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e Background Phytohormones are small molecules that regulate virtually every aspect of plant growth and de-
velopment, from basic cellular processes, such as cell expansion and division, to whole plant environmental re-
sponses. While the phytohormone levels and distribution thus tell the plant how to adjust itself, the corresponding
growth alterations are actuated by cell wall modification/synthesis and internal turgor. Plant cell walls are complex
polysaccharide-rich extracellular matrixes that surround all plant cells. Among the cell wall components, cellulose
is typically the major polysaccharide, and is the load-bearing structure of the walls. Hence, the cell wall distribu-
tion of cellulose, which is synthesized by large Cellulose Synthase protein complexes at the cell surface, directs
plant growth.

* Scope Here, we review the relationships between key phytohormone classes and cellulose deposition in plant
systems. We present the core signalling pathways associated with each phytohormone and discuss the current
understanding of how these signalling pathways impact cellulose biosynthesis with a particular focus on transcrip-
tional and post-translational regulation. Because cortical microtubules underlying the plasma membrane signifi-
cantly impact the trajectories of Cellulose Synthase Complexes, we also discuss the current understanding of how
phytohormone signalling impacts the cortical microtubule array.

e Conclusion Given the importance of cellulose deposition and phytohormone signalling in plant growth and
development, one would expect that there is substantial cross-talk between these processes; however, mechanisms

for many of these relationships remain unclear and should be considered as the target of future studies.
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INTRODUCTION

Phytohormones are small molecules produced by plants to signal
environmental alterations and support developmental progres-
sion. The major phytohormone classes include abscisic acid
(ABA), auxins, brassinosteroids (BRs), cytokinin (CK), ethylene
(ET), gibberellins, jasmonic acid (JA), salicylic acid (SA) and,
more recently, strigolactone (SL) (Daviere and Achard, 2016).
The biosynthetic and signalling pathways for these phytohormone
classes have been outlined through genetic, chemical and struc-
tural studies. While these pathways have been explored independ-
ently, the last decade has provided ample examples of extensive
crosstalk between phytohormone signalling and biosynthetic
pathways (Kuppusamy et al., 2009; Bai et al., 2012), suggesting
that a highly interconnected hormone signalling framework is of
critical importance to regulate plant growth.

While phytohormones control assorted aspects of plant
growth, development and responses to the environment, the pri-
mary actuators of plant growth comprise two intimately linked
processes: turgor-mediated cell expansion, and the synthesis,

deposition and remodelling of plant cell walls. Cell walls con-
sist largely of polysaccharides, proteins, water-soluble material
and, in some cases, polyphenolics (Somerville ef al., 2004;
Cosgrove, 2005; Burton et al., 2010). Of these components,
the polysaccharides are typically the main constituents and
are divided into three broad classes: cellulose, hemicelluloses
and pectins. Additionally, plant cell walls can be subclassified
based on thickness, composition and tissue distribution into
primary cell walls, which surround nearly all plant cells, and
secondary cell walls, which are substantially thickened cel-
lulose and lignin-rich structures found primarily in the plant
vasculature. Cellulose is often the principal polysaccharide of
plant cell walls and, with a tensile strength similar to that of
steel, contributes the load-bearing strength necessary to coun-
teract the substantial turgor pressure that arises in growing plant
cells (Somerville et al., 2004; Cosgrove, 2005). Directed cell
expansion is therefore governed primarily by cellulose orien-
tation, which largely renders mechanical anisotropy (Eng and
Sampathkumar, 2018).
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Cellulose synthesis

Cellulose consists of 3-(1—4)-linked glucans that are typ-
ically arranged into para-crystalline microfibrils via intermo-
lecular hydrogen bonds. This polysaccharide is produced by
Cellulose Synthase A (CESA) protein complexes (CSCs) at the
plasma membrane of all land plants (Lampugnani et al., 2019).
The CSCs are thought to consist of three unique, but structur-
ally related, CESA subunits (Schneider et al., 2016), which
serve as the catalytic subunits of CSCs (Purushotham et al.,
2016; Cho et al., 2017). In Arabidopsis thaliana, the three sub-
units CESA1, 3 and CESA6-like CESAs produce cellulose in
primary walls (Desprez et al., 2007; Persson et al., 2007). By
contrast, another set of CESAs, CESA4, 7 and 8, form a CSC
that is active during secondary wall cellulose synthesis (Taylor
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the Golgi apparatus (Polko and Kieber, 2019) (Fig. 1) with the
aid of the STELLOI1 and 2 proteins (STL) (Zhang et al., 2016).
After assembly, the CSCs are secreted via the trans-Golgi net-
work (TGN) to the plasma membrane, a process which requires
TGN acidic pH (Luo et al., 2015), a dynamic actin cytoskeleton
and actin-mediated trafficking (Sampathkumar et al., 2013;
Zhang et al., 2019), the FRAGILE FIBER1 (FRA1) kinesin
(Zhu et al., 2015), the exocyst complex via PATROL1 (Zhu
et al., 2018), and a pair of proteins referred to as SHOU4 and
SHOU4-like (Polko et al., 2018). CSCs are preferentially de-
livered to plasma membrane sites that coincide with cortical
microtubules (CMTs) of growing cells (Gutierrez et al., 2009).

After delivery, the CSCs are probably activated, possibly
via post-translational modifications (Speicher et al., 2018).

Their activation would lead to cellulose extrusion into the
apoplast and incorporation of the microfibrils into the cell

et al., 2003). The CESAs are synthesized at the endoplasmic
reticulum (ER) and assembled into CSCs either at the ER or at
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F1G. 1. The impacts of phytohormones on cellulose synthesis and microtubule (MT) organization. Cellulose is synthesized by plasma membrane (PM)-localized
cellulose synthase (CESA) complexes (CSC) that move along underlying cortical MT. CESAs are synthesized at the endoplasmic reticulum (ER) and then trans-
ported via the Golgi and the trans-Golgi Network (TGN) to the PM, possibly via small CESA compartments (SmaCCs). Phytohormones regulate CESA expres-
sion. For example, the brassinosteroid (BR)-regulated transcription factor BES1 can directly bind to the promoter of CESAs, thus activating expression. Also, the
gibberellin (GA)-mediated DELLA-NAC signalling pathway may regulate CESA expression and secondary wall biosynthesis. Besides transcriptional regulation,
phytohormones can control post-translational modifications of CESAs. Here, BIN2, a negative regulator of BR signalling, negatively regulates CSC activity and
cellulose synthesis by phosphorylating CESA1 in Arabidopsis. Some PM-localized receptor kinases provide links between hormone signalling and cellulose and
cell wall synthesis. FEI1 and 2, two leucine-rich repeat receptor kinases, might interact with ACS, an important component for ethylene (ET) synthesis, which
may regulate cellulose synthesis and cell expansion. The protein kinases THESEUS (THE1) and FERONIA (FER) might connect jasmonic acid (JA) signalling,
cellulose synthesis and cell wall integrity. Notably, most of the links between phytohormone levels, signalling and cellulose synthesis are indirect and much work
is needed to consolidate the connections and underlying mechanisms. MT organization and dynamics are regulated by phytohormones. For instance, auxin (IAA)
impacts MT organization via the IAA-ABP1-ROP6-RIC1-KTN1 pathway. Moreover, prefoldin (PFD) proteins can interact with DELLAs and then directly influ-
ence MT dimerization and behaviour. The data presented here derive from current studies on Arabidopsis.

Cellulose synthesis
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wall structure. This incorporation would effectively immo-
bilize the microfibrils and therefore force the active CSCs
to move forward in the plasma membrane. Indeed, newly
delivered CSCs are typically immobile for about 1 min
(Gutierrez et al., 2009; Zhang et al., 2019) after which they
become motile (Paredez et al., 2006; Diotallevi and Mulder,
2007; Watanabe et al., 2015). The direction of movement is
templated by CMTs (Paredez et al., 2006; Watanabe et al.,
2015, 2018) (Fig. 1). The CSCs functionally associate with
CMTs through several proteins (Schneider er al., 2016).
Here, CELLULOSE SYNTHASE INTERACTIVE (CSI1)
and COMPANION OF CELLULOSE SYNTHASE1 (CC1)
and 2 are important factors that maintain CSCs on CMT
tracks (Bringmann et al., 2012; Li et al., 2012; Endler et al.,
2015; Schneider et al., 2017; Kesten et al., 2019). In add-
ition, the CELLULOSE-MICROTUBULE UNCOUPLING1
(CMU1) and 2 contribute to the stability of the microtubules
to withstand forces generated by the moving CSCs (Liu
et al., 2016). Hence, as the templating devices for cellulose
synthesis, CMTs may drive mechanical wall anisotropy to
steer cell expansion. However, cellulose microfibril orienta-
tion does not always align with CMTs (Himmelspach et al.,
2003), and coordinated CSC behaviour occurs in the absence
of CMTs (Paredez et al., 2006). It is therefore plausible that
certain wall-related features or membrane restrictions may
also contribute to maintenance of CSC coordination (Baskin,
2001; Schneider et al., 2017; Chan and Coen, 2020).

The speed of CSC movement is likely to represent the cata-
lytic rate of the complexes (Schneider et al., 2016). Primary
wall CSCs typically move bi-directionally at a rate of 150—
500 nm/min, which corresponds to ~300-1000 glucose residues
per glucan chain per minute (Paredez et al., 2006). Mutations
in several CSC-associated proteins impact these rates. For ex-
ample, mutations of the endo-glucanase KORRIGAN (KOR1)
and CHITINASE-LIKE1 (CTL1) lead to reduced CSC speeds
with corresponding reductions in cellulose content (Nicol et al.,
1998; Paredez et al., 2008; Sanchez-Rodriguez et al., 2012).
Several other components are closely linked to cellulose pro-
duction and impact cellulose levels, such as members of the
glycosylphosphatidylinositol (GPI) anchored proteins COBRA
(COB) (Brown et al., 2005; Roudier et al., 2005) and a pro-
tein of unknown function called KOBITO (KOB1) (Pagant
et al., 2002). Once the CSC produces a cellulose microfibril
of sufficient length, typically around 3 pm if one assumes a
CSC speed of 300 nm/min and a lifetime of just below 10 min
(Sampathkumar et al., 2013), the CSC is stalled through an
unknown mechanism and awaits internalization. This internal-
ization process is driven by the TPLATE complex (Gadeyne
et al., 2014; Sanchez-Rodriguez et al., 2018) with aid of the
Adapter-Protein complex (AP2) (Bashline et al., 2013, 2015).
The internalization may lead to a recycling route via the TGN,
or perhaps the intermediate membrane compartments referred
to as small CESA compartments (smaCCs) (Gutierrez et al.,
2009)/microtubule-associated cellulose synthase compartments
(MASCs) (Crowell et al., 2009), or to degradation via the lytic
vacuole.

Based on the critical importance of phytohormone signalling
and cellulose biosynthesis in coordinating plant growth
and development, it is anticipated that numerous functional
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relationships exist between these two processes (Sdnchez-
Rodriguez et al., 2010). In the following sections, we outline
how cellulose synthesis interconnects with hormone production
and signalling and how these relationships impact plant growth.
We also provide concrete steps to improve our understanding of
cross-talks between cellulose biosynthesis and phytohormone
signal transduction.

BR signalling and cellulose biosynthesis

Brassinosteroids (BRs) are a key class of growth-promoting
phytohormones that impact physiological processes across the
entire plant life cycle, including seedling germination, root
meristem maintenance, cell expansion, stomatal development
and responses to environmental perturbations (Kim et al.,
2012; Hu and Yu, 2014; Espinosa-Ruiz et al., 2017; Krishna
et al., 2017). The BR synthesis and signalling pathways have
been extensively reviewed elsewhere (Kim and Wang, 2010;
Wang et al., 2014; Planas-Riverola ef al., 2019). In brief, BRs
are perceived by the BRASSINOSTEROID INSENSITIVE
1 (BRI1) receptor kinase, which interacts with and recipro-
cally transphosphorylates BRIl Associated receptor Kinase
1 (BAK1) (Wang et al., 2008). This interaction promotes
phosphorylation of the cytosolic Brassinosteroid Signaling
Kinases (BSKs) and CONSTITUTIVE DIFFERENTIAL
GROWTHI (CDG1) (Tang et al., 2008). These kinases acti-
vate BRIl SUPPRESOR 1 (BSU1) phosphatase (Kim et al.,
2009), which in turn inactivates BRASSINOSTEROID
INSENSITIVE 2 (BIN2). Inactivation of BIN2 and subse-
quent dephosphorylation of BRASSINAZOLE RESISTANT
1 (BZR1) and BRI1-EMS-SUPPRESSOR 1 (BES1) transcrip-
tion factors by Protein Phosphatase 2A (PP2A) family mem-
bers regulate the expression of numerous target genes in the
plant genome (Sun et al., 2010). In the absence of BRs, BIN2
is autophosphorylated and phosphorylates BZR1 and BES1 to
promote their interaction with 14-3-3 proteins, and to seques-
tration in the cytosol (Gampala et al., 2007; Ryu et al., 2007).
This leads to the degradation of BES1 and BZRI1 by the 26S
proteasome (Zhu et al., 2017) and thus prevents transcriptional
regulation of BR responsive genes (He et al., 2002).

Relationships between BR signalling and cellulose produc-
tion are evident in elongating cotton fibres, where cellulose pro-
duction is intimately linked to fibre elongation (Haigler et al.,
2012). Exogenous Epi-Brassinolide (BL, an active form of BR)
application caused fibre elongation in Gossypium herbaceum
(cotton), and exogenous Brassinazole (BRZ, a BR biosynthesis
inhibitor) inhibited cotton fibre elongation (Sun et al., 2005),
indicating that BRs control fibre elongation. PAGODA (PAG1),
a cytochrome p450 homologue in cotton, hydroxylates and de-
activates endogenous BR metabolites (Zuoren et al., 2014), and
pagl activation-tag mutants displayed reduced fibre elongation
with concomitant defects in cell wall biosynthesis that could
be rescued by exogeneous BL application. Additionally, cotton
fibre secondary cell walls were thicker upon exogenous BL
treatment, and overexpression of the BRII receptor in cotton
led to transcriptional upregulation of GhCESAI, while ex-
ogenous application of BRZ and an antisense insertion of BRI1
had the opposite effect on cell wall thickness (Sun et al., 2015).
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These results indicate a role for BRs in the regulation of sec-
ondary cell wall deposition (Sun ef al., 2015).

BR signalling directly influences the transcriptional regu-
lation of CESA genes involved in primary and secondary cell
wall cellulose deposition in Arabidopsis (Xie et al., 2011).
For example, biomass accumulation and cellulose content de-
creased in the BR-signalling mutant bri/-301 and in the BR
synthesis mutant def2-/ (a point mutation in a steroid 5-alpha
reductase, rendering plants incapable of BR biosynthesis) (Xie
et al., 2011). Conversely, cellulose content increased in plants
overexpressing BRII or BESI. Upon BR treatment, genes impli-
cated in primary wall (CESAI, 2, 5, 6 and 9) and secondary wall
(CESA4, 7 and &) cellulose deposition were transcriptionally
upregulated (Xie ef al., 2011). Chromatin immunoprecipitation
using a BES1 antibody followed by quantitative PCR (qPCR)
showed that BES1 could bind to promoter regions of these
CESAs (Xie et al., 2011). These observations suggest that the
BR transcriptional regulation programme participates in dir-
ectly controlling CESA gene expression in response to BR
signalling.

The CSC is also post-translationally regulated in a
BR-dependent manner by BIN2 in Arabidopsis (Sanchez-
Rodriguez et al., 2017) (Fig. 1). Crystalline cellulose content
was significantly reduced in the hypermorphic bin2-1 mutant,
and this effect was alleviated by the BIN2-specific kinase
inhibitor bikinin (BK) (Sanchez-Rodriguez et al., 2017),
indicating that BIN2 activity negatively regulates CSC ac-
tivity. CSC motility was also reduced in both the det2-1 and
the bin2-1 mutant backgrounds, and these motility defects
could be rapidly rescued by addition of BL and BK, respect-
ively. Subsequent in vitro protein kinase assays with syn-
thetic peptides demonstrated that recombinantly expressed
BIN2 phosphorylates CESAT1 at position T157 in a priming
phosphorylation-dependent manner. BIN2-mediated phos-
phorylation of CESA1 also directly modulated CSC activity
in vivo. Phosphonull mutants of CESA1 at position T157
(T157A) exhibited CSC velocities comparable to that of the
wild type in the bin2-1 mutant backgrounds, indicating that
this site is responsible for altered CSC motility at the plasma
membrane when BRs are not present or when BRs are not per-
ceived by the cell (Sdnchez-Rodriguez et al., 2017).

Overall, these studies indicate that BRs stimulate cellulose
synthesis. When BRs are perceived by the cell, CESA tran-
scripts accumulate, CSC activity is increased and cellulose con-
tent increases. However, in the absence of BRs, BIN2 protein
kinase is active and phosphorylates at least one component of
the CSC, thus negatively modulating CSC activity. It is plaus-
ible that BIN2 here reduces cellulose production as cells do
not require sustained directed cell growth after they have fully
expanded. Hence, this would be an effective way to coordinate
BR signalling with wall polysaccharide deposition. It is also
possible that other protein kinases in the BR signalling cascade,
such as BRI1, BAK1 and/or CDG1, directly regulate CSC com-
ponents, but this hypothesis remains to be tested. For example,
the CESAI1™"7 phosphorylation event that is mediated by
BIN2 requires a priming phosphorylated residue at CESA 15162
(Sanchez-Rodriguez et al., 2017). These BR-regulated kin-
ases may represent reasonable enzymes to mediate such a
phosphorylation event.
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BR signalling also impacts the dynamics and orientation
of CMTs that guide CSCs. In rapidly expanding epidermal
cells of etiolated hypocotyls, CMTs are typically transversely
oriented, leading to transverse cellulose microfibril orientation
(Paredez et al., 2006). However, mutants that are compromised
in BR synthesis and signalling typically display longitudin-
ally oriented CMT arrays (Wang et al., 2012). Moreover, MT
orientation could be changed from longitudinal to transverse in
the det2-1 mutant when seedlings were treated with BL; how-
ever, such MT reorientation could not be accomplished in the
bril-116 mutant that is insensitive to BL (Wang et al., 2012).
Further treatments of these mutants with the MT-destabilizing
drug oryzalin indicated that BR synthesis or signalling mutants
exhibit more stable and hence less dynamic CMTs (Wang et al.,
2012; Liu et al., 2018). This increase in stability of CMTs pre-
vents their reorientation from longitudinal to transverse in ex-
panding root and hypocotyl cells.

The molecular mechanisms behind the BR-controlled MT
dynamics are not clear. However, recent studies have identified
some components associated with this process. For example,
MICROTUBULE DESTABLILIZING PROTEIN 40 (MDP40) is
a direct transcriptional target of BZR1, and MDP40 is induced
upon BL treatment (Wang et al., 2012). MDP40 co-localizes
with CMTs, and importantly, MDP40 RNAIi lines displayed
enhanced stability and reduced reorientation rates of the MT
array, similar to what was observed in BR signalling and syn-
thesis mutants (Wang et al., 2012). Hence, MDP40 plays a crit-
ical role in this process. BIN2 may also directly interact with
MTs and increase MT stability. This suggestion is based on the
observation that CMTs were less sensitive to oryzalin in the
bin2-1 mutant (Liu et al., 2018). Overall, these observations
indicate that BR synthesis and signalling promote a dynamic
and transversely oriented CMT array to support transverse de-
position of cellulose microfibrils as well as anisotropic growth.

ABA signalling and cellulose biosynthesis

Abscisic acid (ABA) is an important phytohormone that
regulates assorted processes in the plant life cycle, including
seed development, stomatal conductance, seedling growth,
and responses to abiotic and biotic stresses (Cutler et al.,
2010). ABA synthesis and signalling pathways have been ex-
tensively reviewed elsewhere (Cutler ef al., 2010; Munemasa
et al., 2015; Yang et al., 2017; Yan and Chen, 2017). In brief,
the first steps of ABA synthesis occur in plastids with subse-
quent steps in the cytoplasm, with C40 carotenoid serving as
a synthetic precursor (Seo and Koshiba, 2002). Zeaxanthin
epoxidase (ZEP), 9-cis-epoxycarotenoid dioxygenase (NCED)
and ABA-aldehyde oxidase (AAO) are key ABA biosynthetic
enzymes, with NCED functioning as a rate-limiting enzyme
for ABA biosynthesis (Seo and Koshiba, 2002; Hauser et al.,
2017). Exposure of plants to various types of abiotic stresses,
such as salt or drought stress, causes rapid accumulation of
endogenous ABA levels and increased expression of ABA
biosynthesis-related genes (Xiong et al., 2002). ABA is per-
ceived by members of the PYRABACTIN RESISTANT (PYR)/
PYR-LIKE (PYL)REGULATORY COMPONENT OF ABA
RECEPTOR (RCAR) protein family (Park et al., 2009), which
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directly bind to ABA and undergo a conformational change to
inhibit the activity of Protein Phosphatase 2C (PP2C) isoforms
(Melcher et al., 2009; Santiago et al., 2009). This triggers
autophosphorylation and activation of SNFI1-RELATED
PROTEIN KINASE 2 (SnRK?2) isoforms, resulting in phos-
phorylation of numerous downstream targets, including the
ABA-RESPONSIVE ELEMENT BINDING FACTOR (ABF)
transcription factors that mediate ABA-regulated transcrip-
tional reprogramming (Fujii et al., 2009). Due to the central
role of ABA in coordinating growth responses to abiotic stress
and the fact that the CSC responds to abiotic stress conditions
(Gutierrez et al., 2009; Endler et al., 2015), it is anticipated
that ABA may play a role in regulating cellulose biosynthesis,
particularly under stress conditions. However, clear mechan-
istic links between cellulose biosynthesis and ABA signalling
are lacking.

Defects in the secondary wall CESAs affect ABA biosyn-
thesis and signalling in Arabidopsis. The lew2-1 mutant of
CESAS8/IRX1 was more drought and salt stress tolerant than
control plants and exhibited an increased ABA content, pos-
sibly due to the enhanced expression of the ABA synthesis-
related gene SDRI/ABA2. Similarly, the ABA-responsive gene
RD29A was up-regulated in lew2-1. This result indicated that
ABA biosynthesis and signalling are constitutive in lew2-1
mutants, perhaps because the defects in water transport or vas-
cular function in the mutant resulted in constant plant stress
that is signalled via ABA (Chen et al., 2005). In line with this
hypothesis, mutations in the three secondary wall CESAs,
CESAA4, 7 or 8, enhanced resistance against the soil-borne bac-
terium Ralstonia solanacearum and the necrotrophic fungus
Plectosphaerella cucumerina in an ABA-dependent manner
(Hernandez-Blanco et al., 2007). Furthermore, perturbation in
ABA synthesis and signalling in cesa’7 or cesa8 mutants re-
sulted in enhanced developmental defects (Herndndez-Blanco
et al., 2007), corroborating that ABA signalling is important
for plant development when secondary wall cellulose content
is impaired. Nevertheless, it is unclear how the secondary wall
cellulose defects are translated into ABA changes and if other
secondary wall defects would lead to similar ABA changes.

A potential connection between ABA and cellulose synthesis
was suggested in cotton. The basis for this association was that
several ABA-responsive motifs were present in the promoter of
Gossypium hirsutum CESA4 (GhCESA4). However, ABA treat-
ment resulted only in modest expression changes of the CESA4
gene (Kim et al., 2011). In addition, endogenous ABA levels
did not correlate with cellulose accumulation during the devel-
opment of cotton fibres. Instead, the ratio of ABA/TAA levels
and secondary cell wall thickening in the fibres correlated well
(You-Ming et al., 2001), perhaps indicative of how cell wall
production may be controlled via hormone cross-talks.

Abiotic stress impacts cellulose synthesis (Gutierrez et al.,
2009; Endler et al., 2015; Wang et al., 2016). Abiotic stresses,
such as salt and drought stress, induce rapid increases in ABA
content (Xiong et al., 2002), suggesting that ABA may play a
role in regulating cellulose biosynthesis under such stress con-
ditions. The plant-specific CC1 and CC2 proteins sustain cellu-
lose synthesis and plant growth under salt stress by promoting
the re-establishment of CMT arrays and the re-localization of
CESAs to the plasma membrane (Endler ez al., 2015). However,
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whether ABA signalling is necessary for CC1/2-mediated cel-
lulose synthesis and salt tolerance remains unclear, and might
represent an interesting avenue to explore cellulose synthesis
mechanisms under abiotic stress. This line of investigation may
also help to infer whether and how ABA signalling could influ-
ence cellulose synthesis.

Another potential link between salt stress, ABA and cellulose
synthesis is KOB1, which is a putative glycosyltransferase-like
protein (Pagant et al., 2002). The kobI mutant displayed severe
growth defects, reduced cellulose synthesis and disordered cellu-
lose microfibril orientations (Pagant et al., 2002). Interestingly,
the KOBI mutant allele abi8 was isolated in a screen for ABA-
resistant seed germination mutants. The abi§ mutant displayed
abnormal stomatal activities and ABA-responsive gene expres-
sion, indicating that KOB1 might be associated with ABA-
related processes (Brocard-Gifford et al., 2004). Moreover,
KOBI gene expression was suppressed in the root epidermis
and cortex during salt stress (Dinneny et al., 2008), indicating a
link between salt stress, ABA and cellulose synthesis. However,
these observations are only correlative and it is unclear how
KOBI impacts stomata function, ABA synthesis and cellu-
lose production (Pagant et al., 2002; Lertpiriyapong and Sung,
2003). Thus, it will be interesting to study how KOB1 functions
in response to salt stress, and it would also be useful to cross
kobl with CESA and CMT marker lines to determine whether
CSC activity and MT behaviour is altered in the kobl mutant
under abiotic stress or exogenous ABA treatment.

While salt stress impacts CMT organization and dynamics
(Endler et al., 2015), there are some indications that ABA can
also directly affect MT behaviour. Studies in leek leaf epidermal
cells revealed that 20 pm ABA treatment for 14—18 h altered
CMT array orientation and promoted longitudinal organiza-
tion in leaf epidermal cells (Seung et al., 2013). In Arabidopsis
hypocotyl cells, 1 pm ABA treatment for 2 weeks resulted in
CMT depolymerization (Takatani et al., 2015), which also led
to ectopic epidermal cell outgrowths (Takatani et al., 2015).
However, it is perhaps unlikely that these changes are due to a
direct effect of ABA as treatment times are extensive.

Stomata close in response to abiotic stress to avoid water
loss, and ABA serves as an essential phytohormone to regu-
late this process (Tallman, 2004). Qu et al. (2018) found
that ABA treatment led to MT depolymerization in guard
cells and decreased stomatal aperture, while the additional
application of paclitaxel, an MT-stabilizing agent, partially
suppressed the ABA-induced MT depolymerization and
stomatal closure. This indicates that depolymerization of
a guard cell MT array might be required for ABA-induced
stomatal closure (Qu et al., 2018), and is in line with the
results of Takatani ef al. (2015), to indicate that ABA may
be able to depolymerize CMTs. ABA-triggered CMT de-
polymerization could in this way change cell wall organiza-
tion to alter growth. For example, such changes may alter
cell wall polysaccharide deposition or properties to facili-
tate rapid stomatal opening/closing in response to abiotic
stresses. A click-based approach (Anderson et al., 2012) to
monitor certain cell wall polymer alterations could perhaps
be used to monitor such ABA-induced structural changes
in real-time. Notably, similar effects on CMT behaviour
have been observed under salt and osmotic stress, i.e. CMT
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depolymerization and CMT re-orientation (Wang et al.,
2007; Endler et al., 2015). It may thus be interesting to de-
termine whether salt- and/or osmotic-stress-induced CMT
depolymerization is dependent on ABA signalling. This hy-
pothesis could be tested in a nced3 mutant background to
abolish ABA induction or ABA-insensitive mutants, such as
abil-1, to interrupt ABA signalling.

Gibberellin signalling and cellulose biosynthesis

Gibberellins (GAs) are essential phytohormones that play
important regulatory roles in plant growth and development
(Yamaguchi, 2008). GAs promote plant growth by stimulating
directed cell expansion, which should influence cellulose de-
position and CMT organization (Bringmann et al., 2012). GA
synthesis and signalling pathways have been extensively re-
viewed elsewhere (Daviere and Achard, 2013; Binenbaum
et al., 2018). GA biosynthesis is well understood, with most of
the enzymes identified, i.e. GA 20-oxidase (GA200x) and GA
2-oxidase (GA20x) (Hedden and Thomas, 2012).

GA signal transduction is largely mediated via the DELLA
proteins, a group of proteins containing the conserved
DELLA amino acid sequence in their N-terminal domain.
The Arabidopsis genome encodes five DELLA proteins [GAI,
RGA, RGA-LIKE 1 (RGL1), RGL2 and RGL3], whereas only
a single DELLA protein, SLENDER RICE 1 (SLR1), has
been identified in rice (Locascio et al., 2013a). DELLA pro-
teins serve as repressors of GA signal transduction and inhibit
GA-responsive gene transcription in the absence of GA, leading
to the suppression of GA-mediated plant growth and develop-
ment. Once GA is produced, it is perceived by the GA receptor
GID1 and forms a GA-GID1-DELLA ternary protein com-
plex. The DELLA proteins are then polyubiquitinated by the E3
ubiquitin ligase SLEEPY1 (SLY1) and subsequently degraded
in a 26S proteasome-dependent manner, which relieves the sup-
pression of GA responsive genes (Wang and Deng, 2011). GA
signalling through DELLA proteins transmits a range of envir-
onmental and developmental signals by interacting with mul-
tiple transcription factors to control gene expression (Daviere
and Achard, 2013).

The effect of GA on cellulose synthesis has been studied in
several plant species, including cotton and rice. For instance,
enhanced GA production led to increased secondary wall thick-
ness and cellulose content in cotton fibres. This increase was
probably mediated through elevated sucrose synthase activity,
which presumably produced more UDP-glucose to fuel cel-
lulose synthesis (Bai et al., 2014). While that study provided
indirect evidence for how GA could impact cellulose syn-
thesis, other studies point in similar directions. A recent study
in Sorghum bicolor showed that the Sorghum sp. dwfi-1 mu-
tant, containing a genetic lesion in GA20-oxidase, exhibited a
dwarfed phenotype and reduced cellulose content, indicating
that suppression of GA biosynthesis-related genes impacts cel-
lulose synthesis (Petti et al., 2015). Additionally, exogenous
treatment with the GA biosynthesis inhibitors daminozide or
chlorochlorine chloride resulted in decreased cellulose syn-
thesis in Sorghum. They also demonstrated that gene expres-
sion levels of the primary wall CESAs, SbCESA1/3/6, increased
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after GA application (Petti et al., 2015). However, the mechan-
istic basis of GA-regulated transcription of the CESA genes in
Sorghum is unclear.

In rice, the GA-deficient mutant sd//, which contains a
mutation in GA20-oxidase, exhibited thinner sclerenchyma
cell walls, reduced secondary wall CESA expression levels
and reduced cellulose content. Notably, genetic disruption of
SLR1 (the DELLA protein in rice) or exogenous GA applica-
tion restored the secondary wall CESA expression levels and
cellulose content, indicating that GA also promotes cellulose
production in rice (Huang et al., 2015). Interestingly, SLRI1
directly interacted with NAC29/NAC31, two members of the
NAC transcription factor (TF) family, which are transcrip-
tional regulators required for secondary wall formation. This
interaction occurred in the absence of GA and, given the na-
ture of DELLAs, thus effectively prevented the activation of
downstream TFs, such as MYB61, and consequently repressed
CESA expression and inhibited cellulose biosynthesis (Huang
et al.,2015). In the presence of GA, SLR1 was degraded, which
activated secondary wall-regulating TFs and secondary wall
cellulose synthesis (Huang ef al., 2015). Therefore, it was in-
ferred that the GA-mediated DELLA-NAC signalling pathway
is essential for regulation of the secondary wall biosynthesis
(Huang et al., 2015).

Another link between GA and cellulose synthesis is me-
diated by Xyloglucan Endotransglucosylase/Hydrolase 21
(XTH21). XTH21 expression was induced by gibberellic acid
(GA3) treatment, but not by other hormones, in Arabidopsis
(Liu et al., 2007). Mutations in XTH21I led to several alter-
ations of cell wall properties, including reduced mass-average
molecular weight of xyloglucan, depressed expression levels
of CESA2/4, decreased cellulose content and reduced cell ex-
pansion (Liu er al., 2007). These observations suggested that
XTH?21 might play a role in the cell elongation and plant growth
processes by affecting cellulose synthesis and cell wall model-
ling. However, if XTH21 has a direct effect on cellulose syn-
thesis, or whether these phenotypes are a side-effect from its
effect on xyloglucans, and whether GA could function as a co-
ordinator in this process remain unclear. Similarly, the impact
of GA on XTH2I expression might be mediated by DELLA-
related TFs but could also be mediated by other indirect effects,
which provides research directions to further study the regula-
tory mechanism of GA-related cellulose synthesis and cell wall
formation.

GA also affects CMT organization and dynamics. Indeed,
early studies indicated that the CMT array orientation is in-
fluenced by GA content (Baluska et al., 1993). GA deficiency
caused by naturally occurring mutations in the d5 mutant, or
application of the GA biosynthesis inhibitor paclobutrazol,
caused disordered MT arrays in the root cortex of maize.
These changes could be restored by exogenous GA treatment,
indicating that GA plays a role in CMT organization (Baluska
etal., 1993).

More recent studies showed that DELLA proteins may con-
nect GA and CMT organization. For example, prefoldin pro-
teins can interact with DELLA proteins and this interaction
can directly influence CMT behaviour (Locascio et al., 2013b)
(Fig. 1). Here, the prefoldin complex, which typically func-
tions in the cytoplasm, played an important role in tubulin
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dimer assembly. In the absence of GA, prefoldin was largely
localized to the nucleus and directly interacted with DELLA
proteins, which in turn impaired the tubulin folding chaperone
function of prefoldin and caused CMT array disorganization.
When GA was present, DELLA proteins were degraded and
the prefoldin complex localized to the cytoplasm, resulting in
increased tubulin dimer production and organized CMT align-
ment (Locascio et al., 2013b).

MT severing, which is facilitated by MT-severing proteins,
is critical for CMT array organization and dynamics and is im-
portant for various physiological processes, such as mitosis,
meiosis and morphogenesis in plants (Sharp and Ross, 2012;
Lindeboom et al., 2013). Mutations in KTNI (ktnl, fra2, luel),
a katanin-like MT-severing protein, led to decreased cellulose
and hemicellulose content, as well as reduced fibre cell length
and cell wall thickness (Burk et al., 2001). Additionally, ktnl
mutants exhibited abnormal CMT array structure and altered
cellulose microfibril orientation (Burk and Ye, 2002). Notably,
ktnl mutants also displayed enhanced expression levels of
GA synthesis-related genes, including GA4 and GAS5, which
are two key genes in GA synthesis (Meier et al., 2001). These
findings indicate a cross-talk between CMT organization, cel-
lulose synthesis and GA signalling and/or synthesis. Another
link between KTN1 and GA was revealed in the gal-1 mutant,
a GA-deficient mutant that had reduced levels of KTNI tran-
scripts. This decrease could be restored by exogenous GA, ap-
plication, suggesting that KTNI expression is modulated by GA
level in plants (Bouquin et al., 2003).

Together, these results indicate that GA signalling and CMT
behaviour are coordinated to regulate cellulose deposition and
cell elongation, with proteins such as DELLA and KTN1 po-
tentially serving as coordinators of these processes. It will be
interesting to use relevant mutants or inhibitors for GA syn-
thesis and/or signalling to monitor cellulose production, the
properties of cell wall components and MT dynamics. Such
studies would at least begin to unravel the relationship between
GA signalling and cellulose production.

Auxin signalling and cellulose biosynthesis

Auxins impact basic cellular growth processes, such as
cell division and cell expansion, but also control a variety of
tissue- and whole-plant-level responses, such as responses to
gravitropism, apical dominance, light-related tropisms and lat-
eral organ development. These aspects of auxin synthesis and
signalling have been extensively reviewed elsewhere (Lavy and
Estelle, 2016; Matthes et al., 2019; Gallei et al., 2020).

In light of the diverse processes that are controlled by auxin,
it is not surprising that the perception and cellular distributions
of auxin are quite complex. At least two key signalling modules
are suggested to control a number of classical auxin responses.
The first of these modules consists of the TRANSPORT
INHIBITOR RESPONSEI/AUXIN SIGNALING F-BOX
(TIR1/AFB) proteins, the AUXIN RESPONSE FACTOR
(ARF) transcriptional activators and the Aux/IAA transcrip-
tional repressors (Lavy and Estelle, 2016). In this signalling
module, Aux/TAA proteins heterodimerize with ARF transcrip-
tion factors to repress auxin-regulated genes under conditions
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in which auxin is absent. Auxin forms a ternary complex be-
tween the TIR1/AFB proteins, and the degron domain of Aux/
IAA proteins, thereby serving as ‘molecular glue’ to stabilize
this interaction (Dharmasiri et al., 2005; Tan et al., 2007). This
ternary complex results in ubiquitination of the Aux/[AA pro-
teins, their subsequent degradation by the 26S proteasome and
ARF transcriptional activation. This core pathway mediates
complex transcriptional reprogramming to facilitate auxin re-
sponses (Lavy and Estelle, 2016), but it is important to note that
a large number of ARF, Aux/IAA and TIR1/AFB protein com-
binations exist in plant genomes, so the resulting transcriptional
response is probably tuned in various cell types (Calderén
Villalobos et al., 2012).

Auxin treatment leads rapidly to apoplast acidification (Ren
and Gray, 2015), resulting in cell wall loosening through the ac-
tivation of expansins (Lehman et al.,2017) and providing a direct
relationship between auxin signalling, the cell wall and growth.
The molecular basis for the well-known ‘acid growth hypoth-
esis’ and its relationship to the core auxin signalling pathway
has until recently remained relatively ill defined. SMALL
AUXIN UP-REGULATED RNA (SAUR) genes are among the
earliest transcriptionally induced genes that are responsive to
auxin (Hagen and Guilfoyle, 2002). The resulting SAUR pro-
teins localize to the plasma membrane, where they specifically
inhibit Protein Phosphatase 2C D-subfamily isoforms from
dephosphorylating T947 within the autoinhibitory domain of
plasma membrane-localized H*-ATPases (Spartz et al., 2014).
Due to this activity of SAUR proteins, the H*-ATPase is ac-
tivated and pumps protons into the extracellular matrix, thus
stimulating acidification of the apoplast and cell wall loosening.

A final important point regarding auxin signalling is that
auxin concentrations are not uniform throughout the plant but
are tightly spatially controlled by a sophisticated network of
auxin transport proteins. Members of the PIN-FORMED (PIN)
transporter family largely control this process. The PIN pro-
teins are polarly localized to the apical or basal domains of
plant cells and serve as auxin efflux carriers that transport auxin
to concentrate this hormone in a rootward direction in root cells
or a shootward direction in shoots. Members of the AUXIN1/
LIKE AUXINI (AUX/LAX) and ATP Binding Cassette sub-
family B (ABCB) transporters also contribute to polar auxin
transport and the establishment of localized auxin gradients in
various tissues (Geisler et al., 2017).

Although there is a clear relationship between auxin action
and cell wall metabolism (Arsuffi and Braybrook, 2018), few
direct links between auxin signalling and cellulose biosyn-
thesis have been established. One important link concerns
the relationship between auxin transport and cellulose depos-
ition. Although there is clear evidence that auxin transporter
polar localization requires constant recycling of vesicles to
the target membrane (Grunewald and Friml, 2010), com-
putational simulations have suggested that limiting lateral
membrane diffusion of PIN transporters is critical for main-
tenance of PIN polar localization (Heisler et al., 2010). In a
screen for mutants that resulted in mis-localized PIN trans-
porters, mutations in Arabidopsis CESA3 were identified
(Feraru et al., 2011). Similar PIN mis-localization was also
observed in other primary wall cesa mutants and after treat-
ment with the cellulose synthesis inhibitors isoxaben and
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DCB (Feraru et al., 2011). Indeed, the temperature-sensitive
CESA1 mutant rswli-1 also displayed altered PIN localiza-
tion in arabidopsis roots, which leads to substantial changes
in CESA and auxin reporter gene expression (Lehman and
Sanguinet, 2019). In contrast, the pattern of PINI localiza-
tion remained unaltered in the shoot meristems of the cesa3
point mutant (cevl), although the overall intensity of PIN1
signal was significantly reduced (Sampathkumar et al.,
2013). These results suggest that cellulose deposition is re-
quired to limit the lateral diffusion of polarly localized PIN
auxin transporters, and therefore that cellulose deposition
impacts auxin distributions in the plants.

Based on the critical functions of auxin in regulating
cell division, cell expansion, and directed growth in re-
sponse to gravistimulation or light-mediated responses, this
phytohormone would be expected to impact the orientation
and dynamics of CMT arrays that guide CSCs at the plasma
membrane. However, such impact has been substantially de-
bated, in terms of both how auxin affects the CMT array dy-
namics as well as the associated molecular mechanisms. For
example, auxin can cause transverse to longitudinal reorien-
tation of CMT arrays in both Arabidopsis root and hypo-
cotyl epidermal cells (Chen et al., 2014). Further work in
their study indicated that CMT reorientation was dependent
upon AUXIN BINDING PROTEIN1 (ABP1) and its putative
downstream signalling components ROP6-GTPase, ROP-
INTERACTIVE1 (RIC1) and KTN1 (Chen et al., 2014).
However, subsequent studies have called into question the
validity of ABP1 as an auxin receptor (Gao et al., 2015), so
the conclusions should be interpreted with caution. In con-
trast to the dark-grown hypocotyl CMT responses described
above, auxin reproducibly induces transverse CMT arrays
in light-grown hypocotyls. Several recent studies have in-
dicated that the formation of such transverse CMT arrays
in light-grown hypocotyls is dependent upon the TIR1/ABF
auxin co-receptors (True and Shaw, 2020) and that the estab-
lishment of transverse arrays could be blocked by dominant
mutations in AUXIN RESPONSIVE2 (AXR2), a member of
the IAA transcriptional repressor family. These observations
indicate that at least in light-grown hypocotyls, canonical
auxin transcriptional responses are necessary for longitudinal
to transverse CMT array re-orientation, although it should be
noted that growth stimulation through the application of the
proton-ATPase stimulating toxin fuciscoccin could produce
similar results (Adamowski et al., 2019).

Overall, there is indirect evidence relating auxin signalling
to cellulose biosynthesis, the patterning of cellulose deposition
and the role of cellulose in establishing polar auxin distribu-
tions. Further work will, however, require careful simultaneous
analysis of CSC and CMT dynamics in the presence of auxin
or the plethora of chemical and genetic tools that are available
to perturb auxin synthesis and signalling. Additionally, it will
be important to understand how the inhibition of protein phos-
phatase signalling mediated by SAUR proteins impacts the
post-translational phosphorylation of CSC components upon
auxin treatment. Based on these connections and the important
role of auxin in controlling plant cell growth, we anticipate the
uncovering of many mechanistic links between auxin synthesis,
signalling and cellulose biosynthesis.
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Cytokinin signalling and cellulose biosynthesis

Cytokinins are a family of prenylated adenosine derivatives
that regulate various plant growth and development processes,
often in concert with other phytohormones, such as cell div-
ision, cellular differentiation, leaf phyllotaxis and vascular
development (Kieber and Schaller, 2018). Cytokinins are per-
ceived through a complex signalling relay system that is remin-
iscent of bacterial two-component response regulator systems
(Kieber and Schaller, 2018). Cytokinins bind to endoplasmic
reticulum-localized histidine kinase (HK) receptors, and cyto-
kinin binding leads to activation of the HK receptor kinase do-
main and autophosphorylation on a key conserved histidine
residue. The phosphate is subsequently transferred to an aspar-
tate residue in the HK receiver domain, and then to Authentic
Histidine Phosphotransferase (AHP) proteins, which serve as
an intermediate between HK receptors and Response Regulator
(RR) proteins. Two types of RR subgroups exist, type A and
B. Type B RRs contain a receiver domain as well as an Myb-
like DNA binding domain. These proteins are phosphorylated
by AHP proteins, become activated and mediate cytokinin-
induced transcriptional responses. Type A RRs do not contain
a DNA-binding domain, and probably serve as negative regu-
lators of cytokinin signal transduction. Type A RR transcripts
are induced by cytokinin through the action of type B RRs and
probably compete with type B RRs for the phosphorylation
signal that is transduced by AHPs.

Direct links between cytokinin signalling and cellulose me-
tabolism are sparse, but it is likely that cytokinins partake in
responses to cell wall biosynthesis inhibition. Isoxaben is a po-
tent inhibitor of cellulose biosynthesis that has been extensively
used to examine the signalling events that are elicited upon cell
wall damage. Recent work has demonstrated that isoxaben
treatment causes reduced expression of cell cycle markers,
such as Cyclin Bl;1 and Cyclin D3;1 in the root apical meri-
stem of Arabidopsis seedlings (Gigli-Bisceglia et al., 2018).
Due to the well-known role of cytokinin in regulating cell div-
ision, the authors of that study used metabolomics to investi-
gate how isoxaben treatment impacted cytokinin biosynthesis
and found that the treatment caused a substantial decrease in
total cytokinin content as well as frans-zeatin. They addition-
ally demonstrated that isoxaben treatment caused transcrip-
tional up-regulation of the cytokinin-degrading enzyme genes
CYTOKININ OXIDASE 2 and 3 (CKX2/3). These observations
suggest a model in which cellulose biosynthesis inhibition trig-
gers the degradation of cytokinins, thus preventing cellular pro-
liferation in the root tissues (Gigli-Bisceglia et al., 2018).

Overall, while there may be an involvement of cytokinin
signalling in the response to cell wall damage, the direct effects
of cytokinins on cellulose biosynthesis are largely unknown and
merit further investigation. In this light, it is important to note
that CESA proteins are trafficked to the cell plate during the
process of cell division, which presents a potentially interesting
relationship with cytokinin signalling. Here, CSCs are initially
localized to the plasma membrane, but after the initiation of
phragmoplast formation, CESA proteins are re-localized to the
developing cell plate (Miart et al., 2014). However, the signal
that initiates this process remains unknown. It may therefore be
useful to investigate whether cytokinin signalling plays a role in
this re-localization process, either directly or indirectly.
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Ethylene signalling and cellulose biosynthesis

Ethylene (ET) is a gaseous hormone that can function during
different growth and developmental phases, such as germin-
ation, senescence, abscission and fruit ripening, as well as
responses against external stresses (Chen et al., 2005). The
biosynthetic pathway of ET has been well studied in plants,
consisting of the conversion of methionine to S-AdoMet by
S-AdoMet synthetase (SAMS), and then synthesis of ACC
from S-AdoMet by ACC synthase (ACS). The resulting ACC
molecule is oxidized to ET by ACC oxidase (ACO) (Wang
et al.,2002).

After synthesis, ET is perceived by membrane-localized ET
receptors, including ETR1, ETR2, ERS1, ERS2 and EIN4 in
Arabidopsis. Upon ET binding, these receptors and the down-
stream Raf-like kinase CTRI are inactivated, resulting in the
activation of an ET response. Members of the ETHYLENE
INSENSITIVE3/ETHYLENE-INSENSITIVE3-LIKE (EIN3/
EIL) transcription factor family serve as important regulators of
ET-responsive gene expression (Alonso and Stepanova, 2004;
Y. F. Chen er al., 2005; Kendrick and Chang, 2008). ET treat-
ment classically results in shorter, thicker hypocotyls and roots
as well as exaggerated apical hooks in the etiolated hypocotyls,
which is termed the ‘triple response’ (Guzman and Ecker, 1990).
However, ET can also promote cell elongation in light-grown
plants (Smalle et al., 1997), indicating that ET treatment has
complex effects on cell expansion and plant growth. This pro-
cess requires the rearrangement of plant cell wall components,
suggesting a relationship between ET and cellulose synthesis.

Early studies suggested a relationship between ET signalling
and cellulose biosynthesis through the observation that ET treat-
ment led to alterations in cellulose microfibril and CMT orien-
tations from transverse to longitudinal in the third internode of
pea (Lang et al., 1982). A more direct link between ET syn-
thesis/signalling and cellulose synthesis occurs in cev/, a mu-
tant corresponding to CESA3 in Arabidopsis (Ellis and Turner,
2001; Ellis et al., 2002). cevl exhibited increased ET levels
and constitutive expression of the ET-responsive genes PDF1.2
and CHI-B, indicating that the disruption of cellulose synthesis
stimulated ET production and ET signal transduction (Ellis and
Turner, 2001; Ellis et al., 2002). The shorter hypocotyl and root
lengths observed in the cev/ mutant could be partially rescued
by mutating ETR1, suggesting that ET signalling was required
for these phenotypic defects. Moreover, growth defects and ec-
topic lignification caused by isoxaben, an inhibitor of cellulose
biosynthesis, were related to ET signalling, as the expression
of the ET-responsive gene PDFI1.2 was induced by isoxaben
treatment (Cafio-Delgado et al., 2003). Overall, these observa-
tions indicate that ET signalling is at least partially responsible
for the growth inhibition caused by the disruption of cellulose
biosynthesis (Ellis and Turner, 2001; Ellis et al., 2002; Cao-
Delgado et al., 2003).

Mutations in the chitinase-like gene CTLI exhibited reduced
hypocotyl and root lengths as well as an increased number of
root hairs (Zhong et al., 2002). Interestingly, the ct// mutant
also caused enhanced ET production, and exogenous applica-
tion of the ET biosynthesis inhibitor aminoethoxyvinyl glycine
(AVG) or the ET perception inhibitor Ag* could partially restore
the altered growth phenotype (Zhong et al., 2002). CTLI and
its homologue CTL2 are transcriptionally co-expressed with
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primary and secondary wall CESAs, respectively, indicating
that these genes may participate in cellulose synthesis (Persson
et al., 2005). Indeed, the ctll mutant (also known as poml)
exhibited reduced CSC velocity, disorganized CSC move-
ment and reduced cellulose content. CTL1/2 potentially play
a role in cellulose synthesis by binding to the newly formed
cellulose microfibrils to promote their proper assembly, which
can subsequently facilitate interactions between cellulose and
hemicellulose (Sanchez-Rodriguez et al., 2012). Overall, these
observations suggest that the phenotypic defects elicited by
cellulose biosynthesis inhibition are related to ET, but how the
mutation of CTLI affects ET production and how ET could
modulate the CTL1-mediated plant growth remains unclear.

Another important link between ET, cellulose synthesis and
cell expansion occurs through two leucine-rich repeat receptor
kinases, FEIl and FEI2. The feil fei2 double mutant exhib-
ited defects in anisotropic cell expansion, cellulose synthesis
and shorter, swollen roots under high sucrose conditions or
isoxaben treatment (Xu et al., 2008). Interestingly, this suite
of phenotypic defects was partially rescued by the applica-
tion of ET synthesis inhibitors, such as aminoisobutytic acid
(AIB) or aminooxyacetic acid (AOA), but not by perturbation
of the ET signalling pathway, indicating that FEI1/2 may play
a role in regulating cellulose synthesis and cell expansion via
an ET synthesis-related pathway. Xu et al., (2008) proposed
that FEI1/2 might directly interact with ACS protein isoforms,
which would then localize in the plasma membrane and gen-
erate a signal to regulate cell wall biosynthesis (Xu et al.,
2008). Consistently, Tsang et al., (2011) found that responses
to cellulose biosynthesis inhibition are dependent on ACC bio-
synthesis, but do not require ET perception (Tsang et al., 2011).

As mentioned above, ET treatment elicits transverse to
longitudinal reorientation of CMT arrays, which can conse-
quently affect the orientation of cellulose microfibril depos-
ition in pea (Lang et al., 1982). Similar ET-triggered CMT
reorientation effects were observed in other species, including
Arabidopsis (Le et al., 2004). With the advent of better chem-
ical and genetic tools, the molecular basis for ET-mediated
CMT reorientation is slowly being elucidated. For example,
ACC treatment caused reduced hypocotyl length and CMT
reorientation in Arabidopsis. However, genetic disruption of
WAVE-DAMPENED?2-LIKE5 (WDL5), a CMT-stabilizing pro-
tein, inhibited ACC-mediated CMT reorientation and restored
hypocotyl elongation, indicating that WDLS5 is a mediator of
ET-induced CMT reorientation. Additionally, EIN3, a key ET
signalling TF, directly regulates WDLS5 transcription to affect
CMT behaviour and cell elongation in etiolated Arabidopsis
hypocotyls (Sun et al., 2015). Their study sheds light on the
regulatory mechanism for ET-mediated CMT organization and
suggested that CMT orientation represents a link between ET
signalling and ET-mediated inhibition of cell elongation in
etiolated hypocotyls. It has also been proposed that ET plays
an essential role in promoting the re-establishment of organ-
ized CMT arrays after salt stress by regulating the expression
of WDL5 (Dou et al., 2018). Together, these studies suggest
that ET regulates CMT organization through the transcriptional
regulation of WDL5.

In summary, there are clear links between ET signalling
and cellulose biosynthesis; this is especially well defined in
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the context of CMT re-orientation and during the response to
cellulose biosynthesis inhibition. To further understand these
potential ET-mediated regulatory mechanisms, it will be mean-
ingful to use the wealth of ET signalling and synthesis chem-
ical inhibitors or mutants to examine whether and how cellulose
production, CSC activity and CMT dynamics are affected to
elucidate the regulatory mechanisms of ET-mediated cellulose
synthesis and cell elongation. It will be particularly useful to
investigate the localization and dynamics of CSCs under these
conditions and simultaneously visualize their functional associ-
ation with CMTs under the same conditions.

JA signalling and cellulose biosynthesis

Jasmonic acid (JA) and its active conjugate jasmonate-
isoleucine (JA-Ile) are key regulators of abiotic/biotic stress
responses as well as aspects of plant growth and development
(Wasternack and Hause, 2013; Khan et al., 2016). JA biosyn-
thesis is mediated by a series of enzymes located in multiple
organelles (Wasternack and Hause, 2013). JA and its conju-
gate JA-Ile accumulate after mechanical wounding, herbivory
damage or necrotrophic pathogen infection (Acosta and Farmer,
2010). JA-Ile is perceived by the F-box protein CORONATINE
INSENSITIVE 1 (COIl) and serves as a bridging ligand be-
tween COIl and the transcriptional repressor JASMONATE
ZIM DOMAIN (JAZ) proteins to form the JA co-receptor com-
plex. Binding of JA-Ile to COIl and JAZ proteins leads to the
ubiquitination and proteasome-mediated degradation of JAZ
proteins, resulting in an alleviation of transcriptional repression
and transcription of JA responsive genes (Chini et al., 2007,
Sheard et al., 2010) in a process that is similar to the TIR1/
auxin/IAA protein system.

Many of the triggers of JA synthesis and signalling in-
volve cell wall perturbation or damage. Accordingly, several
cellulose-deficient mutants or treatment with cellulose inhibi-
tory drugs, such as isoxaben and DCB, exhibit elevated JA
levels and constitutive expression of JA responsive genes (Ellis
et al., 2002; Gigli-Bisceglia et al., 2018). JA accumulation typ-
ically initiates a transcriptional cascade that activates defence
responses at the expense of plant growth (Guo et al., 2018).
Interestingly, JA accumulation in cellulose-deficient mutants
and/or plants treated with isoxaben is partially responsible for
the growth inhibition observed in these plants. For example,
reduced root growth in the cevl mutant was partially rescued in
the cevl coil double mutant, confirming that JA signalling is re-
sponsible for some of the reduced growth in cellulose-deficient
mutants (Ellis et al., 2002).

JA accumulation in response to cell wall damage is also de-
pendent on cell wall integrity sensing mechanisms, which are
mediated by members of the Cathanathus roseus receptor-like
kinase 1-like protein (CrRLK1L) family, including THESEUS
(THE1) and FERONIA (FER) (Hématy et al., 2007; Westermann
et al., 2019) (Fig. 1). FER acts as a negative regulator of JA
signalling by phosphorylating and destabilizing MYC2, which
is a major JA signalling transcriptional regulator (Guo et al.,
2018). THE1 is required for cell wall damage-induced JA ac-
cumulation, and thel-1 mutants demonstrate a complete loss
of JA accumulation, both in cellulose-deficient mutants and in
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response to isoxaben. In line with this observation, the gain-of-
function THEI allele thel-4 shows hyperaccumulation of JA,
both in cellulose-deficient mutants and in response to isoxaben
(Engelsdorf et al., 2018).

How THEI1 perceives the cell wall damage, and how
signalling components downstream of THE1 are involved in the
initiation of JA biosynthesis, however, are unknown. One possi-
bility is that osmotic and mechanical stress at the plasma mem-
brane may activate responses after cell wall damage. Cell walls
counteract turgor pressure inside the cells and without the sup-
port of intact cell walls, the cells are likely to burst or deform.
Isoxaben treatment and cell wall damage result in weaker cell
walls, leading to changes in turgor pressure, osmotic stress and
mechanical displacement of the plasma membrane. Therefore,
mechanical stress at the plasma membrane is a potential can-
didate stimulus for the activation of THE1. Indeed, the add-
ition of osmoticum to balance the osmotic pressure across the
plasma membrane attenuated JA accumulation in response to
isoxaben treatment (Gigli-Bisceglia et al., 2018). Additionally,
JA induction after cell wall damage is partially dependent on
the plasma membrane-localized mechanosensitive Ca?* channel
MIDI-COMPLEMENTING ACTIVITY1 (MCA1), which
functions downstream of THETI in cell wall damage perception.
It is mechanistically unclear how MCA1 activates JA synthesis.
However, intracellular Ca**/cation levels are strongly linked to
activation of JA biosynthesis (Lenglet er al., 2017). Finally, it
should be noted that RAPID ALKALINIZATION FACTOR34
(RALF34) was recently demonstrated to bind directly to the
THEI extracellular domain, and this binding event is necessary
to mediate THEI signalling (Gonneau et al., 2018). Although
it is unclear how RALF34-THEI signalling is activated upon
the perception of cell wall damage, this receptor—ligand pair
represents a key step toward understanding the relationships
between THEI signalling and perception of cell wall damage.
Elucidating the relationship between osmoregulation after cell
wall damage and JA biosynthesis initiation will be critical for
our understanding of the mechanisms that maintain cell wall
integrity.

JA accumulation in response to cell wall damage also regu-
lates cell wall composition and remodelling, probably through
a feedback mechanism. For example, cellulose deficiency-
induced ectopic lignification is dependent on JA signalling
(Denness et al., 2011). Furthermore, JA accumulation results
in increased expression of cell wall-modifying enzymes, such
as pectin methylesterases, upon pathogen infection (Bethke
et al., 2015), and exogeneous JA treatment or overexpression
of COIIl results in increased expression of pectin-modifying
genes, strengthening evidence that JA regulates cell wall com-
position and remodelling (Bomer et al., 2018). The impact of
JA accumulation on cellulose biosynthesis is currently unclear.
However, JA treatment leads to depolymerization of CMTs
(Z. B. Yang et al., 2017), suggesting that JA probably regulates
cellulose biosynthesis.

Based on these observations, it is likely that JA signalling
serves as either an inhibitory signal for cellulose biosynthesis
and/or arises as a consequence of cellulose biosynthesis inhib-
ition. Further experiments requiring careful imaging of CSC
dynamics and quantification of cellulose content after cell wall
damage, JA treatment, and in mutants lacking JA biosynthesis
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and signalling components will be necessary to elucidate the
impact of JA on cellulose biosynthesis. It will also be important
to resolve the signalling connections between THE1, MCA1
and other unidentified downstream components to understand
how JA signalling impacts cell wall integrity sensing in the con-
text of cellulose biosynthesis.

SA and SL signalling and cellulose biosynthesis

In addition to the ‘classic’ phytohormones introduced above,
salicylic acid (SA) and strigolactone (SL) are important plant
hormones in defence and growth, although their impacts on cel-
lulose biosynthesis are poorly understood.

SA is a small phenolic signalling molecule that is important
in plant defence against biotic stresses across many plant
species. Moreover, SA also regulates other physiological
processes, such as seed germination, growth, flowering and
abiotic stress responses (Hayat et al., 2010; Rivas-San Vicente
and Plasencia, 2011). Two main SA synthetic pathways have
been identified in plants: the isochorismate synthase (ICS)
pathway in the chloroplast and the phenylalanine ammonia
lyase (PAL) pathway in the cytoplasm (Chen et al., 2009).
Much of the current understanding regarding SA signal trans-
duction has focused on its role in biotic stress. A classic
SA-mediated disease resistance pathway is exemplified in
the activation of NONEXPRESSOR OF PR-1 (NPR1), which
subsequently interacts with downstream TFs, such as TGAs
and WRKYs, by SA. This, in turn, regulates the expression of
defence-related genes, including PATHOGENESIS RELATED
1 (PRI). An NPR1-independent SA signal transduction route
has also been identified; however, the regulatory mechanism
remains unclear (Lu, 2009; Kachroo and Robin, 2013).
Moreover, SA signalling is antagonistic to ET/JA signalling
during pathogen exposure (Kunkel and Brooks, 2002). These
aspects of SA signalling, the underlying molecular mechan-
isms and the role of SA signalling in different physiological
responses have been reviewed extensively elsewhere (Hayat
et al., 2010; Rivas-San Vicente and Plasencia, 2011).

There is only sparse information about how SA and cellulose
synthesis intersect. A microarray study of Arabidopsis suspen-
sion culture cells indicated that expression of SA-responsive
genes did not change upon treatment with the cellulose bio-
synthesis inhibitors isoxaben and thaxtomin A (Duval and
Beaudoin, 2009). As mentioned above, mutants of CESA4/7/8
in Arabidopsis exhibited enhanced resistance to several patho-
gens in an ABA-dependent manner. The same study concluded
that the enhanced resistance was independent of SA signalling
(Hernandez-Blanco et al., 2007). Nevertheless, there are clear
relationships between SA and other cell wall components,
including callose and lignin. Callose is often synthesized to re-
inforce the plant cell wall to reduce cell damage under stress con-
ditions. Unexpectedly, the powdery mildew resistant 4 (pmr4)
mutant with defects in a callose synthase exhibited enhanced
resistance to pathogens, while the powdery mildew suscepti-
bility of the pmr4 mutant was increased by introducing muta-
tions in the SA-signalling pathway (Nishimura er al., 2003).
In Brachypodium distachyon seedlings, 2 weeks of 100 pm
SA treatment led to reduced growth rates and lignin content in

817

leaves, while cellulose content and CESA transcript abundance
were not significantly altered (Napoledo et al., 2017). Hence,
SA may change cell wall components, but very little data link
the hormone to cellulose production.

SL comprises a relatively new class of plant hormones, ini-
tially found in root exudates, that functions in regulating plant
growth and development, specifically in rhizosphere com-
munication and in shoot branching (Xie et al., 2010; Brewer
etal.,2013). SL is synthesized via a complex pathway that uses
carolactone as a precursor scaffold that is structurally elabor-
ated on by a variety of enzymes, such as MORE AXILLARY
GROWTH (MAX) enzymes, at least in Arabidopsis, to produce
a suite of biologically active SL molecules. SL is synthesized
in both roots and stems, and is transported through the xylem.
SL signalling, biosynthesis and function have been extensively
reviewed elsewhere (Brewer et al., 2013; Seto and Yamaguchi,
2014; Lopez-Obando et al., 2015; Waters et al., 2017).

SL biosynthesis and signalling mutants exhibit dwarf and
shoot branching phenotypes, as shown in the max mutants of
Arabidopsis, the htd] mutant of rice and the rms mutant in pea
(Beveridge et al., 1996; Zou et al., 2006; Brewer et al., 2013).
However, whether synthesis of cellulose or other cell wall-
related components are affected in those mutants has not been
thoroughly examined. A genetic study by Ramirez and Pauly
(2019) indicates that the dwarfism, collapsed xylem and low cel-
lulose content of the Arabidopsis irx/ and irx3 mutants, which
contain mutations in secondary CESA genes CESA8 and CESA7,
respectively, could be partially rescued by introducing the max4
mutation, a key SL biosynthetic gene. However, growth and de-
velopmental defects in procustel (prcl) caused by mutations
in CESAG6, a primary cell wall CESA gene, were not relevant to
MAX4 (Ramirez and Pauly, 2019). These observations suggest
that secondary wall defects, caused by cellulose biosynthesis
defects, could lead to irregular plant growth possibly via the
activation of the SL biosynthetic pathway. UDP-glucose, which
can be produced by sucrose synthase (SuSy) or via cytosolic
invertase plus UDP-glucose pyrophosphorylase (UGP), serves
as a substrate for CESAs during cellulose synthesis (Verbancic
etal., 2018). Upon GR24 treatment, a synthetic analogue of SL,
UGP was de-phosphorylated in rice, indicating that UGP might
be a potential target for SL signalling that in turn may regulate
cellulose synthesis (Chen et al., 2014).

Future work towards understanding SA/SL—cellulose syn-
thesis relationships could begin by examining plant growth,
cellulose content analyses, cellulose synthesis-related gene ex-
pression analysis and CSC behaviour in SA/SL-treated plants
or in SA/SL-related mutants. These experiments might provide
more direct information about the relationship between cellu-
lose synthesis and SA/SL signalling. It may also be interesting
to explore whether SA/SL could function together with other
hormones in regulating cellulose biosynthetic processes.

A framework to better understand the role of hormones in
cellulose synthesis

The immediate importance of hormone action and cellulose
synthesis on plant growth and morphogenesis indicate that there
should be direct links between these processes. While some
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mechanistic details behind such connections are emerging, there
are still surprisingly little data directly linking phytohormone
signalling and cellulose biosynthesis. Transcriptional regulation
of cellulose-related genes by TFs that are connected to hormone
signalling has been explored in some detail, and transcriptional
regulation of cellulose biosynthesis is particularly well estab-
lished for biosynthesis of secondary wall cellulose. Here, com-
binatorial hormone cocktails induce master-regulators, i.e. TFs
that can either directly or indirectly activate a battery of bio-
synthetic genes, including secondary wall CESA genes, that
produce different types of secondary walls (Taylor-Teeples
et al., 2015). Such knowledge is grossly under-represented for
the primary wall-producing cell wall genes, including that of
the CESAs. For example, while BES1 directly binds and ac-
tivates several of the CESA genes in Arabidopsis (Xie et al.,
2011), over-expression of BES1 does not result in ectopic pri-
mary wall production, contrasting with what is observed for the
secondary wall-inducing master regulators, such as the NAC
TFs VNDG6 and 7 (Yamaguchi et al., 2010). Nevertheless, mem-
bers of the APETALA2/ETHYLENE RESPONSIVE FACTOR
(AP2/ERF) family TF subfamily could replace secondary walls
with primary wall-like structures and did activate primary wall
CESA genes in Arabidopsis (Sakamoto et al., 2018). While it is
unclear if these AP2/ERF TFs are induced by ET, they repre-
sent a key step in understanding how primary cell wall cellulose
deposition is regulated.

A major path to identify cellulose synthesis-associated com-
ponents has been to utilize transcriptional co-expression ana-
lysis, i.e. the notion that two genes that are involved in the same
process may be transcriptionally coordinated (Persson et al.,
2005; Usadel et al., 2009). Intuitively, this approach should be
applicable to identify TFs that control primary CESA expres-
sion as it is likely that once a CESA-activating TF is expressed,
the CESA genes should be coordinately expressed. Indeed, sev-
eral key TFs controlling secondary wall synthesis, including
those acting on the secondary wall CESA genes, are transcrip-
tionally co-expressed with the secondary wall CESA genes
(Ruprecht and Persson, 2012). Therefore, it may be expected
that mutations in at least some of the TFs that are co-expressed
with the primary wall CESAs would show phenotypes related
to defects in primary wall cellulose synthesis. Notably, we or-
dered T-DNA lines for many of the TFs (>50) that showed close
co-expression relationships with the primary wall CESAs but
failed to detect any abnormal growth phenotypes as compared
to wild-type plants. This is perhaps a reasonable outcome, as
mutations in the VND-related TFs did not show any major de-
fects in growth despite being master-regulators for secondary
wall synthesis (Kubo et al., 2005). Instead, the VNDs were
fused to dominant activator (VP16) or repressor (SRDX) tags
and were over-produced in plants, which provided the basis to
demonstrate that these TFs control secondary wall production
(Yamaguchi et al., 2010). Similarly, the AP2/ERF TFs that in-
duce ectopic primary wall-like structures performed this func-
tion more efficiently when fused to VP16 fragments (Sakamoto
et al., 2018). Hence, by over-producing such versions of the
co-expressed TFs, including those linked to hormone signalling,
it may be possible to identify new transcriptional activators of
primary wall cellulose synthesis genes and perhaps alter or con-
trol primary wall production.
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Post-transcriptional regulation may also play a role in con-
trolling cellulose biosynthesis. Previous work has shown that
primary wall CESA genes could be regulated via anti-sense tran-
scripts in barley, and that these anti-sense transcripts could be
processed into small RNAs (Held et al., 2008). The anti-sense
transcripts increased during the later stages of leaf elongation,
indicating that CSC-associated genes and presumably other
cellulose-related genes may be post-transcriptionally down-
regulated during this stage in leaf development. While there is
currently no direct link to hormone signalling or synthesis for
such anti-sense transcripts, hormones influence the production
of small RNAs (D’Ario et al., 2017; Liu et al., 2018) and could
thus be prominent players for this type of cellulose regulation,
particularly due to changing hormone concentrations along the
leaf developmental axis. While the small RNA area and cel-
lulose synthesis remain underexplored, this area will be an
interesting path to investigate in the coming years.

One likely avenue for hormonal control of cellulose syn-
thesis is via post-translational modifications (PTMs). Indeed,
many of the proteins associated with the CSC are subject to
numerous PTMs, including phosphorylation, N-glycosylation,
lysine acetylation and S-acylation (Kumar et al., 2016; Cruz
et al., 2019) (Fig. 2A). Defects in those modifications can
cause either mis-localization, for example when KORRIGAN
is under-glycosylated (Rips et al., 2014), or changes in CSC
activity, i.e. when CESA phosphorylation sites are mutated
(Chen et al., 2010, 2016). Currently, only one study directly
links CSC PTMs with hormone signalling (Sdnchez-Rodriguez
et al., 2017). As outlined above, this study revealed that BIN2
phosphorylates CESA1 and that such phosphorylation in-
hibits CSC motility. Despite the number of reported sites of
phosphorylation in the CESAs and associated proteins, BIN2
is the only kinase that has been shown to directly phosphor-
ylate a CSC-associated protein. Given the number of kinases
and phosphatases associated with hormone signalling, it may
be anticipated that some of these proteins directly change the
catalytic rate by which cellulose is made and thus may regu-
late the phosphorylation status of CSC-associated proteins. One
way to assess the potential role of hormone signalling on PTMs
would be to investigate whether the abundance of modified pep-
tides is changed in the cellulose-related proteins after hormone
treatment or inhibition. Using the Functional Analysis Tools for
Post-Translational Modifications database (Cruz et al., 2019),
we undertook such a survey and found that multiple phosphor-
ylation sites within CESA1, CESA3 and KORI are responsive
to either ABA or auxin treatment, which are the only hormone-
related quantitative analyses available in this database (Fig. 2B).
These data indicate that at least certain types of phytohormone
treatments may impact phosphorylation status of proteins that
drive cellulose synthesis. Notably, BIN2 was also found to be
co-expressed with the CESAs (Sanchez-Rodriguez et al., 2017).
While kinases or phosphatases are not necessarily transcrip-
tionally co-regulated with their substrates, this type of approach
may also be of interest to research in this area.

While phosphorylation and glycosylation are two major
PTMs, there are many other types of additions. One could en-
visage that the turnover rate and/or recycling of the CESAs,
and associated proteins, may be an important factor to con-
trol cellulose production. A major regulator of protein turnover
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FI1G. 2. Post-translational modifications and phytohormone-regulated phosphorylation events associated with CSC subunits in Arabidopsis: The FAT-PTM data-
base was queried for each of the CSC protein components using the post-translational modification and quantitative phosphorylation search functions (Cruz et al.,
2019) to identify post-translational modifications that occur in CSC components and phosphorylation events that are altered upon treatment with phytohormones.
(A) In each diagram, the central blue node represents a protein of interest with its Arabidopsis gene name indicated. Peripheral nodes represent post-translational
modification events according to the symbol key in the lower right corner with their respective residue indices indicated. Edges and peripheral nodes are coloured
based on the number of experimentally supported spectral observations, where warmer colours represent increased spectral support. Grey symbols represent a
post-translational modification that was experimentally associated with a protein but has an unresolved modification site. In these cases, the residue index is indi-
cated by ‘7’ . (B) Phosphorylation events in CSC components impacted by ABA treatment or NAA treatment. In each diagram, the central blue node represents
the protein of interest, with its Arabidopsis gene name indicated. Peripheral nodes represent phosphorylation events with their respective residue indices indicated.
Edges and peripheral nodes are coloured based on quantitative log, fold-abundance changes, where warmer colours represent increased phosphopeptide abundance
and cooler colours represent decreased abundance.

and internalization of proteins is ubiquitination (Vierstra, Johnson and Vert, 2016). There are, however, no studies that
2009), and large-scale proteomic studies have identified CSC- have indicated that ubiquitination of the CESAs impact their
associated proteins as ubiquitination targets (Kim ef al., 2013;  function. Nevertheless, this could be one mechanism that could
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regulate internalization and recycling, or degradation, of the
CSC. Such regulation has for example been shown for PIN2
(Leitner et al., 2012), where mono-ubiquitination causes PIN2
removal from the plasma membrane and further ubiquitin-
ation at the endomembrane determines the fate of the protein.
Perhaps a similar mechanism could also drive the trafficking of
the CESA complex and its associated proteins.

Overall, the observations presented in this review suggest
that there are numerous connections between phytohormone
signalling and cellulose biosynthesis or responses to cellu-
lose biosynthesis inhibition. However, what is now urgently
needed are mechanisms that directly connect signalling
components of phytohormone signalling pathways to the
transcriptional, post-transcriptional and post-translational
control of the CSC or its direct regulators. Fortunately, ample
well-characterized chemical and genetic tools are available
to facilitate this goal, and these resources could probably be
combined with robust cell biological tools, such as CSC and
MT marker lines, to understand how phytohormone signalling
impacts the in vivo behaviour of the CSC. Additionally, these
chemical and genetic tools could be utilized to biochem-
ically ascertain how cellulose content or cell wall compos-
ition is impacted by phytohormone synthesis and signalling.
Finally, these tools could be coupled with PTM enrichment
methods and quantitative mass spectrometry to generate a
systems-level view of how phytohormone signalling impacts
PTM networks controlling cellulose biosynthesis. Based on
the substantial importance of both phytohormone signalling
and plant cell wall biogenesis in controlling plant growth,
development and responses to the environment, we antici-
pate that these lines of research will reveal substantial mech-
anistic interconnections between cellulose deposition and
phytohormone signal transduction.
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