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Abstract

Root cell elongation, the main driver of root growth, is tightly associated with cell wall remodeling, particularly
through pectin modifications, which facilitate cell wall loosening and strengthening while maintaining
structural integrity. Root cell elongation is precisely regulated by the phytohormone auxin, which has long
been known to inhibit this process. The molecular pathways through which auxin influences cell wall
modifications remain poorly understood.

In this study, we explore the transcriptional regulation of cell wall-related genes by auxin in Arabidopsis
thaliana roots. The nuclear auxin pathway altered the expression of numerous cell-wall related genes,
suggesting dynamic modification of the cell wall during root cell elongation. We identified novel root-specific
polygalacturonases (PGs), enzymes involved in pectin degradation, which we termed
POLYGALACTURONASES REGULATED BY AUXIN (PGRAs). PGRAs are expressed specifically in the root
epidermis, beginning at the elongation zone.

Our results demonstrate that induction of PGRA 1 expression initially promotes root cell elongation, while long
term overexpression inhibits root growth. Auxin downregulates PGRA1 in the elongation zone, and plants
lacking PGRASs fail to increase root growth rate in response to reduced auxin levels. This suggests that auxin
downregulates PGRA expression to prevent PGRA-mediated pectin remodeling, thereby contributing to
inhibition of root cell elongation. We established a novel link between auxin signaling and pectin modifications
in the control of cell growth.

These findings provide new insights into the molecular mechanisms through which auxin regulates root cell
elongation, highlighting the role of pectin matrix modifications in this process.
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Introduction

Root cell elongation drives root growth, allowing
plants to explore soil for nutrients and water while
adapting to environmental changes. This essential
process is tightly regulated by the phytohormone
auxin (Overvoorde et al., 2010; Roychoudhry &
Kepinski, 2022). While not fully understood,
nuclear, cytoplasmic, and apoplastic auxin
signaling pathways all contribute to the regulation
of cell elongation (Dubey et al., 2023; Kubalova et
al., 2024, 2025; L. Lietal., 2021; Serre et al., 2021,
2023). Nuclear auxin pathway (NAP) relies on
transcriptional changes in the nucleus - auxin is
perceived by the TRANSPORT INHIBITOR
RESPONSE1/AUXIN-SIGNALLING F-BOX
(TIR1/AFB)-AUXIN/INDOLE-3-ACETIC ACID
(Aux/IAA) receptor complex, leading to the
degradation of Aux/IAA transcriptional repressor
proteins. This releases AUXIN RESPONSE
FACTORS (ARFs) to activate or repress target
genes (Leyser, 2018).

One of the key manifestations of auxin's role in
regulating root cell elongation is the gravitropic
response. Upon gravistimulation, auxin
accumulates in the lower part of gravistimulated
root, inhibiting cell elongation via a combination of
transcription-dependent and non-transcriptional
processes (Dubey et al., 2023; Kubalova et al.,
2024; L. Li et al., 2021; Serre et al., 2021, 2023).
The reduced auxin levels in the upper part of
gravistimulated root allow cell elongation, causing
the root to bend in the direction of gravity (Friml et
al., 2002).

Cell growth depends on the balance between
internal turgor pressure (Dunser et al., 2019) and
the strength of the cell wall (CW). The primary CW
consists of polysaccharides cellulose,
hemicellulose (with the most common xyloglucan
in angiosperms), pectins and proteins, such as
arabinogalactan proteins, expansins (EXPs) and
extensins (EXTs), and other compounds (Fry,
1988). The plant CW protects the cell, provides
mechanical support, connects cells into tissues
and organs, and regulates intercellular
communication. To fulfill these roles, the CW must
continuously balance the need for structural
support with the ability to expand (Daniel J.
Cosgrove, 2022).
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The extensibility of the CW determines the extent
of cellular expansion (Lintilhac, 2014). During cell
elongation, the CW is loosened by breaking down
and reassembling CW components, allowing the
cell to expand (D. J. Cosgrove, 1993; Daniel J.
Cosgrove, 2022).

It has been known for decades that auxin
application modulates CW properties (Nishitani &
Masuda, 1981), however, the exact molecular
mechanisms linking CW changes and auxin-
modulated root growth are not fully understood yet.
Auxin regulates the biophysical properties of the
CW by modulating the expression and activity of
enzymes that are involved in CW biosynthesis and
remodeling (Barbez et al., 2017; Jonsson et al.,
2021; Majda & Robert, 2018). The status of pectin
is vital in this process (Barbez et al., 2017; Jobert
et al., 2023).

Pectins, a group of complex polysaccharides, play
an essential role in the structural integrity of plant
CWs and contribute to their physical properties,
such as porosity and elasticity by forming
hydrogels and interacting with other CW
components (Daniel J. Cosgrove, 2022; Voragen
et al., 2009). The most abundant pectin in the
primary CW of Arabidopsis thaliana is
homogalacturonan (HG) - a linear polymer of a-
(1,4)-D galacturonic acid (Zablackis et al., 1995).
HGs are modified by various enzymes for
balancing CW stiffness and plasticity, supporting
growth, facilitating stress responses, and
maintaining structural and functional integrity of
plant tissues (Chebli & Geitmann, 2017; Duan et
al., 2020; Haas et al., 2020; Molina et al., 2021;
Wachsman et al., 2020; Zamil & Geitmann, 2017).
Important modification of pectin  matrix is
methylesterification (Wormit & Usadel, 2018).
Once highly methylesterified pectin is transported
to the CW, the HG undergoes selective enzymatic
demethylation by wall-bound pectin
methylesterases (PMEs), the activity of which is
regulated by pectin methylesterase inhibitors
(PMEIs). PME activity results in the formation of
free carboxyl groups (Wormit & Usadel, 2018).
According to the egg-box model, demethylated
adjacent HG are bridged by calcium ions, leading
to a stiffer and less extensible wall (Cao et al.,
2020; Vincken et al., 2003). Additionally, low
methylesterification of HG generates cleavage
sites for pectin-degrading enzymes - pectinases,
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resulting in HG depolymerization and the
loosening of the CW (Hocq et al., 2020; Xiao et al.,
2014).

One class of pectin-degrading enzymes are
polygalacturonases (PGs), which hydrolyze HG
backbones. PGs can be classified into two groups
based on their mode of action, with exo-PGs
cleaving at the chain ends and endo-PGs
hydrolyzing internal glycosidic bonds. Arabidopsis
PG gene family consists of 68 genes (Gonzalez-
Carranza et al., 2007; Kim et al., 2006) which play
a roles in various cellular processes, such as cell
proliferation, expansion, morphogenesis, and
separation (Hocq et al., 2020; Leng et al., 2017;
Ogawa et al., 2009; Rhee et al., 2003; Rui et al.,
2017; Sun et al., 2020; Vogel et al., 2002; Xiao et
al., 2017, 2014; Yang et al., 2021). Interestingly, a
recent study proposed that the interplay between
PME and PG activities balances cell expansion
and separation (Barnes et al., 2022).

Auxin regulates the expression and activity of
many pectin modifying enzymes (Jobert et al.,
2021; Kubalova et al., 2024; Lewis et al., 2013;
Nemhauser et al., 2006). Although it is clear that
the dynamic interaction between auxin and pectin
is critical for plant development and physiology
(Jobert et al., 2023), molecular mechanisms and
biological significance of their interactions remain
poorly understood.

We aimed to reveal the mechanism by which the
NAP regulates Arabidopsis root cell elongation,
focusing on CW modifications. We combined
transcriptome profiing of root cells with
biochemical analysis of CW and imaging
techniques for cellular resolution of pectin matrix
and characterized a novel group of pectin-
degrading enzymes — PGs. Using a genetic
approach, we described PGs' role in NAP-
regulated root cell elongation. We showed that
NAP negatively regulates the expression of PGs
and that their expression is essential to allow roots
to grow under suppressed auxin conditions.
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Results

1. Nuclear auxin pathway induces
transcriptional changes of cell wall-
related genes during modulation of root
cell elongation

To understand transcriptional changes governed
by the nuclear auxin pathway (NAP) during root
cell elongation, we re-analyzed our time-resolved
transcriptomic profiling dataset (Kubalova et al.,
2025) of root cells overexpressing dominant
versions of auxin transcriptional repressor
Aux/IAA17 - AXR3-1 or dominant version of auxin
transcriptional activator ARF5/MP - AMP. We
compared ftranscriptomic profiles of cells
undergoing enhanced elongation due to
repression of the auxin transcriptional pathway
(pG1090::XVE>>AXR3-1) with those of cells
exhibiting inhibited root cell elongation due to
activated auxin signaling (pG1090::XVE>>AMP)
(Fig.1A,B; Fig.S1A,B).

As expected, induction of auxin signalling by
accumulation of its transcriptional activator AMP
led to activation of auxin early inducible genes,
such as Aux/IAA proteins, SAURs, GH3 (Bao et
al., 2024) or GA20Xs (Kubalova et al., 2025). The
pronounced alterations in CW-related genes
indicate  modifications in CW  dynamics
(Fig.S1A,B).

Upon AXR3-1 induction, several genes encoding
PGs, PMEs and PMEIs exhibited increased
expression, while other members of these groups
showed decreased expression. Similarly, AXR3-1
induction led to both upregulation, resp.
downregulation of different members belonging to
the EXP gene family. In contrast, genes involved
in the xyloglucan metabolic process and those
regulating EXTs were predominantly
downregulated (Fig.S1B,C). Conversely, induction
of AMP led to upregulation of genes associated
with the xyloglucan metabolic process and those
encoding EXTs, whereas genes encoding PG
enzymes were downregulated. Members of the
EXP and PME or PMEI gene families displayed
both upregulation and downregulation
(Fig.S2A,B). These findings suggest that auxin-
regulated root cell elongation is controlled through
the modulation of xyloglucan, EXTs, EXPs, and the
pectin matrix.
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We focused on genes exhibiting opposing
expression patterns between rapidly elongating
pG1090::XVE>>AXR3-1 roots and inhibited
pG1090::XVE>>AMP roots (Fig.1A,C; Fig.S3A),
because their expression level might correlate with
the cell elongation phenotype. The most prominent
genes were involved in the xyloglucan metabolic
process and genes related to pectin metabolism.
We focused on the pectin matrix as a key
component of the CW affected by auxin signaling
(Jobert et al., 2023).To investigate transcriptome-
predicted changes, we first performed glycome
profiling on whole root extracts. The results did not
reveal a clear correlation between alterations in
extractable pectin levels and the modulation of
auxin signaling (Fig.S3B). However, tissue
homogenization results in the loss of spatial
information at the cellular level, potentially masking
subtle, cell-type-specific changes in CW
composition. Therefore, we conducted a more
detailed analysis of pectins in the root elongation
zone, where active cell expansion occurs and CW
modifications are expected to be most
pronounced. To stain demethylesterified pectins in
living roots, we used polysaccharide-based probe
- positively charged and fluorescently tagged
chitosan oligosaccharide (COS*®®) probe (Mravec
et al., 2014). Compared to the control, repression
of auxin signaling led to a mild increase in the
demethylesterified pectins, whereas activation of
auxin signaling resulted in a more significant
increase in their abundance in root elongation
zone (Fig.1D,E). Changes in pectin levels can
result from altered degrees of methylesterification,
as well as from the regulation of pectin
biosynthesis or degradation.

Further, we focus on pectin-modifying enzymes -
polygalacturonases (PGs). Focusing on these
genes is particularly interesting because PGs
directly catalyze pectin degradation in the primary
CW, a key step in CW loosening important for cell
elongation (Rui et al., 2017; Verhage, 2021; Xiao
et al., 2014).

2. PGRAs are pectin degrading enzymes
that are negatively regulated by nuclear
auxin pathway

Among the set of pectin-modifying enzymes, a yet-
uncharacterised group of 3 PGs displayed the
most striking expression pattern (Fig.2A). We
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named these genes POLYGALACTURONASE
REGULATED BY AUXIN (PGRA). The expression
of all 3 PGRA genes was downregulated upon
induction of pG1090::XVE>>AMP and upregulated
in roots with induced pG1090::XVE>>AXR3-1.
This led us to hypothesize that auxin negatively
regulates PGRAs expression, thereby preventing
the CW loosening required for root cell elongation.
For further investigation, we primarily focused on
PGRAT1, as it exhibited the highest responsiveness
to auxin signalling modulation while also being
highly expressed in the root (Fig.2A,B).

To confirm the transcriptomic data, we generated
a reporter line in which the PGRA1 tagged with
mScarlet was driven by its native promoter
(PPGRA1::PGRA1-mScarlet). PGRA1-mScarlet
signal was detected specifically in the root. The
PGRA reporter showed a specific expression
pattern in the root epidermis, with increased
expression starting in the elongation zone (Fig.2B).
This line was treated with the auxin Indole-3-acetic
acid (IAA) or L-kynurenine (L-Kyn), an auxin
biosynthesis inhibitor (He et al., 2011).
Additionally, we crossed this reporter line with
pG1090::XVE>>AXR3-1 and
pG1090::XVE>>AMP lines. Inhibition of auxin
biosynthesis, as well as induction of AXR3-1
expression, significantly increased PGRA1-
mScarlet accumulation in the elongation zone
(Fig.2C,D). In contrast, activation of auxin
signaling by AMP induction or IAA treatment
decreased PGRA1-mScarlet accumulation in the
elongation zone (Fig.2C,D). Interestingly, the
PGRA1-mScarlet accumulation in the
differentiation zone was not affected by these
treatments. These results demonstrate that
PGRA1 expression is negatively regulated by NAP
in the epidermal cells of the root elongation zone.
Additionally, we confirmed that AXR3-1 and AMP
regulate the PGRA1 promoter activity using the
heterologous Nicotiana benthamiana expression
system. LUCIFERASE gene (LUC) driven by
PGRA1 promoter was co-expressed with the
AXR3-1 tagged with mVenus and/or with AMP
tagged with mScarlet (Fig.2F). The expression of
the constructs was verified using confocal
microscopy (Fig.S4). The co-expression with
AXR3-1 significantly increased the activity of
PGRA1 promoter while AMP had no effect
(Fig.2F). Interestingly, PGRA promoters do not
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contain binding sites for activating ARFs; only the
PGRA1 promoter contains a binding site for ARF1
(tgtctc), which is considered an ARF with a
repressive effect on transcription (Tiwari et al.,
2003).

To characterize the biochemical functions of
PGRAs, we first utilized bioinformatic tools.
Structural comparison of PGRA1 (which is 89.1%
identical to PGRA2) with previously characterized
plant PGs revealed that PGRAs contain a glycosyl
hydrolase family 48 (Glyco48) domain, typical for
PG enzymes (Fig.3A). Phylogenetic analysis
(Fig.S5A,B) or structural prediction analysis
(Fig.S5C,D) does not allow for conclusive
characterization of these enzymes as either exo-
PG or endo-PG.

To validate this prediction, COS probe was used to
stain demethylated pectins in plants
overexpressing PGRA1. We used an estradiol-
inducible system, where PGRA71 gene is
expressed in the outer root tissues using the PIN2
promoter. To eliminate the potential impact of
PGRA protein tagging on its function, we analyzed
both C-tagged (pPIN2::XVE>>PGRA1-mScarlet)
and untagged (pPIN2::XVE>>mCherry-2a-
PGRA1) PGRA1 variants, which yielded identical
results. Compared to control, COS staining
revealed altered pectin distribution, showing
delocalization of the demethylated pectins in
PGRA1-overexpressing roots (Fig.3B).
Interestingly, PGRA1 colocalized with the sites of
pectin accumulation. Taken together, these data
demonstrate that PGRAs encode functional PG
enzymes that are negatively regulated by NAP.

3. PGRAs promote root cell elongation
To examine the biological role of PGRAs in root
development, we analyzed the root growth rate in
plants with increased PGRA expression. Using an
estradiol-inducible system, we monitored root
growth dynamics following PGRA7 induction
(Fig.4A). Induction of both tagged
(PPIN2::XVE>>PGRA1-mScarlet) or untagged
(pPIN2::XVE>>mCherry-2a-PGRA1) PGRA1
expression initially promoted root elongation,
indicating a positive effect on root cell expansion.
However, prolonged PGRA1 overexpression led to
root growth inhibition (Fig.4B). Consistent with this,
plants with constitutive PGRAT overexpression
(pG1090::PGRA1-mScarlet) displayed a dose-
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dependent response: weak overexpression lines
showed an extended root elongation zone,
whereas strong overexpression caused its
inhibiton ~ (Fig.4C).  Negative  effect of
overexpressed PGRAT1 is likely due to an activated
stress response triggered by excessive PGRA1
activity as suggested by transcriptomic analyses.
Accumulation of PGRA1 protein induced the
expression of stress and defense related genes
(Fig.S6A,B, S7A). These findings suggest that the
primary function of PGRA is to hydrolyze
demethylesterified pectin in the CWs, leading to
promotion of root growth.

Next, we generated 2 independent alleles of
pgra1/2 double mutants using CRISPR/Cas9, and
crossed it with pgra3 T-DNA insertion line to create
pgral/2/3 triple mutant (Fig.S8A). Mutation in
these genes led to increased level of demethylated
pectins in longitudinal CW of cells in the elongation
zone (Fig.4D; Fig.S8B). Based on prior findings,
we hypothesized that under low auxin conditions,
PGRAs are upregulated to promote CW loosening
and enhance root cell elongation.

To test this, we treated pgra1/2 double mutant with
PEO-IAA to inhibit auxin signaling. While control
plants showed increased root cell elongation under
this condition, pgra1/2 double mutants did not
(Fig.4E). Notably, growth rate of pgra1/2 double
mutant under mock conditions is comparable to
control, indicating that PGRAs are essential for
PEO-IAA-induced root growth  promotion.
Interestingly, after long-term PEO-IAA treatment,
pgra1/2 double mutants displayed a more
agravitropic phenotype compared to control plants
(Fig.4F).

To evaluate the relevance of the auxin-PGRA
interaction in a physiological context, we analyzed
the gravitropic response of pgra1/2 double
mutants. Gravitropic response of pgra1/2 double
was slightly slower than gravitropic response of
control (Fig.4G). However, we were unable to
observe a differential expression of PGRA1
between the upper and Ilower sides of
gravistimulated roots (Fig.4H). To overcome
potential gene redundancy, we prepared pgra1/2/3
triple mutant. Interestingly, gravitropic response of
pgra1/2/3 triple mutant was comparable to control
plants (Fig.4l). Similar to pgra1/2 double mutant,
pgra1/2/3 triple mutant showed resistance to PEO-
IAA treatment (Fig.S8B).
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Since sugar metabolism strongly affects CW
properties and the presence of saccharose in the
medium could prevent the expression of weaker
phenotypes in CW mutants (Dash et al., 2023; Y.
Li et al., 2007; Pottier et al., 2023), we tested pgra
mutants grown and treated without adding
saccharose to the medium. However, their
gravitropic response under these conditions
remained the same - pgra1/2 double was slightly
slower, while the response of pgra1/2/3 triple
mutant was comparable to control (Fig.S8C).
Taken together, these findings indicate that PGRA-
induced remodeling of pectin matrix plays a critical
role in promoting root cell elongation and PGRA
genes are negatively regulated by the NAP in the
root elongation zone.
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Discussion

CW modifications, especially through the
remodeling of pectin, play a critical role in
facilitating the expansion of cells. Despite the well-
established role of auxin in controlling root growth,
how auxin regulates the expression of enzymes
involved in CW remodeling during root cell
elongation is not understood.

In this study, we addressed this knowledge gap by
investigating the transcriptional regulation of CW-
related genes by auxin, focusing specifically on
pectin modifications during root cell elongation. We
characterised novel PGs - PGRA enzymes, which
are expressed in root and are negatively regulated
by the NAP in the elongation zone of the root.
These enzymes are essential for promoting root
cell elongation under conditions where auxin
signalling is suppressed.

PGs fine-tune cell elongation, expansion and
adhesion through modulation of pectin matrix
(Safran et al.,, 2023; Xiao et al., 2014) In
Arabidopsis roots, PGs effect is primarily
associated with promoting growth (Hocq et al.,
2020; Nagayama et al., 2022; Rui et al., 2017; Xiao
et al., 2014), but some studies showed negative
effect on it (Safran et al., 2023; Xiao et al., 2017).
These differences may be attributed to the extent
of deregulated PG activity, as supported by our
data. Overexpression of here described PGRAs
initially leads to the promotion of root cell
elongation, likely caused by the loosening of the
CW through pectin cleavage and its relocalization.
PGRA enzymes are specifically expressed in the
root and at the cellular level, they are localized into
specific domains. The localized modification of
pectin in microdomains is thought to be more
effective in coordinating specific responses to
external signals (Dauphin et al, 2022).
Interestingly, long-term overexpression of PGRA
also resulted in its localization within specific
domains. Since the accumulation domains of
PGRA overlap with demethylated pectin
accumulation, it can be inferred that the PGRA
enzyme accumulates at the site of its substrate.
To investigate the molecular function of PGRAs,
we utilized homology modeling and compared the
predicted structures to the experimentally
validated structures of known endo/exo-PGs;
however, we were unable to determine whether
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PGRAs function as exo- or endo-PGs. Due to
structural differences, exo- and endo-PGs are
often proposed to have distinct roles in the CW
(Henrissat & Davies, 1997; Zhang et al., 2007), yet
their specific functions in growing cells remain
poorly understood. Since exo-PGs cleave only one
to two residues at a time (Abbott & Boraston,
2007), their impact on CW mechanics remains
uncertain. In contrast, previously characterized
endo-PGs have been directly linked to cell
expansion (Xiao et al., 2017, 2014), suggesting
that PGRAs may also function as endo-PGs.
Mutation of PGRA genes significantly increased
the levels of demethylated pectins in the
elongation zone but did not affect root growth
under normal conditions. However, the lack of
response in PGRA-deficient plants to reduced
auxin signaling and their negative regulation by
NAP suggests PGRAs’ role in auxin-regulated
growth. These results indicate that PGRA genes
are important for promoting elongation when auxin
levels or signaling are low. Plants lacking 2 PGRA
genes showed a mild delay in gravitropic
response, suggesting that their activation in the
upper part of gravistimulated root contributes to the
gravitropic bending. However, despite auxin
accumulation on the lower side of the root and
depletion on the upper side during gravistimulation
(Friml et al.,, 2002), PGRA1-mScarlet signal
intensity gradient could not be detected between
upper and lower side of gravistimulated root. This
could be due to the fact that the decrease in auxin
levels is not large or sustained enough to
significantly reduce PGRA1-mScarlet levels to a
measurable value. Nevertheless, only slight delay
in the gravitropic response suggests that PGRA
genes do not play a significant role in differential
growth during gravitropism, and their role in auxin-
regulated processes in a natural context remains
to be defined.

We expected that the mutation of an additional
PGRA3 gene would result in a more severe
phenotype. However, the pgra1/2/3 triple mutant
displayed a weaker phenotype compared to the
pgrai/2 double mutant. This observation may be
attributed to a compensatory mechanism, where
upregulation of other PGs could alleviate the
phenotypic effects of the triple mutation,
suggesting partial compensation through the
activation of other PG family members, as shown
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in previous studies (Hocq et al., 2020; Kim &
Patterson, 2006). Testing this hypothesis would
require assessing the expression levels of
additional PGs in the pgra1/2/3 triple mutant.

The negative regulation of PGRAs by auxin is
particularly intriguing. ARF5/MP is generally
considered an activator of auxin-regulated genes
(Canceé et al., 2022); however, transcriptomic data
indicate that ARF5/MP suppresses PGRAs
expression. Although we demonstrated a positive
effect of AXR3-1 on PGRA1 promoter activity, the
direct inhibition of the PGRA1 promoter by AMP
has not been shown. This is consistent with the
absence of ARF5/MP-binding site in PGRAT1
promoter and suggests an indirect effect.
ARF5/MP may activate and AXR3-1 inhibit the
transcription of a PGRA1 inhibitor. However,
PGRAs genes are downregulated by [AA
treatment within just 20 minutes (Kubalova et al.,
2024), a timeframe likely insufficient for the
transcription of an inhibitor and its subsequent
effect on PGRA gene expression. PGRA1 may be
negatively regulated by auxin-induced activation of
ARF1, which is thought to have a both positive and
negative role on auxin induced genes (Cancé et
al., 2022). While PGRA1 contains one ARF-
binding site, PGRA2 and PGRAS3 lack such sites in
their promoters, implying at least partial ARF-
independent regulation.

PGs activity is closely related to pectin-
methylesterification status. We demonstrated that
the transcription of numerous PME and PMEI is
altered by the NAP during regulation of root cell
elongation. The distribution of methyl groups along
the HG backbone is known to be a key determinant
of CW stiffness (Braybrook & Peaucelle, 2013).
Modulation of PME and PMEI activity in
Arabidopsis roots has been shown to have varying
effects on root growth. Both increased and
decreased PME activity have been associated with
longer roots in different pme and pmei mutants and
overexpressors (Hewezi et al., 2008; Mase et al.,
2023; Sénéchal et al., 2014; Wolf et al., 2012).
Additionally, decreased pectin methylesterification
in certain PMEI overexpressors had no impact on
root length (R6RIling et al., 2024), suggesting that
the regulation of pectin methylesterification does
not have a simple linear effect on root elongation.
Specific PME-PMEI interactions (Jeong et al.,
2018) or PME-PGs activity balancing (Barnes et
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al., 2022), rather than overall PME activity levels,
may play a key role in modulating root growth.
Adding additional complexity, the effect of auxin-
modulated methylesterification appears to be time
dependent (Gallemi et al., 2022) and tissue-
specific. During apical hook development,
elevated auxin levels in the inner hypocotyl
increase methylesterification, restricting growth
(Jonsson et al., 2021). In contrast, during organ
initiation, auxin stimulates demethylesterification
to soften tissues (Peaucelle et al., 2011).
Previously (Kubalova et al., 2024), we investigated
the mutants of the most deregulated PME and
PMEI genes within our datasets, and found no
significant effect on root growth, possibly due to
genetic redundancy.

We showed that PMEs and their inhibitors PMEIs
exhibit both upregulation and downregulation in
response to auxin signaling modulation.
Additionally, we observed that the level of
demethylesterified pectins in the root elongation
zone increases under both auxin activation and
repression. These findings suggest that auxin-
modulated pectin methylesterification does not
have a direct, linear correlation with the modulation
of root cell elongation. Tissue type, developmental
stage, and cellular age are probable determinants
of this relationship. Based on the transcriptomic
data, we can hypothesize that specific PME
isoforms selectively generate either blockwise
demethylesterified HG, which likely facilitates
calcium bridge formation and CW stiffening, or
randomly demethylesterified HG, which creates
cleavage sites for pectin-degrading enzymes,
leading to CW loosening (Hocq, Pelloux, et al.,
2017). We can speculate that in
pG1090::XVE>>AMP roots, the increased CW
stiffness due to calcium bridge formation may
hinder root cell elongation. Conversely, in
pG1090::XVE>>AXR3-1 cells, enhanced pectin
cleavage driven by upregulated pectinases may
contribute to CW loosening and promote
elongation. It is worth noting that modulation of
auxin signaling by AXR3-1 and AMP significantly
altered root hair development (Kubalova et al.,
2024). Therefore, the observed changes in various
CW-related genes may also be attributed to the
presence or absence of root hairs.

Cell elongation is largely governed by the dynamic
regulation of and complex interactions among all

bioRxiv

CW components (Daniel J. Cosgrove, 2018a,
2022; Delmer et al., 2024). Consistent with this,
our transcriptomic analysis revealed not only
modifications in the pectin matrix but also
alterations in hemicellulose composition and the
deregulation of structural proteins, such as EXPs
and EXTs. Pectins, EXPs, xyloglucans, and EXTs
are in dynamic equilibrium, regulating the flexibility
and strength of the CW (Phyo et al., 2019). Pectin
status is particularly important in these
interactions, with de-esterified pectin enhancing
these interactions and increasing wall flexibility
(Haas et al., 2021). EXPs promote CW expansion
by loosening the bonds between xyloglucans and
cellulose (Daniel J. Cosgrove, 2018b). Pectin
methylation status also balance the activity of PGs
(Barnes et al., 2022) and interaction with EXTs,
likely strengthening the CW and counteracting the
loosening effects (Willats et al., 2001; Wolf et al.,
2009). Additionally, pectic polysaccharides (HG
and rhamnogalacturonans) covalently interact with
each other to form a complex network of pectin
within the CW (Anderson, 2019). Therefore,
changes in HG caused by the cleavage by PGRAs
can affect the structure and, consequently, the
function of other types of pectin matrix.

Another factor influencing the CW dynamics is
apoplastic pH (Hocq et al., 2024), which is
coregulated by auxin (Barbez et al., 2017; Hager
etal.,1971; L. Lietal., 2021; Lin et al., 2021; Rayle
& Cleland, 1970; Serre et al., 2021, 2023).
Specifically, AXR3-1 expression leads to apoplast
acidification, while AMP expression causes
apoplast alkalinization (Kubalova et al., 2024). As
CW remodeling enzymes are active in an optimal
pH (Duvetter et al., 2006), apoplastic pH changes
triggered by auxin may influence the overall activity
of CW-modifying enzymes and the resulting effect
on CW properties and cell elongation. Thus, the
overall effect on CW changes is the result of a
combination of altered expression and activity of
CW remodeling enzymes.

Additionally, we found that long-term accumulation
of PGRA1 has an inhibitory effect on growth; a
prolonged or high-level overexpression of PGRA1
leads to growth suppression. This suggests that
PGRA1 activity has a dual effect, depending on its
concentration, or that growth inhibition results from
adaptive CW mechanisms, as CW cleavage
changes CW architecture (Capodicasa et al.,
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2004; Hocq, Sénéchal, et al., 2017; Sénéchal et
al.,, 2014; Xu et al., 2022). Supporting this idea,
transcriptomic  analysis shows that plants
overexpressing PGRA1 have increased
expression of stress-related, defense genes or
those involved in CW modulation. Therefore, it is
possible that PGRA71 overexpression triggers
stress response. Alternatively, since PGs produce
short oligogalacturonides that serve as signaling
molecules (Ferrari, 2013), another possible
explanation is that PGRAs play a role in defense
response signaling. Strong PGRA1 expression in
the epidermis of the maturation zone supports this
idea. The dual role of pectin modifying enzymes
has been already shown (Huerta et al., 2023).
The regulation of CW dynamics during root
elongation integrates  various molecular
interactions and feedback mechanisms. We
showed that PGRAs are involved in pectin
modifications in plants and are transcriptionally
regulated by NAP, indicating their potential role in
auxin-mediated regulation of cell growth. However,
the natural context of this involvement remains to
be elucidated. Overall, our findings provide new
insights into the role of auxin in regulating CW
modifications and highlight the significance of
pectin remodeling in root cell elongation.
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Figure 1: AXR3-1 and AMP show an opposite regulation of cell wall remodeling genes

A) STRING network of differentially expressed genes after 180-minute estradiol induction vs. 90-minute DMSO control
treatment in pG1090::XVE>>AMP or pG1090::XVE>>AXR3-1 lines (FDR < 0.05 and |fold change| = 2 in at least one
comparison). Color coding indicates significant up- or downregulation in one or both lines. NA=no change. Circle
diameter and color intensity represent log2FC and -log10(FDR), respectively, with the higher values from either line
displayed. Connection lines indicate the confidence of all interaction types except text-mining. Non-connected genes
are omitted from the interaction network. UP=upregulated, DOWN=downregulated, NA=no change.

B) Quality control of processed RNA-seq data visualized by Principal Component Analysis generated by sleuth R
package (v 0.30.1).

C) Differentially expressed genes associated with the cell wall, after 180 min of estradiol treatment compared to 90 min
of DMSO treatment in pG1090::XVE>>AMP or pG1090::XVE>>AXR3-1 lines. The circle diameter indicates the fold
change, with magenta representing upregulation and green representing downregulation.

D) Root tips (left) and epidermal cells in elongation zone of Col-0, pG1090::XVE>>AMP or pG1090::XVE>>AXR3-1
treated with estradiol for 4 h and stained with COS488 for 30 min. Scale bar = 50 um.

E) Quantification of the COS*3 intensity measured in the longitudinal cell walls of individual epidermal cells in the
elongation zone of Col-0, pG1090::XVE>>AMP or pG1090::XVE>>AXR3-1 treated with estradiol for 4 h and stained
with COS“88 for 30 min. The number of measured individual data points is indicated.

Different letters indicate statistically significant differences between groups based on Kruskal-Wallis-test followed by
post-hoc Dunn's test.
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Figure 2: PGRA1 gene is expressed in root and is negatively regulated by auxin nuclear pathway

A) Relative expression level of PGRA1, PGRA2 and PGRAS3 represented as TPM in pG1090::XVE>>AXR3-1,
pG1090::XVE>>AMP and Col-0 root cells after 90 min of DMSO or 90 or 180 min of estradiol treatment.

B) Expression of pPGRA1::PGRA1-mScarlet in Arabidopsis seedlings (left), with a focus on root epidermal cells (right).
Scale bar = 10um.

C) Root tip of pPGRA1::PGRA1-mScarlet treated with 1.5 uM L-kyn for 4h or 50 nM IAA for 6h. The boxplot shows the
mScarlet intensity measured in the longitudinal cell walls of individual epidermal cells in the elongation zone. The number
of measured individual data points is indicated. White arrows indicate the elongation zone. Scale bar = 50um.

D) Root tip of pPPGRA1::PGRA1-mScarlet crossed with pG1090::XVE>>AXR3-1 or Col-0 and treated with estradiol for
4h. The boxplot shows the mScarlet intensity measured in the longitudinal cell walls of individual epidermal cells in the
elongation zone. Turquoise line marks the outline of the root. Scale bar = 50um.

E) Root tip of pPGRA1::PGRA1-mScarlet crossed with pG1090::XVE>>AMP and treated with estradiol for 16h. The
boxplot shows the mScarlet intensity measured in the longitudinal cell walls of individual epidermal cells in the elongation
zone. White arrows indicate the elongation zone, and the turquoise line marks the outline of the root. Scale bar = 50um.
F) Activity of pPGRA1::LUC in tobacco leaf co-infiltrated with/without p35S::AMP-mScarlet and p35S::AXR3-1-mVenus.
The boxplot shows the luminescence of pPGRAT1::LUC co-infiltrated with/without p35S::AMP-mScarlet and
p35S::AXR3-1-mVenus. Normalised to luminescence of pPGRA1::LUC without co-infiltration.

Different letters indicate statistically significant differences between groups based on one-way ANOVA followed by
Tukey HSD (C,D) or Student t-test (E).
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Figure 3: PGRA1 is a pectin degrading enzyme
A) Surface structures of PGRA1 and PGRA2 protein models (upper part) and their domain organization and protein
sequence identity (lower part). Surface structure coloring follows the schematic model: SP=signal peptide (red), GH28
domain (green), and conserved PG active site (purple) with visible atom structure.
B) Root tips of Col-0, pPIN2::XVE>>mCherry-2a-PGRA1 and pPIN2::XVE>>PGRA 1-mScarlet grown on estradiol for 5d
and stained with COS*8 for 30 min. Scale bar = 50 ym.
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Figure 4: PGRA1 promotes root cell elongation and is essential for growth promotion under low auxin
conditions

A) Growth rate of pPIN2::XVE>>mCherry-2a-PGRA1 and pPIN2::XVE>>PGRA1-mScarlet after estradiol treatment,
corresponding to time of induction. nz 8.

B) Col-0, pPIN2:XVE>>mCherry-2a-PGRA1 and pPIN2::XVE>>PGRA1-mScarlet grown on estradiol for 5d. The
boxplot shows the quantification of root length. The number of measured individual data points is indicated. Scale bar =
0.1 cm.

C) Root tips of pG1090::PGRA1-mScarlet. The boxplot shows the mScarlet intensity measured in the elongation zone
and the distance from the root tip to the end of elongation zone. (EZ=elongation zone, MZ=meristematic zone).
Turquoise line marks the outline of the root. Scale bar = 50 ym.

D) Epidermal cells of pgra1/2 mutants stained with COS*®8. The boxplot shows the COS*® intensity measured in the
longitudinal cell walls of individual epidermal cells in the elongation zone. The number of measured individual data points
is indicated. Scale bar = 10 ym.

E) Growth rate of pgra1/2 mutants and its complementation line treated for 4 h with 10 uM PEO-IAA.

F) Root tips of pgra1/2 mutants and its complementation line treated for 24 h with 10 uM PEO-IAA. Scale bar = 0.1 cm.
G) Normalized gravitropic angle of pgra1/2 mutant. n= 10.

H) mScarlet excitation ratio of left/right epidermal layer in non-gravistimulted root or mScarlet excitation ratio of up/down
epidermal layer in gravistimulated root of pPGRA1::PGRA1-mScarlet. n= 9.

I) Normalized gravitropic angle of pgra1/2/3 mutant. n= 10.

Different letters indicate statistically significant differences between groups based on one-way ANOVA followed by
Tukey HSD.
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Material and methods

Growth conditions

Seeds were surface-steriized by chlorine
gas(10.3791/56587). After this, seeds were
stratified for 2 d at 4°C. Seedlings were grown
vertically on plates containing 1% (w/v) agar
(Duchefa) with %2 Murashige and Skoog (MS,
Duchefa, 0,59/ MES, 1 % (w/v) sucrose, pH 5.8
adjusted with 1M KOH). Plants grown in a growth
chamber with following conditions: 60% humidity,
22°C by day (16 h), 18°C by night (8 h), light
intensity of 120 ymol photons m2s™",

Plant material and generation of transgenic
plants

All lines used are in Arabidopsis thaliana ecotype
Columbia-0 (Col-0) background.

pgral/2 double mutants (AT1G05650,
AT1G05660) were prepared by CRISPR/Cas9
strategy (Xing et al., 2014). Cas9 was driven by a
Ubiquitin  promoter and cloned into the
pDGB3omega1 binary vector. gRNAs are listed in
Table S1. Subsequent generations were then
backcrossed with Col-0 and genotyped for
homozygotes. pgra1/2 double mutant (version 1)
was crossed with pgra3 (GK-343D11,
AT2G43890, obtained from NASC) to create
pgra1/2/3 triple mutant. Complementant lines were
prepared by crossing pgra1/2 double mutants with
pPGRA1::PGRA1-mScarlet (prepared as
described below). Primers used for genotyping are
in Table S2. pPGRA1::PGRA1-mScarlet was
crossed with pG1090::XVE>>AXR3-1 (Mahonen
et al., 2014) or pG1090::XVE>>AMP (Gonzalez et
al., 2021).

GoldenBraid methodology (Alejandro Sarrion-
Perdigones et al., 2011) was used as a cloning
strategy. For stable transcriptional or translational
fusion of PGRA1, we cloned 1739bp upstream of
PGRA1 gene and fused it with luciferase gene
(Gould & Subramani, 1988) (pPGRA1::LUC) or
PGRA1 gene (including introns) tagged with
mScarlet-l  (pPGRA1::PGRA1-mScarlet). To
prepare stable overexpressor lines, PGRA1 gene
(including introns) tagged with mScarlet-l was
driven by G1090 promoter (Zuo et al., 2000)
(pG1090::PGRA1-mScarlet). All these constructs
were terminated by 35S terminator and cloned into
alpha1 vector.
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For estradiol-inducible lines, the XVE was cloned
under the control of the PIN2 promoter (1.4 kb
upstream of AT5G57090) and terminated by the
RuBisCo terminator from Pisum sativum, then
inserted into the alpha 1-1 vector. The PGRA1
gene was cloned downstream of the 4xLexA
operon, driven by the CaMV 35S minimal promoter
(A. Sarrion-Perdigones et al., 2013) and
terminated by the 35S terminator. mCherry
(Shaner et al., 2004) and 2A self cleaving peptide
(Samalova et al., 2006) were fused to the N-
terminus of PGRA1 (pPIN2:XVE>>mCherry-2a-
PGRA1), or mScarlet-l was fused to the C-
terminus of PGRA71 (pPIN2:XVE>>PGRA1-
mScarlet), with both constructs terminated by the
35S terminator. These constructs were then
inserted into the alpha1-3 vectors (Dusek et al.,
2020). The transcriptional units in the alpha1-1 and
1-3 vectors were interspersed with matrix
attachment regions(Dusek et al., 2020). Finally,
the alpha vectors were combined with a Basta
resistance cassette in the alpha2 plasmid and
cloned into the pDGB3omega1 binary vector (Zuo
et al., 2000). All constructs were transformed into
A. thaliana ecotype Col-0 using the floral dip
method (Bindels et al., 2017). Primers used for
cloning are in Table S3.

Treatments and phenotyping

To treat the plants, 5 d old plants were transferred
to a treatment-containing medium. Estradiol
(Sigma, 20mM stock in DMSO, 2.5 yM working
concentration), Indole Acetic Acid (IAA,
Sigma,10mM stock in 96% ethanol), 2-(1H-Indol-
3-yl)-4-oxo-4-phenylbutyric acid (PEO-IAA,
MedChemExpress, 10mM stock in DMSO) and L-
kynurenine (L-kyn, Carl Roth, 3mM stock in
DMSO) were used for treatments. Working
concentrations and treatment time for specific
experiments are given in the legend of each figure.
Root growth rate was determined by measuring
the distance between the positions of the root tip in
successive time points. Root length was defined as
the distance from the root base to the root tip. The
boundary of the elongation zone was identified as
the first cell that showed root hair formation, while
the end of the meristematic zone was marked by
the last isodiametric cell. To stain demethylated
pectins, plants were treated with COS probe
coupled to Alexa Fluor 488 (COS*®®) (Mravec et al.,
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2014) diluted 1 in 2000 in liquid %2 MS medium for
30 min, kept in dark. After washing three times,
roots were transferred on 2 MS medium and
imaged. Gravitropic bending was assessed by
rotating plates containing seedlings by 90° and
capturing images every 30 minutes. ELISA
profiing of the cell wall is described in
Supplemental methods.

Microscopy, low-resolution imaging and image
analysis

For high-resolution imaging, a vertical system (von
Wangenheim et al., 2017) consisting of a Zeiss
Axio Observer 7 microscope coupled to a
Yokogawa CSU-W1-T2 spinning disk unit with 50
MM pinholes and a VSHOM1000 excitation light
homogenizer (Visitron Systems) was used.
Images were acquired using VisiView software
(Visitron Systems, v4.4.0.14). The 561 nm laser
was employed for mCherry and mScarlet
(excitation 561, emission 582-636 nm), the 515 nm
laser for GFP (excitation 515, emission 520-570
nm), and the 488 nm laser for COS stained
samples (excitation 488, emission 500-550 nm).
For low-resolution imaging, a vertically placed
flatbed scanner (Perfection V700, Epson) was
used. Images were acquired using Epson Scanner
software (v3.9.2.1US). Image analysis was
performed using ImagedJ Fiji  software
(10.1038/nmeth.2019). The analysis of the
gravistimulated roots was performed using Acorba
software (Serre & Fendrych, 2022).

Luciferase reporter assay

Luciferase reporter assay was performed as
described in (Kubalova et al, 2025).
pPPGRA1::LUC was prepared as described earlier.

Transcriptomic and gene expression analysis

Transcriptomic and gene expression analysis were
done as described in (Kubalova et al., 2025).
Transcriptomic data from pG1090::XVE>>AXR3-1
and pG1090::XVE>>AMP were prepared as

described in (Kubalova et al, 2024).
pPIN2::XVE>>PGRA1-mScarlet,
pPIN2::XVE>>mCherry-2a-PGRA1 and Col-0

were grown on 2 MS plates containing 2.5 uM
estradiol. 5d old roots were harvested.

The set of genes with FDR < 0.05 and |fold change|
= 2 in at least one comparison between 180-minute
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estradiol induction vs. 90-minute DMSO control
treatment in pG1090::XVE>>AMP or
pG1090::XVE>>AXR3-1, and in at least one of
pPIN2::XVE>>PGRA1-mScarlet or
pPIN2::XVE>>mCherry-2a-PGRA1 line
respectively, was uploaded to STRING v12.0
(https://string-db.org/) to generate an interaction
diagram including all interaction types except text-
mining  with unconnected genes hidden.
Additionally, individual diagrams for each line were
generated with all genes shown and with inclusion
of text-mining interaction for pG1090::XVE>>AMP
and pG1090:XVE>>AXR3-1 lines. The diagram
was further edited using BASH and R to modify
colors and point diameters based on
transcriptomic parameters.

Gene ontology analysis was done using DAVID
bioinformatics resources (Huang et al., 2009).

Domain and structure analysis

Protein sequences for PGRA1 and PGRA2 were
retrieved from UniProt under accessions
AT1G05650 (UniProt ID: Q9SYK6) and
AT1G05660 (UniProt ID: Q9SYKY7), respectively.
Domain annotations, including Glycosyl Hydrolase
family 28 (InterPro IPR000743), were accessed
from InterPro under the UniProt identifiers listed
above. A percent identity matrix was generated by
Clustal2.1 from the PGRA1 and PGRA2 full protein
sequence alignment created by MUSCLE (version
3.8.425). AlphaFold models for AT1G05650
(Q9SYK6) and AT1G05660 (Q9SYK7) were
obtained from AlphaFoldDB. Structural alignments
were performed in UCSF ChimeraX (version 1.9;
(Goddard et al., 2018)) using Matchmaker tool to
align the AlphaFold models of AT1G05650 and
AT1G05660 to known structures used as template
structures: Arabidopsis Endo-PG (PDB: 7B7A)
and Yersinia enterocolitica Exo-PG (PDB: 2UVE).

Phylogenetic analysis

Evolutionary analyses were conducted in MEGA11
(version 11.0.13; (Tamura et al., 2021)). For broad
phylogenetic analysis, protein sequences from 25
Endo-PG and 52 Exo-PG reviewed accessions
were retrieved from UniProt (search conducted on
09-01-2025), alongside PGRA1 and PGRA2
protein sequences. Sequences were imported into
MEGA11 software and signal peptide was
removed (23 amino acid residues from the N-


https://string-db.org/
https://doi.org/10.1101/2025.05.07.652666
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.07.652666; this version posted May 11, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Kubalova et al. (2025)

terminus) from each protein sequence before
performing an initial MSA using MUSCLE. From
the initial MSA, variable regions were further
trimmed (49 MSA positions from the N-terminus
and 28 MSA positions from the C-terminus) and re-
aligned. This alignment was used to infer
evolutionary history by using the Maximum
Likelihood method and JTT matrix-based model
(initial tree obtained by Neighbor-Joining method).
The bootstrap consensus tree was inferred from
100 replicates. Branches corresponding to
partitions reproduced in less than 50% bootstrap
replicates are collapsed. The plant PG
phylogenetic analysis was done analogously, only
with 45 and 15 MSA positions trimmed from the N-
and C-termini, respectively, and with bootstrap
consensus tree inferred from 1000 replicates.

Statistical and graphical analysis

Figures were assembled in Inkscape. Individual
dots in boxplots represent individual data points,
the number of individual measurements is
specified; whiskers extend to data points that are
less than 1.5 x interquartile range away from
1st/3rd quartile. Line graphs were made by
Microsoft Excel. Error bars are SD (Standard
Deviation) in line graphs.

All experiments using lines prepared in this study
were conducted with at least three independent
homozygous lines. Each experiment was repeated
in at least three biological replicates, and
representative results are shown here. The
statistical test used is indicated for each figure.
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