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Callose deposition in Arabidopsis has emerged as a popular
model system to quantify activity of plant immunity. How-
ever, there has been a noticeable rise in contradicting re-
ports about the regulation of pathogen-induced callose. To
address this controversy, we have examined the robustness
of callose deposition under different growth conditions and
in response to two different pathogen-associated molecular
patterns, the flagellin epitope Flg22 and the polysaccharide
chitosan. Based on a commonly used hydroponic culture
system, we found that variations in growth conditions have
a major impact on the plant’s overall capacity to deposit
callose. This environmental variability correlated with lev-
els of hydrogen peroxide (H,0,) production. Depending on
the growth conditions, pretreatment with abscissic acid
stimulated or repressed callose deposition. Despite a simi-
lar effect of growth conditions on Flg22- and chitosan-
induced callose, both responses showed differences in tim-
ing, tissue responsiveness, and colocalization with H,O,.
Furthermore, mutant analysis revealed that Flg22- and
chitosan-induced callose differ in the requirement for the
NADPH oxidase RBOHD, the glucosinolate regulatory en-
zymes VIC1 and PEN2, and the callose synthase PMR4.
Our study demonstrates that callose is a multifaceted de-
fense response that is controlled by distinct signaling path-
ways, depending on the environmental conditions and the
challenging pathogen-associated molecular pattern.

Plants protect themselves against pathogens by using a variety
of chemical and physical defense mechanisms. Callose-con-
taining cell-wall appositions, called papillae, are effective bar-
riers that are induced at the sites of attack during the relatively
early stages of pathogen invasion. Callose is an amorphous,
high-molecular weight -(1,3)-glucan polymer that serves as a
matrix in which antimicrobial compounds can be deposited,
thereby providing focused delivery of chemical defenses at the
cellular sites of attack. Callose deposition is typically triggered
by conserved pathogen-associated molecular patterns (PAMPs)
(Brown et al. 1998; Gomez-Gomez et al. 1999a). Examples of
bacterial PAMPs are the 22—amino acid sequence of the con-
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served N-terminal part of flagellin (Gomez-Gomez and Boller
2000) and the bacterial elongation factor EF-Tu (EIf18)
(Kunze et al. 2004). Chitin, a B-(1,4)-linked polymer of N-ace-
tylglucosamine, and chitosan, a randomly distributed B-(1,4)-
linked polymer of D-glucosamide and acetylglucosamine, are
examples of potent callose-inducing PAMPs from fungal cell
walls (Iritri and Faoro 2009). Apart from PAMPs, endogenous
elicitors from pathogen- or herbivore-damaged plant tissues
can activate callose depositions as well. Well-known examples
of damage-associated patterns (DAMP) are oligogalacturon-
ides (OG) (Ridley et al. 2001).

The signaling pathways controlling PAMP-triggered immu-
nity (PTI) are under the control of pathogen recognition recep-
tors (PRR). Activity of the downstream pathways is marked by
common signaling events, such as anion fluxes, protein phos-
phorylation cascades, accumulation of reactive oxygen species
(ROS), and defense gene induction (Boller and Felix 2009;
Jeworutzki et al. 2010; Nicaise et al. 2009). Recently, PAMP-
or DAMP-induced callose deposition in cotyledons or leaves
of Arabidopsis has emerged as a popular marker response to
study the signaling pathways controlling PTI or the suppres-
sion of these pathways by virulence-promoting pathogen effec-
tors (Table 1). The advantage of this model system is that it
allows for rapid and relatively simple screening of PTT activity.
The model system has been used to demonstrate that reactive
oxygen species (ROS) act as positive signals in Flg22- and
OG-induced callose (Galletti et al. 2008; Zhang et al. 2007),
and recently, it was found that the RNA interference regulatory
protein Argonautel generates various miRNA signals that
stimulate or repress Flg22-induced callose (Li et al. 2010).
Furthermore, Flg22-induced callose in Arabidopsis has been
demonstrated to require intact biosynthesis of 4-methoxylated
indole glucosinolates (Clay et al. 2009), suggesting that these
secondary metabolites or break-down products thereof play a
crucial role in the regulation of callose.

The timing and intensity of pathogen-induced callose can be
influenced by environmental signals. For example, plants that
are locally subjected to pathogen attack express systemic ac-
quired resistance, which is associated with augmented levels of
callose upon secondary pathogen inoculation (Kohler et al.
2002). Furthermore, resistance-inducing chemicals can augment
depositions of pathogen-inducible callose. Well-known exam-
ples of such priming agents are the salicylic acid (SA) analog
benzo(1,2,3) thiadiazole-7-carbothioic acid S-methyl ester
(Kohler et al. 2002), and the nonprotein amino acid f-amino
butyric acid (BABA) (Ton and Mauch-Mani 2004; Zimmerli et
al. 2000). We have previously demonstrated that BABA-induced
priming of callose requires an intact abscissic acid (ABA)-de-
pendent pathway in Arabidopsis. Since ABA regulates plant
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adaptation to abiotic stress, these findings suggest that patho-
gen-induced callose is coregulated by abiotic stress signals
(Flors et al. 2005; Mauch-Mani and Mauch 2005). Indeed, in
recent years, ABA has emerged as a multifaceted modulator of
disease resistance (Asselbergh et al. 2008; Ton et al. 2009).

The role of ABA in disease resistance depends on a multi-
tude of factors, such as the attacking pathogen, its specific way
of gaining entry into the host, the timing of the defense re-
sponse, and the type of plant tissue that is under attack. In gen-
eral, ABA exerts a positive influence on early-acting defenses,
such as stomatal closure, but a negative influence on later-acting
defense mechanisms that are under the control of plant hor-
mones SA and jasmonic acid (Ton et al. 2009). Nevertheless,
this trend does not explain the controversial function of ABA
in pathogen-induced callose. It was recently reported that ABA
suppresses callose deposition in Arabidopsis cotyledons after
treatment with the bacterial PAMP flagellin (Clay et al. 2009),
which is supported by earlier findings that callose induced by
Pseudomonas syringae pv. tomato is suppressed by ABA (de
Torres-Zabala et al. 2007). Contrary to these findings, other
groups have demonstrated a positive influence of ABA on cal-
lose deposition in response to infection by different fungal and
oomycete pathogens (Asselbergh et al. 2008; Flors et al. 2005;
Ton et al. 2009). In fact, a DNA/RNA nuclease was recently
reported to act as a critical regulator of ABA-dependent stimu-
lation of callose deposition during Botrytis cinerea infection
(You et al. 2010).

In this study, we have evaluated the robustness of a widely
used hydroponic Arabidopsis system to quantify PAMP-
induced callose. Our results demonstrate that variations in
abiotic growth conditions have a major impact on the plant’s
capacity to deposit callose in this system, which correlate with
levels of H,0, in the tissue. Moreover, the impact of ABA on
callose deposition varied from repressive to stimulatory, de-
pending on the growth conditions. We furthermore demon-
strate that the pathways controlling callose differ according to
the challenging PAMP, illustrating that pathogen-induced cal-
lose is a multifaceted defense response that is regulated by
multiple signals rather than one, conserved signaling pathway.

RESULTS

Flg22- and chitosan-induced callose
in hydroponically grown Arabidopsis.

To make a direct comparison between Flg22- and chitosan-
induced callose, Arabidopsis seedlings were grown at an irra-
diance of 150 uE m~ s7! in hydroponic Murashige and Skoog

medium containing 1% sucrose without Gamborg vitamins. At
24 h after application of 1 uM FlIg22 or 0.01% chitosan
(wt/vol), cotyledons were collected, stained with aniline blue,
and examined by UV epifluoresence microscopy. As is illus-
trated in Figure 1A, both PAMP treatments caused a noticeable
increase in the number of callose depositions compared with
the mock treatment. However, the size of individual callose
depositions in chitosan-treated plants appeared larger than
those from Flg22-treated plants. To enumerate these differ-
ences, callose was quantified from digital photographs and was
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Fig. 1. Phenotype of Flg22- and chitosan-induced callose. A, Morphologic
differences between callose depositions in cotyledons of 9-day-old Arabi-
dopsis seedlings (Col-0) at 24 h after mock treatment, 1 pM Flg22 or
0.01% chitosan. Photographs of aniline blue—stained cotyledons under UV
epifluorescence show representative differences in callose depositions be-
tween treatments. Seedlings were cultivated at 150 uE m™2 s™! of light in
liquid Murashige Skoog medium containing 1% sucrose without Gamborg
vitamins. B, Relative callose intensities were quantified as the number of
fluorescent callose-corresponding pixels relative to the total number of
pixels covering plant material. Values represent means (£ standard error of
the mean (SEM); n > 20), standardized to the mean callose intensity in
mock-treated seedlings. C, Relative numbers of callose depositions were
quantified as the number of individual depositions per unit of cotyledon
surface. Values represent means (£SEM; n > 20), standardized to the mean
number in mock-treated seedlings. Different letters indicate statistically
significant differences between treatments (Fisher’s least significant differ-
ences test; o = 0.05).

Table 1. Recent publications that have used PAMP-induced callose deposition in Arabidopsis as a marker for PTI activity®

Experimental system PAMP Signaling process Reference

Application to hydroponically grown seedlings Flg22, chitin, Induction of PTI and effector-triggered Millet et al. 2010
peptidoglycan suppression of PTI in roots.

Infiltration in leaves Flg22 Regulation of defense gene expression by Lietal. 2010

Application to hydroponically grown seedlings
Application to hydroponically grown seedlings
Application to hydroponically grown seedlings

Flg22, EIf18
Flg22, EIf18
Flg22, EIf18

Infiltration in leaves Flg22
Infiltration in leaves Flg22
Application to hydroponically grown seedlings Flg22
Infiltration in leaves Oligogalacturonides
Infiltration in leaves Flg22
Infiltration in leaves Flg22
Application to hydroponically grown seedlings Flg22

miRNAs
Poly(ADP-ribosyl)ation
PRR quality control in the ER
PRR quality control in the ER
PAMP activity by bacterial DNA
Induction of salicylic acid accumulation
Induction of glucosinolate metabolites
Reactive oxygen species signaling
Protein phosphorylation and reactive oxygen
species signaling
Effector-triggered suppression of PTI via
ADP ribosylation.
Activity of the FLS2 receptor

Adams-Phillips et al. 2010
Lu et al. 2009

Saijo et al. 2009

Yakushiji et al. 2009
Wang et al. 2009

Clay et al. 2009

Galletti et al. 2008

Zhang et al. 2007

Fu et al. 2007

Dunning et al. 2007

2 PAMP = pathogen-associated molecular pattern; PTI = PAMP-triggered immunity; PRR = pathogen recognition receptors; ER = endoplasmic reticulum.
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expressed as the relative number of callose-corresponding pix-
els (callose intensity) or the relative number of callose deposi-
tions. Whereas the number of depositions did not differ be-
tween Flg22- and chitosan-treated seedlings, callose intensity
was significantly higher in chitosan-treated seedlings than in
Flg22-treated seedlings (Fig. 1B). Hence, 0.01% chitosan trig-
gers higher amounts of callose per deposition than 1 uM Flg22.
Further dose-response analysis revealed that this difference in
callose morphology was also apparent at other concentrations
of the applied PAMPs (Supplementary Fig. S1; data not
shown). Since 1 puM flg22 and 0.01% chitosan yielded the
most consistent levels of callose elicitation between independ-
ent experiments, subsequent experiments were carried out with
these doses, unless stated otherwise.

Impact of growth conditions on callose deposition.

Levels of Flg22- and chitosan-induced callose in hydroponi-
cally grown Arabidopsis were measured under different envi-
ronmental growth conditions. To minimize possible bias from
unaccounted environmental conditions, results are presented
from experiments with consistent outcomes in three different
laboratories (Supplementary Table S1). Data presented in the

figures show average values from pooled datasets. Increasing
concentrations of sucrose in the growth medium had a general
suppressive effect on callose deposition (Fig. 2A). Although 1
and 2.5% sucrose did not have a profound impact on the level
of basal callose deposition in mock-treated seedlings, addition
of 5% sucrose to the growth medium suppressed basal callose
deposition by sixfold compared with plants at 0% sucrose.
Moreover, Flg22-induced callose was significantly repressed at
2.5 and 5% sucrose, whereas chitosan-induced callose was
already repressed at 1% sucrose in comparison to 0% sucrose.
Hence, sucrose represses basal and PAMP-induced callose.
Next, we investigated the effects of light on callose deposition.
Seedlings grown at the relatively low light intensity of 75 pE
m~ s~ deposited significantly lower levels of basal and Flg22-
induced callose than seedlings grown at 150 uE m= s (Fig.
2B), suggesting that light boosts basal and Flg22-induced cal-
lose. Differences in light intensity did not statistically affect
quantities of chitosan-induced callose (Fig. 2B). Finally, we
examined the impact of vitamins in the growth medium. Gam-
borg vitamins are commonly used to supplement hydroponic
plant culture media. Notably, this supplement consists of a
mixture of potent antioxidant vitamins, such as myo-inositol,

A a
12 no vitamins O mock
150 pE m2 s! light B Fig22
B Chitosan

10

Relative callose intensity
[=31
1

24 a a a

0 rﬁ,rﬁ,rﬁ,f__ ‘H

sucrose 0% 1% 2.5% 5% 0%

B 4- 1 % sucrose

1|—\—‘ b
b b
. |+|rhrh
150 75

light 150 75

Relative callose intensi

150

vitamins - - + + -

1% 2.5% 5% 0% 1% 2.5% 5%

150 75 150 75 150 75

+ + - - + +

Fig. 2. Impact of growth conditions on callose deposition in cotyledons of 9-day-old Arabidopsis seedlings (Col-0). Data shown are average values of rela-
tive callose intensities (+ standard error of the mean; n > 20) at 24 h after treatment with 1 uM Flg22 or 0.01 % chitosan. Values were standardized to the cal-

lose intensity in mock-treated seedlings at 150 uE m™2 5!

of light, 1% sucrose, and without Gamborg vitamins. Different letters indicate statistically signifi-

cant differences between growth conditions (Fisher’s least significant differences test; a= 0.05). Asterisks indicate statistically significant differences
between pathogen-associated molecular pattern treatments and corresponding controls at similar growth conditions (Student’s #-test; a = 0.05). A, Impact of
sucrose on callose deposition. B, Impact of light and Gamborg vitamins on callose deposition.
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thiamine, and nicotinic acid (Gamborg et al. 1968). Cultivation
of seedlings in medium with Gamborg vitamins drastically
suppressed basal, Flg22-, and chitosan-induced callose (Fig.
2B), suggesting a positive role of ROS in callose regulation.
The relative numbers of callose depositions displayed a similar
responsiveness to the variable growth conditions as the relative
callose intensities (data not shown). Overall, these results dem-
onstrate that environmental growth conditions in hydroponi-
cally grown Arabidopsis have a profound impact on the regu-
lation of callose deposition.

Impact of growth conditions on H,0, accumulation.
Because antioxidant Gamborg vitamins suppressed basal
and PAMP-induced callose (Fig. 2B), we examined to what
extent this variation is related to endogenous H,O, levels. To
this end, seedlings were grown under different growth condi-
tions and were fixed in acidic 3,3-diaminobenzidine (DAB)
staining solution (pH < 3) at 24 h after PAMP treatment. H,O,
levels were quantified digitally by the relative number of dark-
brown pixels after 24 h of staining. Callose-suppressive growth
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conditions, such as low light (75 pE m s7!), 5% sucrose, or
the presence of Gamborg vitamins, suppressed basal and PAMP-
induced H,0, (Fig. 3). Conversely, callose-promoting growth
conditions, such as high light intensity (150 pE m™ s™), 1%
sucrose, or lack of vitamins (Fig. 2), allowed significantly
higher levels of basal and PAMP-induced H,O, (Fig. 3).
Hence, the observed variation in callose deposition under dif-
ferent growth conditions correlates with levels of H,0, accu-
mulation in the tissue.

The impact of ABA on callose deposition varies according
to the growth conditions.

The role of ABA as a regulatory hormone in disease resis-
tance has been studied extensively (Asselbergh et al. 2008;
Mauch-Mani and Mauch 2005; Ton et al. 2009). Nevertheless,
the role of this plant hormone in regulation of pathogen-
induced callose remains controversial. To examine how closely
this controversy is related to influences by abiotic growth con-
ditions, we examined the effects of ABA application on callose
under different conditions. At low light intensity (75 uE m™2 s™),

O mock
H Flg22
a MW Chitosan

Fig. 3. Impact of growth conditions on H,O, accumulation in cotyledons of 9-day-old Arabidopsis seedlings. Shown are average values of relative 3,3-
diaminobenzidine (DAB) staining intensities (+ standard error of the mean; n > 15) at 24 h after treatment with 1 uM Flg22 or 0.01 % chitosan. Values were

standardized to the DAB intensity in mock-treated seedlings at 150 uE m™ s~

L of light, 1% sucrose, and without Gamborg vitamins. Different letters indicate

statistically significant differences between growth conditions (Fisher’s least significant differences test; o = 0.05). Asterisks indicate statistically significant
differences between pathogen-associated molecular pattern treatments and corresponding controls at similar growth conditions (Student’s ¢-test; o = 0.05).
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no Gamborg vitamins

150 pE m2 57! light

>

Relative callose intensity
LFS ]
)

Chitosan

mock

Flg22

o - ABA
B 0.5 4 5% sucrose B + ABA
with Gamborg vitamins
75 uE m2 57! light
0.4 4
0.3 A
0.2 4
0.1 4 {
! 0 T : )
mock Flg22 Chitosan

Fig. 4. Opposite impacts of abscissic acid (ABA) on callose deposition at two different growth conditions. Seedlings were treated with 5 uM ABA at 24 h
prior to pathogen-associated molecular pattern (PAMP) treatment. Data shown are average values of relative callose intensities (+ standard error of the mean;
n > 20) at 24 h after PAMP treatment. Values were standardized to the callose intensity in mock-treated seedlings at 150 uE m= s~ of light, 1% sucrose,
without Gamborg vitamins and ABA. Asterisks indicate statistically significant changes in response to ABA treatment (Student’s #-test; o = 0.05).
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5% sucrose, and with Gamborg vitamins, pretreatment with 5
uM ABA 24 h prior to PAMP application resulted in a re-
pression of basal and PAMP-induced callose deposition (Fig.
4). Strikingly, when seedlings had been cultivated at high light
intensity (150 uE m= s!), 1% sucrose, and without vitamins,
pretreatment with ABA stimulated basal and PAMP-induced
callose (Fig. 4). Similarly contrasting effects were observed
upon treatment with 50 uM ABA (Table 2). To identify the ex-
act growth conditions under which ABA represses or stimulates
callose, we performed experiments under various combinations
of light, sucrose, and vitamins. Only the combination of low
light intensity (75 uE m2 s™1), 5% sucrose, and Gamborg vita-
mins provided conditions under which ABA suppressed callose,
whereas all other conditions supported mostly stimulatory ef-
fects by ABA (Table 2). In all experiments, numbers of callose
depositions responded similarly to ABA as the callose intensi-
ties (data not shown). Since the combination of low light, high
sucrose, and vitamins suppresses H,O, accumulation (Fig. 3),
we propose that the impact of ABA on callose changes from
repressive to stimulatory, depending on a threshold of cellular
ROS.

Timing and localization
of Flg22- and chitosan-induced H,0, and callose.

To further investigate the role of ROS in PAMP-induced cal-
lose, we examined the dynamics of H,0O, accumulation in
response to Flg22 and chitosan in a time-series experiment.
Seedlings were cultivated at callose- and H,O,-promoting
growth conditions (1% sucrose, 150 uE m™ s™' of light, no
vitamins) and were fixed in acidic DAB staining solution at
different timepoints after PAMP induction. Both FIg22 and
chitosan strongly elicited H,O, production at 30 min after

application (Fig. 5A). However, Flg22-induced H,O, was more
transient than chitosan-induced H,0O,, which was more sustained
and lasted up to 24 h after induction treatment. In a separate
experiment, we assessed the dynamics of callose deposition
under similar growth conditions. Also here, the dynamics of
the callose response differed considerably between both PAMP
treatments. Whereas chitosan-induced callose was already ap-
parent at 2 h after treatment, Flg22-induced callose was not
significantly induced until 8 h after treatment (Fig. 5B). Hence,
Flg22- and chitosan-induced callose are preceded by H,O,
accumulation, but the dynamics of both PAMP responses differs
between Flg22- and chitosan-treated seedlings.

To examine tissue localization of PAMP-induced H,0, and
callose, seedlings were double-stained with DAB and aniline
blue and were examined by a combination of light and epifluo-
rescence microscopy (UV). As is shown in Figure 5, chitosan-
induced H,O, accumulated at similar sites as chitosan-induced
callose. On the other hand, no obvious colocalization between
H,0, and callose was observed after treatment with Flg22.
This lack of colocalization may be caused by the more tran-
sient nature of Flg22-induced H,0O, accumulation (Fig. 6).

Next, we investigated the sensitivity by which different plant
tissues deposit PAMP-induced callose in the hydroponic
growth medium. Millet and associates (2010) recently reported
that Flg22, chitin, and peptidoglycan trigger different patterns
of callose deposition in roots of hydroponically growth Arabi-
dopsis seedlings. Surprisingly, however, we did not find a sig-
nificant increase in root callose upon treatment with Flg22,
while chitosan triggered a strong and statistically significant
root callose response (Fig. 7). This differential responsiveness
was consistent at different concentrations of applied PAMPs
(Fig. 7). Since the Flg22 receptor FLS2 has been shown to be

Table 2. Impact of pretreatment with 50 pM abscissic acid (ABA) on basal and pathogen-associated molecular pattern (PAMP)-induced callose at different

growth conditions

Effect of ABA pretreatment”

Light intensity® Sucrose (%) Gamborg vitamins Mock Flg22 Chitosan
High light 1 No + + +
Low light 1 No + + n.s.
High Light 5 No n.s. + +
Low light 1 Yes + + +
High light 1 Yes n.s. + +
Low light 5 Yes - - -

2 High light = 150 uE m™2 s™'; Low light = 75 uE m™2 57!,

® Material for callose quantifications was collected at 24 h after mock or PAMP treatment (1 uM Flg22 or 0.01 % chitosan). ABA was applied 24 h prior to
mock or PAMP treatment. + = potentiation of callose by ABA; — = suppression of callose by ABA; n.s. = no statistically significant effect by ABA.
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Fig. 5. Dynamics of A, H,0, and B, callose deposition at different timepoints after treatment with 1 uM Flg22 or 0.01% chitosan. Shown are average values
(+ standard error of the mean; n > 15) of relative staining intensities standardized to mock treatments. Seedlings were grown under standard growth

-2 1

conditions at 150 pE m™ s~ of light, 1% sucrose, and without Gamborg vitamins.
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expressed in Arabidopsis roots (Robatzek et al. 2006), the dif-
ferential callose response to Flg22 and chitosan can only be
explained by dissimilarities in the downstream signaling path-
ways under our growth conditions. Together with differences
in colocalization between Flg22- and chitosan-induced H,0O,
and callose (Fig. 6), these results suggest that Flg22- and chi-
tosan-induced callose are controlled by distinct pathways.

Differential regulation
of Flg22- and chitosan-induced callose.

To further investigate the pathways controlling Flg22- and
chitosan-induced callose, we evaluated levels of PAMP-
induced H,O, and callose in mutants that are affected in ROS-
scavenging and ROS-producing enzymes. The cat2-1 mutant,
which is impaired in a peroxisomal catalase (Bueso et al.
2007), allowed significantly enhanced levels of PAMP-induced
H,0, (Fig. 8A), which correlated with enhanced levels of cal-
lose deposition (Fig. 8B). This phenotype is consistent with a
potentiating function of H,0, in callose deposition, since the
cat2-1 mutant is reduced in its ability to scavenge H,0, (Bueso
et al. 2007). In support of this, the rbohD mutant, carrying a T-
DNA knock-out mutation in the superoxide-generating NADPH
oxidase gene RBOHD (Pogany et al. 2009), accumulated re-
duced levels of Flg22-induced H,0, and failed to deposit en-
hanced levels of callose upon treatment with Flg22 (Fig. 8).
Surprisingly, however, rbohD deposited wild-type levels of
callose in response to chitosan (Fig. 8B), despite an obvious
reduction in chitosan-induced H,0, (Fig. 8A). Similar results
were obtained in response to a fivefold lower dose of chitosan
(0.002%; Supplementary Fig. S2), suggesting that the intact
callose response of rbohD to chitosan is not due to overstimu-
lation of the defense response or phytotoxicity of chitosan.

100um

Hence, chitosan-induced callose, unlike Flg22-induced callose,
functions independently of RBOHD-dependent H,O,. The
vic1-1 mutant, which accumulates 10-fold lower levels of anti-
oxidant ascorbic acid than wild-type plants (Conklin et al.
2000), also showed differential responsiveness to Flg22 and
chitosan (Fig. 8B). As expected, vtcl-1 plants allowed dramati-
cally enhanced levels of H,O, accumulation under all conditions
tested (Fig. 8A), which correlated with augmented levels of
basal and chitosan-induced callose in comparison with wild-
type plants (Fig. 8B). However, vtcl-1 failed to deposit in-
creased levels of callose after treatment with Flg22 (Fig. 8B).
Since ascorbic acid functions as a cofactor in myrosinase-
dependent break-down of glucosinolates (Burmeister et al.
2000), the inability of vtcI-1 to deposit enhanced callose upon
Flg22 treatment confirms the earlier finding that glucosinolate
metabolites regulate Flg22-induced callose (Clay et al. 2009).
Accordingly, basal and chitosan-induced callose is not con-
trolled by glucosinolate-derived metabolites.

To clarify the role of glucosinolate metabolites in callose
deposition, we tested the myrosinase mutant pen2-2, which is
blocked in production of specific glucosinolate break-down
products (Bednarek et al. 2009; Clay et al. 2009). Like the
vtcl-1 mutant, pen2-2 failed to deposit enhanced callose in
response to Flg22, whereas treatment of pen2-2 with 0.002 or
0.01% chitosan induced statistically significant enhancements
in callose deposition (Fig. 8B). Hence, glucosinolate metabolites
play a role in Flg22-induced callose but play no role in chitosan-
induced callose deposition.

To examine the contribution of the callose synthase PMR4,
we quantified levels of Flg22- and chitosan-induced callose in
the pmr4-1 mutant (Nishimura et al. 2003). As expected,
pmr4-1 deposited dramatically reduced levels of basal callose

Chitosan

Fig. 6. Localization of H,0, and callose at 24 h after treatment with 1 uM Flg22 or 0.01% chitosan. Photographs show double-stained cotyledons (3,3-
diaminobenzidine and aniline-blue) exposed to a combination of bright light and UV. Seedlings were grown under150 pE m=2 s™' light, 1% sucrose, without

Gamborg vitamins.
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and failed to respond to Flg22 (Fig. 9). However, chitosan elic-
ited a residual callose response in pmr4-1 plants, even though
the absolute levels of chitosan-induced callose were reduced
by 90% in comparison to the wild-type (Fig. 9). Thus, Flg22-
induced callose is entirely derived from PMR4, while approxi-
mately 10% of chitosan-induced callose comes from one or
more other callose synthases than PMR4.

DISCUSSION

The primary objective of this study was to evaluate the robust-
ness and reproducibility of a widely used model system in PTI
plant research, i.e., PAMP-induced callose in cotyledons of hy-
droponically grown Arabidopsis seedlings. Although exogenous
application of Flg22 or chitosan consistently boosted callose lev-
els, overall callose production varied according to the growth
conditions. This environmental variability affected both basal
callose deposition in mock-treated plants and PAMP-induced
callose in Flg22- and chitosan-treated plants. Hence, the envi-
ronmental growth conditions do not exclusively act on the re-
sponsiveness to PAMPs but, rather, affect the plant’s overall
capacity to deposit callose (Figs. 2 and 3). Remarkably, pretreat-

o mock
o LC
m HC

Cotyledons

Flg22

«+— Relative callose intensity —»
o

10 -

Root

20 -

Fig. 7. Callose deposition in cotyledons and roots in response to Flg22 or
chitosan. Data shown are average values (+ standard error of the mean; n >
20) of relative callose intensities at 24 h after pathogen-associated molecu-
lar pattern (PAMP) treatment. Values were standardized to intensities in
mock-treated tissues. Seedlings were treated with 5 uM abscissic acid at
24 h prior to PAMP treatment. Asterisks indicate statistically significant
changes in response to PAMP treatment (Student’s #-test; a = 0.05). LC =
low PAMP concentration, i.e., 0.2 uM Flg22 or 0.002% chitosan; HC =
high PAMP concentration, i.e., 1 pM Flg22 or 0.01% chitosan.

ment with the environmental response hormone ABA had oppo-
site effects on callose production, depending on the environ-
mental growth conditions (Fig. 4). These results not only pro-
vide an explanation for the controversial role of ABA in callose
defense (Ton et al. 2009), but they also complicate the interpre-
tation of callose deposition as a uniform defense marker of PTI
signaling. In support of that conclusion, we furthermore found
that the pathways controlling Flg22- and chitosan-induced cal-
lose differ in their requirement for various signal transduction
components. Hence, the model system of PAMP-induced callose
in hydroponically grown Arabidopsis involves regulation by
more than one pathway, which differs according to the environ-
mental conditions and the eliciting PAMP. This outcome war-
rants extra caution with generalizations regarding PTI signaling
on the basis of this model system.

Antioxidant vitamins suppressed callose deposition,
whereas light intensity stimulated callose deposition (Fig. 2).
The accumulation of H,O, displayed remarkably similar pat-

A 30 4 O mock
B Fig22
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Relative callose intensity
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pen2-2

[ ROS mutants ]

| IGS mutants |

Fig. 8. Effect of mutations in homeostasis of reactive oxygen species
(ROS) and biosynthesis of indolytic glucosinolates (IGS) on A, H,0,
production and B, callose deposition upon treatment with 1 uM Flg22 or
0.01% chitosan. Data shown are average values (+ standard error of the
mean; n > 15) of relative staining intensities. Values were standardized to
staining intensities in mock-treated wild-type seedlings (Col-0). Seedlings
were treated with 5 uM abscissic acid at 24 h prior to pathogen-associated
molecular pattern (PAMP) treatment. Asterisks indicate statistically
significant changes in response to PAMP treatment within each genotype
(Student’s t-test; oo = 0.05). n.s. = no statistically significant difference
between mock- and PAMP-treated seedlings.
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terns of variation at these growth conditions (Fig. 3), suggest-
ing that the environmental variability in callose deposition is
caused by fluctuations in ROS. In this context, the callose-pro-
moting effects by exogenously applied ABA (Fig. 4; Table 2)
can be explained by ABA-induced ROS (Ghassemian et al.
2008; Xing et al. 2008). Conversely, the observed suppression
by sucrose (Fig. 2) can be explained by repression of photo-
synthesis activity and related ROS (Paul and Driscoll 1997;
Sheen 1990). Two recent studies identified five PTI signaling
components on the basis of a mutant screen in Elf18-induced
repression of anthocyanins at high sucrose, demonstrating that
the negative cross-talk between sucrose and PTI signaling acts
in two directions (Lu et al. 2009; Saijo et al. 2009). All five
“PRIORITY IN SWEET LIFE” genes (PSL) isolated from this
mutant screen encode components in endoplasmatic reticulum-
localized N-glycosylation, which regulates quality control and
stable expression of the EIfl18 receptor EFR. Interestingly
however, the psl mutants were unaffected in stability and func-
tioning of the Flg22 receptor FLS2 (Lu et al. 2009; Saijo et al.
2009), demonstrating that the involvement of N-glycosylation
in PTI signaling is PAMP-specific (Haweker et al. 2010; Saijo
2010). In this study, we demonstrated a PAMP-specific contri-
bution of signaling components further downstream in PTI sig-
naling, such as AtRBOHD, glucosinolate metabolites, and
even the callose synthase PMR4 (Figs. 8 and 9). Considering
that single pathogen species produce multiple PAMP signals,
we conclude that callose deposition in response to pathogen
infection is regulated by multiple signaling pathways rather
than one conserved downstream pathway.

The contrasting effects of ABA on callose regulation under
different growth conditions point to a complex interplay be-
tween environmental signaling pathways. In our experiments,
ABA repressed basal and PAMP-induced callose at low light
intensity, high sucrose concentration and vitamins (Fig. 4),
whereas all other conditions supported predominantly stimula-
tory effects by ABA (Fig. 4; Table 2). Previously, it was shown
that ABA represses Flg22-induced callose in hydroponic
Arabidopsis under nearly identical growth conditions (Clay et
al. 2009), except for the concentration of sucrose in the growth
medium (0.5%) (Clay et al. 2009). This callose suppression by
ABA was explained by a repressed activity of the ethylene-
inducible transcription factor MYBS51, which regulates the bio-
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Fig. 9. Callose deposition in wild-type (Col-0) and pmr4-1 seedlings at 24
h after treatment with 1 pM Flg22, or 0.01 % chitosan. Asterisks indicate
statistically significant changes in response to pathogen-associated molecular
pattern (PAMP) treatment within each genotype (Student’s #-test: o = 0.05).
n.s. = no statistically significant difference between mock- and PAMP-
treated seedlings.
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synthesis of indolic glucosinolates (Gigolashvili et al. 2007).
However, such cross-talk mechanism does not explain why
ABA stimulates callose under other growth conditions. Inter-
estingly, our study demonstrated that growth conditions sup-
porting ABA-induced potentiation of callose allow for enhanced
levels of H,O, accumulation in the tissue (Figs. 3 and 4). Fur-
thermore, exogenous application of ABA has been demon-
strated to trigger H,O, accumulation in Arabidopsis (Xing et
al. 2008). We, therefore, propose that environmental growth con-
ditions can boost ABA-induced ROS to a threshold that pro-
motes callose, thereby masking or bypassing ABA-induced
suppression of MYB51-dependent callose.

The analysis of Arabidopsis signaling mutants revealed that
the cat2-1 mutant accumulates significantly enhanced levels of
H,0,; and callose after treatment with Flg22 or chitosan (Fig.
8). Considering that cat2-1 is impaired in a peroxisomal cata-
lase (Bueso et al. 2007), this mutant phenotype confirms a po-
tentiating role of H,O, in both Flg22- and chitosan-induced
callose. We furthermore found that the rbohD mutant is
blocked in Flg22-induced callose but not in chitosan-induced
callose (Fig. 8B), whereas both Flg22- and chitosan-induced
H,0, were dramatically reduced in this mutant (Fig. 8A).
Hence, chitosan-induced callose does not require H,O, from
the NADPH oxidase RBOHD. Furthermore, rbohD seedlings
still showed a statistically significant increase in H,O, after
PAMP treatment, despite the obvious reduction in absolute
H,0, levels compared with wild-type plants. This demon-
strates that PAMP-induced H,O, is only partially derived from
RBOHD. Consequently, we propose that Flg22-induced cal-
lose, like OG-induced callose (Galletti et al. 2008), is controlled
by RBOHD-dependent H,0,, whereas chitosan-induced callose
is controlled by RBOHD-independent H,0,. Additional evi-
dence for differential regulation of Flg22- and chitosan-induced
callose comes from the behavior of the pen2-2 and vtcl-1 mu-
tants. Both mutants were blocked in Flg22-induced callose but
were unaffected in chitosan-induced callose (Fig. 8B). Given
the role of PEN2 and VTCI in the hydrolysis of glucosinolates
(Bednarek et al. 2009; Burmeister et al. 2000; Clay et al.
2009), we support the conclusion that Flg22-induced callose is
regulated by glucosinolate-derived metabolites. However, these
metabolites are apparently not involved in the regulation of
chitosan-induced callose.

Chitosan has long been known for its defense-eliciting
capacities in plants, even though the nature and intensity of the
chitosan-induced plant defense response differs according to
its physiochemical characteristics, such as degree of de-acyte-
lation, viscosity, and molecular weight (Iritri and Faoro 2009).
In this study, we have used low-viscous chitosan with a mo-
lecular weight of approximately 150 kDa and a 95 to 98%
degree of acetylation (Hombach and Bernkop-Schniirch 2009).
The only mutation that significantly reduced chitosan-induced
callose was the pmr4-1 mutation (Fig. 9). Conversely, muta-
tions affecting the plant’s ROS-scavenging ability, such as
cat2-1 and vtcl-1, allowed for augmented levels of chitosan-
induced callose (Fig. 8). Furthermore, both Flg22- and chito-
san-induced callose were consistently higher under environ-
mental growth conditions that allowed for higher levels of
ROS accumulation (Figs. 2 and 3). Hence, despite the specific
differences between the pathways controlling Flg22- and chi-
tosan-induced callose, ROS seem to have a potentiating effect
on callose production in general.

The Flg22 response of Arabidopsis has emerged as a widely
used model system to study PTI signaling. Recognition of
Flg22 triggers a rapid mitogen-activated protein kinase
(MAPK) cascade involving the defense regulatory kinases
MAPK3 and MAPKG6 (Asai et al. 2002; Suarez-Rodriguez et
al. 2007), which can be suppressed by virulence-promoting



pathogen effectors (He et al. 2006; Zhang et al. 2007). This
MPK3- and MPK6-dependent MAPK cascade activates down-
stream WRKY transcription factors that promote transcription
of early-acting defense genes (Asai et al. 2002; Navarro et al.
2004). In addition, this MAPK cascade stimulates generation
of RBOHD-dependent ROS, which subsequently promote
deposition of PMR4-dependent callose (He et al. 2006; Zhang
et al. 2007). The recent discovery that glucosinolate metabolites
regulate Flg22-induced callose adds a novel layer to signaling
pathways controlling this PTI response (Clay et al. 2009).
Given the toxic nature of glucosinolate break-down products
(Halkier and Gershenzon 2006), their function in callose depo-
sition may be explained as part of a cellular detoxification re-
sponse, which mediates secretion of these defense metabolites
into the apoplast, in which they are captured in callose-con-
taining papillae. Accordingly, glucosinolate metabolites act at
relatively late stages of the Flg22-induced pathway. In support
of this, we found that vtcl-1 and pen2-2 are not reduced in
Flg22-induced H,0,, suggesting that glucosinolate metabolites
act downstream of RBOHD-generated H,0, in the regulation
of Flg22-induced callose.

Unlike other studies, our experiments revealed relatively high
basal levels of callose in the mock treatments. Apart from differ-
ences in growth conditions, this discrepancy could be related to
a difference in staining technique. Whereas our experiments
used ethanol for the destaining of green tissues, other studies
commonly use ethanol followed by treatment with 10% NaOH
for this purpose (Clay et al. 2009; Millet et al. 2010). It is possi-
ble that incubation in such a strongly alkaline solution removes
or eradicates part of the callose that is present at the cell wall,
thereby lowering the detection limit of callose and giving the
impression that cotyledons from mock-treated plants contain no
callose. Another surprising outcome was the lack of Flg22-
induced callose in roots, which contradicts a recent report by
Millet and associates (2010), who demonstrated that Flg22-
induced callose in Arabidopsis roots depends on a similar path-
way as Flg22-induced callose in cotyledons (Clay et al. 2009). It
seems difficult to envisage that our staining method fails to
detect Flg22-induced callose in the roots while is suitable for de-
tection of basal and chitosan-induced callose in the roots. It is,
therefore, more plausible that this discrepancy originates from
differences in growth conditions. Whereas Millet and associates
(2010) cultivated seedlings in Murashige Skoog (MS) medium
with vitamins at a light intensity of 100 pE m™ s}, we cultivated
the seedlings in medium without vitamins at 150 pE m> s™! of
light. Since higher levels of light and lack of vitamins allow for
significantly higher levels of basal ROS and callose accumula-
tion (Figs. 2B and 3), we propose that Flg22-induced callose in
roots was masked by relatively high basal levels of callose depo-
sition under our experimental conditions.

In summary, our study uncovered an unexpectedly large de-
gree of environmental variation in callose deposition of hydro-
ponically grown Arabidopsis. It is of concern that this model
system is widely used to study PTI signaling and seems to be
designed to minimise experimental variation. It can, therefore,
be expected that fluctuations in environmental growth condi-
tions have even bigger impacts on PTI signaling during more
complex interactions, such as those between soil-grown plants
and pathogenic microbes or plant-beneficial microbes or both.
This could also explain the previously reported controversy
about the involvement of plant hormones in plant-microbe
interactions (Beckers and Spoel 2006; Robert-Seilaniantz et al.
2007; Ton et al. 2009) as well as inconsistencies in complex
plant-microbe assays. Above all, our study warrants the use of
extra caution with generalizations regarding plant innate immu-
nity on the basis of callose deposition in hydroponically grown
Arabidopsis seedlings.

MATERIALS AND METHODS

Plant material, growth conditions, and chemical treatments.

Seeds of Arabidopsis thaliana accession Col-0 and mutants
in this background (pmr4-1 [Nishimura et al. 2003], vtci-1
[Conklin et al. 2000], cat2-1 [Bueso et al. 2007], pen2-2 [Lipka
et al. 2005], and rbohD [Pogany et al. 2009]) were vapor-
phase sterilized for 4 to 6 h (S. Clough and A. Bent, personal
communication). Approximately 15 seeds per well were
planted in sterile 12-well plates, each containing 1 ml of filter-
sterilized basal MS medium with or without Gamborg vita-
mins (Sigma) (containing 100 pg of myo-inositol per liter, 1
pg of nicotinic acid per liter, 1 pg of pyridoxine hydrochloride
per liter, and 10 pg of thiamine hydrochloride per liter) with
varying concentrations of sucrose (0, 1, 2.5, and 5%). All
growth media were supplemented with 0.5% morpholineethane-
sulfonic acid hydrate (final pH = 5.7 to 5.8). Plates were kept
in the dark at 4°C for 1 to 2 days before being transferred to
controlled growth cabinets. Seedlings were cultivated under
standard growth conditions (16-h-day and 8-h-night cycle;
20°C and 17°C, respectively) at two different light intensities
(75 and 150 uE m~ s7'). At 7 days of growth, MS medium was
replaced with fresh medium. ABA was applied at day 8 to a
final concentration to 5 or 50 uM. At day 9, seedlings were
challenged with 1 uM Flg22 (applied as 10 pl of 100 pM
Flg22 solution) (GenScript, Piscataway, NJ, U.S.A.) or 0.01%
(wt/vol) low-viscous chitosan (Fluka, Milwaukee, WI, U.S.A.)
(applied as 10 pl of 1% chitosan (vol/wt) solution in 1% acetic
acid), which has a molecular weight of approximately 150 kDa
and a 95 to 99.8% degree of acetylation (Hombach and
Bernkop-Schniirch 2009). These PAMP concentrations were
based on previously reported dose-response experiments
(Flg22, Gomez-Gomez et al. 1999b; chitosan, Iriti et al. 2006),
as well as the consistency in callose responses between inde-
pendent experiments (data not shown). Mock treatments were
performed by the addition of 10 pl of water to the growth me-
dium. Addition of 10 pl of 1% acetic acid did not change the
pH nor influence callose deposition in mock- or Flg22-treated
plants (data not shown). Experiments to examine callose depo-
sition under different growth and ABA conditions were per-
formed at three different laboratories, at Rothamsted Research,
Harpenden, U.K., at the University of Jaume I of Castelldn,
Spain, and at the University of Neuchatel, Switzerland.

Aniline blue staining, microscopy analysis, and
callose quantification.

Seedlings were collected, destained in 95% EtOH and
stained with aniline-blue as described previously, with some
modification (Ton et al. 2005). Briefly, seedlings were incu-
bated for at least 24 h in 95 to 100% ethanol until all tissues
were transparent, were washed in 0.07 M phosphate buffer (pH
=9), and were incubated for 1 to 2 h in 0.07 M phosphate
buffer containing 0.01% aniline-blue (Sigma, St. Louis), prior
to microscopic analysis. Observations were performed with an
epifluorescence microscope with UV filter (BP 340 to 380 nm,
LP 425 nm). Callose was quantified from digital photographs
by the number of white pixels (callose intensity) or the number
of depositions relative to the total number of pixels covering
plant material, using Photoshop CS2 software. Contrast set-
tings of the photographs were adjusted to obtain an optimal
separation of the callose signal from the background signal
(Supplementary Fig. S3). Callose was selected automatically,
using the “Color Range” tool. In cases in which the contrast
settings resulted in significant loss of callose signal due to high
autofluorescence signals from the vasculature, callose was
selected manually, using the “Magic Wand” tool of Photoshop
CS3. The accuracy of the resulting callose selection was visu-
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ally verified before proceeding. Callose-corresponding pixels
and numbers of depositions were recorded as the area covered
by the total number of selected pixels and the number of meas-
urements, respectively, using the “Record Measurements” tool
of Photoshop CS3. Average callose measurements were based
on at least 20 photographs from different seedlings and were
analyzed for statistical differences by Student’s r-tests or
analysis of variance following by Fisher’s least significant dif-
ferences tests (n = 20 to 40; a = 0.05).

DAB staining, microscopy analysis, and H,0, quantification.

Seedlings were stained in 1 mg of DAB per milliliter at pH <
3 for 24 h in the dark and were subsequently destained in chlo-
ral-hydrate, as described previously (Thordal-Christensen et al.
1997). DAB staining intensities were quantified from digital
photographs (Nikon Eclipse 11000, Tokyo) by the number of
dark-brown DAB pixels relative to total pixels corresponding
to plant material, using Photoshop CS3. Analysis for statistical
differences were performed as described for the callose quanti-
fications. For double staining of H,0O, and callose, plant material
was stained with DAB as described above but was destained in
95% ethanol instead of chloral-hydrate. Subsequently, samples
were stained with aniline-blue, as described above.
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