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SUMMARY
Cellulose is produced at the plasma membrane of plant cells by cellulose synthase (CESA) complexes
(CSCs). CSCs are assembled in the endomembrane system and then trafficked to the plasma membrane.
Because CESAs are only active in the plasma membrane, control of CSC secretion regulates cellulose syn-
thesis. We identified members of a family of seven transmembrane domain-containing proteins (7TMs) that
are important for cellulose production during cell wall integrity stress. 7TMs are often associated with gua-
nine nucleotide-binding (G) protein signaling and we found that mutants affecting the Gbg dimer phenocop-
ied the 7tm mutants. Unexpectedly, the 7TMs localized to the Golgi/trans-Golgi network where they inter-
acted with G protein components. Here, the 7TMs and Gbg regulated CESA trafficking but did not affect
general protein secretion. Our results outline how a G protein-coupled module regulates CESA trafficking
and reveal that defects in this process lead to exacerbated responses to cell wall integrity stress.
INTRODUCTION

The plant primary cell wall is a polysaccharide-based cellular

exoskeleton that provides the basis for directed plant growth

and protects the cell. Cellulose, the main component of primary

cell walls, consists of b-1,4-linked glucans that coalesce into mi-

crofibrils through hydrogen bonding (Anderson and Kieber,

2020). These microfibrils are the load-bearing structures of

growing plant cell walls and their abundance and orientation

therefore dictate the mechanical properties of most cell walls.

Cellulose is synthesized by cellulose synthase (CESA) com-

plexes (CSCs) at the plasma membrane. CSCs consist of three

structurally related CESA subunits. In Arabidopsis thaliana,

CESA1, 3, and 6-like CESAs contribute to synthesis of the pri-

mary walls that surround all plant cells (Desprez et al., 2007;

Persson et al., 2007).
Because CESA enzymes are only active in the plasma mem-

brane, control of CSC secretion and endocytosis is a critical

step in regulating cellulose synthesis (McFarlane et al., 2014).

Several factors contribute to CSC secretion, including the actin

cytoskeleton (Sampathkumar et al., 2013; Zhang et al., 2019),

PATROL1 via the exocyst complex (Zhu et al., 2018), SHOU4

(Polko et al., 2018), and the kinesin FRA1 (Zhu et al., 2015). In

addition, two proteins, STELLO (STL) 1 and 2, regulate CSC

secretion from the Golgi, perhaps by aiding in the assembly of

the CSC (Zhang et al., 2016). Several small molecules also affect

CSC trafficking (DeBolt et al., 2007; Worden et al., 2015). For

example, isoxaben causes rapid internalization of CSCs into

small CESA-containing compartments (SmaCCs; Gutierrez

et al., 2009; Crowell et al., 2009). Once in the plasma membrane,

CSCs are activated and laterally diffuse in the membrane to syn-

thesize cellulose (Paredez et al., 2006). The direction of CSC
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movement can be steered by cortical microtubules (Paredez

et al., 2006; Chan and Coen, 2020). Eventually, CSCs stall and

are internalized into the cell via clathrin-mediated endocytosis

(Sánchez-Rodrı́guez et al., 2018).

Plant cell walls are dynamic structures that undergo changes

in response to environmental and developmental signals. Similar

to yeast, plant cells utilize mechanisms to perceive and respond

to changes in cell wall integrity (CWI) (Vaahtera et al., 2019; Rui

and Dinneny, 2020). CWI changes can be induced by short-

term cell wall inhibitor treatments (e.g., with the cellulose synthe-

sis inhibitor, isoxaben) or via chronic alterations to cell wall

synthesis or remodeling (Denness et al., 2011). Isoxaben is a

particularly powerful tool for studying CWI as it seems to directly

target cellulose synthesis. Screens for isoxaben resistance have

revealed that point mutations in CESA3 and CESA6 confer

increased tolerance to isoxaben (Shim et al., 2018), which

indicates that isoxaben triggers CWI signaling by reducing cellu-

lose synthesis, presumably through direct inhibition of CESA

enzymes.

Because CWI is likely sensed at the interface between the

cell wall and the plasma membrane, the search for components

that monitor CWI has largely focused on plasma membrane-

localized proteins. Several receptor-like kinases (RLKs) have

been implicated in CWI sensing, including members of the Ca-

tharanthus roseus RLK-like family, or CrRLKLs (Hématy et al.,

2007; Haruta et al., 2014; Gonneau et al., 2018; Feng et al.,

2018) and wall-associated kinases (WAKs) (Kohorn and Ko-

horn, 2012). The heterotrimeric guanine nucleotide-binding (G)

protein complex has also been linked to CWI signaling (Klopf-

fleisch et al., 2011; Delgado-Cerezo et al., 2012). This complex,

composed of Ga, Gb, and Gg subunits, is conserved across

eukaryotes, although there are substantial differences in num-

ber of genes encoding these subunits and their activities in

plants and animals (Maruta et al., 2019). In the textbook model

of G protein signaling, a plasma membrane-localized G protein-

coupled receptor (GPCR) with seven transmembrane domains

perceives an extracellular signal, resulting in Ga exchange of

GDP for GTP. This exchange results in the dissociation of the

Gabg heterotrimer so that GTP-bound Ga and the Gbg dimer

can elicit different intracellular signaling responses (Pandey,

2019). In the context of CWI signaling, components of the G

protein signaling pathway have been linked to cell proliferation

and cell expansion in plants (Ullah et al., 2001; Ullah et al.,

2003; Chen et al., 2003; Jaffé et al., 2012; Roy Choudhury

et al., 2019), and also to pathogen-associated molecular

pattern (PAMP)-triggered immunity (Sánchez-Rodrı́guez et al.,

2009; Aranda-Sicilia et al., 2015; Tunc-Ozdemir et al., 2016;

Liang et al., 2016; Escudero et al., 2017), all of which require

close communication between the plant cell and its cell wall.

A predicted interactome of G protein components in Arabidop-

sis revealed links to cell wall synthesis and modification pro-

teins and several canonical G protein complex mutants had

altered cell wall composition (Klopffleisch et al., 2011). Simi-

larly, Delgado-Cerezo et al. (2012) demonstrated that transcrip-

tomic changes in Gb and Gg mutants are similar and enriched

in cell wall synthesis and modification genes. Together, these

studies make components of the G protein complex, and their

putative receptors, exciting candidates for CWI signaling

components.
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RESULTS

Seven transmembrane proteins are required for
seedling growth during cell wall stress
Cellulose synthesis-associated genes tend to be co-expressed

with the CESA genes (Persson et al., 2005). We employed the

tool FamNet (Ruprecht et al., 2016) to identify genes and gene

families (pfams) that are co-expressed with the primary wall

CESAs across many tissues and conditions (Figures S1A and

S1B). We obtained T-DNA lines that disrupted several of the

co-expressed genes and grew seedlings on control media, or

media supplemented with isoxaben, a potent and specific cellu-

lose synthesis inhibitor that directly affects CESA activity (Heim

et al., 1990; Shim et al, 2018). Two T-DNA lines that targeted

At5g18520, which corresponds to a putative seven transmem-

brane domain (7TM)-containing protein, displayed reduced

root and hypocotyl lengths, thicker hypocotyls on isoxaben-sup-

plemented media and reduced transcript levels (7tm1-1) or no

detectable transcript (7tm1-2) for the gene (Figures 1A–1D and

S2A). The mutants did not show any phenotypic deviations

from wild type on media without isoxaben or under unstressed

growth conditions (Figure S2).

7TM is part of a small gene family in Arabidopsis (Figure S2B)

and therefore we refer to At5g18520 as 7TM1. We isolated

T-DNA insertion mutants for each of the other members of the

7TM clade, i.e., 7TM2 (At3g09570), 7TM3 (At5g02630), and

7TM4 (At5g42090). We also included 7TM5 (At2g01070), which

is in a second clade of 7TMs, as this gene was highly co-ex-

pressed with 7TM1 (Table S1). Of these mutants, only the 7tm1

single mutant seedlings displayed increased sensitivity to isoxa-

ben compared with the wild type (Figure S2C). Because all five

7TM genes are expressed throughout plant growth and develop-

ment (Figures S1C–S1F; Waese et al., 2017), we generated dou-

ble mutant combinations between 7tm1-2 and the other 7tm

mutants to assess potential functional redundancy among the

7TM family. Of the combinations we assayed, only 7tm1 7tm5

double mutant seedlings displayed enhanced isoxaben sensi-

tivity compared with 7tm1 seedlings (Figures 1A–1D and S2C).

The 7tm1 and 7tm1-2 7tm5-1 mutants also displayed increased

sensitivity to the cellulose synthesis inhibitor 2,6-dichlorobenzo-

nitrile (DCB; Figures 1E and S3). Although cellulose synthesis in-

hibitors decreased hypocotyl length of 7tm1 seedlings relative to

wild type, other inhibitors or stress conditions, including high

sucrose, salinity, oryzalin, latrunculin B, concanamycin A, or

wortmannin, did not significantly affect hypocotyl length of 7tm

mutants relative to wild type (Figure S3).

Cryo-scanning electron microscopy of etiolated seedlings

grown on isoxaben-containing media revealed that the

increased 7tm1 and 7tm1 7tm5 hypocotyl thickness was primar-

ily caused by epidermal cell swelling (Figures 1F and 1G), which

is a common phenotype of cellulose synthesis deficiency (e.g.,

Arioli et al., 1998; Desprez et al., 2007; Persson et al., 2007).

To further assess its role in cellulose synthesis, we introgressed

7tm1-2 into procuste1-1 (prc1-1), a null mutation in CESA6 (Fa-

gard et al., 2000). The double homozygous progeny of 7tm1-2

prc1-1 displayed slightly decreased hypocotyl length compared

with the parent lines (Figure S4A), although this was not statisti-

cally significant owing to the already strong effects of the prc1-1

mutation on hypocotyl elongation (Fagard et al., 2000).
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Figure 1. Mutations in 7TM family members

cause increased sensitivity to cell wall

stress

(A) Representative images of 7-day-old light-

grown seedlings grown on control media and

media supplemented with 2 nM isoxaben (isox).

(B) Quantification of root lengths of seedlings

represented in (A).

(C) Representative images of etiolated 7-day-old

seedlings grown on control media and media

supplemented with 2 nM isoxaben.

(D) Quantification of hypocotyl lengths of seedlings

represented in (C).

(E) Quantification of 7-day-old etiolated hypocotyl

lengths of seedlings grown on control media and

media supplemented with 150 nM DCB.

(F) Cryo-scanning electron microscopy (SEM) of

3-day-old etiolated hypocotyls of seedlings grown

on media supplemented with 2 nM isoxaben.

(G) Quantification of cell length: width ratio from

SEM images as a measure of cell swelling.

(H) Quantification of cellulose content in different

genotypes. All graphs summarize three indepen-

dent experiments (two for SEM), n is indicated in

parentheses; samples not sharing a common letter

are significantly different (one-way ANOVA and

Tukey HSD test, p < 0.05); in bar charts bars

represent mean ± SE and in box plots box limits

indicate 25th and 75th percentiles, whiskers extend

to 1.5 times the interquartile range, median is

indicated by a line, mean by a red ‘‘+’’ and indi-

vidual data points are shown. Scale bars represent

5 mm in (A and C) and 500 or 50 mm as indicated

in (F).
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To assess whether the mutant seedlings were affected in their

ability to produce cellulose, we measured cellulose content in

etiolated 7-day-old wild type, 7tm1, and 7tm1 7tm5 seedlings.

Under normal growth conditions, there was no significant differ-

ence in the level of cellulose between 7tmmutants and wild type
De
(Figure 1H). However, when grown on

isoxaben, the 7tm1 7tm5 mutants had

significantly less cellulose than wild-type

seedlings (Figure 1H).

Components of the G protein
signaling complex are required for
seedling growth during cell wall
stress
The 7TM family has previously been an-

notated as putative GPCRs based on in

silico predictions and protein-protein

interaction assays (Gookin et al., 2008).

This suggested that components of the

G protein signaling pathway may also be

required for seedling growth under cell

wall stress. Therefore, we assayed the

growth of mutants affecting the canonical

heterotrimeric G protein signaling compo-

nents, including Ga (GPA1), Gb (AGB1),

and Gg (AGG1, AGG2, and AGG3)
(Ullah et al., 2003; Trusov et al., 2007; Fan et al., 2008; Chakra-

vorty et al., 2011) on media containing isoxaben and other stress

conditions (Figures 2, S2, and S3). Similar to the 7tm1 and 7tm1

7tm5mutants, single knockoutmutants for the sole canonical Gb

subunit (agb1-2) and a triple mutant for all three Gg subunits
velopmental Cell 56, 1–14, May 17, 2021 3



Figure 2. Mutations in components of the G

protein signaling complex cause increased

sensitivity to cell wall stress

(A) Representative images of 7-day-old light-

grown seedlings grown on control media and

media supplemented with 2 nM isoxaben.

(B) Quantification of root lengths of seedlings

represented in A.

(C) Representative images of etiolated 7-day-old

seedlings grown on control media and media

supplemented with 2 nM isoxaben.

(D) Quantification of hypocotyl lengths of seedlings

represented in (B).

(E) Cryo-scanning electron microscopy (SEM) of

3-day-old etiolated hypocotyls of seedlings grown

on media supplemented with 2 nM isoxaben.

(F) Quantification of cell length: width ratio from

SEM images as a measure of cell swelling.

(G) Quantification of cellulose content in different

genotypes. All graphs summarize three indepen-

dent experiments (two for SEM), Col-0 data in (B,

D, and F) are the same as in Figure 1 since all

samples were grown together, n is indicated in

parentheses; samples not sharing a common letter

are significantly different (one-way ANOVA and

Tukey HSD test, p < 0.05); in bar charts bars

represent mean ± SE and in box plots box limits

indicate 25th and 75th percentiles, whiskers extend

to 1.5 times the interquartile range, median is

indicated by a line, mean by a red ‘‘+’’ and indi-

vidual data points are shown. Scale bars represent

5 mm in (A and C) and 500 or 50 mm as indicated

in (E).
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(agg1-1c agg2-1 agg3-1) displayed reduced hypocotyl and root

length and abnormal epidermal cell swelling when grown on iso-

xaben- and DCB-containing media (Figures 2A–2F and S3).

Furthermore, the agb1-2 single mutants and agg1-1c agg2-1

agg3-1 triple mutants displayed a similar reduction in cellulose

as the 7tm1 and 7tm1 7tm5 mutant seedlings when grown on

isoxaben (Figure 2G).
4 Developmental Cell 56, 1–14, May 17, 2021
To investigate whether the 7TMs and

the G proteins work in a common genetic

pathway, we produced 7tm1 7tm5 gpa1-

4 and 7tm1 7tm5 agb1-2 triple mutants

and assessed seedling length on isoxa-

ben-containing media. Consistent with

their action in a linear pathway, triple

mutant seedlings displayed similar phe-

notypes to that of the most severely

affected parental lines (Figures 3A

and S4B).

Canonical GPCRs interact with the G

protein complex via the Ga subunit

(Pandey, 2019) and 7TM1 was previ-

ously shown to physically interact with

the Ga subunit in a yeast split-ubiquitin

interaction system (Gookin et al.,

2008). To corroborate these results, we

used a modified bimolecular fluores-

cence complementation (BiFC) system
in which both genes of interest are on the same binary vector,

which negates issues of different transformation efficiencies

and expression levels of the two candidate interactors (Gookin

and Assmann, 2014). We observed clear fluorescent signal

when a vector containing both 7TM1-cYFP and Ga-nYFP, or

both 7TM5-cYFP and Ga-nYFP, was transformed into

N. benthamiana leaves (Figures 3B and S4C). Surprisingly,



Figure 3. 7TMs interact with components of

the G protein complex

(A) Quantification of etiolated hypocotyl lengths of

combinatorial mutants between the 7tm mutants

and Gb mutant agb1-2.

(B) Bimolecular fluorescence complementation

(BiFC) assay in transiently infiltrated Nicotiana

benthamiana leaf epidermal cells with the BiFC

signal shown in green and Golgi marker (XYLT) in

magenta in the Merge & Zoom column; white

boxes indicate the zoom region. Experiment

was repeated three times with similar results. In

box plot, box limits indicate 25th and 75th per-

centiles, whiskers extend to 1.5 times the inter-

quartile range, median is indicated by a line, mean

by a red ‘‘+’’, individual data points are shown, n

is indicated in parentheses and samples not

sharing a common letter are significantly different

(one-way ANOVA and Tukey HSD test, p < 0.05).

Scale bars represent 10 or 2 mm as indicated

in (B).
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the BiFC signals between 7TMs and Ga were associated with

intracellular puncta. When this BiFC vector was co-trans-

formed with a Golgi marker (RFP-XYLT; Saint-Jore-Dupas

et al., 2006), there was substantial colocalization between

YFP and RFP (Figures 3B and S4C). As a control, we

used the modified BiFC system to transform a vector contain-

ing 7TM1-nYFP and PIP2A-cYFP or 7TM5-nYFP and PIP2A-

cYFP because PIP2A is a plasma membrane-localized protein

with a similar localization to previous reports of Ga (Chen

et al., 2003) and included a Golgi marker (mTurquoise-XYLT;

Saint-Jore-Dupas et al., 2006) on the same vector backbone

as a positive control for transformation. In this case, we

did not detect any YFP BiFC signal in cells that expressed
De
the Golgi marker (Figure S4C). We also

tested for non-canonical interactions

between the 7TMs and the G protein

complex via Gb. No substantial interac-

tion was detected between 7TM1-cYFP

and Gb-nYFP or 7TM5-cYFP and

Gb-nYFP, whether in the presence or

absence of any of the Gg subunits (Fig-

ure S4C). We occasionally observed a

very weak signal generated from

7TM1-Gb in the presence of AGG2,

but the signal was infrequently observed

and substantially weaker than the

positive control. Taken together, the

common phenotypes, genetic interac-

tions, split-ubiquitin (Gookin et al.,

2008), and BiFC data support that

7TM1 and 7TM5 can interact with the

G protein complex through Ga and

that normal functions of the Gb and Gg

subunits are crucial for tolerance to

CWI stress. These results imply

that 7TM1 and 7TM5 can interact with

the G protein complex in a similar

fashion to canonical GPCRs and that
the phenotypes assayed here are dependent upon the

Gbg dimer.

A sub-population of G protein components associates
with the Golgi apparatus and TGN
We next investigated the subcellular localization of G protein

components. G protein localization data in plants are largely

based on constitutive promoter-driven constructs in heterolo-

gous systems (Chen et al., 2003; Anderson and Botella, 2007;

Zeng et al., 2007), which are prone to localization artifacts.

Therefore, we generated native promoter-driven fluorescent

protein fusions for Ga, Gb and all three Gg subunits and trans-

formed these into their corresponding knockout mutants.
velopmental Cell 56, 1–14, May 17, 2021 5



Figure 4. The 7TMs are localized to the Golgi apparatus and trans-Golgi network

(A) Functional 7TM1-YFP (native promoter-driven genomic 7TM1-3xYFP) and 7TM5-CFP (35S-driven) fusion proteins localize to intracellular compartments in 3-

day-old etiolated hypocotyl cells.

(B) Representative images from colocalization experiments between 7TM1-3xYFP (green) and 7TM5-CFP (magenta) or between 7TM1-3xYFP or 7TM5-CFP

(green) and different endomembrane markers (magenta) as indicated in 3-day-old seedling root cells. C. Quantification of percent colocalization between 7TM1-

3xYFP, 7TM1-mCherry, or 7TM5-CFP and endomembrane systemmarkers. Graph summarizes three independent experiments, n (cells, nomore than three cells

imaged per seedling) is indicated in parentheses, bars represent mean ± SE Scale bars represent 10 mm in (A) and 2 mm in (B).
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Because no signal was detected from native promoter-driven Ga

fluorescent protein fusions, we also constructed Ubiquitin10

promoter-driven GFP fusions for Ga. The Ubiquitin10 pro-

moter-driven Ga-GFP and GFP-Ga and the native promoter-

driven genomic Gb-mCherry and mCherry-Gg constructs

partially or fully complemented the respective mutant pheno-

types (Figure S5A). For all lines, we detected stable fluorescent

protein signal at the plasma membrane of young root epidermal

cells, where signals were strongest (Figure S5B). We also de-

tected some intracellular signals in several of the lines; however,

this was difficult to visualize owing to low fluorescence. There-

fore, we treated these lines with Brefeldin A (BFA), a fungal toxin

that causes aggregation of the TGN and post-Golgi compart-

ments inArabidopsis root cells into a ‘‘BFA body,’’ and clustering

of intact Golgi stacks around the BFA body (Richter et al., 2007).

BFA treatment resulted in signal aggregation of GFP-Ga,

Ga-GFP, and Gb-mCherry in intracellular BFA bodies (Fig-

ure S5B), indicating that these proteins can at least partially

associate with the TGN or post-Golgi compartments. By

contrast, we could not detect signal from the fluorescently

tagged Gg subunits at BFA bodies (Figure S5B). Given that a

Gb subunit and a Gg subunit typically signal together (Pandey,

2019), the absence of a clear fluorescent signal of the

mCherry-AGG1, mCherry-AGG2, or mCherry-AGG3 fusions

within the endomembrane system could indicate that the tag
6 Developmental Cell 56, 1–14, May 17, 2021
may interfere with some, but not all, of the AGG functions, or

that the endomembrane signal is too dim to reliably detect.

7TM1 and 7TM5 act at the Golgi apparatus and trans-
Golgi network
The punctate BiFC signal from the interaction between 7TM1/

7TM5 and GPA1 indicated that the 7TMs may be localized to

the endomembrane system. To test this, we generated a native

promoter-driven genomic triple-YFP fusion to 7TM1 (7TM1-

3xYFP) via recombineering (Brumos et al., 2020) and trans-

formed the construct into 7tm1-2 mutant plants. This construct

restored the length of 7tm1-2 mutant seedlings on isoxaben to

nearly wild-type levels (Figure S6A), indicating that the 7TM1-

3xYFP fusion was functional. We also generated a functional

7TM5-CFP fusion, driven by a 35S-promoter, and another native

promoter-driven genomic 7TM1-mCherry construct via recom-

bineering, for colocalization purposes. Time-lapse imaging in

etiolated hypocotyl cells revealed that 7TM1-3xYFP, 7TM1-

mCherry, and 7TM5-CFP were localized to intracellular puncta

that rapidly streamed in the cytoplasm (Figure 4A; Video S1).

To confirm 7TM1 and 7TM5 localization to the Golgi apparatus

and TGN, we crossed the 7TM1-3xYFP, 7TM1-mCherry, and

7TM5-CFP lines to markers for different endomembrane com-

partments, including the Golgi apparatus (YFP-CESA6 and

WAVE18-RFP), the TGN (WAVE13-RFP and VHAa1-mRFP),
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and the late endosome (WAVE2-RFP andWAVE7-RFP) (Paredez

et al., 2006; Dettmer et al., 2006; Geldner et al., 2009). Object-

based colocalization (Bolte and Cordelières, 2006) was equally

high between 7TM1 and 7TM5 with markers for both the Golgi

apparatus and the TGN (Figures 4B, 4C, and S6B), indicating

that the steady-state localizations of the 7TM1 and 7TM5 protein

fusions are at the Golgi and TGN. These results are consistent

with several proteomic studies that have detected 7TM1 and

7TM5 in Golgi or TGN-associated proteomes (Dunkley et al.,

2006; Parsons et al., 2012; Groen et al., 2014).

Overall structure and function of the Golgi apparatus
and TGN are not affected in 7tm1 7tm5 and agb1

mutants
The localization of 7TM1 and 7TM5 to the Golgi and TGN implies

that they may play a role in Golgi or TGN function. To assess this,

we first crossed the Golgi marker, NAG-GFP (Grebe et al., 2003)

into the 7tm1 7tm5 double mutants. We found no significant dif-

ferences in NAG-GFP distribution or dynamics in live etiolated

hypocotyl cells of 7tm1 7tm5 mutants compared with wild type

(Figure 5A; Video S2). Neither short-term (200 nM for 2 h) nor

long-term (2 nM for 3 days) isoxaben treatment caused any ma-

jor alterations to the distribution or behavior of NAG-GFP in the

7tm1 7tm5 mutants etiolated hypocotyl cells relative to wild

type (Figure 5A).

We next examined the ultrastructure of the secretory pathway

in high-pressure frozen, freeze-substituted etiolated hypocotyl

cells. The structures of the Golgi apparatus and TGN were com-

parable between wild type, agb1-2 and 7tm1 7tm5mutants (Fig-

ures 5B and S7A). Neither short-term (200 nM for 2 h) nor

long-term (2 nM for 3 days) isoxaben treatment caused any sub-

stantial defects to Golgi or TGN structure in etiolated hypocotyl

cells of the 7tm1 7tm5 or agb1-2 mutants, relative to wild type

(Figures 5B and S7A). These results indicate that there are no

large-scale defects in Golgi or TGN structure or function owing

to loss of 7TM1 and 7TM5 or the G protein complex (via AGB1).

To determine whether secretion of plasma membrane protein

cargo was affected in the 7tm1 7tm5 and agb1-2 mutants, we

crossed lines expressing the fluorescent plasmamembrane pro-

tein GFP-LTI6b (Cutler et al., 2000) into the mutant plants. We

found that the steady-state localization of GFP-LTI6bwas similar

in etiolated hypocotyls of 7tm1 7tm5, agb1-2, and wild-type

plants, and that this localization was unaffected by short-term

isoxaben treatment (Figures 5C, 5D, and S7B). To determine

whether soluble protein secretion was affected, we crossed a ra-

tiometric-based sec-GFP (versus endomembrane-targeted

RFP; Samalova et al., 2006) into the 7tm1 7tm5 and agb1-2 mu-

tants. Sec-GFP is a modified GFP with a signal peptide that di-

rects the protein to the secretory pathway and ultimately to the

apoplast, where the GFP fluorescence is quenched by the low

pH. We found no significant difference in the ratiometric sec-

GFP marker between 7tm1 7tm5, agb1-2, and wild-type plants,

indicating that secretion of this soluble protein is unaffected in

the mutants (Figures 5E and S7C).

Because the plant TGN also acts as an early endosome

(Dettmer et al., 2006), we evaluated endocytic trafficking to the

TGN by tracking uptake of the fluorescent membrane dye,

FM4-64, in seedling roots. FM4-64 initially labels the plasma

membrane, then travels to the early endosome/TGN, late endo-
some and finally the tonoplast (vacuole membrane) over �3 h.

There were no significant differences in either the rate of uptake

of FM4-64 or the number of fluorescent puncta at various time

points between wild type and either 7tm1 7tm5 or agb1-2 mu-

tants (Figures 5F, 5G, and S7D).

In summary, despite the Golgi and TGN localization of the

7TM1 and 7TM5, it does not seem that loss of these proteins

has any substantial consequences for the structures or functions

of the Golgi apparatus or TGN. These data are consistent with

the mostly normal overall growth of agb1-2 and 7tm1 7tm5

plants under standard growth conditions (Figures S2D and

S2E), as mutant plants with dramatic Golgi/TGN morphology

or secretion defects are usually dwarf, bushy, semi-sterile and

exhibit other pleiotropic phenotypes (e.g., Teh and Moore,

2007; Richter et al., 2007; Gendre et al., 2013).

CSC trafficking is defective in 7tm1 7tm5 and agb1

mutants
To gain further mechanistic insight into the cellulose defect in

7tm1 7tm5 and G protein mutants gpa1-4 and agb1-2, we

crossed them with the CESA marker lines YFP-CESA6 (Paredez

et al., 2006) or GFP-CESA3 (Desprez et al., 2007) to monitor the

behavior of primary cell wall CSCs. The rate of cellulose synthe-

sis is thought to correspond to the speed of fluorescent CESA

puncta movement in the plasma membrane (Paredez et al.,

2006). Consistent with our cellulose assays, we did not detect

any significant differences in YFP-CESA6 puncta speed at the

plasma membrane in the 7tm1 7tm5, agb1-2, or gpa1-4mutants

compared with wild type under control conditions (Figures 6A

and S8A; Video S3). Similarly, we did not observe any differences

in steady-state CSC density at the plasma membrane or in

SmaCC density in the cortical cytoplasm between wild type

and 7tm1 7tm5 mutants under control conditions (Figures 6B

and S8A).

Because 7TM1-3xYFP and 7TM5-CFP are localized to the

Golgi/TGN, it seemed possible that the Golgi distribution or traf-

ficking of CESAs may be affected in the mutants. To investigate

this, we tracked delivery of GFP-CESA3 labeled CSCs from the

Golgi apparatus to the plasma membrane using a modified fluo-

rescence recovery after photobleaching (FRAP) approach (Sam-

pathkumar et al., 2013). In wild-type etiolated hypocotyl cells,

CSCs recovered to nearly normal density within 10 min post-

bleach (Figures 6C and S8B). By contrast, the recovery of CSC

density took substantially longer in the 7tm1 7tm5 and agb1-2

mutants (Figure 6D). Consequently, we found that the rate of

CSC insertion into the plasma membrane was significantly lower

in the 7tm1 7tm5 and agb1-2 mutants, relative to wild-type or

gpa1-4 mutants (Figures 6D and S8B).

As short-term isoxaben treatment leads to substantial removal

of CESAs from the plasmamembrane (DeBolt et al., 2007), it was

intractable to monitor CESA delivery to, and behavior at, the

plasma membrane under these conditions. Therefore, we chose

to assess CESA behavior in seedlings grown on media supple-

mented with low concentrations of isoxaben. Here, we found

substantially fewer GFP-CESA3 labeled CSCs at the plasma

membrane in 7tm1 7tm5 double mutants, relative to wild type

(Figure 6B). These data suggest that the mutations in the 7TMs

and AGB1 impair cellulose synthesis through decreased CSC

secretion, which is exacerbated under conditions of CWI stress.
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Figure 5. Overall Golgi structure and function are unaffected in 7tm mutants

(A) Representative images of the Golgi marker, NAG-GFP in 3-day-old wild type and 7tm1 7tm5mutant etiolated hypocotyl cells after short-term (100 nM for 1 h)

or long-term (2 nM for 3 days) isoxaben treatment, compared with control.

(B) Representative images of the Golgi apparatus in high-pressure frozen, freeze-substituted 3-day-old wild type and 7tm1 7tm5mutant etiolated hypocotyl cells

after short-term or long-term isoxaben treatment, relative to control.

(C) Representative images of the plasma membrane marker, GFP-LTI6b in 3-day-old wild type and 7tm1 7tm5mutant etiolated hypocotyl cells after short-term

isoxaben treatment.

(D) Quantification of signal intensity from GFP-LTI6b signal represented in (C).

(E) Quantification of ratiometric sec-GFP (35S:stN-RM-2A-sec-GFP) in 7tm1 7tm5 mutants, compared with wild type, in 3-day-old etiolated hypocotyls.

(F) Representative time course images ofmembrane dye (FM4-64) uptake into in root cells of 3-day-old seedlings of 7tm1 7tm5mutants, comparedwith wild type.

FM4-64 initially labels the plasma membrane, then travels to the early endosome/TGN, late endosome and the tonoplast (vacuole membrane) over 3 h.

(G) Quantification of FM4-64 uptake represented in (F). All graphs summarize three independent experiments, n (cells, no more than three cells imaged per

seedling) is indicated in parentheses and there were no statistically significant differences between samples (one-way ANOVA and Tukey HSD test, p < 0.05). In

box plots, box limits indicate 25th and 75th percentiles, whiskers extend to 1.5 times the interquartile range, median is indicated by a line, mean by a red ‘‘+’’ and

individual data points are shown; in line plot, symbols represent mean ± SE. Scale bars represent 10 mm in (A, C, F, H) and 200 nm in (B).
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Figure 6. 7tm mutants are defective in secretion of CSCS to the plasma membrane

(A) Quantification of CSC speeds in the plasma membrane of 3-day-old wild type and mutant etiolated hypocotyl cells.

(B) Quantification of YFP-CESA6 labeled CSC particle density in the plasma membrane of 3-day-old etiolated hypocotyl cells in wild type versus 7tm1 7tm5

mutants after control or long-term isoxaben treatment (2 nM for 3 days).

(C) Representative time course images of photobleaching of GFP-CESA3 in wild type and 7tm1 7tm5mutant 3-day-old etiolated hypocotyl cells. Bleached area is

indicated by dashed box, images are false-colored according to the scale indicated.

(D) Quantification of the rate of CSC recovery in the plasma membrane after photobleaching in wild type versus 7tm1 7tm5mutant 3-day-old etiolated hypocotyl

cells. All graphs summarize three independent experiments, n (cells, no more than three cells imaged per seedling) is indicated in parentheses, samples not

sharing a common letter in B are significantly different (one-way ANOVA and Tukey HSD test, p < 0.05) and in (D) samples marked by an 3 are significantly

different from control (one-way t test, p < 0.05). In violin plot, white circles show themedians, wide bar limits indicate the 25th and 75th percentiles, whiskers extend

1.5 times the interquartile range, polygons represent density estimates of data and extend to extreme values. In box plot, box limits indicate 25th and 75th

percentiles, whiskers extend to 1.5 times the interquartile range, median is indicated by a line, mean by a red ‘‘+’’ and individual data points are shown. Scale bars

represent 10 mm in (C).
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7TM1 localization is biased from Golgi/TGN to SmaCCs
upon cell wall stress treatment
Isoxaben induces CSC internalization and/or reduces CSCsecre-

tion, resulting inan increase in intracellularCESAs inSmaCCs (Gu-

tierrez et al., 2009),which are involved ineither secretion, recycling

or degradation of theCESAs (Hoffmannet al., 2021).We reasoned

that if the 7TMs are actively promoting CSC secretion to the

plasmamembrane, wemay expect to see themcolocalize at least

in part with some of the isoxaben-inducedSmaCCs.We therefore

monitored dual-labeled YFP-CESA6 and 7TM1-mCherry hypo-

cotyl cells before and after short-term isoxaben treatment. Under

control conditions, the two fluorescent proteins colocalized at the

Golgi apparatusandTGN (Figures4and7A)andvery fewSmaCCs

were found in these cells (Figure 7A). After 1 h treatment with
100 nM isoxaben, we observed reduced colocalization between

YFP-CESA6 and 7TM1-mCherry signals (Figures 7A and 7B;

Video S4). This reduction was largely caused by a decrease in

Golgi localization of the 7TM1-mCherry signal. However, some

SmaCCs were labeled by both 7TM1-mCherry and YFP-CESA6,

and time-lapse imaging revealed erratic movement of these

dual-labeled particles, in agreement with previous reports of

SmaCC behavior (Figure 7C; Video S4). Interestingly, whereas

the highly motile SmaCCs contained both signals, the vast major-

ity of SmaCCs that were stalled at the cell cortex no longer con-

tained 7TM1-mCherry signal (Video S4). These stalled SmaCCs

are hypothesized to be a final step before CSC insertion into the

plasma membrane (Gutierrez et al., 2009; Crowell et al., 2009).

Together with our observations that there are no overall changes
Developmental Cell 56, 1–14, May 17, 2021 9



Figure 7. 7TM1 localization is biased from Golgi/TGN to SmaCCs upon cell wall stress treatment

(A) Representative images of YFP-CESA6 and 7TM1-mCherry colocalization in 3-day-old etiolated hypocotyl cells after control or short-term (100 nM for 1 h)

isoxaben treatment.

(B) Quantification of percent colocalization between YFP-CESA6 and 7TM1-mCherry in 3-day-old etiolated hypocotyl cells after control or short-term isoxaben

treatment. C. Representative time-lapse images of YFP-CESA6 and 7TM1-mCherry colocalization in 3-day-old etiolated hypocotyl cells after control or short-

term isoxaben treatment and kymograph indicating dynamics of YGP-CESA6 and 7TM1-mCherry labeled particles; timestamp is in minutes:seconds. Graph

summarizes three independent experiments, n (cells, no more than three cells imaged per seedling) is indicated in parentheses, samples marked by an 3 are

significantly different from control (one-way t test, p < 0.05), box limits indicate 25th and 75th percentiles, whiskers extend to 1.5 times the interquartile range,

median is indicated by a line, mean by a red ‘‘+’’ and individual data points are shown. Scale bars represent 10 mm in (A) and 5 mm or 7.5 mm as indicated in (C).
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to Golgi and TGN structure or function in the 7tm1 7tm5mutants

(Figure 5), these results imply that the 7TM proteins may change

their localization upon CWI stress to promote early stages of

CESAsecretion, beforeCSC insertion into the plasmamembrane.

DISCUSSION

Cellulose is synthesized at the plasma membrane by CSCs, and

CSC trafficking to and from the plasma membrane represents a

critical step in the regulation of cellulose synthesis. By contrast

to most plasma membrane-localized proteins, the CESAs

display a complex localization pattern, including association

with the plasma membrane, Golgi apparatus, SmaCCs, and cla-

thrin-coated vesicles (Paredez et al., 2006; Crowell et al., 2009;

Gutierrez et al., 2009; Sánchez-Rodrı́guez et al., 2018). This
10 Developmental Cell 56, 1–14, May 17, 2021
complexity has prompted research into the mechanisms that

govern CSC localization and trafficking as an important compo-

nent of understanding cell wall synthesis.We identifiedmembers

of a putative GPCR-like protein family, the 7TMs, that are impor-

tant for CSC secretion and for seedling growth during cell wall

stress. Our data indicate that these proteins regulate CSC traf-

ficking from the Golgi apparatus and TGN, and that this role be-

comes particularly important during cell wall stress (see Graph-

ical Abstract). It further appears that the 7TM-mediated CWI

responses primarily require the Gbg dimer, which can dissociate

from the activated GTP-bound Ga subunit. The similar isoxaben-

sensitive phenotypes between 7tm1 7tm5 and agb1-2 single

mutants or agg1-1c agg2-1 agg3-1 triple mutants and the ge-

netic interaction between 7tm1 7tm5 and agb1-2 demonstrate

the major role of the Gbg dimer in CWI responses via the 7TMs.
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Interestingly, the Golgi/TGN localization of 7TM1 and 7TM5 is

reminiscent of an ‘‘orphan’’ family of GPCRs that localize to the

Golgi/TGN in animal cells and that may not act as canonical

GPCRs (Tafesse et al., 2014). Indeed, the 7TM family are phylo-

genetically and structurallymost similar to these ‘‘orphan’’ GPCR

family members (Munk et al., 2019; Figure S2B), which include

the Golgi and TGN localized GPR107 (Tafesse et al., 2014).

Although depletion of GPR107 in HeLa cells did not significantly

alter Golgi structure or bulk anterograde trafficking (i.e., secre-

tion), it did substantially affect retrograde trafficking (Tafesse

et al., 2014). Disrupting GPR107 in mouse fibroblast cells re-

sulted in defects in both endocytosis and re-secretion of a sub-

set of cargoes (Zhou et al., 2014). Similarly, overexpression of

other members of this ‘‘orphan’’ family, TMEM87A or 87B, was

sufficient to rescue trafficking defects in Golgi-associated retro-

grade protein (GARP) complex disrupted HEK293 cells. The au-

thors reasoned that these Golgi localized human 7TM proteins

therefore play a role in retrograde and anterograde trafficking

from the Golgi (Hirata et al., 2015).

By contrast to GPR107 family members, 7TM1 and 7TM5 do

not appear to generally affect Golgi/TGN to plasma membrane

trafficking but rather control trafficking of the CESAs between

these compartments. Because 7tm1 7tm5 mutants displayed

reduced CSC secretion under normal growth conditions (Fig-

ure 6), we propose that the 7TMs are important components

of a G protein-mediated mechanism that maintains CSC secre-

tion to the plasma membrane. SmaCCs are rare under control

conditions and are difficult to distinguish from the TGN

because they show significant albeit incomplete overlap with

TGN markers (Gutierrez et al., 2009; Crowell et al., 2009); how-

ever, SmaCCs are dramatically induced under stress including

salt stress (Endler et al., 2015), osmotic stress (Gutierrez et al.,

2009), and cell wall stress (via isoxaben treatment; Paredez

et al., 2006). Interestingly, a sub-population of the isoxaben-

induced SmaCCs contained both CESAs and 7TM1. We envi-

sion that the SmaCCs consist of a heterogenous population

of compartments, which is consistent with observations that

different subpopulations of SmaCCs colocalize with different

TGN markers (Gutierrez et al., 2009). A progressive change in

SmaCC content may represent a ‘‘maturation’’ of the SmaCCs

from the TGN when preparing to deliver CESAs to the plasma

membrane (Hoffmann et al., 2021). Consistent with this hypoth-

esis, we found that many of the rapidly moving SmaCCs con-

tained both 7TM1-mCherry and YFP-CESA6 signal, whereas

stalled cortical SmaCCs, which are about to deliver their CSC

cargo, only contained YFP-CESA6. It is plausible that the

SmaCCs could form large vesicle ‘‘clusters’’ similar to secre-

tory vesicle clusters (Toyooka et al., 2009) or TGN remnants

(Staehelin and Kang, 2008), and may exchange proteins and

other materials that could contribute to SmaCC maturation.

Although the loss of the GPCR-like maintenance mechanism

may not be detrimental to plant growth under optimal growth

conditions (i.e., seedlings growing on media plates), once chal-

lenged with cell wall stress, 7tm1, 7tm1 7tm5, and several mu-

tants affecting the G protein complex displayed reduced root

and hypocotyl lengths (Figures 1 and 2). The sensitivity of the

7tm1 7tm5, agb1-2 and agg mutants to isoxaben and DCB,

and their reduced capacity to synthesize cellulose under these

conditions indicate that these components are important for
modulating CSC secretion during CWI stress. These results

imply that the wild-type role of the GPCR-like module is to

regulate CSC secretion, and to contribute to cell wall fortifica-

tion, especially under CWI stress conditions. Therefore, the

7TMs, as part of a potential G protein module, may contribute

to maintaining CSC density at the plasma membrane during

fluctuating environmental conditions.

Members of the Catharanthus roseus receptor-like kinase-like

(CrRLKL) family are associated with CWI signaling (Rui and Din-

neny, 2020) and RLK activity has been linked to G protein

signaling in plants (e.g., Bommert et al., 2013; Aranda-Sicilia

et al., 2015; Liang et al., 2016; Tunc-Ozdemir et al., 2016). The

RLK FERONIA senses cell wall softening and can engage with

cell wall pectins (Feng et al., 2018). FERONIA can interact with

the Gb subunit, AGB1, to control stomatal movement (Yu et al.,

2018), which is related to pectin status (Amsbury et al., 2016;

Rui et al., 2017). Therefore, FERONIA and/or other similar

CrRLKLs are likely to play important roles in the perception of

CWI stress at the plasma membrane. The G protein complex

may constitute a framework for integrating CWI signals and re-

sponses; the G protein complex could potentially sense cell

wall status via association with RLKs at the plasma membrane

and regulate CSC secretion via the 7TMs at the endomembrane

system.

In summary, we propose that the 7TMs are important compo-

nents of plant responses to CWI stress, rather than part of the

initial signal perception machinery. Indeed, 7tm1 7tm5 mutants

are hypersensitive to cellulose-related defects (Figure 1), which

stands in contrast to some other CWI signal perception mutants,

such as the1, which are relatively insensitive to CWI stress (Hém-

aty et al., 2007). In the future it will be interesting investigate the

extent to which these 7TM-mediated responses interact with

previously characterized CWI sensing pathways.

Limitations of this study
Typical of canonical GPCRs (Baltoumas et al., 2013; Pandey,

2019), the 7TMs interact with the Ga subunit of the G protein

complex (Figure 3). However, gpa1-4 mutants did not pheno-

copy the 7tm mutants (Figure 2). It is possible that the 7TMs

might also interact with extra-large GTP-binding proteins

(XLGs), which are a plant-specific family of atypical Ga subunits

(Chakravorty et al., 2015). If the 7TMs act via the XLGs, rather

than, or redundantly with, the canonical Ga, this would explain

the lack of an isoxaben-sensitive phenotype for the gpa1-4

mutant.
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Fernández, P.V., Jordá, L., Hernández-Blanco, C., Sánchez-Vallet, A.,

Bednarek, P., Schulze-Lefert, P., et al. (2012). Arabidopsis heterotrimeric G-

protein regulates cell wall defense and resistance to necrotrophic fungi. Mol.

Plant 5, 98–114.

Denness, L., McKenna, J.F., Segonzac, C., Wormit, A., Madhou, P., Bennett,

M., Mansfield, J., Zipfel, C., and Hamann, T. (2011). Cell wall damage-induced

lignin biosynthesis is regulated by a reactive oxygen species- and jasmonic

acid-dependent process in Arabidopsis. Plant Physiol. 156, 1364–1374.

Desprez, T., Juraniec, M., Crowell, E.F., Jouy, H., Pochylova, Z., Parcy, F.,
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Grebe, M., Xu, J., Möbius, W., Ueda, T., Nakano, A., Geuze, H.J., Rook, M.B.,

and Scheres, B. (2003). Arabidopsis sterol endocytosis involves actin-medi-

ated trafficking via ARA6-positive early endosomes. Curr. Biol. 13, 1378–1387.

Grefen, C., Donald, N., Hashimoto, K., Kudla, J., Schumacher, K., and Blatt,

M.R. (2010). A ubiquitin-10 promoter-based vector set for fluorescent protein

tagging facilitates temporal stability and native protein distribution in transient

and stable expression studies. Plant J. 64, 355–365.

Groen, A.J., Sancho-Andrés, G., Breckels, L.M., Gatto, L., Aniento, F., and

Lilley, K.S. (2014). Identification of trans-Golgi network proteins in

Arabidopsis thaliana root tissue. J. Proteome Res. 13, 763–776.

Gutierrez, R., Lindeboom, J.J., Paredez, A.R., Emons, A.M., and Ehrhardt,

D.W. (2009). Arabidopsis cortical microtubules position cellulose synthase de-

livery to the plasma membrane and interact with cellulose synthase trafficking

compartments. Nat. Cell Biol. 11, 797–806.

Haruta, M., Sabat, G., Stecker, K., Minkoff, B.B., and Sussman, M.R. (2014). A

peptide hormone and its receptor protein kinase regulate plant cell expansion.

Science 343, 408–411.

Heim, D.R., Skomp, J.R., Tschabold, E.E., and Larrinua, I.M. (1990). Isoxaben

inhibits the synthesis of acid insoluble cell wall materials in Arabidopsis thali-

ana. Plant Physiol. 93, 695–700.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

E. coli strain DH alpha Widely distributed N/A

E. coli recombineering strain SW105 Brumos et al., 2020 N/A

Agrobacterium tumefaciens strain GV3101 Widely distributed N/A

Chemicals, Peptides, and Recombinant Proteins

Murashige and Skoog Medium Duchefa Cat# M0222

MES Sigma Cat# M8250

isoxaben Sigma Cat# 36138

2,6-Dichlorobenzonitrile (DCB) Sigma Cat# D57558

Brefeldin A (BFA) Sigma Cat# B6542

silwet L-77 PhytoTech Labs Cat# S7777

acetosyringone PhytoTech Labs Cat# A104

1-hexadecene Sigma H2131

osmium tetroxide Electron Microscopy Sciences Cat# 19100

2,2-dimethoxypropane Sigma Cat# D136808

uranyl acetate Polysciences Cat# 21447-25

sodium citrate BDH Cat# 30152

lead acetate BDH Cat# 4578

lead citrate BDH Cat# 29726

lead nitrate Fisher Cat# S25381

formvar Electron Microscopy Sciences Cat# 15800

Tissue-Tek Electron Microscopy Sciences Cat# 4583

Other solvents, buffers, and chemicals Sigma N/A

Critical Commercial Assays

RNeasy Plant Mini kit Qiagen Cat# 74904

SSVI first strand synthesis kit Invitrogen Cat# 18091050

DnaseI (Amp Grade) Invitrogen Cat# 18068015

NEB Gibson Assembly Master Mix New England Biolabs Cat# E2611

LR Clonase II Invitrogen Cat# 11791020

TOPO cloning kit Invitrogen Cat# K240020SP

Low Viscosity (Spurr’s) Resin Kit Electron Microscopy Sciences Cat# 14300

Experimental Models: Organisms/Strains

Arabidopsis thaliana: Col-0 wild type Widely distributed N/A

Arabidopsis: 7tm1-1 Arabidopsis Biological

Resource Center

SAIL_701_G12 in At5g18520

Arabidopsis: 7tm1-2 Arabidopsis Biological

Resource Center

Salk_134021 in At5g18520

Arabidopsis: 7tm2-3 Arabidopsis Biological

Resource Center

Sail_70_B11 in At3g09570

Arabidopsis: 7tm3-1 Arabidopsis Biological

Resource Center

Salk_062478 in At5g02630

Arabidopsis: 7tm4-1 Arabidopsis Biological

Resource Center

Sail_1_H08 in At5g42090

Arabidopsis: 7tm5-1 Arabidopsis Biological

Resource Center

Salk_044297 in At2g01070

Arabidopsis: gpa1-4 Jones et al., 2003 Salk_001846

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Arabidopsis: agb1-2 Ullah et al., 2003 Salk_061896

Arabidopsis: agg1-1c Trusov et al., 2007 FLAG_197F06 introgressed into Col-0

Arabidopsis: agg2-1 Trusov et al., 2007 SALK_010956

Arabidopsis: agg3-1 Chakravorty et al., 2011 SALK_018024

Arabidopsis: agg1-1c agg2-1 agg3-1 (agg1/

2/3)

Thung et al., 2012 N/A

Arabidopsis: prc1-1 Fagard et al., 2000 N/A

Arabidopsis: prc1-1 the1-1 Hématy et al., 2007 N/A

Arabidopsis: CESA6pro:YFP-CESA6 Paredez et al., 2006 N/A

Arabidopsis: CESA3pro:GFP-CESA3 Desprez et al., 2007 N/A

Arabidopsis: CESA6pro:TdTom-CESA6 Sampathkumar et al., 2013 N/A

Arabidopsis: UBQ10pro:WAVE2-RFP Geldner et al., 2009 N/A

Arabidopsis: UBQ10pro:WAVE7-RFP Geldner et al., 2009 N/A

Arabidopsis: UBQ10pro:WAVE13-RFP Geldner et al., 2009 N/A

Arabidopsis: UBQ10pro:WAVE18-RFP Geldner et al., 2009 N/A

Arabidopsis: proVHAa1:VHAa1-mRFP Dettmer et al., 2006 N/A

Arabidopsis: 35S:NAG-GFP Grebe et al., 2003 N/A

Arabidopsis: 35S:GFP-LTI6b Cutler et al., 2000 N/A

Arabidopsis: 35S: ST-RFP-2A-secGFP

(ratiometric SecGFP)

Samalova et al., 2006 N/A

Arabidopsis: 7tm1-2 +

7TM1pro:7TM1-3xYFP

This paper, floral dip N/A

Arabidopsis: 7tm1-2 + 7TM1pro:7TM1-

mCherry

This paper, floral dip N/A

Arabidopsis: 7tm5-1 + 35Spro:7TM5-CFP This paper, floral dip N/A

Arabidopsis: gpa1-4 +

UBQ10pro:GFP-GPA1

This paper, floral dip N/A

Arabidopsis: gpa1-4 +

UBQ10pro:GPA1-GFP

This paper, floral dip N/A

Arabidopsis: agb1-2 + AGB1pro:AGB1-

mCherry

This paper, floral dip N/A

Arabidopsis: agb1-2 +

AGB1pro:mCherry-AGB1

This paper, floral dip N/A

Arabidopsis: agg1/2/3 +

AGG1pro:mCherry-AGG1

This paper, floral dip N/A

Arabidopsis: agg1/2/3 +

AGG2pro:mCherry-AGG2

This paper, floral dip N/A

Arabidopsis: agg1/2/3 +

AGG3pro:mCherry-AGG3

This paper, floral dip N/A

Arabidopsis: Col-0 + 7TM1pro:GUS This paper, floral dip N/A

Arabidopsis: Col-0 + 7TM5pro:GUS This paper, floral dip N/A

Arabidopsis: Other combinatorial lines

generated via crossing

This paper N/A

Nicotiana benthamiana Widely distributed N/A

Oligonucleotides

See Table S2 for primers used for

genotyping, cloning, and RT-PCR

This paper N/A

Recombinant DNA

7TM1pro:7TM1-3xYFP (genomic) This paper N/A

7TM1pro:7TM1-mCherry (genomic) This paper N/A

JATY76F23 Arabidopsis Biological

Resource Center

JATY76F23

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

pEZR(K)-LNC-35Spro:7TM5-CFP (cDNA) This paper N/A

pUBN-eGFP-UBQ10pro:GFP-

GPA1 (cDNA)

This paper N/A

pUBC-eGFP-UBQ10pro:GPA1-

GFP (cDNA)

This paper N/A

pMDC99-AGB1pro:AGB1-mCherry

(genomic)

This paper N/A

pMDC99-AGB1pro:mCherry-AGB1

(genomic)

This paper N/A

pMDC99-AGG1pro:mCherry-AGG1

(genomic)

This paper N/A

pMDC99-AGG2pro:mCherry-AGG2

(genomic)

This paper N/A

pMDC99-AGG3pro:mCherry-AGG3

(genomic)

This paper N/A

pDOE-05 Gookin and Assmann, 2014 N/A

pDOE-10 Gookin and Assmann, 2014 N/A

pDOE-05 & pDOE-10 derivatives for BiFC

assays as described in Method details

This paper N/A

pCAMBIA3201-7TM1pro:GUS This paper N/A

pCAMBIA1305.1-7TM5pro:GUS This paper N/A

Software and Algorithms

Fiji Schindelin et al., 2012 https://imagej.net/Fiji

JaCOP plugin for Fiji Bolte and Cordelières, 2006 https://imagej.net/JaCoP

StackReg plugin for Fiji Thévenaz et al., 1998 https://imagej.net/StackReg

ThunderSTORM plugin for Fiji Ovesný et al., 2014 https://github.com/zitmen/thunderstorm

FamNet Ruprecht et al., 2016 http://aranet.mpimp-golm.mpg.de/

famnet.html

PlaNet Ruprecht et al., 2016 http://aranet.mpimp-golm.mpg.de/

index.html

MEGA X Kumar et al., 2018 https://www.megasoftware.net/

BoxPlotR Spitzer et al., 2014 http://shiny.chemgrid.org/boxplotr/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Staffan

Persson (staffan.persson@plen.ku.dk).

Materials availability
Plasmids and plant lines generated in this study will be made available on request to the lead contact, Staffan Persson (staffan.

persson@plen.ku.dk).

Data and code availability
No large datasets or new code were generated as part of this study.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Arabidopsis thaliana
Arabidopsis thaliana seeds were surface sterilized and sown on ½ MS media (Duchefa) with 1% sucrose (Sigma; unless otherwise

indicated, all chemicals were from Sigma) and 2.5 mMMES at pH 5.8, stratified for 2-3 days in the dark at 4�C, then moved to envi-

ronmental growth chambers or growth rooms under long-day conditions: 18 h light at�120 mmolm-2 s-1 at 21�C and 6 h dark at 18�C.
After 7-14 days, seedlings were transferred to soil and returned to the same conditions. For etiolated hypocotyl growth, seeds were
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exposed to white light (�120 mmol m-2 s-1 21�C) for 3 hours, then plates were wrapped in foil and returned to the long-day growth

conditions until required for experiments.

7tm1-1 (SAIL_701_G12), 7tm1-2 (Salk_134021) and 7tm5-1 (Salk_044297) were obtained from the Arabidopsis Biological

Resource Centre. Complete details of all mutants and marker lines are included in the STAR Methods Table. Plants were genotyped

via PCR using primers indicated in Table S2.

Nicotiana benthamiana
For BiFC assays, Nicotiana benthamiana seeds were sown directly on soil and grown under the same conditions as Arabidopsis.

METHOD DETAILS

Plant growth assays
For long-term inhibitor experiments, media was supplemented with 0.5-2 nM isoxaben from a 20 mM stock in ethanol, or 200 nM 2,6-

Dichlorobenzonitrile (DCB) from a 20 mMstock in ethanol, as indicated. Plates were scanned using an Epson 1000XL flat-bed scanner

and root or hypocotyl lengths were measured using a segmented line in Fiji. Individual hypocotyls were photographed using a Leica

M205FA microscope with a DMC4500 camera.

RT-PCR
Seven-day-old light-grown seedlings were flash-frozen in liquid nitrogen and RNAwas extracted using the Qiagen Plant RNeasyMini

kit according to the manufacturer’s instructions. RNA integrity was verified via gel electrophoresis. DNA was removed by treatment

with DnaseI (Amp-grade, Invitrogen) and cDNA was generated using the SSVI first strand synthesis kit (Invitrogen) with the oligo dT20
primer provided, according to the manufacturer’s instructions. RT-PCR was performed using primers indicated in Table S2.

Cloning and plant transformation
Fragments were amplified from genomic DNA (7TM1, AGB1, AGG1, AGG2, AGG3) or cDNA (7TM5, GPA1, PIP2A) using the primers

indicated in Table S2.

Whole gene translational fusions between the 7TM1 and the reporters mCherry and 3xYPETwere generated by recombineering as

described in Brumos et al. (2020). Briefly, the JATY clone JATY76F23 carrying the 7TM1 gene was transferred to the E. coli recom-

bineering strain SW105. ThemCherry and 3xYPET cassetteswere PCR amplified using the primers At5g18520CF and At5g18520CR,

inserted in the At5g18520 gene by recombineering to create in-frame C-terminus translational fusions and the recombinant products

confirmed using the primers At5g18520CTF and At5g18520CTR. Finally, these DNA constructs were trimmed using the primers

At5g18520delRB and At5g18520delLB and the deletions confirmed using the primers At5g18520delTRB and At5g18520delTLB.

All primers are indicated in Table S2. Constructs were transformed into 7tm1-2 single mutants and 7tm1-2 7tm5-1 double mutants.

For 35S promoter-driven 7TM5-CFP, 7TM5 coding sequence was amplified without the stop codon using the primers indicated in

Table S2 and transferred into the pEZR(K)-LNC binary vector via the EcoRI and BamHI sites. Constructs were transformed into

7tm5-1 single mutants and 7tm1-2 7tm5-1 double mutants.

For Ubiquitin10 promoter-driven GFP-GPA1 and GPA1-GFP, GPA1 coding sequence was amplified with or without the stop

codon, respectively, from cDNA using the primers indicated in Table S2 and transferred into pENTR-D-TOPO (Invitrogen) via Gibson

assembly using NEB Gibson Assembly Master Mix according to the manufacturer’s instructions. The GPA1 cassettes with and

without the stop codon were then transferred to the pUBN-eGFP and pUBC-eGFP binary vectors (Grefen et al., 2010), respectively,

via aGateway LR reaction using LRClonase II (Invitrogen) according to themanufacturer’s instructions. Constructs were transformed

into gpa1-4 single mutants.

For native promoter-driven AGB1-mCherry, the AGB1 genomic region from the start codon to immediately before the stop codon

was inserted into pENTR-D-TOPO (Invitrogen) via TOPO cloning according to the manufacturer’s instructions. Then the AGB1 up-

stream regulatory region (�1.6 kb upstream of ATG, including the 5‘ UTR) was inserted into the Not1 site of pENTR-D-TOPO and

mCherry, including a stop codon, was inserted into the AscI site while also introducing a downstream KpnI site, and the downstream

AGB1 regulatory region (�400bp of 3‘ UTR) was inserted into this KpnI site.

For native promoter-driven mCherry-AGB1, the coding sequence of mCherry without a stop codon was inserted into pENTR-D-

TOPO (Invitrogen) via TOPO cloning according to the manufacturer’s instructions. Then, the upstream AGB1 regulatory region

(�1.6 kb upstream of ATG, including the 5‘ UTR) was inserted into the Not1 site of pENTR-D-TOPO and the genomic sequence

of AGB1 (from start codon to �400bp downstream of the stop codon) was inserted into the AscI site.

For native promoter-driven mCherry-AGG1, mCherry-AGG2 and mCherry-AGG3, the same strategy was taken as for mCherry-

AGB1; see Table S2 for primers. All of the AGB1 and AGG cassettes were transferred to the pMDC99 binary vector (Curtis & Gross-

niklaus 2003) via a Gateway LR reaction using LR Clonase II (Invitrogen) according to the manufacturer’s instructions. AGB con-

structs were transformed into agb1-2 single mutants. AGG constructs were transformed into agg1-1c agg2-1 agg3-1 triple mutants

and the respective agg single mutants.

BiFC constructs were created in pDOE-05with cDNA ofGPA1 orAGB1 cloned into the NcoI-SpeI sites of MCS1 (nYFP fusion) with

a complementary ligation of BspHI/NcoI overhangs at the 5’ end of AGB1, as described in Gookin and Assmann (2014). 7TM1 or

7TM5 cDNAs were cloned into the KflI-AatII sites of MCS3 (cYFP fusion) with a complementary ligation of RsrII/KflI overhangs at
e4 Developmental Cell 56, 1–14.e1–e7, May 17, 2021
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the 5’ ends of 7TM1 and 7TM5. The AGG1, AGG2 and AGG3 expressing constructs were previously described in Gookin and Ass-

mann (2014). 7TM/PIP2A BiFC constructs were created in pDOE-10, with cDNA of 7TM1 or 7TM5 cDNAs cloned into MCS1 (nYFP

fusion) and PIP2A cDNA cloned into MCS3 (cYFP fusion) using NEB Gibson Assembly Master Mix according to the manufacturer’s

instructions. Primers (Table S2) were designed to retain vector sequence either side of cDNA insertion into MCS.

For promoter:GUS fusions, 7TM1 and 7TM5, promoter fragments of 1450 bp and 1700 bp, respectively, were amplified fromCol-0

genomic DNA using the primers listed in Table S2 and ligated into pCAMBIA3201 (7TM1) and pCAMBIA1305.1 (7TM5) after restric-

tion enzyme digest with BamHI and NcoI. The verified constructs were transformed into Col-0. GUS staining was carried out accord-

ing to Jefferson et al. (1987).

All constructs were verified via Sanger sequencing. Vectors were electroporated into Agrobacterium tumefaciens strain GV3101

and selected in half-salt LB media with appropriate antibiotics.

For stable Arabidopsis transformations, Agrobacteria from an overnight culture were harvested by centrifugation, then resus-

pended in a solution of 5% sucrose and 0.05% silwet L-77 (PhytoTech Labs). Young (�4 week-old) Arabidopsis plants were sub-

merged in this solution for one minute, then returned to growth conditions. Seedlings were selected for positive transformants on

50 mg/mL kanamycin, 15 mg/mL glufosinate ammonium, or 30 mg/mL hygromycin, as appropriate. T3 lines that were likely homozy-

gous for single insertions were selected based on segregation of the selection marker.

For BiFC, Agrobacteria from an overnight culture were harvested by centrifugation, then resuspended in a solution of 10 mMMES,

10 mMMgSO4 and 75 mM acetosyringone (PhytoTech Labs) from a 100 mM stock in DMSO) to a final concentration of OD600 = 0.03

for each construct. N. benthamiana plants (4-6 week-old) were infiltrated by leaf injection. Duplicate infiltrations were performed on

two separate plants per assay in each independent experiment. 48h post-infiltration, small regions of the leaf were excised with a

razor blade and mounted in water for imaging.

Live cell imaging
Live cell imaging for all figures was conducted using a Nikon Ti-E equipped with an Andor Revolution CSU-W1 spinning disk, a Bor-

ealis homogeneous illumination system, an Andor FRAPPA photobleaching unit, an Andor Ixon Ultra 888 EM-CCD and 100x or 60x

N.A. 1.49 Apo TIRF oil-immersion objectives. GFP was excited with a 488 nm laser and emission collected with a 525/50 nm band

pass filter, YFP was excited with a 515 nm laser and emission collected with a 535/30 nm filter, CFP and mTurquoise were excited

with a 445 nm laser and emission collected with a 470/24 nm filter, tdTomato, mCherry and RFPwere excited with a 561 nm laser and

emission collected with a 610/40 nm filter. Alternatively, some images for quantification were collected with a Nikon Ti-E equipped

with an Andor CSU-X1 spinning disk, a BioVision iLAS FRAP photobleaching unit, a Photometrics Evolve EM-CCD and a 100x N.A.

1.49 Apo TIRF oil-immersion objective; with this setup, GFP and YFP were excited with a 491 nm laser and emission collected with a

525/50 nm filter and tdTomato, mCherry and RFP were excited with a 561 nm laser and emission collected with a 595/50 nm filter.

For seedling imaging, 3-day-old etiolated hypocotyls or roots weremounted in water under a pad of 0.8%agarose (Bioline). To limit

the time that seedlings spent mounted, nomore than three cells per seedling were imaged in any experiment. For short-term inhibitor

treatments, seedlings were incubated for the time indicated, gently shaking in a 6-well plate containing ½MSmedia with 1% sucrose

and 2.5mMMES pH 5.8, supplemented with 100 nm isoxaben (from a 20 mMstock in ethanol) or 5 mm2,6-Dichlorobenzonitrile (DCB)

(from a 20 mM stock in ethanol), or 100 mM Brefeldin A (BFA) (from a 100 mM stock in DMSO), then mounted in the same medium

under an agarose pad as described above.

For FM4-64 uptake assays, seedlings for short time points were directly mounted in water containing 4 mM FM4-64 (from a 4 mM

stock in DMSO), while seedlings for long time points were incubated in 4 mM FM4-64 in water for 5 minutes, then transferred to a

6-well plate containing ½ MS media with 1% sucrose and 2.5 mM MES pH 5.8 for the remainder of the time point before mounting

and imaging. FM4-64 signal was excited with a 488 nm laser and emission collected with a 625/90 nm filter.

CESAs were monitored using 10 second time-lapse images for 10 minutes. If required, time-lapse images were aligned using the

StackReg plugin (Thévenaz et al., 1998) in Fiji (Schindelin et al., 2012) and background was subtracted from images using a 50 pixel

rolling ball radius. Sum projections of time-lapse images were used to select CSC tracks, then kymographs (3 pixel line width) were

generated from the time series using the MultiKymograph tool. CSC speeds were calculated from the displacement over time of in-

dividual particles identified in the kymographs (Paredez et al., 2006). CSC density at the plasma membrane and SmaCCs in the cell

cortex were identified using the ThunderSTORM plugin (Ovesný et al., 2014) with the microscope hardware information, but other-

wise using default settings. Golgi bodies in the cell cortex were manually excluded by their large size, SmaCCs were identified as

high-intensity particles and the remainder of the particles were considered to be CSCs.

Photobleaching was conducted with an Andor FRAPPA unit on the microscope described above, using the 488 nm laser, a 20 ms

dwell time and 80% laser power; otherwise, imaging conditions were as described above for CESA monitoring. New CSC delivery

events were identified according to Sampathkumar et al. (2013).

Colocalization was quantified from z-stacks (with 0.2 mm spacing using the 100x N.A. 1.49 objective) using the object-based

(centre-particle) method in the JaCOP plugin for Fiji (Bolte and Cordeliéres, 2006) with the microscope hardware information, but

otherwise default settings.
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Transmission electron microscopy
Etiolated 3-day-old seedlings were cryofixed using a Leica EM-ICE high pressure freezer using B-type carriers and 1-hexadecene as

a cryoprotectant, according to McFarlane et al. (2008). Samples were freeze-substituted in a Leica AFS2 automatic freeze substitu-

tion unit at -85�C for 4 days in 2% (w/v) osmium tetroxide (Electron Microscopy Sciences) and 8% 2,2-dimethoxypropane (w/v) in

anhydrous acetone, after which the temperature was gradually raised to room temperature over 2 days. Samples were washed 5

times with anhydrous acetone, then infiltrated with Spurr’s Resin (Electron Microscopy Sciences) over the course of 4 days. Samples

in resin were polymerized at 65�C for 36 hours in BEEMcapsules (ElectronMicroscopy Sciences). Silver (�80 nm thick) sectionswere

cut using a Leica UCTR or aUC7Ultramicrotome and aDiATOMEdiamond knife, placed onGilder fine bar hexagonal 200mesh grids

coated with 0.3% formvar (Electron Microscopy Sciences). Grids were post-stained with 1% aqueous uranyl acetate (Polysciences)

and Sato’s triple lead (sodium citrate, lead acetate, lead citrate from BDH, lead nitrate from Fisher) and imaged with a Phillips CM120

BioTWIN transmission electron microscope with a Gatan MultiScan 791 CCD camera and a tungsten filament at an accelerating

voltage of 120 kV.

Scanning electron microscopy
Etiolated 3-day-old seedlings were mounted on a sample holder using Tissue-Tek (Sakura-Finetek), plunge-frozen in a slush of liquid

nitrogen (�-210�C), then transferred to a Gatan cryostage. Ice crystals were evaporated at -95�C for 2.5 minutes, then samples were

coated with 60:40 gold-palladium alloy for 120 sec (�6 nm) under argon at -120�C, before being transferred into the FEI Quanta cryo

scanning electron microscope. Stage temperatures were maintained below -120�C and images were collected at a 5 kV accelerating

voltage and a 10 mm working distance using the E-T detector.

Cell wall analysis
Cell wall analysis was conducted according to the protocol described in Sánchez-Rodrı́guez et al. (2012) without any modifications.

Gene coexpression analysis
Co-expression analyses were done in two ways. First FamNet (http://aranet.mpimp-golm.mpg.de/famnet.html) was used to probe

which pfams were associated with cellulose synthesis. Here, ‘‘Cellulose_synth’’ was used as search term (Figure S1A). We next used

PlaNet (http://aranet.mpimp-golm.mpg.de/index.html) to investigate what genes from the pfams that were closely co-expressed

with the primary wall CESAs. Here, we used CESA1 (At4g32410) as search term. The At5g18520 (7TM1) gene was most highly

co-expressed with CESA1 of the members of the Lung_7-TM_R pfam (Figure S1B).

Phylogenetic analysis
Full length protein sequences were analyzed using MEGA X (Kumar et al., 2018) and included software packages. Sequences were

aligned using MUSCLE and unrooted phylogenetic trees were constructed via the Maximum Likelihood method using 391 positions

after complete deletion of gaps and missing data. The reliability of the inferred tree was evaluated using 100 bootstrap replicates.

QUANTIFICATION AND STATISTICAL ANALYSIS

For seedling growth assays, plates were scanned using an Epson 1000XL flat-bed scanner and root or hypocotyl lengths were

measured using a segmented line in Fiji (Schindelin et al., 2012).

FM4-64 signal in the plasmamembranewasmeasured in Fiji from a segmented line drawn around the cell (thickness 3 pixels), while

intracellular signal was measured from a polygon drawn inside the plasma membrane. Puncta/area of the cell were measured within

this same polygon.

Plasma membrane localized CESAs were monitored using 10 second time-lapse images for 10 minutes. If required, time-lapse

images were aligned using the StackReg plugin (Thévenaz et al., 1998) and background was subtracted from images using a 50 pixel

rolling ball radius. Sum projections of time-lapse images were used to select CSC tracks, then kymographs (3 pixel line width) were

generated from the time series using the MultiKymograph tool. CSC speeds were calculated from the displacement over time of in-

dividual particles identified in the kymographs (Paredez et al., 2006). CSC density at the plasma membrane and SmaCCs in the cell

cortex were identified using the ThunderSTORM plugin (Ovesný et al., 2014) with the microscope hardware information, but other-

wise using default settings. Golgi bodies in the cell cortex were manually excluded by their large size, SmaCCs were identified as

high-intensity particles and the remainder of the particles were considered to be CSCs. For FRAP experiments, new CSC delivery

events were identified according to Sampathkumar et al. (2013).

Colocalization was quantified from z-stacks (with 0.2 mm spacing using the 100x N.A. 1.49 objective) using the object-based

(centre-particle) method in the JaCOP plugin for Fiji (Bolte and Cordelières, 2006) with the microscope hardware information, but

otherwise default settings.

Box plots and violin plots were prepared using BoxPlotR (Spitzer et al., 2014), bar charts were prepared in Excel. In violin plots,

white circles show the medians, wide bar limits indicate the 25th and 75th percentiles, whiskers extend 1.5 times the interquartile

range, polygons represent density estimates of data and extend to extreme values. In box plots, box limits indicate 25th and 75th per-

centiles, whiskers extend to 1.5 times the interquartile range, median is indicated by a line, mean by a red ‘‘+’’ and individual data

points are shown. In bar charts, bars represent mean, whiskers represent standard error. Unless noted otherwise (in figure legends),
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graphs summarize data from three independent experiments. For growth assays, n indicates the number of seedlings measured. For

cell wall analysis, n indicates distinct pools of seedlings that were homogenized for cell wall extraction. For live cell imaging, n indi-

cates the number of cells quantified for any given measurement; to limit the time that seedlings spent mounted for imaging, no more

than three cells per seedling were imaged in any experiment. Details of statistical analysis and number of quantified entities (n) can be

found in the figure legends.
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