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Abstract

The plant cell wall (CW) is one of the most important physical barriers that phytopathogens must conquer to invade their
hosts. This barrier is a dynamic structure that responds to pathogen infection through a complex network of immune recep-
tors, together with CW-synthesizing and CW-degrading enzymes. Callose deposition in the primary CW is a well-known phys-
ical response to pathogen infection. Notably, callose and cellulose biosynthesis share an initial substrate, UDP-glucose, which is
the main load-bearing component of the CW. However, how these 2 critical biosynthetic processes are balanced during plant—
pathogen interactions remains unclear. Here, using 2 different pathogen-derived molecules, bacterial flagellin (fig22) and the
diffusible signal factor (DSF) produced by Xanthomonas campestris pv. campestris, we show a negative correlation between
cellulose and callose biosynthesis in Arabidopsis (Arabidopsis thaliana). By quantifying the abundance of callose and cellulose
under DSF or fig22 elicitation and characterizing the dynamics of the enzymes involved in the biosynthesis and degradation of
these 2 polymers, we show that the balance of these 2 CW components is mediated by the activity of a B-1,3-glucanase (BG2).
Our data demonstrate balanced cellulose and callose biosynthesis during plant immune responses.
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Introduction

The plant cell wall (CW) is an essential physical frontier and
the first obstacle encountered by pathogens during the inter-
play between pathogens and plants. The CW comprises cel-
lulose microfibrils, hemicelluloses, pectins, other polymers
(e.g. callose, lignin), and proteins, many of which are heavily
glycosylated (Pedersen et al. 2023), depending on plant and
tissue type. Dynamic remodeling of this framework occurs
during plant—microbe interactions, which changes CW poly-
mers’ structure and composition (Bellincampi et al. 2014).
Changes in CW production and the assembly of CW
polymer-crosslinked scaffolds (nanoscale-to-mesoscale or-
ganization) modulate CW mechanical properties, such as
yielding and elasticity, during physiological and pathological
stimuli (Zhang et al. 2021). Upon host-pathogen communi-
cation, pathogenic microbes secrete CW-degrading enzymes
to breach the CW for efficient infection (van Kan 2006,
Choquer et al. 2007). Plants may respond to such breaches
through recognition of pathogen-associated molecular pat-
terns (PAMPs, plant senses pathogen-derived molecules)
and the damage-associated molecular patterns (DAMPs,
plant senses plant-derived molecules) to trigger host surveil-
lance mechanisms (Niihse 2012, Davidsson et al. 2013).

The status of callose (B-1,3-glucan) is regulated through
the coordination of callose synthases (CalSs) and f-1,3-
glucanases (Kudlicka and Brown Jr 1997, Zavaliev et al.
2011). During plant development, callose is an essential com-
ponent of cytokinesis progression (Thiele et al. 2009),
plasmodesmata function (Zavaliev et al. 2011), pollen wall
patterning (Nishikawa et al. 2005), phloem vascular develop-
ment (Xie et al. 2011), and cell-to-cell signaling in the root
meristem (Mdiller et al. 2015). Callose deposition between
the plasma membrane (PM) and the existing CW s also a
multifaceted defense response in plant hosts during patho-
gen infection (Luna et al. 2011), triggered, for example, by
MAMRP elicitation (e.g. bacterial flagellin epitope flg22, chito-
san), filamentous fungal attack, and wounding (Gomez-
Gomez et al. 1999, Jacobs et al. 2003, Schulze-Lefert 2004,
Luna et al. 2011). Such callose accumulation contributes to
disease resistance, e.g. against fungal infection (Ton and
Mauch-Mani 2004). As such, CalS and degradation by
B-1,3-glucanases are tightly regulated during host—pathogen
communication. It has been reported that Arabidopsis
(Arabidopsis thaliana) f-1,3-GLUCANASE2 (BG2) (also
termed PATHOGENESIS-RELATED PROTEIN 2, PR2), encoding
a B-1,3-glucanase, is transcriptionally repressed by pathogen
infection-induced abscisic acid accumulation, resulting in en-
hanced callose deposition (Oide et al. 2013). In addition, BG2
is also targeted by fungal effector proteins to suppress the
plant host immune response (Bueno et al. 2022). Interestingly,
callose shares its substrate, UDP-glucose (UDP-Glc), with that
of cellulose (B-1,4-glucan) (Bulone et al. 1995, Somerville 2006,
Bulone 2007). Crystalline cellulose, the load-bearing structure
in the CW, is synthesized at the PM by cellulose synthase
(CESA) complexes (Kroon-Batenburg and Kroon 1997, Lampugnani
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et al. 2019). Cellulose-deficient mutants show altered disease resistance
due to CW changes (Ellis and Turner 2001, Hernandez-Blanco
et al. 2007). These perturbations to CW tune hormone path-
ways and cause lignification, both of which contribute to
host defense responses, at least in Arabidopsis (Ellis and
Turner 2001, Cafio-Delgado et al. 2003).

Cellulose, among other CW polymers, may engage with cal-
lose to form 3D polysaccharide networks in both Arabidopsis
roots and synthetic cellulose—callose hydrogels (Abou-Saleh
et al. 2018). Such associations were also observed, for example,
in the pollen of tobacco (Nicotiana tabacum) under physio-
logical conditions (Ferguson et al. 1998) or in Arabidopsis
leaf CWs during fungal infection (Eggert et al. 2014).
Notably, both CESAs and CalSs can be associated with
detergent-resistant membrane (DRM) compartments
(Verma and Hong 2001, Schrick et al. 2012, Srivastava et al.
2013), and their activities in DRM have been shown in vitro
(Cifuentes et al. 2010). Incubation of UDP-Glc with the DRM
extracts from tobacco BY-2 suspension cells led to the produc-
tion of both cellulose and callose (Cifuentes et al. 2010).
Interestingly, an antagonistic relationship between callose
and cellulose biosynthesis was observed upon wounding,
which leads to a noticeable increase in CalS but a decrease
in CESA at the wound site as identified via immunolabeling
(Nakashima et al. 2003). However, we still have limited knowl-
edge about the mechanistic regulation of callose and cellulose
polymers regarding both their physical association and coordi-
nated biosynthesis during plant—pathogen communication.

Here, we show an interplay between cellulose and callose
synthesis when plants encounter 2 types of bacterial viru-
lence factors: the bacterial flagellin (fig22) (Boller and Felix
2009) and an emerging bacterial quorum-sensing (QS) mol-
ecule called diffusible signal factor (DSF) derived from
Xanthomonas campestris pv. campestris (Xcc) (Newman
et al. 2004, Chatterjee et al. 2008, Brock et al. 2010). DSF,
structural formula as cis-11-methyl-2-dodecenoic acid, is a
primary cell-cell communication signal of Xcc, which regu-
lates the production of virulence factors and biofilm forma-
tion (Deng et al. 2011, He et al. 2023). Recently, DSF was
found to regulate Arabidopsis immune responses by indu-
cing the production of both phytosterol species and cellulose
fibers (Tran et al. 2020, Ma et al. 2021). Here, we demonstrate
that DSF regulates cellulose and callose biosynthesis in an an-
tagonistic manner, in which cellulose synthesis was induced
by DSF elicitation, while callose production was reduced
through stimulation BG2 expression. Interestingly, such an
inverse association of callose and cellulose fiber production
seems to be a general molecular mechanism to balance the
2 polymers in plant CWs. Using both pharmacological treat-
ments and genetic tools, we showed that the inhibition of
one polymer type results in an increase in the other. In add-
ition, although flg22 does not directly increase cellulose pro-
duction, cesa mutants showed enhanced deposition of
callose during flg22-triggered pattern-triggered immunity
(PTI) responses. Taken together, we demonstrated a mech-
anism by which callose and cellulose production is balanced
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upon perceiving microbe molecular patterns during plant-
bacteria interactions.

Results

DSF and bacterial flagellin differentially regulate the
turnover of cellulose and callose in Arabidopsis

CWs, and in particular callose deposition, contribute to how
plant cells are affected and respond to environmental chal-
lenges, including interactions with pathogens. Since callose
and cellulose biosynthesis share the same substrate, we inves-
tigated how this process is coordinated upon exposure to
pathogenic microbe-derived molecules. To elucidate the
crosstalk between plant CW production and defense-related
callose deposition during infection, we choose 2 bacteria-
derived molecules that evidently alter CW composition:
the PAMP-flagellin (here we used flg22 peptides), and the
bacterial QS signal DSF, which is an emerging signaling
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molecule in plant defense and development (Gotz et al.
2007, Schenk et al. 2014, Tran et al. 2020).

To gain further insight into how DSF and fig22 affect
plant cellulose and callose biosynthesis/degradation pathways,
we performed a transcriptomic analysis using 8-d-old
Arabidopsis ecotype Columbia-0 (Col-0) wild-type (WT)
seedlings pretreated with either 150 nm of flg22 or 20 um
of DSF, respectively. This RNA-Seq analysis revealed that 742
genes were differentially expressed (>2-fold) in DSF-treated
seedlings, representing 2.7% of the coding sequences in the
genome of the Arabidopsis accession Col-0 (Fig. 1, A and B).
Gene Ontology (GO) analysis of DSF-reprogrammed gene ex-
pression revealed enrichment of several plant development-
related and immune response-related pathways, such as
“postembryonic root morphogenesis,” “responses to sali-
cylic acid,” “response to insect,” “response to bacterium,”
“response to reactive oxygen species,” as well as the “beta-
glucan metabolic process” (Fig. 1C). This outcome, in con-
junction with our prior finding that DSF inhibits plant
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Figure 1. Transcriptome analysis of Arabidopsis under DSF- or fig22-elicitation. A) Heatmap of the overall transcriptomic profiles with hierarchical
clustering generated by ggplot2. Z-score represents the standardization of gene expression as shown by the color key, indicating the downregulated-
or upregulated-genes. Five-day-old seedlings were treated with 20 um DSF or DMSO for 3 d and further subjected to an additional 2 h treatment in
the absence (water) or presence of 150 nm fig22. Three samples, DMSO + water (termed Mock), DMSO + fig22 (termed flg22), and DSF + water
(termed DSF), with their respective biological replicates (n = 2 for Mock and fig22, n = 3 for DSF), were collected, and the total RNA was extracted,
and reverse transcribed for sequencing. B) Principal component analysis based on expression values showed separation of the transcriptomes into
distinct treatment groups. C) GO analysis of the DSF elicitation-induced transcriptomic changes in Arabidopsis WT seedlings using Cytoscape with
ClueGO plug-in. Differentially expressed genes with minimal 4-fold upregulated and 3-fold downregulated as compared to Mock control were ex-
tracted. Each node represents a GO term. Colors in connected groups represent key GO biological processes (BPs), cellular components (COs), mo-
lecular functions (MFs), or Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways as indicated. D) Differentially expressed callose and
cellulose biosynthesis/degradation-related genes in response to DSF or fig22 treatment from A). The gene expression data sets are summarized

in Supplemental Table S1.
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innate immune responses by altering membrane lipid com-
position (Tran et al. 2020), reveals a complex interaction
among distinct plant immune response pathways in re-
sponse to bacterial DSF signals.

Next, we performed a targeted search of this dataset to in-
vestigate the expression of genes encoding the enzymes that
control the biosynthesis/degradation of cellulose and callose,
including CESAs, CalSs, and B-1,3-glucanases. Remarkably,
DSF treatment induced a major increase in gene expression
of the B-1,3-glucanase BG2 (pathogenesis-related protein 2,
PR-2), as well as the BG2 homolog BG3 (Fig. 1D,
Supplemental Table S1). In contrast, Arabidopsis showed a
divergent transcript profile upon flg22 stimulation as com-
pared to that of DSF-treated seedlings (Fig. 1D). Although
callose deposition is a well-established response upon
PAMP perception, flg22 elicitation did not show similar
changes in the expression of genes encoding callose biosyn-
thesis/degradation-relevant enzymes as in contrast to those
detected upon DSF treatment (Fig. 1D, Supplemental
Table S1), suggesting different regulatory mechanisms of
CW polymers in response to flg22 and DSF. Besides BG2
and BG3, also several CESAs or CELLULOSE SYNTHASE-LIKE
(CSL) genes showed differential expression under either
DSF or flg22 treatment (Fig. 1D, Supplemental Table S1).
Nevertheless, those genes all have much lower basal expres-
sion compared to well-studied CESAs such as CESA3 and
CESA6 (Hamann et al. 2004), which, however, were not
among the differentially expressed genes. The above results
suggested B-1,3-glucanases as the important targets under-
lying the fig22 and DSF signaling.

DSF regulates the balance of callose and cellulose by
stimulating the expression of f-1,3-glucanase

To further validate the transcriptional changes of BG2 in-
duced by DSF treatment, we conducted reverse transcription
quantitative PCR (RT-qPCR) and confirmed that BG2 showed
a drastic upregulation of approximately 400-fold compared
to the control (Fig. 2A). Additionally, we investigated the
protein levels of BG2 by generating a transgenic
Arabidopsis line expressing BG2-GFP under the control of
its native promoter (pBG2:BG2-GFP) (Fig. 2B). Consistent
with the RNA-Seq and RT-qPCR results, we found an appar-
ent increase in the abundance of BG2 protein in BG2-GFP
seedlings treated with DSF (Fig. 2, C and D), whereas
flg22 elicitation attenuated the BG2 protein abundance
(Fig. 2, C and D). BG2 acts as B-1,3-glucanase/callase by
hydrolyzing the [B-1,3-glycosidic bonds of B-1,3-glucans
(Oide et al. 2013, Zavaliev et al. 2013). Thus, we sus-
pected that DSF treatment would directly reduce the
CW callose accumulation, which was further examined
through immunostaining.

Arabidopsis Col-0 seeds were directly germinated on the %
MS agar for 3 d with or without 20 um DSF before the seed-
lings were subjected to immunostaining with an anti-
B-1,3-glucan antibody. Callose deposition was quantified
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and compared by measuring the mean intensity of the fluor-
escent signal of the anti—f-1,3-glucan antibody at the cell-
cell junctions of the primary root (Supplemental Fig. S1A).
Compared to untreated plants, roots of DSF-treated seed-
lings showed a noticeable decrease in anti—-1,3-glucan sig-
nal intensity, indicating a reduction of callose deposition
(Fig. 2E). Interestingly, the Arabidopsis BG2 loss of function
mutant, bg2, demonstrated an attenuated callose response
to DSF, i.e. the DSF-induced callose reduction was largely
abolished in the bg2 (Fig. 2F), indicating that DSF causes a re-
duction in callose accumulation by inducing high BG2 callase
expression.

We next measured the crystalline cellulose levels in
Arabidopsis seedlings using the Updegraff method
(Updegraff 1969) and observed that DSF treatment led to a
robust elevation (~ 1.5-fold) of cellulose production, consist-
ent with previous reports (Ma et al. 2021). However, the ob-
served increase in cellulose production was significantly
attenuated in the bg2 mutant (Fig. 2G). As DSF elicitation
did not apparently change the overall monosaccharide com-
position except for the glucose levels (Ma et al. 2021), we hy-
pothesized that a switch from callose to cellulose
biosynthesis occurred upon DSF elicitation, possibly through
the BG2 callase activity. The UDP-Glc is the substrate for
both CalSs and CESAs. Therefore, the levels of UDP-Glc could
determine the synthesis rates of callose and cellulose (Amor
etal. 1995). We thus assessed whether any changes to the nu-
cleotide sugars pools occurred upon DSF treatment. To test
this, we measured 11 nucleotide sugars, including UDP-Gilc,
by LC-MS/MS (Rautengarten et al. 2016). We did not observe
any changes in UDP-Glc, as well as any other nucleotide su-
gars under DSF elicitation (Fig. 2H). These data confirm that
the nucleotide sugar pools are robust against elevated BG2
activity caused by DSF treatment, similar to what has been
observed that the UDP-Glc levels are relatively stable across
the diurnal changes in WT Arabidopsis (Gibon et al. 2006,
Ivakov et al. 2017).

We next applied a similar treatment on the phosphogluco-
mutase (pgm) mutant that has impaired sugar content and
precursor pools of callose and cellulose in a diurnal changes-
dependent manner (Gibon et al. 2006). PGM catalyzes the re-
versible interconversion between glucose-1-phosphate
(G-I-P) and glucose-6-phosphate (G-6-P). We first observed
visibly lower callose deposition in the roots of pgm mutant
(Supplemental Fig. S1, B and C). Consistently, DSF-triggered
upregulation of cellulose biosynthesis was also attenuated
in pgm mutant (Supplemental Fig. S1D). While it is important
to note that the pgm mutant also has altered the content
of starch and soluble sugars during diurnal changes, our re-
sults suggest that changes to the sugar availability, and
perhaps therefore also the UDP-Glc levels, could impair
the biosynthesis of both the cellulose and callose.
Although this hypothesis remains to be directly tested, it
becomes clear that changes to carbon allocation impact
the amplitude of the inverse association of cellulose and
callose synthesis.
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Figure 2. DSF regulates the callose and cellulose production in a reverse manner through B—1, 3-glucanase. A) Relative expression level of BG2
(At3g57260) compared to Mock control analyzed by RT-qPCR analysis. Five-day-old seedlings were treated with 20 um DSF for 3 d as in Fig. 1A.
The error bar represents sp, n = 6 replicates from 2 biological repeats. B) Schematic illustration of the construction of pBG2:BG2-GFP in pGreen
Il backbone. The numbers indicate the relative positions of each element. C) Western blot of BG2-GFP detected with anti-GFP. Four-week-old leaves
were cut into 4-mm discs, soaked in water containing DMSO or 20 um DSF for 3 d and further treated without (water) or with 150 nm fig22 for 2 h.
The resulting samples DMSO + water (Mock), DSF + water (DSF), and DMSO + fig22 (fig22) were collected. Then, the total proteins were extracted
for western blot. Two bands at ~ 64 kDa were recognized by anti-GFP, considering that BG2 might undergo posttranslation modification. Ponceau
S-stained Rubisco large subunit was used as loading control. D) Quantification of BG2-GFP expression by analyzing the anti-GFP-detected signal
intensity in C). Data were shown as ratios normalized to Mock samples. Gray dash line indicates the relative signal intensity in Mock samples. The
error bar represents s, n = 3 biological repeats. E) Representative images of immunostaining by anti—f-1,3-glucan in WT and bg2 seedlings, which
were directly germinated in % MS medium supplemented with or without 20 um DSF for 3 d. Scale bars, 10 um. F) Ratios of anti—
B-1,3-glucan-immunostained signal intensity in DSF-treated samples E) compared to the mean value of the samples without DSF treatment.
Gray dash line indicates the relative mean intensities of anti—f-1,3-glucan-immunostained signal in WT or bg2 without DSF treatment. n > 180
data points (see Supplemental Fig. STA) from at least 4 seedlings. G) Ratios of crystalline cellulose content in DSF-treated WT or bg2 seedlings com-
pared to the mean value of the samples without DSF treatment. Five-day-old WT or bg2 seedlings were transferred to new % MS medium supple-
mented with or without 20 um DSF for additional 3 d, and then the AIRs were extracted for crystalline cellulose measurement. The rrror bar
represents sb, n = 12 replicates from 2 biological repeats. H) Quantitative analysis of the nucleotide sugar pools in 5-d-old WT seedlings treated
with or without 20 um DSF for additional 3 d. For LC-MS/MS measurements, nucleotide sugars were extracted and enriched as described in
Rautengarten et al. 2016. The error bars represent sp, n = 5 biological replicates. Significant differences were determined via Student’s t-test, assum-
ing equal variances in F) and G) (***P < 0.0001, **P < 0.001, ns = not significant).
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A negative association between callose and cellulose
fiber production

Given the aforementioned specific inverse association be-
tween callose and cellulose synthesis upon DSF elicitation,
our results suggest that stimulating/inhibiting the biosynthesis
of one polymer might reduce/increase the production of an-
other that shares a common substrate. We examined this hy-
pothesis by monitoring callose deposition and distribution
using immunohistochemistry when reducing cellulose pro-
duction using cellulose biosynthesis inhibitors. WT seedlings
were treated with 2,6-dichlorobenzonitrile (DCB) or isoxaben
(1SX) for 3 d prior to immunofluorescence staining using an
anti-1,3-glucan antibody. DCB stalls the movement of the
CESA complex at the PM (Tateno et al. 2016), and ISX depletes
the CESAs from the PM (Brabham et al. 2014). Untreated
plants showed a relatively homogenous distribution of
B-1,3-glucan labeling in WT Arabidopsis roots, whereas
CESA-inhibiting drugs, DCB and ISX, induced a noticeable
increase in B-1,3-glucan signals in WT Arabidopsis roots
(Fig. 3, A to C). The intensity of B-1,3-glucan labeling was
mainly associated with transverse CWs in DCB or ISX trea-
ted—compared to untreated—WT Arabidopsis seedling
roots, indicating a general increase in callose production
(Fig. 3A). In line with this result, by adding ISX; a higher cal-
lose signal was also detected in DSF-treated WT seedlings
(Fig. 3, D and E).

We next sought to further test our hypothesis in a reverse
manner by examining the cellulose production while inhibit-
ing the callose deposition. Here, we first utilized an
Arabidopsis transgenic line constitutively overexpressing
BG2 (Oide et al. 2013). We found that the overexpression
of BG2 uniformly reduced the overall abundance of the
B-1,3-glucan signal (Fig. 3, A to C), suggesting an effective cal-
lose degradation activity of BG2. This result is also consistent
with the above results that DSF elicitation reduces the callose
deposition by upregulating BG2 expression (Fig. 2). Next, we
measured the crystalline cellulose content, representing the
cellulose biosynthesis rate, in the BG2-overexpression
Arabidopsis seedlings. Five-day-old seedlings of WT and
355-BG2 were treated with 0.5 nm ISX or 1 nm DCB for 3 d,
and then the alcohol insoluble residues (AIRs) were extracted
for crystalline cellulose measurement using the anthrone hy-
drolysis method (Updegraff 1969, Lei et al. 2015). As ex-
pected, compared to WT, 355-BG2 showed a significant
~1.5-fold increase in cellulose content under control condi-
tions (mock), which was reduced by coincubation with either
ISX or DCB (Fig. 3F).

To further validate that callose degradation could enhance
the cellulose biosynthesis rate, we also measured crystalline
cellulose content in Arabidopsis seedlings treated directly
with commercial B-1,3-glucanase for 3 d. By applying this en-
zyme, a dose-dependent efficacy in reducing callose produc-
tion was observed through immunohistochemistry
(Supplemental Fig. S2, A to C). Starting from 0.5 mg/mL,
B-1,3-glucanase treatment on Arabidopsis seedlings already
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displayed a significant reduction in overall B-1,3-glucan im-
munofluorescence intensity (Supplemental Fig. S2, A to C).
We then measured the crystalline cellulose content in
Arabidopsis seedlings treated with the same doses of
B-1,3-glucanase. As expected, -1,3-glucanase-treated plants
displayed significant increases in crystalline cellulose in a
B-1,3-glucanase dose-dependent manner (Fig. 3G), demon-
strating the link between callose degradation and cellulose
synthesis. The biosynthesis of cellulose drives the movement
of CESAs along the cortical microtubules, which has been ex-
tensively documented through live-cell imaging of fluores-
cently tagged CESAs (Paredez et al. 2006). We, therefore,
also quantified cellulose fiber synthesis by measuring the dens-
ity and mobility of fluorescence-labeled CESA complexes in
Arabidopsis seedlings expressing pCESAG:tdTomato-CESAG in
the presence or absence of a §-1,3-glucanase. Here, the fluor-
escence density of CESA puncta indicates the number of CESA
complexes per area unit, whereas puncta speed represents
the active production of cellulose fibers (Paredez et al.
2006, Bringmann et al. 2012). tdTomato-CESA6 seedlings
were imaged by Variable Angle-Total Internal Reflection
Fluorescence Microscopy in the midhypocotyl region of eti-
olated Arabidopsis that were treated with 3-1,3-glucanases
for 24 h. We did not observe a significant change in CESA
density at the PM (Supplemental Fig. S2, D and E).
However, the CESA puncta speed increased significantly
from 154 + 79 (mean =+ sp) nm/min in untreated seedlings
to 176 90 nm/min and 217 + 94 nm/min in the seedlings
treated with 2and 5 mg/mL B-1,3-glucanase, respectively
(Fig. 3, H and I). Together, these results indicate that a nega-
tive association between callose and cellulose fiber produc-
tion exists in plant CW synthesis.

Antagonistic regulation of callose deposition and
cellulose synthesis inhibition in PTI response
Enhanced callose deposition is one of the well-documented
PTI responses after PAMP elicitation (Clay et al. 2009). We
next compared callose deposition in Arabidopsis WT and
the CESA mutants at the locus of CESA3 (je5) or CESA6
(prc1-1), which showed reduced cellulose production
(Desprez et al. 2007, Rui and Anderson 2016) in aniline
blue staining experiments. Here, we analyzed leaf cells to
measure callose deposition as root cells reportedly show
weaker and spatially restricted PAMP-trigged immune re-
sponses (Beck et al. 2014, Emonet et al. 2021). fig22 induced
an apparent enhancement of callose deposition after 24 h,
which could be abolished by overexpression of the BG2 call-
ase (Fig. 4A), whereas no detectable change in crystalline cel-
lulose content was observed (Ma et al. 2021). This result
suggests different regulatory mechanisms for PTl and DSF sig-
naling, particularly regarding the regulation of cellulose and
callose production. Nevertheless, we observed that both je5
and prci1-1 seedlings showed enhancement of the aniline
blue signals compared to WT seedlings after elicitation
with 1 um fig22 (Fig. 4, A and B), indicating increased callose
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Figure 3. Balance of callose and cellulose biosynthesis in Arabidopsis at steady states. A) Representative images of immunostaining by anti
—B-1,3-glucan in 355-BG2 or WT seedlings treated with or without DCB or ISX. Seeds were directly germinated in %2 MS medium supplemented
with or without 1 nm DCB or 0.5 nm ISX as indicated for 3 d. Scale bars, 10 um. B) Quantification of anti—f-1,3-glucan-immunostained signal in-
tensity (arbitrary unit, A.U.) in CW as in A). n=200 data points from 5 seedlings. C) The frequency distribution of the anti—f-1,
3-glucan-immunostained signal intensity in B), fitted by Gaussian distribution. D) Representative images of immunostaining by anti—f-1, 3-glucan
in WT seedlings treated by DSF with or without ISX coinoculation. Seeds were germinated on % MS agar supplemented with 20 um DSF with or
without 0.5 nm ISX coinoculation for 2.5 d. Scale bars, 10 um. E) Quantification of anti—f-1,3-glucan-immunostained signal intensity in CW as
in D). n =240 data points from 5 seedlings. F) Crystalline cellulose content in 5-d-old WT and 35S-BG2 seedlings treated with or without 1 nm
DCB or 0.5 nm ISX for additional 3 d, followed by AlRs extraction for crystalline cellulose measurement. The error bar represents so, n = 12 replicates
from 2 biological repeats. G) Crystalline cellulose content of 5-d-old WT seedlings treated with 0, 0.1, 0.5, 2.0, and 5.0 mg/mL of B-1,3-glucanase for
additional 3 d before AIR extraction for crystalline cellulose measurement. The error bar represents so, n = 6 replicates from 2 biological repeats. H)
The time projections of trajectories (upper panel) and kymograph (lower panel) of tdT-CESAG particles. Time projections were generated by average
intensity of 49 frames collected at 5 s interval. Representative kymographs show the moving trajectory (highlighted by red lines) of tdT-CESA6 par-
ticles within 4 min duration. Scale bars, 5 ym in upper panel and 1 ym in lower panel, respectively. I) Quantitative analysis of tdT-CESA6 moving
velocity on the PM in H). Data were shown as violin plot indicating the 25% and 75% quartiles (dot dash lines) and median (dash line). n > 1,300
tracks from 5 seedlings in each condition. Significant differences were determined via Student’s t-test, assuming equal variances in E) or 1-way
ANOVA with multiple comparisons in B), F), G), and I) (**P < 0.01, ****P < 0.0001, ns = not significant).

production in the cellulose biosynthesis mutants during PTI additional mechanisms may exist that regulate the activities
signaling. Notably, flg22 elicitation did not apparently change ~ of enzymes involved in cellulose/callose turnover and that
the abundance of cellulose/callose synthesis/degradation-  those may cause callose enrichment in cellulose-deficient

related enzymes (Fig. 1, A and C). Our results suggest that  conditions.

¥20Z Ae|\ 90 UO Jasn (S]SY) sIpniS U] Jo [ooyos weuleleley S Aq 0£855Z//L€ L/L/Y6 L/aome/sAyd|d/wod dno-olwepeoe//:sdiy wols pspeojumoq



144 | PLANT PHYSIOLOGY 2024: 194; 137-152

Liu et al.

A WT 35S-BG2 jes prc1-1 B
> 6
B
g § 5— l—*\
ey £
. @ §4- —_—
\'\ . i) *%
MR i RS i 2 [ 3 —
.\ » n
2 2 i
: 8 ] E=
" 5 1
Q = 2
(@)
d L S S S
: ; N G Y
é 63%¢ Q\
% -_ -_ 5
C

Cell Wall

Plasma Membrane

UDP-Glucose
N\_~ "~ Callose «~~ PAMPs
\_~"~- Cellulose A CBIs

Py

£ i} cals

]

Figure 4. Cellulose biosynthesis mutants demonstrated enhanced fig22-triggered callose deposition. A) Representative images of aniline blue
stained callose deposition on leaf epidermal cells. Two-week-old seedlings of WT, 355-BG2, je5, and prci-1 were treated with or without 1 um
fig22 for 24 h. Scale bar, 100 um. B) Ratios of callose production as stained by aniline blue in fig22-treated seedlings compared to the mean value
of the samples without flg22 treatment as in A). Gray dash line indicates the relative mean values of callose signal in the samples without flg22
treatment. n > 20 biological replicates from 6 seedlings. Significant differences were determined via 1-way ANOVA with multiple comparisons
(**P < 0.01, *P < 0.05). C) The proposed working model for balanced callose and cellulose biosynthesis under immune signaling. The callose depos-
ition is tuned by CalS and BG2, while cellulose biosynthesis is mediated by CESA. By sharing the same UDP-Glc as the common biosynthesis sub-
strate, callose and cellulose are antagonistic regulated under the elicitation of bacteria-derived molecules: DSF and PAMP-flg22. DSF hijacks PRRs and
suppresses the flg22-triggered immunity responses, including callose production in response to flg22 (Tran et al. 2020). DSF upregulates the cellulose
biosynthesis, evidenced by the enhanced CESA velocity (Ma et al. 2021), and downregulates the callose deposition mediated by BG2 expression (this
study). However, flig22 induces callose deposition without positive effects on cellulose biosynthesis (Ma et al. 2021). Cellulose biosynthesis inhibition
(CBI) increases the callose deposition elicited by flg22, and BG2 overexpression reduces fig22-induced callose deposition. Arrows and blunt arrows
represent positive and negative regulations, respectively. Image was created with BioRender.com.

PAMP-induced apoplastic reactive oxygen species (ROS)
bursts are responsible for callose deposition during defense
signaling (Daudi et al. 2012, Smith and Heese 2014). In line
with that, we observed that the Arabidopsis mutant rbohd,
which is defective in RESPIRATORY BURST OXIDASE
HOMOLOG D (RBOHD), demonstrated a reduction in cal-
lose deposition after fig22 elicitation compared to WT plants

(Supplemental Fig. S3, A and B). We next asked whether je5
or prc1-1's ROS production is a contributing factor to the
changes in callose deposition observed during PTI signaling.
However, both je5 and prc1-1 showed decreased levels of
ROS induction by flg22 elicitation (Supplemental Fig. S3C),
demonstrating that ROS was unlikely the reason for the cal-
lose deposition in cellulose-deficient mutants.
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Discussion

CW remodeling during DSF signaling

The CW is the load-bearing structure and structural barrier
of plant cells, in which the different polysaccharides vary de-
pending on environmental conditions and signal transduc-
tions. The biosynthesizing and degrading enzymes, the
physical interactions of different polysaccharides, and the ex-
tensibility and relaxation of the plant CWs are fundamental
factors for CW biology (Cosgrove 2015, Lampugnani et al.
2018). CW polymers are dynamically assembled to support
specific mechanical needs during morphology and stress
adaptation, such as pathogenic invasion. It is becoming in-
creasingly clear that CW remodeling is one of the essential
plant defense mechanisms (Jacobs et al. 2003, Liu et al.
2014, Huang et al. 2019, Dora et al. 2022). While CW polymers
and their corresponding processing enzymes have been well
documented, the underlying mechanisms of CW remodeling
during plant immune responses are complex and poorly
understood.

Microbial pathogens transmit a variety of signaling biomo-
lecules, such as PAMPs (e.g. flagellin, EF-Tu, lipopolysacchar-
ides, chitin, etc.) or chemical small molecule-QS signals,
which could be perceived by plant hosts that dramatically af-
fect plant development or modulate immune responses
(Kutschera et al. 2019, Tran et al. 2020). There is mounting
evidence that bacterial QS molecules are capable of modulat-
ing plant development and defense mechanisms. N-acyl-
homoserine lactones (AHLs) secreted from Gram-negative
bacteria are the best-studied QS molecule, of which impact
has been studied in plants. Long-chain AHLs (C12 to C14)
from root-colonizing microbes in the rhizosphere are effect-
ively perceived by plants and modulate host responses, such
as the AHL effect in priming plant defense by activating
mitogen-activated protein kinase (MAPK) cascades (Schikora
et al. 2011, Schenk et al. 2014). Similarly, a medium-chain 3-hy-
droxy fatty acid (mc-3-OH-FA)-type QS molecule was re-
ported to stimulate plant PTI responses through receptor
kinase LIPOOLIGOSACCHARIDE-SPECIFIC REDUCED
ELICITATION (LORE) (Kutschera et al. 2019). However, more
recently, Xanthomonas DSF species were shown to promote
disease in both Citrus paradisi Macfadyen and Arabidopsis,
in which DSF represses plant defense responses, although
some defense-relevant genes are upregulated at very high
DSF concentrations (Kakkar et al. 2015, Li et al. 2019, Tran
et al. 2020). The distinct plant responses to different QS mole-
cules are most likely the result of diverse recognition mechan-
isms of bacterial QS signals evolved in the plant host, perhaps
through the presence of receptors or metabolizing enzymes.
Xanthomonas DSF induces phytosterol production, attenuat-
ing PTI responses in Arabidopsis (Tran et al. 2020).

Interestingly, in this study, we found an additional re-
sponse to DSF in remodeling Arabidopsis root CWs. DSF an-
tagonistically regulates cellulose and callose biosynthesis and
drastically upregulates the callose degrading enzyme, BG2/
PR2. The striking inverse regulation of cellulose and callose
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biosynthesis during DSF treatment is mediated by enhanced
-1,3-glucanase activity and less likely via fine-tuning of the
CESA gene expression (Fig. 1D) or the restriction of the
shared substrate, UDP-Glc (Figs. 2H and 4C). The underlying
mechanisms of the induction of cellulose fiber biosynthesis
through DSF and the interplays between the enzymes for cel-
lulose and callose synthesis are worth future studies. An in-
vestigation of potential crosstalk between cellulose and
phytosterol biosynthesis pathways or a quantitative analysis
of the cellulose and phytosterol at spatial resolution in cell
and tissue scale, which are lacked in this study, might reveal
additional insight. DSF directly regulates Arabidopsis defense
responses by increasing phytosterol production (Tran et al.
2020). Arabidopsis sterol mutants have reduced bulk cellu-
lose biosynthesis but not in pectin and neutral sugar biosyn-
thesis (Schrick et al. 2004). Both CESAs and CalSs might be
localized in lipid nanodomains at the PM (Somerville 2006,
Schrick et al. 2012, Takahashi et al. 2013), which may be tar-
geted by both host- and pathogen-derived molecules during
plant—microbe interactions (Jaillais and Ott 2020, Ma et al.
2022, Tran et al. 2022). Although DSF did not affect the
CESA density at the PM (Ma et al. 2021), whether
DSF-mediated lipid changes and sterol enhancement would
influence the activity of CESA and CalS remains elusive and
requires further studies.

ROS, callose, and cellulose production during
immune responses

CW biosynthesis and modification should be closely linked
during plant immune response and feedback control. The bi-
directional communication between pathogens and plants
are constantly evolving and are, therefore, divergent under
different conditions of host-pathogen communication
(Dora et al. 2022). Upon bacterial infection, plant immune re-
sponses are directly activated by bacterial-derived PAMPs.
Rapid ROS production and subsequent callose deposition
are hallmarks of PTI responses that in return cause remodel-
ing of CW and, thereby, plant pathogenesis (Engelsdorf et al.
2018). The compositional and mechanical changes of
plant CW scaffolds enhance the defense through different
approaches, including the production of plant-derived
DAMPs, mechanical control of plasmodesmata aperture,
and ROS production (Jacobs et al. 2003, Niihse 2012,
Oide et al. 2013). However, little is known about how
ROS affects the downstream polymerization of callose, cel-
lulose, or other polysaccharides. ROS burst by PAMP elicit-
ation was significantly attenuated in Arabidopsis mutants
deficient in cellulose biosynthesis (isoxaben-treated or mu-
tation at ISOXABEN RESISTANT1 locus, irx1-6) or xylan
acetylation (mutation at ESKIMOT1, esk1, or at the locus en-
coding beta subunit of the G protein complex, abgi-2)
(Denness et al. 2011, Escudero et al. 2017). Here, we also de-
monstrated direct manipulation of fig22-triggered ROS pro-
duction in cellulose biosynthesis mutants (Supplemental
Fig. S3C). Earlier DSF was shown to reduce flg22-stimulated
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ROS production by impairing the clustering and activation
of pattern recognition receptors (PRRs) (Tran et al. 2020).
The negative regulation of the ROS bursts by DSF is unlikely
derived from reduced cellulose content because DSF can
upregulate cellulose biosynthesis. In addition, DSF also im-
paired ROS production. For the same reason, ROS is unlikely
to be the intermediate regulator of DSF-triggered cellulose
biosynthesis.

In summary, our findings illustrate a sophisticated process
that maintains the structural integrity of the CW through a
balanced biosynthesis of callose and cellulose. This balance
can be influenced by 2 potential pathways: defense response
signaling or feedback regulation emanating from the dynam-
ic interaction between callose and cellulose when CW integ-
rity is compromised (Figs. 3 and 4C). Under conditions with
limited sucrose, the reverse correlation between callose and
cellulose was disrupted (Hamann et al. 2009). This process
could also be mediated by stress conditions affecting CW in-
tegrity, irrespective of the substrate limitation (Engelsdorf
et al. 2018). Future research explores whether the reciprocal
biosynthesis of callose—cellulose persists in CW damage-
sensing mutants could help to determine whether the stress
signaling pathway or substrate allocation contributes to the
biosynthesis of callose or cellulose, and whether these 2 me-
chanisms operate independently. In addition, the perturb-
ation of CW integrity during DSF exposure mediated
through enhanced cellulose biosynthesis (Ma et al. 2021)
and callose degradation (via BG2 upregulation, this study)
could originate from changes to the molecular framework re-
quired for the precise function of cellulose and CalSs. Among
those factors, both formin-mediated actin assembly and PM
compositions are significantly altered during DSF signaling
(Tran et al. 2020, Ma et al. 2021). Besides the CW-PM-actin
cytoskeleton continuum (Fig. 4C), it is of special interest
for future investigations whether additional players may con-
tribute to the DSF/PTI signaling, such as direct participation
of phytosterol substrates in cellulose biosynthesis or integrity
sensing of wall-associated kinase sensors (Engelsdorf et al.
2018).

Materials and methods

Plant materials and growth conditions

Arabidopsis (A. thaliana) Columbia accession (Col-0) was
used in this study. tdT-CESA6 (Sampathkumar et al. 2013),
355-BG2 (originally termed as 35S:PR2pad3) (Oide et al.
2013), je5 (Desprez et al. 2007), prc1-1 (Fagard et al. 2000),
and pgm (Usadel et al. 2008) were reported in previous stud-
ies. bg2 (Salk_20950 °C) and rbohd (Salk_035391C) were ob-
tained from ABRC (The Ohio State University). To generate
the BG2-GFP transgenic line, the native promoter and cDNA
fragment of BG2 (At3g57260) were synthesized (Synbio Tech,
USA) and fused with the pGreen Il binary vector backbone
(Hellens et al. 2000) to generate the pBG2:BG2-GFP con-
struct, which was then transformed to Agrobacterium
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tumefaciens strain AGL-1. Transformation of Col-o WT seed-
lings was further conducted via the floral dip method
(Clough and Bent 1998). Transgenic seeds selection was per-
formed in %2 MS medium containing 10 mg/L glufosinate
ammonium.

Arabidopsis seeds were surface-sterilized in 15% bleach
(v/v) for 5 min and rinsed with sterilized distilled water for
3 times. After stratification at 4 °C in dark for a minimum
of 2 d, the seeds were germinated on % MS media containing;
0.22% (w/v) MS basal salts (Phytotech lab), 1% (w/v) sucrose,
0.05% (w/v) MES, pH5.8, and 0.8% (w/v) agar. Unless specific
note, the seedlings were grown in growth chambers
(Panasonic MLR-352H-PE) under long-day conditions (16 h
light and 8 h dark cycle) under 22 °C.

tdTomato-CESAG6 image and analysis

The tdT-CESA6 seeds were directly germinated on % MS
media in dark, and the middle regions of 3- to 4-d-old etiol-
ated hypocotyl were imaged via the Zeiss Elyra PS.1 platform
equipped with variable angle total internal reflection fluores-
cence (VA-TIRF) illumination though a 100X, NA 1.46 oil ob-
jective. The tdTomato signal was excited at 561 nm with 24
W/cm? of laser intensity, and the emission was collected at
570 to 650 nm through a sCMOS camera (PCO-edge) with
5 sinterval. TIRF angle (~62° used) was adjusted until getting
the best signal to noise ratio. The time-lapse images of
tdT-CESA6 were deconvolved using Huygens Essential (SVI)
by setting the deconvolution parameters as signal noise ratio
=20, iteration = 30, and quality threshold = 0.01. To quan-
tify the tdT-CESAG6 particle dynamics, the deconvoluted
images were first cropped into ROls avoiding the background
signal beyond the hypocotyl cell region. tdT-CESA6 particle
tracking was then performed cropped ROIs using the
plugin-Trackmate (Tinevez et al. 2017) in Fiji (NIH, USA).
The estimated particle diameter was set to 0.4 um for par-
ticle detection. To track the particle trajectories, the linking
max distance, gap-closing max distance, and gap-closing
max frame gap were set to 0.2, 0.2, and 2 um, respectively.
Trajectories with more than 25 frames were subjected to
quantification of particle moving velocity by dividing the
tracking distance with the duration time. The final particle
velocity was confirmed by manually checking the kymo-
graph. The particle density of tdT-CESAG was analyzed using
particles in the first frame of the deconvoluted image by div-
iding the resulting particle total count with the area of ROL
The final particle selection was confirmed by comparison
with the original image.

Crystalline cellulose analysis

To prepare the AIR samples, 4-d-old seedlings were trans-
ferred to % MS plate supplemented with indicated drugs
for an additional 3 d. Seedlings were firstly frozen in liquid ni-
trogen and homogenized using Powerlyzer 24 Homogenizer
(Qiagen). The tissue powder was then rinsed sequentially by
70%, 80%, and 100% ethanol and centrifuged at 13,000 X g for
10 min to pellet the CW extraction, which was further
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incubated with 1:1 (v/v) methanol:chloroform mixture for
2 h. After centrifugation at 13,000 X g for 10 min, the pellet
was washed in acetone completely and air-dried overnight.
Subsequently, the destarch step was performed by incubat-
ing the pellet with a-amylase overnight under 50 °C. The
measurement of crystalline cellulose content was conducted
through the Updegraff method (Updegraff 1969). Briefly,
1 mL of acetic nitric reagent was incubated with AIR samples
for 30 min at 121 °C. The pellets were then collected by cen-
trifugation at 13,000 X g for 10 min and washed with 1 mL
acetone. After centrifugation and air-drying, 200 uL 72% sul-
furic acid was added for another 1 h of incubation. After
which 800 uL pure water was added and mixed well. For final
measurement, 500 uL of the above mixture was taken out,
mixed with 1 mL of ice-cold 0.2% (w/v) anthrone solution
and then incubated at 98 °C for 10 min and cooled down
to room temperature. The ODg,, of the solution was further
measured in a Biotek Cytation 5 cell imaging multimode
reader (Agilent Technologies).

Aniline blue staining of callose

Two-week-old seedlings were fixed and detained in 1:3 (v/v)
acetic acid/ethanol mixture until leaves were transparent,
followed by washing in 150 mm K,HPO, for 20 min and re-
peating 3 times. The seedlings were then stained for at least
3 h by 0.01% (w/v) aniline blue dissolved in 150 mm K,HPO,
in a 6-well plate covered by aluminum foil. After staining,
samples were embedded in 50% glycerol before imaging.
The callose signal was captured using Zeiss LSM 780 confocal
laser scanning microscopy equipped with an Alpha Plan
Apochromat 10X objective with an excitation at 405 nm
and emission collection at 420~470 nm.

ROS measurement

Arabidopsis plants were grown for 1 mo in short-day condi-
tions (8 h light and 16 h dark cycle) under 22 °C. Leaf discs
with a diameter of 5 mm were punched and cut into 5 leaf
stripes, which were transferred into a 96-well microtiter plate
filled with 200 uL of distilled H,O in each well and incubated
overnight for relieving the wounding response. To induce de-
tective ROS production, the water was removed, and 200 uL
of prechilled elicitation solution was added with a final con-
centration of 20 ng/mL peroxidase (Sigma-Aldrich), 34 ug/mL
luminol (Sigma-Aldrich), and 1 um fig22 (synthesized by GL
Biochem). Immediately, the luminescence was monitored using
BioTek Cytation 5 cell imaging multimode reader (Agilent
Technologies) for 40 min with 1 min of time interval. To ana-
lyze the data, the luminescence signal reading against time
was plotted in Prism 7.0 (GraphPad). Area under the curve
was calculated to indicate the total ROS production.

Western blot

Four-week-old Arabidopsis seedlings grown in short-day con-
ditions (8 h light and 16 h dark cycle) under 22 °C were pre-
pared for western blot to detect the BG2 protein production.
Six leaf discs with a diameter of 4 mm were transferred to a
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6-well microtiter plate and incubated in liquid % MS media
supplied without (DMSO) or with 20 um of DSF for 3 d
and then subjected to an additional 2 h of treatment in
the absence (water) or presence of 150 nm flg22. The result-
ing samples DMSO + water (Mock), DSF + water (DSF), and
DMSO + fig22 (fig22) were collected. To obtain total protein
extraction, leaf discs were frozen in liquid nitrogen and
ground and then lysed in 200 uL extraction buffer (100 mm
Tris-HCI pH 8.0, 250 mm sucrose, 15 mm EDTA, 5% [v/v] gly-
cerol, 0.5% [w/v] PVP K25, 25 mm sodium fluoride, 50 mm so-
dium pyrophosphate, 1 mm sodium molybdate, pierce
protease inhibitor [Thermo Fisher, 1 tablet/50 mL], 1 mm
PMSF, 3 mm DTT). After centrifugation at 20,000 X g for
15 min, the supernatant fraction was collected and loaded
in a 10% SDS-PAGE gel. After separation, proteins were trans-
ferred into a 0.2 um nitrocellulose membrane. BG2-GFP was
probed with rabbit monoclonal antibody against GFP
(Torrey Pines BiolLabs, 1:200 dilution, overnight at 4 °C)
and detected by incubating with IRDye 800CW Goat
anti-Rabbit IgG secondary antibody (LI-COR, 1:2000 dilution,
1 to 2 h at room temperature). Ponceau S-stained signal of
Rubisco was used as loading control.

Immunostaining of B-1,3-glucan

Three-day-old seedlings of WT as well as mutants were fixed
in 4% (w/v) paraformaldehyde for 1 h in a vacuum desicca-
tor. Samples were successively rinsed 3 times with PBS and
incubated with 2% (w/v) Driselase (Sigma-Aldrich) for
60 min at 37 °C for CW digestion. The membrane permeabil-
ization was conducted with 3% (v/v) IGEPAL (Sigma-Aldrich)
in PBS containing 0.1% (v/v) Triton X-100% and 10% (v/v)
DMSO. After blocking with 3% (w/v) BSA in PBS for 1 h,
the seedlings were incubated with mouse monoclonal anti-
body against B-1,3-glucan (BioSupplies) at a dilution of
1:200. Secondary antibody goat antimouse 1gG Alexa Fluor
Plus 488 (Invitrogen) was added at a 1:2000 dilution following
the washing steps with PBS. The signal was then imaged im-
mediately under Zeiss LSM 780 confocal laser scanning mi-
croscopy following the complete wash, the Alexa 488 signal
was excited at 488 nm with 36 W of laser intensity, and
the emission was collected at 495 to 575 nm.

B-1,3-Glucanase treatment

For VA-TIRF imaging of hypocotyls with B-1,3-glucanase
treatment, the tdT-CESAG seeds were germinated on % MS
plate for 2.5 d in the dark and treated with 3-1,3-glucanase
(Sigma-Aldrich) for an additional 24 h. The middle part
of hypocotyl was imaged through VA-TIRF. For crystalline
cellulose measurement with B-1,3-glucanase treatment,
the 5-d-old WT seedlings were treated with 0, 0.1, 0.5,
2.0, and 5.0 mg/mL of B-1,3-glucanase for additional 3 d,
and then the AIRs were extracted for crystalline cellulose
measurement.
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Nucleotide sugar extraction for LC-MS/MS
measurement

The nucleotide extraction was done as described previously
(Rautengarten et al. 2019). Briefly, 8-d-old seedlings were
homogenized in liquid nitrogen using a mortar and pestle.
Six hundred microliters of ice-cold chloroform/methanol
(3:7) solution was added, and the sample was vortexed for
5s. The solution was stored at —20 °C for 2 h, and then
400 pL of ice-cold water was added and mixed thoroughly
for 5s using a vortex mixer. After centrifugation at
20,000 X g for 5 min at 4 °C, the upper aqueous phase was
collected into a 15 mL tube, which was further washed 2
more times by adding 400 pL ice-cold water, centrifuging,
and pooling. Further, 2.5 mL ice-cold water was added to
the 15 mL tube prior to lyophilization of the sample over-
night. One microliter of 10 mm ammonium bicarbonate
was added to the dried sample, mixed, and briefly spun
down. Equilibration of an EnviCarb SPE (Sigma-Aldrich)
was performed using 3 mL of 80% acetonitrile with 0.1% tri-
fluoroacetic acid (TFA) followed by 2 mL of water. The sam-
ple in 10 mm ammonium bicarbonate was added to the SPE
column, and the column washed with 2 mL of water and
then 2 mL of 25% acetonitrile and finally 2 mL of 50 mm
triethylamine/acetic acid (TEAA) pH 7.0. Elution was under-
taken using 2 mL of 25% acetonitrile with 50 mm TEAA pH
7.0. After a lyophilization step overnight, the nucleotide su-
gars were resuspended in 200 pL of ice-cold water and ana-
lyzed by LC-MS/MS. LC-MS/MS was performed using
porous graphitic carbon as the stationary phase on an 1100
series HPLC system (Agilent Technologies) and a 4000
QTRAP LC/MS/MS system (SCIEX) equipped with a
TurbolonSpray ion source using methods previously described
(Rautengarten et al. 2014).

RNA-Seq and data analysis

Five-day-old Arabidopsis seedlings were transferred to new %
MS plates containing 20 um DSF or DMSO for additional 3 d
and then were further treated without (water) or with
150 nm fIg22 for 2 h. The resulting samples DMSO + water
(Mock), DSF + water (DSF), and DMSO + fig22 (fig22) were
collected for RNA-seq analysis. Plant tissue was frozen in li-
quid nitrogen and kept at —80 °C. RNA extraction was per-
formed using RNeasy Plant Minikit (Qiagen) according to
the manufacturer instruction. Each treatment includes 2 to
3 biological replicates.

Arabidopsis full genome sequence was downloaded from
Ensembl Genomes in CLC Genomics Workbench 8.0
(Qiagen) as reference and annotated by The Arabidopsis
Information Resource (TAIR) from GO Consortium
(https://geneontology.org/docs/download-ontology/). RNA-
seq raw data were imported into CLC Genomics
Workbench 8.0 (Qiagen) to obtain reads of each gene by
“RNA-Seq Analysis” application. Comparison of expression
level was performed by DESeq2 package in RStudio 3.3.1
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with a negative binomial test (adjusted P-value <0.05).
Heat map was generated by heatmap.plust package.
Principal component analysis plot was generated by ggplot2
package.

RT-qPCR validation

Turbo DNase (Ambion) and RNAClean XP kit (Agencourt)
were used for DNase treatment and repeated twice. Qubit
Fluorometer (Thermo Fisher) was applied for the evaluation
of the quality of RNA samples. cDNA was synthesized using
oligo-d(T) primer on the SuperScript Il First-Strand
Synthesis system. RT-qPCR was conducted using Kapa
SYBR FAST gPCR Master mix with primers specific PR2
(Xiao and Chye 2011), with EF-10 gene used as the internal
control for calibration of all samples (Czechowski et al.
2005). The data were collected by Applied Biosystem
StepOnePlus RealTime PCR system (Applied Biosystem)
and analyzed using the manufacturer’s software. Each was
performed in triplicates.

Statistical analysis

Statistical analyzes were performed in Prism 7.0 (GraphPad).
Comparisons between 2 groups were conducted using
2-tailed Student’s t-test assuming equal variances, while the
multiple comparisons between 3 or more groups were car-
ried out using 1-way ANOVA with multiple comparisons:
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns means
no “significant difference.” Final data were plotted as bar
graphs (mean + sp) or box plots showing the 25% and 75%
quartiles with median inside the mean value (indicated as
“+"). The cartoon in Fig. 4C was created with BioRender.com.

Accession numbers

The original RNA-Seq data of this article can be found in the
NCBI Bioproject under accession numbers PRJNA504740
(https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA504
740). Accession numbers of the major genes reported in
this study are listed as follows: BG2, AT3G57260; BG3,
AT5G57240; CESA3, AT5G05170; CESA6, AT5G64740; and
RBOHD, AT5G47910.
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