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1 | INTRODUCTION powdery mildew pathogen Blumeria hordei (formerly designated as

Blumeria graminis f.sp. hordei; Liu, Braun, et al., 2021). Accordingly,
Plant MLO genes encode integral membrane proteins that were recessively inherited loss-of-function mutations in barley Mlo confer
recently found to operate as cation channels (Gao et al., 2022, 2023). durable broad-spectrum resistance against the disease (Buschges

The founder of the gene family, barley Mlo, was originally identified et al,, 1997; Jargensen, 1992). Subsequently it was discovered that
as a susceptibility factor in the context of infection with the fungal Milo genes are present in all photosynthetically active eukaryotes. In

Abbreviations: BSA, bovine serum albumin; flg22, 22-amino acid elicitor epitope of bacterial flagellin; Mlo, mildew resistance locus o; SA, salicylic acid.
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THE DEVELOPMENT OF PLEIOTROPIC PHENOTYPES

land plant species, they occur as medium-sized gene families
comprising approximately 10-40 members (Kusch et al., 2016).
Accordingly, mlo-based resistance can be found in a wide variety of
plant species (Kusch & Panstruga, 2017). Mlo/MLO proteins (note
that the nomenclature differs by species) of particular phylogenetic
clades seem to be associated with specific physiological processes
(Acevedo-Garcia, Gruner, et al.,, 2017; Kusch et al., 2016). For
example, the capacity to serve as a susceptibility factor to powdery
mildew disease is associated with members of phylogenetic clades IV
and V (Kusch et al., 2016). In the dicotyledonous reference plant
Arabidopsis thaliana, three MLO genes (MLO2, MLO6, and MLO12)
contribute unequally to this phenotype: While mlo2 mutants exhibit
partial resistance to powdery mildew disease, mlo2 mloé mlo12 triple
mutants are fully resistant (Acevedo-Garcia, Gruner, et al., 2017;
Consonni et al., 2006).

Apart from conferring broad-spectrum powdery mildew resist-
ance, barley mlo and A. thaliana mlo2 single mutants, mlo2 mloé and
mlo2 mlo12 double mutants, as well as mlo2 mlo6 mlo12 triple
mutants suffer from pleiotropic phenotypes. These are macroscopi-
cally visible as premature leaf chlorosis and necrosis, which are
preceded by the spontaneous and seemingly erratic deposition of
callose-containing cell wall appositions in leaf mesophyll cells, which
earlier have been interpreted as signs of uncontrolled defence
(Consonni et al., 2006; Schwarzbach, 1976; Wolter et al., 1993). In
the case of barley mlo mutants, it was shown that this syndrome is
not pathogen-dependent and even developed by plants grown in
sterile conditions (Wolter et al, 1993). It is associated with a
premature decay of photosynthesis pigments (Consonni et al., 2010;
Piffanelli et al., 2002), an accelerated decline in photosynthetic
performance (Consonni et al, 2010), a modified transcriptional
programme (Consonni et al., 2010), and altered levels of defence-
associated indolic secondary metabolites (Consonni et al., 2010),
ultimately cumulating in spontaneous leaf mesophyll cell death
(Peterhansel et al., 1997) in the course of plant development.
Altogether, it has been interpreted as either representing a lesion-
mimic phenotype, mirroring an uncontrolled plant defence response
(Wolter et al, 1993), or reflecting an untimely senescence pro-
gramme (Consonni et al., 2010; Piffanelli et al., 2002).

The undesirable side effects initially hampered the usefulness
of barley mlo mutants in agriculture as they were found to be
associated with a marked vyield penalty (Jgrgensen, 1992;
Schwarzbach, 1976). It turned out, however, that the extent of
the pleiotropic phenotypes relies on the particular mlo allele and
the genetic background of the respective mutant: Partial loss-of-
function barley mlo mutants, conferring incomplete powdery
mildew resistance, exhibit less severe leaf chlorosis and necrosis
than mlo null mutants (Ge et al., 2016, 2020; Habekuss &
Hentrich, 1988; Hentrich & Habekuss, 1993; Hentrich, 1979). In
addition, even in the case of the same mlo allele, the genetic
background modulates the extent of the associated pleiotropic
phenotypes (Bjgrnstad & Aastveit, 1990). Especially the latter
aspect led to the breeding of mlo-resistant barley elite cultivars,

which are free of untimely leaf decay and that are nowadays
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widely used in European agriculture (Dreiseitl, 2022; Lyngkjaer
et al., 2000).

Genetic analysis in A. thaliana revealed that the development of
leaf chlorosis/necrosis and the occurrence of callose-rich cell wall
appositions in mlo2 mutants depends on the phytohormone salicylic
acid (SA). In mlo2 single and mlo2 mlo6 mlo12 triple mutants, SA
hyperaccumulates during development, resulting in strongly
increased levels of free and conjugated SA in the rosette leaves of
6- and 7-week-old plants (Consonni et al., 2006; Lorek et al., 2013).
Double mutants defective in MLO2 and components of SA
biosynthesis (SALICYLIC ACID INDUCTION DEFICIENT 2, SID2),
transport (ENHANCED DISEASE SUSCEPTIBILITY 5, EDS5) or signalling
(NONEXPRESSER OF PR GENES 1, NPR1; PHYTOALEXIN DEFICIENT 4,
PAD4), or mlo2 mutants transgenically depleted of SA (NahG
overexpression) show a rescue of the pleiotropic phenotypes yet
retain full powdery mildew resistance (Consonni et al., 2006). Genetic
epistasis analysis further revealed that POWDERY MILDEW RESIST-
ANT 4 (PMR4) is the callose synthase responsible for the biosynthesis
of the B-1,3-glucan polymer present in mlo2-conditioned cell wall
appositions (Consonni et al., 2010). In addition, the heterotrimeric G-
protein y subunit AGG1 (Lorek et al., 2013) as well as the
transcriptional modulator RADICAL-INDUCED CELL DEATH 1
(RCD1; (Cui et al., 2018)) further control the occurrence of the
callose-rich depositions. The perturbed accumulation of indolic
secondary metabolites also seen in A. thaliana mlo2 mutants can be
genetically separated from leaf chlorosis/necrosis, as double mutants
defective in mlo2 and the biosynthesis of these compounds retain
this phenotype (Consonni et al., 2010). In case of a hexaploid wheat
mlo mutant, the ectopic activation of the B genome-associated
Tonoplast monosaccharide transporter 3 (TMT3B) was recently found
to uncouple powdery mildew resistance from growth and yield
penalties that are otherwise associated with this mutant (Li
et al., 2022).

Although, in principle, the manifestation of developmentally
controlled pleiotropic phenotypes in powdery mildew-resistant
barley and A. thaliana mlo mutants is robust and highly reproducible,
their extent and timing can be variable (Consonni et al., 2006). It
seems as if hitherto unrecognised parameters modulate their
appearance and severity. To explore the nature of these yet unknown
factors, we here performed a comprehensive phenotypic character-
isation of the pleiotropic phenotypes in barley mlo and A. thaliana
mlo2 (mlo6 mlo12) single/triple mutants. We used transmission
electron microscopy to study the ultrastructure of mlo2-induced
callose depositions, revealed plant crowding as a factor exaggerating
the pleiotropic phenotypes, and identified fertilisation, in particular
the supply of nitrogen, as a treatment reverting the enhancing effect
of plant crowding. We further recognised soil type as a key
component of phenotype severity and investigated the effect of
temperature and light intensity on the formation of leaf necrotic
spots in a barley mlo genotype. In summary, our study reveals
features that modulate the occurrence and extent of the develop-
mentally controlled pleiotropic phenotypes of A. thaliana and barley
mlo mutants.
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2 | RESULTS

2.1 | Ultrastructural analysis of spontaneous
callose depositions in A. thaliana mlo2 mlo6 mlo12
mutant plants

The mlo-associated spontaneous callose depositions have been
previously interpreted as putative signs of an uncontrolled defence
response (“defence/lesion mimic phenotype”; Martienssen, 1997;
Wolter et al., 1993). However, whether the callose-rich cell wall
appositions formed in the context of authentic plant immunity and
mlo-induced callose deposits are indeed similar at the ultrastructural
level remained elusive. Such resemblance could lend additional
support for the hypothesis that these structures are formed by the
same cellular pathway(s). We here exploited the capacity of the
pathogen-derived molecular pattern epitope flg22, a 22-amino acid
fragment of bacterial flagellin, to trigger a genuine immune response,
and compared the induced cell wall appositions with those formed
spontaneously in leaves of an A. thaliana mlo mutant by transmission
electron microscopy (TEM). To this end, we grew ecotype Col-0 wild-
type and mlo2-5 mlo6-2 mlo12-1 triple mutant plants to the age of 7
weeks, when mlo triple mutant plants usually exhibit spontaneous
callose depositions (Consonni et al., 2006; Consonni et al., 2010).
Rosette leaves were then treated with flg22 (Col-0), submitted to a
respective mock treatment (Col-0), or left untreated (Col-O and mlo
triple mutant; see Materials and Methods for details). The next day,
leaves were split longitudinally into two halves: While one half
was subjected to histochemical Aniline blue staining and subsequent
epifluorescence microscopy to validate the occurrence of callose
depositions in the specimens (Supporting Information S1: Figure 1A-D),
the other half was processed for subsequent immunodetection of
callose by both light microscopy (Supporting Information S1:
Figure 1E-H) and TEM (Supporting Information S1: Figure 11-P).

Aniline blue staining revealed that in untreated and mock-treated
leaves of Col-0 plants, fluorescence was mainly detectable as
autofluorescence of trichomes on the leaf surface (Supporting
Information S1: Figure 1A,B). By contrast, flg22-treated Col-0O leaves
as well as untreated mlo triple mutant leaves showed numerous
fluorescent spots distributed over the leaf laminae in addition to
trichome-related autofluorescence (Supporting Information S1:
Figure 1C,D). Immunofluorescence analysis of leaf cross sections of
these sample types with a mouse monoclonal anti-B-1,3-glucan
antibody, detected by a fluorophore-tagged secondary goat anti-
mouse antibody, revealed extended regions of callose deposition
along cell walls, primarily of leaf mesophyll cells but also of adaxial
and abaxial epidermal cells, and especially at cell-cell junctions
(Supporting Information S1: Figure 1E-H).

In sections of untreated and mock-treated Col-O rosette
leaves, immunogold labelling with the same mouse monoclonal
anti-B-1,3-glucan antibody detected by a secondary goat anti-
mouse antibody conjugated to 10nm colloidal gold particles,
epitope detection was essentially restricted to plasmodesmata

and, occasionally, to the vacuolar lumen and newly deposited cell

walls in the vascular cambium (Supporting Information S1:
Figure 11,J). By contrast, leaf sections of flg22-treated Col-0
(Supporting Information S1: Figure 1K,L) or untreated mlo2 mloé
mlo12 mutant leaves (Supporting Information S1: Figure 1M-P)
frequently exhibited profuse gold labelling. Consistent with the
results after Aniline blue staining (Supporting Information S1:
Figure 1C,D) and immunofluorescence microscopy (Supporting
Information S1: Figure 1E-H), in both cases, gold particles were
often seen in walls of neighbouring cells, either marking extended
regions of even thickness (e.g., Supporting Information S1:
Figure 1L,N) or dome-shaped appositions restricted to individual
sites (Supporting Information S1: Figure 1K,O-P). There was no
marked difference in the overall callose deposition pattern
seen in flg22-treated Col-O or untreated mlo2 mloé mlo12
mutant leaves. Similarly, the regions of callose deposition were
indistinguishable in both genotypes with the typical appearance
of electron-dense inclusions in a more electron-translucent
matrix; in both genotypes the dome-shaped cell wall appositions
were continuously labelled with gold particles. In summary, we
conclude that flg22-induced and spontaneously occurring
callose-containing cell wall appositions are indistinguishable
regarding morphology, ultrastructure and subcellular distribution,
suggesting that they are likely synthesised by the same cellular
machinery. Additional mutant analysis will, however, be required

to substantiate this notion.

2.2 | Plant crowding enhances the pleiotropic
phenotypes in A. thaliana mlo2 and mlo2 mlo6 mlo12
mutant plants

During routine bulk propagation of plants for seed production, we
noticed that A. thaliana mlo2-6 single and mlo2-6 mlo6-4 mlo12-8
triple mutant plants consistently showed stronger rosette leaf
chlorosis and necrosis when grown at a higher number of plants
per pot. Based on this observation, we speculated that higher plant
densities might promote this phenotype, possibly because of stress
imposed by plant crowding. To test this notion systematically, we
set up controlled experiments in which we grew a defined number
of plants (either 2x2=4, 3x3=9, or 4x4=16) per pot and
monitored the occurrence of chlorosis and necrosis in their rosette
leaves over time. At 8 weeks after sowing, leaves of Col-O wild
type plants were entirely green in the 2 x 2 setting, showed little
accumulation of anthocyanins (indicated by a dark purple-
brownish colour in only very few leaves) in the 3 x 3 arrangement,
and exhibited a moderate occurrence of anthocyanins in the 4 x4
array, indicative of increasing stress upon crowding (Figure 1a). By
contrast, mlo2-6 single mutant and mlo2-6 mloé-4 mlo12-8 triple
mutant plants revealed slight chlorosis in the 2 x 2 grouping, which
was strongly exacerbated in the 3 x 3 and even more in the 4 x4
assembly. In addition to chlorosis, especially the mlo2-6 mloé-4
mlo12-8 triple mutant plants grown in the 4 x 4 array showed some

signs of leaf necrosis. Few leaves of the mlo single and to a lesser
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extent the triple mutant plants also had recognisable accumulation of
anthocyanins in addition to their chlorotic appearance in this setup
(Figure 1a). The enhancing effect of plant crowding was similar for the
other mlo2 mutant allele, mlo2-5, and the respective mlo2-5 mloé-2
mlo12-1 triple mutant (Supporting Information S1: Figure 2). We
conclude that plant crowding causes stress in Col-O wild-type plants,
leading to anthocyanin accumulation. It also particularly intensifies the
leaf chlorosis phenotype of A. thaliana mlo2 single mutant and mlo2
mloé-mlo12 triple mutant plants, with mlo2 mloé mlo12 triple mutant
plants tending to show stronger symptoms than mlo2 single mutant
plants. It further seems as if leaf chlorosis is largely dominant over
anthocyanin accumulation upon crowding stress in these mlo mutants,
as they mostly lacked the typical dark purple coloration indicating the
presence of anthocyanins.

We next wondered whether elevated plant densities would
also promote the occurrence of spontaneous callose-containing
cell wall depositions in the mlo mutants. At 8 weeks after sowing,
we sampled leaves from Col-0 wild-type and mlo mutant plants,
grown in either 2x2 or 4 x4 settings, and subjected them to
Aniline blue staining for the histochemical detection of callose by
epifluorescence microscopy. Quantitative assessment of bright
fluorescent spots (indicative of callose) in the rosette leaves
revealed low numbers (median <1000cm™2) for Col-O plants
under both conditions. By contrast, in leaves of mlo2-6 single

(@) Number of plants
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mutants and in particular mlo2-6 mlo6-4 mlo12-8 triple mutants,
the number of fluorescent spots per area was significantly higher
in the 4 x4 arrangement (median ~1500 cm™2 and ~3100 cm™?,
respectively) as compared to the 2x2 assembly (median
~440 cm™2 and ~410 cm™2, respectively (Figure 1b; see also data
of two additional experimental replicates in Supporting Informa-
tion S1: Figure 3, showing a similar trend)). Consistent with the
stronger symptoms in mlo2-6 mlo6-4 mlo12-8 triple mutant plants
in comparison to mlo2-6 single mutant plants regarding leaf
chlorosis and necrosis at higher plant densities (Figure 1a), in the
4 x 4 setting the triple mutant plants accumulated higher numbers
of fluorescent spots per area in their rosette leaves. This disparity
is reminiscent of the differential powdery mildew resistance
phenotype seen with mlo2 single and mlo2 mloé mlo12 triple
mutants (Acevedo-Garcia, Gruner, et al, 2017; Consonni
et al., 2006). Similar to mlo2-6, mlo2-5, a second mlo2 single
mutant allele tested, showed more callose spots in the leaves
than Col-0 plants, in particular in the 4 x4 setup (Supporting
Information S1: Figure 4). In conclusion, plant crowding not only
enhances the macroscopically visible chlorosis/necrosis pheno-
type of mlo mutant plants, but also promotes the spontaneous
formation of callose-containing cell wall depositions in leaf
mesophyll cells in the tested A. thaliana single and triple mlo
mutant plants.

(b)
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FIGURE 1 Higher growth density increases the development of pleiotropic phenotypes in Arabidopsis thaliana mlo mutants. Phenotype of 8-
week-old A. thaliana wild-type (Col-0) and mlo2-6 and mlo2-6 mloé-4 mlo12-8 mutant plants grown at different densities. (a) Macroscopic
phenotype of plants grown with 2 x2, 3 x 3, and 4 x4 plants in each pot (i.e., 4, 9 and 16 plants, respectively). The size bar equals 5cm. The
experiment was repeated once with a similar outcome. (b) Callose depositions per area in mature rosette leaves of the indicated genotypes from
the 2 x 2 and 4 x 4 settings of the experiment shown in (a). Data are based on n = 1 experimental replicate with four leaves from different plants.
For statistical analysis, a two-way analysis of variance with multiple comparisons test (**a = 0.005, ****a = 0.0001) was performed. See also data
of two additional experimental replicates in Supporting Information S1: Figure 3.
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2.3 | Fertilisation relieves the intensification of
chlorosis and necrosis in rosette leaves of A. thaliana
mlo2 and mlo2 mlo6 mlo12 mutants triggered by plant
crowding

We speculated that the enhancement of the pleiotropic mlo mutant
phenotypes under crowding stress might be based on reduced nutrient
availability due to between-plant competitions in these conditions. To
test this hypothesis experimentally, the crowding experiment described
above (Figure 1a) was repeated with one set of pots being supplied with
commercial mineral fertiliser (0.2% Wuxal® universal liquid fertiliser) at 3
and 5 weeks after sowing, with plants being assessed at an age of 8
weeks. Overall, the fertilisation regime led to more vigorous plants
across all genotypes, harbouring more and larger rosette leaves than
their non-fertilised counterparts of the same age. It further caused a
strong suppression or delay of the chlorotic/necrotic phenotype in
mlo2-6 single mutant and mlo2-6 mloé-4 mlo12-8 triple mutant plants
(Figure 2a). The fertilised mutant plants showed only weak signs of leaf
chlorosis at the edges (mostly the tips) of some rosette leaves.
Fertilisation also largely suppressed or delayed the accumulation of
anthocyanins in the rosette leaves of Col-0 wild-type plants (Figure 2a),
indicating a release from stress. The effect of fertilisation lasted up to a
plant age of at least ten weeks (Supporting Information S1: Figure 5).

Other than in the experiment described above, in this trial also mlo
mutant plants grown in the 2 x 2 setting revealed some leaf chlorosis
and necrosis at the age of 8 weeks, highlighting the typical variation in
the onset of this phenotype (cf. Figure 1a and Figure 2a; see also
Consonni et al., 2006).

Given that fertilisation largely rescued the chlorosis/necrosis
phenotype in rosette leaves of A. thaliana mlo mutants, we wondered
whether it would also alleviate the occurrence of the spontaneous
callose-rich depositions in the leaf cells of these plants. Col-O control
plants exhibited similarly low numbers of fluorescent spots (median
<500 cm™?) in the absence or presence Wuxal®. By contrast, in leaves of
mlo2-6 single mutants and in particular mlo2-6 mlo6-4 milo12-8 triple
mutants, the number of fluorescent spots was elevated in densely
grown (4x4 setup) non-fertilised plants (median ~2800cm™ and
~4400 cm™?, respectively), as seen before (cf. Figure 1b). Unexpectedly,
however, we found similar numbers of fluorescent spots per area in
fertilised mlo mutant plants (median ~1900cm™ and ~5400cm™2,
respectively; Figure 2b; see also data of two additional experimental
replicates in Supporting Information S1: Figure 3, showing a similar
trend). This finding indicates that fertilisation uncouples the macro-
scopically recognisable chlorosis/necrosis phenotype of A. thaliana mlo
mutants from the spontaneous formation of callose-rich cell wall
depositions in these lines.

(a) Number of plants (b)
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FIGURE 2 Fertilisation relieves signs of early leaf senescence but not spontaneous callose depositions in Arabidopsis thaliana mlo mutants.
Phenotype of 8-week-old A. thaliana wild-type (Col-0) and mlo2-6 and mlo2-6 mlo6-4 mlo12-8 mutant plants grown at different densities and
without or with the application of fertiliser. (a) Macroscopic phenotype of plants grown with 2 x 2 and 4 x 4 plants per pot either with or without
fertilisation. Fertilisation was added as 0.2% liquid Wuxal® universal fertiliser at the plant age of 3 and 5 weeks. The size bar equals 5 cm. The
experiment was repeated once with a similar outcome. (b) Callose depositions per area in mature rosette leaves of the genotypes grown in the
4x4 arrangement from the experiment shown in (a). Data are based on n =1 experimental replicate with six leaves from different plants. For
statistical analysis, a two-way analysis of variance with Sidak's multiple comparisons test (***a =0.001) was performed. See also data of two
additional experimental replicates in Supporting Information S1: Figure 2. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Nitrogen deficiency is a key determinant of the pleiotropic phenotypes associated with Arabidopsis thaliana mlo mutants.
Phenotype of 7-week-old A. thaliana wild-type (Col-0) and mlo2-6 and mlo2-6 mlo6-4 mlo12-8 mutant plants watered either with tap water or
with different % Hoagland solutions (including all nutrients or missing one of the three macro-nutrients nitrogen, phosphate or potassium as
indicated). The size bar equals 5 cm. The experiment was repeated twice with a similar outcome. [Color figure can be viewed at

wileyonlinelibrary.com]

To further elucidate which component of the liquid mineral fertiliser
is responsible for the suppression of the early leaf senescence in A.
thaliana mlo mutant plants, we next conducted controlled growth
experiments with differential nutrient supplementation. Therefore, the
same genotypes as used before (Col-0, mlo2-6 single mutant and mlo2-6
mlo6-4 mlo12-8 triple mutant) were continuously watered with different
% Hoagland solutions, either containing all nutrients or missing one of
the three macronutrients nitrogen, phosphate or potassium. Watering
with the complete % Hoagland solution expectedly led to a similarly
relieved phenotype in the case of mlo2-6 and milo2-6 mlo6-4 mlo12-8
mutant plants as achieved by application of the liquid mineral
fertilisation in the previous experiment (Figure 2a). The same was true
for treatment with the compositions lacking phosphate or potassium. By
contrast, the mlo mutant plants that were supplied with % Hoagland
lacking nitrogen displayed a strong senescence phenotype comparable
to the tap water control (Figure 3). This outcome hints towards the
development of the senescence phenotype being linked to the plant's

nitrogen metabolism.

2.4 | Fertilisation also reduces the development of
chlorotic/necrotic lesions in leaves of a barley mlo
mutant

As liquid mineral fertilisation prevented or delayed the occurrence of
leaf chlorosis and necrosis in rosette leaves of A. thaliana mlo

mutants, we wondered whether the same might be true in the case of
barley. To address this question, we focused on the back-cross Ingrid
(BCI) mlo-3 mutant, which reproducibly exhibits lesions in primary
leaves (Gruner et al., 2020; Wolter et al., 1993). The mlo-3 allele was
chosen from an array of different barley mlo mutant alleles (BCI mlo-1
to mlo-11) as it showed the strongest pleiotropic phenotypes under
our growth conditions (Supporting Information S1: Figure 6). We
analysed primary leaves of wild type (cv. Ingrid; Mlo genotype) and
BCI mlo-3 plants with respect to the extent of necrotic leaf area by
automated image analysis at 17 days and 21 days after sowing, in
both the absence and presence of liquid fertilisation. At 17 days after
sowing, leaves of non-fertilised BCl mlo-3 mutant plants exhibited
extensive chlorosis and numerous discrete necrotic spots scattered
along the leaf blade (Figure 4a), resulting in a median of ~5% necrotic
leaf area (Figure 4b). Similar to A. thaliana mlo mutants (Figure 2), this
phenotype was strongly diminished upon the application of Wuxal®
(0.2%). At 21 days after sowing, the necrotic area increased to
approximately 53% (median) in leaves of non-fertilised BCl mlo-3
mutant plants and was again lower (median ~10%) upon fertilisation
(Figure 4b). We conclude that the effect of nutrition on the relief of
mlo-conditioned leaf chlorosis and necrosis is similar in mono-
cotyledonous (barley) and dicotyledonous (A. thaliana) plants.

In the course of our experiments, we also noticed that the extent
of necrotic leaf area in leaves of the BCl mlo-3 mutant varied with soil
type. We analysed this aspect quantitatively at 21 days after sowing
in three representative soil types - “SoMi513”, “Dachgarten Extensiv”
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FIGURE 4 Fertilisation relieves signs of early leaf senescence and spontaneous occurrence of chlorosis and the formation of necrotic lesions
in the barley BCI mlo-3 mutant. (a) Macroscopic phenotype of primary leaves from both barley lines at 17 days after sowing, grown either
without fertilisation (left) or with fertilisation (right). Fertilisation was supplied as 0.2% liquid Wuxal® universal fertiliser at around 1 week after
sowing. The size bar equals 5 cm. The experiment was repeated five times with a similar outcome. (b) Quantification of necrotic leaf area in the
apical 5 cm of barley primary leaves of the indicated genotypes, scored at 17 and 21 days after sowing, grown either with or without fertilisation.
Plants were grown in the “Dachgarten Extensiv” substrate. Data are based on n = 6 experimental replicates with 3-6 leaves per treatment/
genotype, time point and replicate. Letters indicate different significance groups based on a two-way analysis of variance with multiple
comparisons test (¢ =0.0001). [Color figure can be viewed at wileyonlinelibrary.com]

and “Bio Topferde”, which differ markedly in their nutrient composi-
tion (Supporting Information S1: Table 1). BCl mlo-3 mutant plants
grown in “Dachgarten Extensiv”, a nutrient-poor soil, showed a
similar phenotype (median ~53% necrotic leaf area) as unfertilised
mlo mutant plants in the fertiliser experiment described above
(Figure 4), which was also performed in this soil. By contrast, the
degree of necrosis was substantially lower (median ~31% necrotic
leaf area) in “Bio Topferde” and close to the level of wild type (cv.
Ingrid) in “SoMi513" soil (~6% necrotic leaf area; Supporting
Information S1: Figure 7), two soils with higher nutrient contents.
These results indicate that soil type, presumably primarily its nutrient
content, is a key determinant for the occurrence and extent of mlo-

associated pleiotropic phenotypes.

2.5 | The extent of mlo-conditioned leaf necrosis in
barley is modulated by temperature and light intensity

Next, we aimed to explore how temperature and light intensity may
impact the extent of mlo-associated leaf chlorosis and necrosis. To
study this aspect, we focused on the barley BCl mlo-3 mutant and the
matching cv. Ingrid wild type, as the pleiotropic phenotypes develop
faster in barley than in A. thaliana mlo mutant plants, which enabled us
to test more conditions within a reasonable time frame. We grew cv.
Ingrid and BCI mlo-3 plants in time-course experiments in eight out of
nine possible combinations of three different temperatures (15, 20,
and 25°C) and three different light conditions (65, 150, and 250 umol

m2s7%), with 20°C in combination with 150 umolm™2s™* being our
standard condition also used in other experiments of this study. We
excluded the combination of high temperature (25°C) and high light
intensity (250 umol m™2s7%) from this set of experiments as the joint
stress severely impeded plant growth. As overall plant development is
influenced by light and temperature, depending on the respective
combination, 3-5 different time-points were chosen for the auto-
mated assessment of leaf necrotic area as described above (cf.
Figure 4). However, in the current experiment this parameter turned
out to yield data with high variation, especially at elevated tempera-
tures, likely due to extensive plant stress imposed by these conditions
(Supporting Information S1: Figure 8). Consequently, the number of
necrotic spots was deemed a potentially better indicator for the true
effects of light and temperature on mlo-mediated necrosis in this
experiment. We, therefore, manually quantified the number of necrotic
leaf lesions based on the same samples/photos used for the automated
evaluation. We observed that the number of necrotic spots slightly
decreased from low to high temperature and from low to high light
intensity. Accordingly, the highest difference between cv. Ingrid wild
type and BCl mlo-3 mutant was seen at the combination of low
temperature (15°C) and low light intensity (65 umolm™2s™%), and the
least difference at the combination of high temperature (25°C) and
medium light intensity (150 umol m™2s™1; Figure 5; note that we did
not test high temperature in combination with high light intensity - see
above). Thus, we conclude that elevated temperatures and higher light
intensities, alone or in combination, suppress or delay the necrotic leaf
spot phenotype of the BCl mlo-3 mutant.
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2.6 | Light irradiation is required for the
development of necrotic lesions in the barley BCI
mlo-3 mutant

In the course of our experiments, we observed that chlorotic and
necrotic leaf areas initiate at the leaf tip (i.e., the oldest part of the
leaf) and progressively extend towards the leaf base (i.e., the
youngest part of the leaf) in barley BClI mlo-3 mutant plants
(Figure 6a). It is well known from many other plant lesion mimic
mutants that light irradiation is required for the development of the
characteristic leaf spots (Gray et al., 2002; Ma et al., 2020; Wang
et al,, 2016; Yuchun et al., 2021; Zhang et al., 2019). To test whether
this might be also true for the barley BCl mlo-3 mutant, we grew wild-
type (cv. Ingrid) and BCI mlo-3 mutant plants and either covered their
leaf tips with aluminium foil at 14 days after sowing for 3 days or left
them uncovered. In the latter case, we observed that BCI mlo-3
mutant plants developed the typical leaf chlorosis and speckled
necrosis, while the leaves of cv. Ingrid wild-type plants stayed largely
green, except for some slight necrosis at the very leaf tips, which is
typical for barley plants grown in our conditions (Figure 6a,b). By
contrast, coverage with aluminium foil caused some weak chlorosis

along the blade and slight brownish necrosis at the very tip of leaves

B9-wiLey— 27

in wild-type (cv. Ingrid) plants. Covered leaves of BCl mlo-3 mutant
plants also showed a chlorotic blade (with possibly somewhat more
intense yellowing than in cv. Ingrid wild-type plants) and brownish
necrosis at the very tip, but lacked the majority of the characteristic
necrotic spots that are typically scattered densely along the leaf blade
(Figure 6a,b). We conclude that direct light irradiance strongly
promotes the formation of the typical necrotic spots in leaves of
barley BCI mlo-3 mutant plants.

To learn more about the light dependence of the mlo phenotype
we repeated the experiment described above but enclosed only part
of the leaves in aluminium foil. Additionally, after 3 days of coverage,
we removed the aluminium foil in half of the leaves and grew the
plants for another 4 days. This experimental setup resulted in leaves
that were either partly covered for 7 days or that were partly
enclosed for 3 days and allowed to recover for another 4 days.
Leaves of cv. Ingrid wild-type plants that were partly wrapped for
7 days showed segmental chlorosis in the shielded regions that
possibly was somewhat more severe than in the previous experiment
following 3 days of coverage (Figure 7; cf. Figure 6a). In case of the
BCl mlo-3 mutant, wrapping in aluminium foil resulted in a chlorotic
leaf segment that was similar in appearance to the one in cv. Ingrid

wild-type plants. However, the protection from light interestingly
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Lower temperature and light intensity enhance the number of spontaneous necrotic lesions in primary leaves of the barley BCI

mlo-3 mutant. Quantification of necrotic lesions in the apical 5 cm of cv. Ingrid and BCI mlo-3 primary leaves grown under different combinations
of temperature and light intensity. Plants were grown in the “Dachgarten Extensiv” substrate in a closed light-cabinet (Panasonic MLR-352) set
to 15, 20 or 25°C in combination with low (65 pmol m™2s™%), medium (150 pmol m™2s™%) or high (250 pmol m™2s™Y) light intensity. Primary
leaves were harvested at 17-35 days and the number of necrotic lesions in the apical 5 cm of the leaves was quantified. Data are based on n =
3-11 experimental replicates, with six leaves per setting combination, genotype, time point and replicate. For statistical analysis, a Mann-
Whitney test (*a = 0.05; **a = 0.005; ***a =0.001; ****a = 0.0001) was performed in which each value of BCl mlo-3 was compared to the
respective value of cv. Ingrid for the same setting and time point. Note the different y-axis scales for the different light intensities. [Color figure
can be viewed at wileyonlinelibrary.com]
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FIGURE 6 Directirradiance is required for the development of necrotic lesions in the barley BCI mlo-3 mutant. (a) Phenotype of 17-day-old
primary barley leaves of cv. Ingrid and BCl mlo-3 without (control, left) or with covering (right) of the apical leaf part with aluminium foil for 3
days before the evaluation (indicated by the square brackets). The size bar equals 5 cm. The experiment was repeated three times with a similar
outcome. (b) Quantification of necrotic leaf area in the apical 5 cm of barley primary leaves of the indicated genotypes, grown either uncovered
(control) or covered with aluminium foil as shown in (a). Plants were grown in the “Dachgarten Extensiv” substrate. Data are based on n=4
experimental replicates with 3-6 leaves per treatment/genotype and replicate. Letters indicate different significance groups based on an
ordinary one-way analysis of variance with multiple comparisons test (a = 0.05). [Color figure can be viewed at wileyonlinelibrary.com]

resulted in an interruption in the formation of necrotic leaf spots,
which commenced at the leaf tip, was intersected by the chlorotic
(covered) area, and continued thereafter towards the leaf base
(Figure 7). Notably, in the BCI mlo-3 leaf samples that were allowed
to recover for 4 days following enclosure for 3 days, some necrotic
spots developed in the previously shielded, chlorotic regions
(Figure 7). These findings further underline the intensifying effect
of light regarding the formation of the typical necrotic spots in leaves
of barley BCI mlo-3 mutant plants, similarly as described previously
for lesion-mimic mutants in various plant species (Ma et al., 2020;
Wang et al., 2015, 2016; reviewed in Freh et al., 2022).

3 | DISCUSSION

Angiosperm plants with mutational lesions in dedicated Mlo/MLO
genes exhibit durable broad-spectrum resistance against powdery
mildew infection, which can be considered a powerful universal
weapon to combat this fungal disease (Kusch & Panstruga, 2017).
However, the deployment of mlo mutants in agriculture is in part
limited due to the occurrence of the pleiotropic phenotypes

associated with these mutants. This shortcoming has initially
hindered the widespread use of barley mlo mutant plants in farming,
though nowadays spring barley mlo elite varieties are widely grown in
Europe (Dreiseitl, 2022; Lyngkjeer et al., 2000). According to various
anecdotal reports and our own observations, the occurrence of
chlorotic and necrotic leaf lesions in barley mlo mutants is generally
robust and reproducible, yet seems to vary due to so far
unrecognised factors. We here undertook a first attempt to
characterise the parameters that may influence the occurrence
and extent of the pleiotropic phenotypes in representative
dicotyledonous (A. thaliana) and monocotyledonous (barley) mlo
mutant plants. For practical reasons, we performed some assays of
this study only with A. thaliana mlo mutant plants (e.g. the
ultrastructural analysis of callose depositions and crowding experi-
ments; Figures 1-3 and Supporting Information S1: Figure 1), while
others were conducted solely with barley mlo mutants (e.g. light and
temperature experiments; Figures 5-7 and Supporting Information
S1: Figure 8). We feel, however, that the synopsis of the generated
data set enabled a general overview regarding the factors that govern
the development of the early leaf senescence syndrome associated
with these mutants.
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FIGURE 7 Progression of necrotic lesion formation from the leaf tip is not prevented by partial leaf covering. Phenotype of 21-day-old
primary barley leaves that were partially covered with aluminium foil in the central leaf region (indicated by the square brackets) from 14 days
on. Leaves shown on the left side stayed covered for 7 days, the covering from the leaves on the right side were removed after 3 days. Plants
were grown in the “Dachgarten Extensiv” substrate. The size bar equals 5 cm. The 7-day partial leaf covering experiment was repeated once with
a similar outcome, the 3-day partial covering experiment could not be reproduced due to an earlier onset of senescence in the following

experiments. [Color figure can be viewed at wileyonlinelibrary.com]

We found that plant growth density (Figure 1 and Supporting
Information S1: Figures 2-5) and nutrient availability (Figures 2-4
and Supporting Information S1: Figures 3 and 5) are major factors
influencing leaf chlorosis and necrosis of mlo mutants, while the
impact of light intensity and temperature (Figure 5 and Supporting
Information S1: Figure 8) turned out to be less severe. The marked
effect of growth density and nutrient availability is likely to be
interdependent: Higher plant densities cause, amongst other
effects, competition for nutrients, thereby limiting nutrient access
per individual plant. Neighbouring plants are known to compete
for resources such as nutrients, water and light in natural settings,
which can generate stress in densely growing plants (Craine &
Dybzinski, 2013). The enhanced development of leaf chlorosis and
necrosis seen for A. thaliana mlo mutant plants upon crowding
(Figure 1) is thus likely a direct consequence of the limited nutrient
resources available per individual plant when grown in such a
regime. This notion is further supported by the fact that
application of a liquid mineral fertiliser relieved the pleiotropic
phenotypes (Figures 2 and 3), rendering it unlikely that exagger-
ated aboveground contacts between neighbouring plants is the
primary reason for the enhanced leaf chlorosis and necrosis of
these mlo mutants when densely grown. Plant crowding none-
theless also generated stress for Col-O wild-type plants, as could
be seen from the accumulation of anthocyanins in rosette leaves in
these conditions. However, unlike as for mlo mutant plants, in

Col-0 plants this stress did not translate into an early senescence
programme and accelerated leaf decay (Figure 1).

Based on controlled fertilisation experiments, we identified
nitrogen as the macronutrient whose deficiency in the growth
substrate triggers the onset of pleiotropic phenotypes in the A.
thaliana mlo mutants (Figure 3). This finding is consistent with the
observation that barley BCI mlo-3 mutant plants showed the least
signs of leaf chlorosis and necrosis in a soil type with high nitrogen
content (Supporting Information S1: Figure 7 and Table 1). Notably,
nitrogen deficiency is well known to induce early leaf senescence in
A. thaliana (Fan et al., 2023; Wen et al., 2020). Other Arabidopsis
mutants such as the nla mutant, which is defective in a gene encoding
a RING-type ubiquitin ligase, and the gdsl mutant, lacking a
functional transcription factor regulating the expression of
senescence-associated genes, also exhibit early leaf senescence upon
growth in nitrogen-limiting conditions (Fan et al, 2023; Peng
et al., 2007). It seems as if these mutants as well as mlo mutant
plants are hypersensitive to nutritional stress. Similar to the mio
pleiotropic effects, constitutive and induced levels of trypsin
inhibitors were significantly reduced by intraspecific competition in
a density-dependent manner in Brassica napus—a crowding pheno-
type that notably likewise could be rescued by nutrient addition
(Cipollini & Bergelson, 2001).

Although the effect of nitrogen deficiency on the onset of plant
senescence is incompletely understood, various mechanisms have
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been discussed. These include the role of nitrogen in amino acid and
chlorophyll biosynthesis as well as the interaction of the nitrogen
metabolism with phytohormones that regulate plant senescence,
such as auxin, cytokinin, ethylene and abscisic acid (Wen et al., 2020).
However, it remains unknown which of these factors is linked to the
rescue of the mlo senescence phenotype by exogenous nitrogen
supply. Even though our analyses strongly point to a key role of
nutrient richness as an essential component determining the extent
of pleiotropic phenotypes in soil-grown barley mlo mutant plants
(Supporting Information S1: Figure 7 and Table 1), we appreciate that
other soil features may also contribute. Abiotic and biotic character-
istics such as the geochemical soil structure (Bronick & Lal, 2005) and
the composition of soil microbiota (Custddio et al., 2022), respec-
tively, may further modulate the occurrence of pleiotropic pheno-
types associated with mlo mutants. As nitrogen supply seems to be a
critical factor, the association with microbes linked to the acquisition
of inorganic and organic sources of nitrogen, such as symbiotic
rhizobial bacteria and arbuscular mycorrhizal fungi, which in turn is
also linked to soil type (Evans et al., 1993; Oehl et al., 2010), could be
essential. Indeed, barley mlo mutants were found to be impaired
during the early establishment of symbiosis with arbuscular mycor-
rhizal fungi (Jacott et al, 2020) and the accommodation of the
beneficial root endophyte Serendipita indica (syn. Piriformospora
indica) (Hilbert et al., 2020), which may affect nutrient acquisition
by these mutants. Given these considerations, it remains to be tested
whether fertilisation also relieves mlo-associated premature leaf
senescence under different field conditions.

At the mechanistic level, the biochemical function of MLO
proteins as calcium channels (Gao et al., 2022, 2023) might be linked
to the factors modulating the pleiotropic mlo phenotypes. For
example, calcium signalling networks are known to mediate nitrate
sensing (Liu, Gao, et al., 2021; Riveras et al., 2015) and adjust the
plant's primary nitrate response (Liu et al, 2020). A recognised
regulatory module in this context is comprised of the cyclic
nucleotide-gated channel protein CGNC15 and the nitrate transcep-
tor NRT1.1, which together control calcium influx from the
extracellular space in a nitrate-dependent manner, thereby coupling
nutrient status to a specific calcium signature (Wang et al., 2021).
Likewise, there is a tight connection between (blue) light perception
via phototropins and calcium signalling (Harada & Shimazaki, 2007). It
is conceivable that additional components contribute to the complex
interplay of nutrient/light sensing and calcium-mediated signal
transduction, possibly also involving members of the MLO family.
However, further studies are required to substantiate this notion.

It is remarkable that the disease resistance phenotype of mlo
mutants is very robust and to the best of our knowledge neither
dependent on plant age nor on environmental conditions while the
pleiotropic phenotypes of these mutants are developmentally
controlled (Consonni et al., 2006, 2010; Wolter et al., 1993) and
modulated by environmental factors (Figures 1-5). This discrepancy
might be best explained by at least two separate signalling pathways
triggered by the lack of the respective Mlo/MLO genes. While one
signalling pathway results in penetration resistance to powdery

mildew attack, the other causes premature leaf chlorosis and
necrosis. This notion is further supported by the largely independent
genetic requirements for the two phenotypes in A. thaliana: While the
pleiotropic phenotypes of the mlo2 mutant rely on SA signalling and
accumulation (Consonni et al., 2006, 2010) and the callose synthase
PMR4 (Consonni et al., 2010), powdery mildew resistance rests on
PEN genes (Consonni et al., 2006) and the biosynthesis of indolic
defence metabolites (Consonni et al., 2010). It, therefore, appears as
if the two traits can be geneticaly uncoupled. However, this
separation seems to be incomplete and/or to depend on the plant
species or developmental stage: Barley mlo ror1 and mlo ror2 double
mutants exhibit both reduced powdery mildew resistance and less
spontaneous mesophyll cell death than the parental mlo single
mutant (Peterhansel et al., 1997). Further molecular and genetic
analyses are thus required to complete the picture.

We can only speculate why pleiotropic phenotypes associated
with powdery mildew-resistant mlo mutants are highly evident in
barley (Bjgrnstad & Aastveit, 1990; Piffanelli et al, 2002;
Schwarzbach, 1976), wheat (Acevedo-Garcia, Spencer, et al., 2017)
and A. thaliana (Consonni et al., 2006, 2010), but were not seen so far
in other plant species harbouring lesions in MLO genes, including pea
(Humphry et al., 2011), tomato (Bai et al., 2008) and others (Kusch &
Panstruga, 2017). Given our findings obtained in the present study,
this may relate to the conditions used for plant growth, in particular
soil type and fertilisation. Alternatively, or in addition, other plant
species might not be as highly sensitised to deficiencies in nutrient
supply translating into an early senescence syndrome. Finally, the
observed differences might be related to the extent the various plant
species engage in interactions with beneficial microbes. While A.
thaliana is non-symbiotic (Veiga et al., 2013), the colonisation of
cereals such as barley and wheat by arbuscular mycorrhizal fungi is
variable and cultivar-dependent (Boyetchko & Tewari, 1995; Garcia
de Ledn et al.,, 2020). By contrast, tomato and pea readily engage in
mycorrhizal symbiosis, and pea additionally undergoes symbiosis with
nitrogen-fixing bacteria. The association of these plant species with
beneficial microbes might be further modulated by soil type and
fertilisation, adding additional complexity. In any way, further
experiments with mlo mutants of these species under varied growth

conditions will be necessary to address this conundrum.

4 | MATERIALS AND METHODS
4.1 | Plant material

We used A. thaliana ecotype Col-O (wild-type) and the following
T-DNA or transposon insertion mutants (all in Col-O genetic back-
ground) for our experiments: mlo2-6 (Consonni et al., 2006), mlo2-5
mlo6-2 mlo12-1 (Consonni et al., 2006), mlo2-6 mlo6-4 mlo12-8
(Acevedo-Garcia, Gruner, et al., 2017). For experiments with barley,
we used cv. Ingrid (Mlo wild-type) and a panel of mlo mutants (mlo-1
to mlo-11), each seven times backcrossed to cv. Ingrid (Bluschges
et al,, 1997; Hinze et al., 1991; Reinstadler et al., 2010).

85UB017 SUOWIWOD SAIEaI 3dedl|dde 8Ly Aq peusenob ae Sappiie YO ‘8sN JO Sa|nJ Joj A%iqiT8uUlIUO AB]IM UO (SUORIPUOD-PLR-SULBYW0D A8 | 1M Ale.d1|Bul [UO//:Sdny) SUONIPUOD PUe SLLB 1 8L 88S *[7202/20/22] Uo Areiqi8uluo A8 |1 ‘yotessay Buipesig eid 8z€ IdIN Aq #1885 T80d/TTTT 0T/I0p/L00 A8 1M Al Ul uo//SdNY Wouy papeojumoa ‘. ‘vZ0Z ‘0V0ESIET



THE DEVELOPMENT OF PLEIOTROPIC PHENOTYPES

4.2 | Plant growth conditions

A. thaliana plants were grown under short-day conditions (10 h light
period) at 23/20°C day/night and approximately 135 pmol-s™*-m™2
irradiance in “Dachgarten Extensiv” (Hawita) or “Einheitserde VM800”
(Einheitserdewerke Werkverband e.V., Sinntal-Altengronau) sub-
strates. The different phenotypes were monitored starting from 6
weeks after sowing up to 10 weeks. In the fertilisation setup, plants
were supplied with 0.2% Wuxal® (Hauert MANNA Diingerwerke
GmbH) liquid universal fertiliser at 3 and 5 weeks after sowing. For the
nutrient differentiation experiments, plants were grown in “Einheit-
serde VM800” and continuously watered with the respective modified
% Hoagland solutions (Supporting Information S1: Table 2), modified
from (Heeg et al., 2008), starting at 2 weeks of plant age. The
phenotypes were then evaluated at 7 weeks. Barley plants for the
different light and temperature combination experiments were grown
in a Panasonic MLR-352 climate control cabinet (PHC Europe B.V.) set
to constant 15, 20 or 25°C and 16 h photoperiod of approx. 65, 150 or
245 umol-s™*m™2 irradiance in the “Dachgarten Extensiv” substrate. Al
other barley plants were grown in a long-day plant chamber with 16 h
light period of approx. 150 pmol-s™*:m~2 irradiance at constant 20°C in
the same substrate unless noted otherwise. Primary leaves of barley
plants were removed from the plants between 17 and 35 days,
depending on the setup of each experiment, and subsequently
photographed. For the fertilisation experiment, the plants were
supplied with 0.2% Wuxal® liquid universal fertiliser 1 week after
sowing. For the covering experiments, the marked areas were covered
3 days before the estimated development of the phenotype with
either aluminium foil or coloured plastic foil (Leitz 4100 document hull;
LEITZ ACCO Brands GmbH & Co. KG).

4.3 | Quantification of spontaneous callose-
containing cell wall depositions in A. thaliana

Four to six detached A. thaliana leaves per genotype were placed in
80% ethanol for fixation and de-staining. After complete de-
staining of the leaves, they were transferred to a 0.05% (w/v)
Aniline blue solution (in 67 mM K,HPO3, pH 5.8) and incubated for
at least 24 h. The samples were then evaluated using a Keyence
BZ-9000 epifluorescence microscope (KEYENCE Deutschland
GmbH) with the DAPI filter set (excitation A =370 nm, emission
A =509 nm). To this end, two pictures were taken in randomly
chosen areas of every leaf. The number of callose-containing cell
wall depositions was determined with the Cell Profiler software
(Jones et al., 2008).

4.4 | Assessment of necrotic area in primary barley
leaves

The detached barley leaves were photographed on a Kaiser
slimlite light plate (Kaiser Fototechnik GmbH & Co. KG) to minimise

B9-wiLey— 22

background. Single leaves were subsequently analysed for the relative
necrotic leaf area using the leaf necrosis classifier software (https://
www.quantitative-plant.org/software/leaf-necrosis-classifier). For this
purpose, the datasets for neural network formation were trained
manually with pictures from the experiments and optimised for the
different setups. To quantify the number of necrotic lesions the same
leaf pictures were evaluated manually, as the software was not able to
resolve multiple lesions that developed in close proximity (confluent

lesions).

4.5 | Immunodetection of callose by light and
transmission electron microscopy

A. thaliana rosette leaf samples for resin embedding and subsequent
immunocytochemical analysis were excised from Col-0 wild-type and
mlo2-5 mlo6-2 mlo12-1 mutant plants grown for 7 weeks in short-day
conditions. Before sampling, two mature rosette leaves of four plants
(i.e., eight leaves in total) were infiltrated on the lower (abaxial) side
with flg22 (Centic Biotec), two leaves of another four plants were
infiltrated with water (mock treatment), while leaves of another four
plants remained untreated. In the case of the mlo triple mutant plants,
all leaves remained untreated. The next day, leaves were harvested
and split longitudinally into two halves with one half of each leaf
subjected to histochemical Aniline blue staining (0.01% (w/v) Aniline
blue in 150 mM K,;HPO,) and subsequent epifluorescence micros-
copy as described above. The second half of each leaf was cut into
approx. 5mm x5 mm pieces and chemically fixed, dehydrated and
embedded into Araldite 502/Embed 812 resin (EMS, 13940) as
described previously (Koskela et al., 2018), with the exception that
osmium tetroxide was used at a concentration of 0.5%. Leaf halves
from Col-0 leaves showing clear absence (mock control and
untreated) or presence (flg22) of callose depositions in their
corresponding half after Aniline blue staining as well as leaf halves
of the mlo triple mutant exhibiting the characteristic age-related
Aniline blue callose staining pattern in their corresponding half were
chosen for subsequent analysis by microscopy.

For immunofluorescence, 1 um-sections were cut with a
Reichert-Jung Ultracut E ultramicrotome (Reichert-Jung, now: Leica
Microsystems), dried down onto adhesive diagnostic microscope
slides (ER-202W-AD-CE24; Eerie Scientific LLC (Thermo Scientific)
and incubated overnight in TRIS-bovine serum albumin (TRIS-BSA)
(20mM TRIS, 15mM NaNj, 225 mM NaCl, pH 6.9) buffer supple-
mented with 1% (w/v) bovine serum albumin (BSA; A3294; Sigma-
Aldrich) and 5% goat serum (G9023; Sigma-Aldrich). After rinsing
with TRIS-BSA (3x 10min), sections were subjected to mouse
monoclonal anti-B-1,3-glucan antibodies (400-2; Biosupplies Austra-
lia Pty. Ltd.), diluted 1:100 in TRIS-BSA, for 1 h at room temperature.
Following three rinses with TRIS-BSA, sections were incubated with
goat-anti mouse Alexa Fluor 488 (abcam ab150117) for 1 h at room
temperature. Subsequently, sections were rinsed with TRIS-BSA (3x
10 min) and mounted in CitiFluor™ AF1 (E17970-25, Science
Services). Brightfield images were taken on the same day with a
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Zeiss Axio Imager D1/D2 equipped with a Zeiss AxioCam HR R3
camera using an EC Plan-Neofluar 40x/0.75 M27 objective (Zeiss).
For epifluorescence imaging, a 495 nm beam splitter, a 450-490 nm
excitation filter and a 500-550 nm emission filter were used.

For immunogold labelling, ultrathin sections (70-90 nm) were cut
from the same resin blocks and collected on nickel slot grids as
described before (Moran & Rowley, 1987) and immunolabelled
according to Micali and co-workers (Micali et al., 2011) with minor
modifications (5% [v/v] goat serum in TRIS-BSA for blocking; 1:100
and 1:200 dilution of mouse monoclonal anti-3-1,3-glucan antibodies
in TRIS-BSA). After staining with 0.1% KMnO,4 in 0.1 N H,SO4
(Sawaguchi et al., 2001), sections were analysed and imaged using a
Hitachi H-7650 transmission electron microscope (Hitachi,) at 100 kV
equipped with an AMT XR41-M digital camera (Advanced Micros-
copy Techniques, Corp.).

4.6 | Statistics

Depending on the experiment, data was analysed with analysis of
variances, including multiple comparisons tests or Mann-Whitney
tests to compare multiple groups or to compare only the mlo mutants
to the Col-0 or cv. Ingrid control, respectively. Significance levels are

given in the respective Figure legends.
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