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Figure 1: AXR3-1 and ΔMP 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>>ΔMP 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>>ΔMP 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>>ΔMP or pG1090::XVE>>AXR3-1 
treated with estradiol for 4 h and stained with COS488 for 30 min. Scale bar = 50 μm.  
E) Quantification of the COS488 intensity measured in the longitudinal cell walls of individual epidermal cells in the 
elongation zone of Col-0, pG1090::XVE>>ΔMP or pG1090::XVE>>AXR3-1 treated with estradiol for 4 h and stained 
with COS488 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 PGRA3 represented as TPM in pG1090::XVE>>AXR3-1, 
pG1090::XVE>>ΔMP 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 = 10μm. 
C) Root tip of pPGRA1::PGRA1-mScarlet treated with 1.5 μM 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 = 50μm. 
D) Root tip of pPGRA1::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 = 50μm. 
E) Root tip of pPGRA1::PGRA1-mScarlet crossed with pG1090::XVE>>ΔMP 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 = 50μm. 
F) Activity of pPGRA1::LUC in tobacco leaf co-infiltrated with/without p35S::ΔMP-mScarlet and p35S::AXR3-1-mVenus. 
The boxplot shows the luminescence of  pPGRA1::LUC co-infiltrated with/without p35S::ΔMP-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>>PGRA1-mScarlet grown on estradiol for 5d 
and stained with COS488 for 30 min. Scale bar = 50 μm. 
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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. n≥ 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 μm. 
D) Epidermal cells of pgra1/2 mutants stained with COS488. The boxplot shows the COS488 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 μm. 
E) Growth rate of pgra1/2 mutants and its complementation line treated for 4 h with 10 μM PEO-IAA. 
F) Root tips of pgra1/2 mutants and its complementation line treated for 24 h with 10 μM 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-sterilized 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 ½ Murashige and Skoog (MS, 
Duchefa, 0,5g/l 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 μmol photons m-2 s-1. 
 
Plant material and generation of transgenic 
plants 
All lines used are in Arabidopsis thaliana ecotype 
Columbia-0 (Col-0) background. 
pgra1/2 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 (Mähönen 
et al., 2014) or pG1090::XVE>>ΔMP (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-I (pPGRA1::PGRA1-mScarlet). To 
prepare stable overexpressor lines, PGRA1 gene 
(including introns) tagged with mScarlet-I 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. 

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-I was fused to the C-
terminus of PGRA1 (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 μM 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 (COS488) (Mravec et al., 
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2014) diluted 1 in 2000 in liquid ½ MS medium for 
30 min, kept  in dark. After washing three times, 
roots were transferred on ½ MS medium and 
imaged. Gravitropic bending was assessed by 
rotating plates containing seedlings by 90° and 
capturing images every 30 minutes. ELISA 
profiling 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 
μM 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 ImageJ 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). 
pPGRA1::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>>ΔMP were prepared as 
described in (Kubalová et al., 2024). 
pPIN2::XVE>>PGRA1-mScarlet, 
pPIN2::XVE>>mCherry-2a-PGRA1 and Col-0 
were grown on ½ MS plates containing 2.5 μM 
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 

estradiol induction vs. 90-minute DMSO control 
treatment in pG1090::XVE>>ΔMP 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>>ΔMP 
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: Q9SYK7), 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-
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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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