser and detected at 502 to 536 nm. For the direct compari-

sons of fluorescence intensities, laser, pinhole and gain settings of the confocal microscope

were kept identical when capturing the images from the seedlings of different treatments. Scan

speeds were set at 400 Hz and line averages at between 2 and 4. Measurements on digital

micrographs were done using ImageJ software [84]. Images were adjusted for color and con-

trast using Adobe Photoshop 2020 software (Adobe, San Jose, USA).

Supporting information

S1 Fig. SUB effects on isoxaben-induced marker gene expression. Gene expression levels of

several CBI marker genes by qPCR upon exposure of seven-day-old seedlings to 600 nM isoxa-

ben for eight hours. The results from five biological replicates are shown. Marker genes and

genotypes are indicated. Mean ± SD is presented. Asterisks represent adjusted P values (��

P< 0.009, ��� P = 0.0002, ���� P< 0.0001, ns: not significant; one-way ANOVA followed by

Tukey’s multiple comparison tests). For all genotypes the differences between isoxaben and

mock treatments were statistically significant (adjusted P value < 0.0001). Differences between

mock treated wild-type and sub-9 samples were not statistically significant. The experiment

was repeated twice with similar results.

(TIF)

SUB mediates cell wall stress signaling

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008433 January 21, 2020 21 / 27

http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008433.s001
https://doi.org/10.1371/journal.pgen.1008433


S2 Fig. Combined transcript levels of SUB and SUB:mCherry in two independent pUBQ::

SUB:mCherry lines. The results from three biological replicates are shown. Mean ± SD is pre-

sented.

(TIF)

S3 Fig. Comparison of floral phenotypes and root angle of Col-0, sub, the1, and mik2. (A)

Upper panel: siliques. Bottom panel: open siliques revealing developing seeds. Genotypes are

indicated. Note aberrant sub-9 silique morphology and the reduced number of developing

seeds in sub-9. Arrows indicate undeveloped seeds. (B) Root angle of nine-day-old seedlings

grown in an upright position (10˚ angle relative to direction of gravity) on half-strength MS

agar medium supplemented with 1% sucrose. Pictures were taken from the front of the plate.

Genotypes are indicated. Note the slight slant to the left in mik2-3. (C) Quantification of results

depicted in (B) and as described in Van der Does et al (2017) PLoS Genet 13: e1006832. Geno-

types are indicated. Box and whisker plots are shown. Whisker ends mark the minimum and

maximum of all the data. 16� n� 22. Asterisks represent adjusted P values (��� P = 0.0001;

one-way ANOVA followed by Tukey’s multiple comparison tests). The experiment was per-

formed twice. In the second experiment the root angle difference in mik2-3 was not statistically

significant. Scale bars: open siliques, 1 mm; closed siliques, 0.5 cm; roots, 1 cm.

(TIF)

S1 Table. Primers used in this study.
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