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SUMMARY

Eudicot plant species have leaves with two surfaces: the lower abaxial and the upper adaxial surface. Each

surface varies in a diversity of components and molecular signals, resulting in potentially different degrees

of resistance to pathogens. We tested how Botrytis cinerea, a necrotroph fungal pathogen, interacts with

the two different leaf surfaces across 16 crop species and 20 Arabidopsis genotypes. This showed that the

abaxial surface is generally more susceptible to the pathogen than the adaxial surface. In Arabidopsis, the

differential lesion area between leaf surfaces was associated with jasmonic acid (JA) and salicylic acid (SA)

signaling and differential induction of defense chemistry across the two surfaces. When infecting the adaxial

surface, leaves mounted stronger defenses by producing more glucosinolates and camalexin defense com-

pounds, partially explaining the differential susceptibility across surfaces. Testing a collection of 96

B. cinerea strains showed the genetic heterogeneity of growth patterns, with a few strains preferring the

adaxial surface while most are more virulent on the abaxial surface. Overall, we show that leaf–Botrytis

interactions are complex with host-specific, surface-specific, and strain-specific patterns.

Keywords: plant–pathogen interactions, Botrytis cinerea, necrotroph fungi, crops, leaf surfaces, defense sig-

naling, plant development.

INTRODUCTION

When pathogens attack, they battle with the plants to

establish and grow (Ferreira et al., 2006; Pandey et al.,

2016). The pathogens first face constitutive defenses and

then likely trigger the plant immune system with various

receptors and signaling pathways (Kushalappa et al., 2016;

Zipfel, 2008). As such, the outcome of the pathogen attack

depends on the combinatorial interplay of the constitutive

and induced physical and chemical defenses. However,

these defenses further vary independently of the patho-

gens attack across environmental (Lacchini & Goossens,

2020; Mitreiter & Gigolashvili, 2021), genotypic (Ballhorn

et al., 2011; Potts & Hunter, 2021) and developmental

(Chung et al., 2008; Kong & Yang, 2023) landscapes.

Developmental variations in plant defenses are begin-

ning to be studied in more detail. For example, age-related

resistance is critical in the interactions with diverse patho-

gens (Hu & Yang, 2019). A key developmental aging pro-

cess is fruit ripening which alters physical and signaling

defenses altering pathogen interactions (Forlani et al.,

2019; Petrasch et al., 2019; Silva et al., 2023). In the leaf,

spatial gradients along the axis of the leaf blade are linked

to differential hormone responses and growth capacity

affecting biotrophic fungi such as Blumeria hordei (Kra-

sauskas et al., 2023). While developmental transitions are

key to plant–pathogen interactions (Hu & Yang, 2019; Kong

& Yang, 2023), the impact of a developmental transition

across diverse host species on a single pathogen is not

typically cataloged using both plant and pathogen genetic

variation. Thus, a system in which the same interaction

can be systematically studied across plant species is

needed to develop a better understanding of how plant

development influences host–pathogen interactions. In this

work, we are using the generalist pathogen, Botrytis

cinerea, to begin a systematic assessment of how develop-

ment influences host interactions both across and within

species.

To accomplish this, we focus on the difference

between the two surfaces of the angiosperm leaves (Fos-

ter, 1936), the abaxial and adaxial leaf surfaces, which have

distinct physical properties (Tsukaya, 2014). Studies are

beginning to suggest that these leaf surfaces affect the
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host–pathogen interaction (Caires et al., 2014). In hybrids

of Lilium auratum and L. speciosum (oriental lilies),

microscopy observations revealed Botrytis elliptica failed

to invade epidermal cells on the adaxial side while suc-

cessfully invading from the abaxial (Hsieh et al., 2001).

Similarly, in Vicia faba (faba bean), it was shown that infec-

tion from both the specialist Botrytis fabae and the gener-

alist B. cinerea developed larger lesions on the abaxial

than the adaxial surface (Hashim et al., 1997). While these

studies suggest that developmental patterns between leaf

surfaces on monocots and dicots can influence host–
pathogen interactions, how this phenomenon and the

mechanisms involved translate across diverse host plants

remains unknown.

Based on leaf physiological knowledge, environmental

(Berens et al., 2019; Liu et al., 2020; Ritpitakphong

et al., 2016; Sch€afer et al., 2023), physical (Calo et al., 2006;

Mafia et al., 2009), chemical (Arag�on et al., 2017; Fern�andez

et al., 2017; Ziv et al., 2018), and/or hormonal (Kazan & Man-

ners, 2009; Kidner & Timmermans, 2010; Liu et al., 2012)

properties could explain the developmental effect of the leaf

surfaces on host–pathogen interactions. First, abaxial and

adaxial leaf surfaces present different cell densities. The

adaxial surface is composed of the upper epidermis cover-

ing the dense mesophyll (Zuch et al., 2022), while the abax-

ial surface is composed of the lower epidermis covering the

loosely packed spongy mesophyll (Whitewoods, 2021).

The leaf surfaces can also vary in the presence and compo-

sition of the thick and rigid chemical barrier, the cuticle

(Arag�on et al., 2017; Fern�andez et al., 2017; Ziv et al., 2018).

These variations in cell density and surface chemistry might

impact the hyphal turgor pressure (Lew, 2019) necessary to

invade the leaf. Alternatively, the pathogen could use sto-

mata penetration (Meddya et al., 2023), entering these

pores predominantly positioned on the abaxial surface. Tri-

chomes can also provide additional physical barriers pre-

venting fungal spores from reaching the leaf surface

(Kim, 2019). However, later in the infection process, tri-

chomes can anchor growing fungal hyphae close to the leaf

surface and contribute to the pathogen’s propagation (Calo

et al., 2006).

In addition to these surface parameters, different sig-

naling processes and/or outputs could alter host–pathogen
interactions. In leaf bifacial development, auxin signaling

plays a major role in controlling complex networks of regu-

latory genes (Kidner & Timmermans, 2010; Liu et al., 2012).

The HD-ZIPIII family determines the adaxial, while the

KANADI and auxin response factor (ARF) families deter-

mine the abaxial side. The YABBY family is another impor-

tant class of transcription factor (TF) involved in both

abaxial development and stress responses (Zhang et al.,

2020). In complement, crosstalk between auxin and the

defense-associated hormones salicylic acid (SA) and jas-

monic acid (JA) is described (Kazan & Manners, 2009).

These signaling variations generate expression profiles

with hundreds of genes differentially expressed between

the leaf surfaces (Tian et al., 2019). Those differential

expression patterns are visible in the defense chemistry

with abaxial and adaxial epidermal cells producing differ-

ing amounts of metabolites (Tenorio Berr�ıo et al., 2022). In

glucosinolates, a family of defense compounds well-

described from signaling (Mitreiter & Gigolashvili, 2021) to

their impact on plant–pathogen interaction (Plaszk�o et al.,

2022), a 10-fold differential concentration was observed in

Arabidopsis across the leaf, with more abundance on the

abaxial than the adaxial surface (Shroff et al., 2015).

To test how the leaf surfaces influence host–pathogen
interactions both across and within plant species, we used

B. cinerea (gray mold, Botrytis blight, Botrytis thereafter).

This generalist fungal pathogen is an endemic pathogen

that infects more than a thousand plant species (Fillinger &

Elad, 2016; Singh et al., 2023). Botrytis broad-host patho-

genic ability relies on its polygenic genetic architectures

and a wide diversity of specific mechanisms (Bi et al.,

2022; Pink et al., 2022; Singh et al., 2023). Botrytis penetra-

tion of the host’s cells can be opportunistic through sto-

mata and wounds or intentional through penetration of the

epidermis with infection cushions (Choquer et al., 2021;

Hsieh et al., 2001). In addition, Botrytis uses a diversity of

additional mechanisms to facilitate virulence including cell

wall degrading enzymes (Bi et al., 2022), toxins (da Silva

et al., 2023), and small RNAs manipulating the host’s tran-

scriptome (Weiberg et al., 2013). Botrytis’ cell-death-

inducing proteins (Bi et al., 2022; Veloso & van Kan, 2018)

further contribute to toxic levels of reactive oxygen species

(Siegmund & Viefhues, 2016), lesion expansion, and tissue

maceration. It is currently unclear how this cell death may

or may not relate to hypersensitive responses (Govrin &

Levine, 2000; Jeblick et al., 2023) induced by biotrophic

pathogens via NBS-LRRs (Feechan et al., 2015). These

diverse mechanisms are redundant (Leisen et al., 2022)

and build additively based on standing genetic variation

(Atwell et al., 2018; Mercier et al., 2021). This genetic diver-

sity allows a population of Botrytis strains to be a highly

useful tool in querying if the effects of leaf development

vary across diverse strains and how this may be influenced

by the variation between host plants.

To assess how developmental patterns between leaf

surfaces influence Botrytis interactions, we first tested 16

species from eight different plant families (Figure 1a) with

diverse natural histories. These eight families are sampled

from the caryophyllales in the basal core eudicots to aster-

ids and rosids (Soltis & Soltis, 2004). As physical and

chemical defenses and also defense signaling were shaped

by the environment, herbivore, and pathogen pressures

across the evolutionary timescale (Berens et al., 2017;

Endara et al., 2023), those species constitute a sampling of

defensive strategies existing in the eudicots while focusing
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on crops of economical value. To test how the effect of the

leaf surfaces varies across genotypes within a host species,

we infected 20 A. thaliana genotypes (Figure 1b). Those

genotypes included SA and JA signaling mutants that con-

trol over the chemical defense variation in addition to TFs

and enzymes along the pathways (Mitreiter & Gigolash-

vili, 2021). Finally, to assess how the diversity in the patho-

gen interacts with developmental patterns between leaf

surfaces, we infected 96 Botrytis strains on a single host

genotype. This provided an analysis of how abaxial/adaxial

leaf surface variation influences the host–Botrytis interac-

tion across diverse host species, host genotypes, and path-

ogen genotypes providing an initial investigation into the

conditionality of this phenomena.

RESULTS

The leaf physical properties do not explain the surface

effect across eudicot hosts

To test whether differences in the adaxial and abaxial leaf

surfaces influence Botrytis interactions across the eudicots,

we infected 16 species with 10 strains of Botrytis (Table S3).

The plant species were chosen from the caryophyllales,

rosids, and asterids (Figure 1a) and sample a diversity of

leaf thickness, stomata sizes, and densities (Figure 2a)

across the leaf surfaces (Table S1). For example, measuring

stomatal density across the species confirmed the expected

relationship where the abaxial surface has more stomata

(range 215–1052 stomata/mm2, Table S1) than the adaxial

surface (range: 0–556 stomata/mm2, Table S1). However,

this ratio is highly variable with some species like A. thali-

ana, and Ocimum basilicum (basil) having a small differ-

ence between the surfaces, while some like Phaseolus

vulgaris (bean), Capsicum annuum (pepper), and Mentha

spicata (mint) have near presence/absence variation across

the surfaces (Figure 2a).

Infecting Botrytis on the leaves of all species showed

an overall trend for larger lesion areas on the abaxial than

adaxial surfaces (Figure 2b; Table S1; Figure S1a). The

larger abaxial lesions were measured on all species except

Beta vulgaris (chard) and Lactuca sativa (lettuce) (Table S1;

Figure 2b). This trend was statistically significant in six

species (Figure 2b; Figure S1b) spread across the eudicot

phylogeny: A. thaliana, Vigna unguiculata (cowpea), Sola-

num melongena (eggplant), Brassica oleracea (kale), Petro-

selinum crispum (parsley), and Spinacia oleracea

(spinach). Overall plant susceptibility across the eudicots

did not play a role in the surface differential (Figures S1a

and S2a). Similarly, the lesion area differential between the

adaxial and abaxial leaf surfaces had no correlation to

(a)

(b)

Figure 1. (a) Phylogeny of the 16 eudicot species (Table S1) used to test how the leaf surfaces influence host–pathogen interactions across species. The families

and orders are indicated on the branches.

(b) The 20 Arabidopsis genotypes used to test how leaf surfaces change the interaction with Botrytis within a species. The genotypes are grouped (horizontal

lines) and colored by their defense pathways (Table S2).
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stomatal density on the surfaces nor leaf thickness

(Figure S2b–f). This suggests that the effect of variation

between leaf surfaces on host–Botrytis interactions is

variable across the eudicots and is not predominantly

driven by these measured physical aspects like stomatal

density or leaf thickness variation.

(a)

(b)

Figure 2. The susceptibility of leaf surfaces to B. cinerea across the eudicot does not depend on stomata density and vary across hosts.

(a) Mean-centered abaxial/adaxial stomatal density (stomata/mm2; Table S1) and standard error bars (n = 6).

(b) Mean-centered lesion area [mm2] (Table S1) on abaxial/adaxial leaf surfaces and standard error bars (n = 10 strains*6 replicates) measured at 72 HPI.

(a, b) Given the large variation among the species in terms of resistance (Figure S1a), the data were centered by subtraction of mean of each species to parse

the leaf surface and species effects. Circles represent the lower abaxial surface, while up-pointing triangles represent the upper adaxial surface. Level of signifi-

cance of surface effect within species: ***P < 0.001, **P < 0.01, and *P < 0.05.
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Defense signaling and chemical defenses both influence

the surface effect

To test how variation between leaf surfaces changes within

a host species, we utilized the extensive availability of

mutants in A. thaliana. We infected 18 mutants (Table S2)

and Ler as an additional accession (Figure 1b). These

mutants allowed testing if methionine/tryptophan-derived

defense chemistry and/or defense signaling affect Botrytis

lesion formation when infected on different leaf surfaces.

The mutants were infected with the 10 Botrytis strains that

sample the range of virulence on Arabidopsis (Table S3).

The level of significance of the surface effect in Col-0 (Fig-

ures 2 and 3) depended on the set of 10 Botrytis strains

tested (Table S3).

Measuring the lesion area on the leaf surfaces of these

Arabidopsis genotypes with various susceptibilities

revealed three patterns. First, some mutants had limited or

inversed surface differentials compared to WT; for exam-

ple, the size of the lesions on both surfaces was more

equal than in WT. This pattern was observed for cyp81D8,

the double knockout mutant of myb28/29, the single knock-

out of myb29, the 35S:MYB28 overexpression line, and the

35S:MYB29 overexpression line (although 35S:MYB29 had

a strong differential at 72 h and then plateaued, Figure 3b).

In the second observed pattern, the mutations amplified

the surface effect indicated as having a significantly larger

lesion area on abaxial than adaxial surface without increas-

ing the overall plant susceptibility (Figure 3a). This pattern

was observed in npr1 and pad4 involved in salicylic acid

signaling defense responses. It was also observed in

tgg1/2, the double mutant for the two myrosinase enzymes

that convert glucosinolates into toxic isothiocyanates. The

mutants in cyp71a12 and cyp82c2 involved in the biosyn-

thesis of 4-hydroxy indole3-carbonyl nitrile, a potential

indole-cyanogenic glycoside phytoalexin, also showed this

pattern. In the final pattern, the mutants lead to both an

increased surface effect and of the overall plant susceptibil-

ity (larger lesion area compared to Col-0, Figure 3a). This

pattern was observed for coi1-16 involved in jasmonic acid

signaling and tga3 a TF involved in salicylic acid signaling

defense response. The double mutants myb34/51,

cyp79b2/cyp79b3, and the pad3 single mutant, all abolish-

ing camalexin production also showed this pattern. While

the surface differential in lesion area largely increases line-

arly in time as with Col-0, some mutant lines have different

temporal trajectories including the biosynthetic mutants

cyp79b2b3, cyp81D8, and 35S:MYB29 (Figure 3b). This sug-

gests that the differential surface effect is affected by both

signaling and defense metabolism pathways in

Arabidopsis–Botrytis interactions.

To test whether Botrytis’ early growth, such as

observed in cyp79b2/b3 (Figure 3b), could result from dif-

ferent infection strategies on the leaf surfaces (infection

cushion or stomata), we infected, stained, and microscopi-

cally observed Botrytis hyphae on both leaf surfaces across

a time course between 24 and 72 HPI. We also visualized

infected leaves from Col-0, myb28/29, 35S:MYB28, tgg1/2,

myb34/51, and pad3 to assess a range of plant susceptibil-

ity and surface differential effects (Figure 3). While there

was variation in hyphal density linked to a faster growth

rate on genotypes producing no camalexin (cyp79b2/b3,

pad3), we did not observe variation in tissue penetration

strategies. Across all genotypes and leaf surfaces, we con-

sistently observed that the infection cushions, a multicellu-

lar structure specialized in breaching the host tissue

through mechanical and chemical actions, directly target

the area of the pavement cells (Figure S3). This suggests

that the base infection strategy was similar across all Ara-

bidopsis samples including abaxial and adaxial leaf sur-

faces, genotypes, and times. These observations

suggested that the differential lesion area between leaf sur-

faces in Arabidopsis is not associated with a dramatic shift

in Botrytis tissue penetration strategy.

Differential induction of glucosinolates across leaf surfaces

A core defense mechanism of Arabidopsis against Botrytis

is specialized metabolites like camalexin and glucosinolates

(Buxdorf et al., 2013; Ferrari et al., 2003) that are controlled

by SA and JA signaling pathways (Mitreiter & Gigolash-

vili, 2021). To test how these metabolites may differentially

influence Botrytis–host leaf surface interactions, ten Botry-

tis strains were infected on the abaxial and adaxial surface

of six defense metabolite mutants (35S:MYB28, myb28/29,

tgg1/2, myb34/51, cyp79b2/b3, and pad3) and their

wild-type genotype Col-0. These metabolites are known for

their role in plant defense and can be directly measured by

HPLC (Figure S4). To estimate how the variation between

leaf surfaces related to Botrytis virulence and/or plant

chemical defenses, we used linear modeling to parse their

effects. Across mutants, the variation in camalexin, indolic,

and aliphatic GSLs explained respectively 15.7%, 3.2%, and

1.1% of the variance in lesion area (Figure S5). Linear

regressions further confirmed that the concentration of

camalexin was negatively correlated to lesion area in 35S:

MYB28, myb28/29, tgg1/2, and Col-0 (Figure S6). The con-

centration of aliphatic GSLs was negatively correlated to

the lesion area in myb34/51, cyp79b2/b3, and Col-0

(Figure S7), while I3M was negatively correlated to the

lesion area in tgg1/2, pad3, and Col-0 (Figure S8). These

results confirmed the defensive role of camalexin and glu-

cosinolates against Botrytis. Moving to the leaf surface

effect, the effect of infecting the abaxial and adaxial leaf sur-

faces was smaller than the effect of chemical defenses,

explaining 2.5% of the total variance in lesion area. How-

ever, there was a significant interaction leaf surface interac-

tion identified with camalexin (Figure S5).
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To understand how the leaf surfaces and chemical

defenses interplayed, we plotted the induced concentration

of camalexin, I3M, 4MI3M, and aliphatic glucosinolates

across mutants when infected on different surfaces

(Figure 4). Interestingly, in the WT controls, there was no

statistical support for differential induction depending on

the leaf surface that was infected (Figure 4). The mutants

however identified differential induction across the leaf

surfaces. For example, mutants in the aliphatic glucosino-

late TFs (myb28/29) lead to a change in the camalexin

response (Figure S6) with a higher response to adaxial

than abaxial infection (Figure 4a). Mutants in the

(a)

(b)

Figure 3. The susceptibility of A. thaliana leaf surfaces to B. cinerea varies with defense signaling and chemistry.

(a) Mean-centered lesion area [mm2] and standard error bars (n = 10 strains*4 replicates) as modeled at 72 HPI on each surface. To parse the effects of the back-

ground accession, lesion areas were centered by subtraction of Col-0. The lower abaxial surface is represented by circles, while the upper adaxial surface by up-

pointing triangles. Level of significance of the leaf surface effect within each genotype: ***P < 0.001, **P < 0.01, and *P < 0.05. Level of significance of pairwise

ANOVA that compare the susceptibility of each mutant to Col-0: +++P < 0.001, ++P < 0.01, and +P < 0.05.

(b) Lesion area and surface differential (abaxial–adaxial lesion area) at 48 HPI (red dots), 72 HPI (green dos), and 96 HPI (blue dots). The high susceptibility dou-

ble mutant cyp79b2/b3 is only traced up to 72 HPI, because at 96 HPI, the entire Arabidopsis leaf area is consumed.
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myrosinases (tgg1/2) and the camalexin biosynthetic gene

(pad3) led to shifts in indole glucosinolate responses

(Figures S8 and S9), again with a higher adaxial than abax-

ial response (Figure 4b,c). This showed that the differential

chemical responses to adaxial/abaxial infection are coordi-

nated across metabolites. The mutants altered the

response of indirectly related chemicals, for example ali-

phatic mutants altered indolic responses and vice versa.

Future work will be needed to uncover the specific regula-

tory mechanisms controlling the differential adaxial and

abaxial responses, their dependency on other defenses,

and how they vary across leaf surfaces leading to these

differences.

B. cinerea genetic diversity impacts the growth on leaf

surfaces

Testing how the variation between leaf surfaces influenced

host interactions both across and within species using a

subset of strains revealed a consistent and major role (e.g.

large percentage of variance in lesion area) of genetic vari-

ation among Botrytis strains (Figures S1b and S5). This led

us to test how genetic variation in the pathogen can influ-

ence the measured leaf surface effect. To do this, we

infected Arabidopsis Col-0 with a collection of 96 strains of

Botrytis and tracked the lesion development on leaf sur-

faces across time.

To measure the contribution of the pathogen’s

genetic diversity to lesion development, we modeled the

growth of the lesion area on the leaf surfaces (Figure 5a)

with a linear model at each time point. The linear models

revealed that the diversity of strains accounts for at least

35% of the variance (Figure 5b), which is maximal

around 72 HPI. The variance due to abaxial and adaxial

leaf surfaces increased from 3% at 48 HPI to 20% of the

total variance in lesion area at 96 HPI (Figure 5b). As the

genetic diversity in the strain collection is a dominant

component controlling the leaf–surface interaction, we

investigated the 96 strains for their virulence and surface

differential (lesion area on the abaxial–adaxial surface)

across the three time points (Figure 5c). The relationship

between virulence and surface differential is not consis-

tently linear as various growth patterns are present in

the strain collection (Figure 5c). Most strains develop

consistently faster on the abaxial surfaces (e.g. strain

1.05.22, Figure 5d), while some stabilize their growth on

both surfaces after 72 HPI (e.g., strain 2.04.12, Figure 5d).

Other strains have high virulence but a low preference

for growth on a surface (e.g., strain 2.04.14, Figure 5d).

Finally, a few strains indicate a degree of preference to

grow on the adaxial surface (e.g., strain 2.04.04,

Figure 5d). These various growth patterns in Botrytis sug-

gest that overall the virulence and the differential surface

effect do not rely on identical sets of genes, with genes

potentially contributing independently to the two traits.

DISCUSSION

By surveying Botrytis virulence across diverse hosts within

the caryophyllales, asterids, and rosids, we showed that

the adaxial and abaxial leaf surfaces differentially influence

the interaction with Botrytis. However, the effect of the

adaxial vs abaxial leaf surface was highly conditional on

the host species and pathogen genotype being used. This

effect was not linked to differences in classically assumed

physical properties such as variation in stomatal density

and leaf thickness. This suggests that there are other

unmeasured physical, mechanistic, or microbiome (Berens

et al., 2019; Liu et al., 2020; Ritpitakphong et al., 2016;

Sch€afer et al., 2023) components that are critical to the

adaxial and abaxial effects on Botrytis interactions and that

they may differ from host to host. Thus, mechanistic

insights might not be fully translatable between host

species.

Testing 96 strains of B. cinerea further complicated

the modeling of the mechanistic insights. This showed that

the strains within the pathogen species have a wide range

of different patterns of interaction with the leaf surfaces

(Figure 5). This ranged from strains that better attacked the

adaxial to those with better invasiveness on the abaxial to

those with no significant difference. Whether that complex

interaction is a sum of independent mechanisms adding

together in the host and pathogen or whether those are

representative of molecular mechanisms with different

interactions based on leaf surface remains to be deter-

mined. Given the wide range of hosts (Singh et al., 2023)

and organs attacked by Botrytis and the polygenic nature

of its virulence (Caseys et al., 2021; Soltis et al., 2019), it is

challenging to know whether those growth patterns might

result from genes’ presence/absence variation (Simon

et al., 2022), single nucleotide polymorphisms (Caseys

et al., 2021) or plasticity in the regulation of virulence path-

ways. Furthermore, how various strains detect the hosts’

extracellular signals and mount diverse responses/

strategies at different times post-inoculation remains

largely unknown. Botrytis has over a thousand surface-

associated proteins that might contribute to detecting the

host (Escobar-Ni~no et al., 2021), with signal transduction

best described through the interplay of cAMP, MAP-kinase,

histidine-kinase, and calcium-dependent signaling path-

ways (Li~neiro et al., 2016). Even in the absence of precise

mechanisms, it remains striking how conditional the host–
Botrytis interaction is to genetic variation in both the host

and pathogen when querying the differences in leaf

surfaces.

Using Arabidopsis mutants that altered differently the

SA and JA defense signaling pathways began to illuminate

some of the mechanisms involved. Once the pathogen is

detected on a leaf surface and immunity is triggered (Kush-

alappa et al., 2016; Zipfel, 2008), defense response signals

� 2024 Society for Experimental Biology and John Wiley & Sons Ltd.,
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are integrated into complex networks, with SA and JA sig-

naling in competitive intercommunications. This complex

signal integration is beneficial to canalize the range of

virulence both within and between pathogens species by

fine-tuning the immune response (Caarls et al., 2015; Hou

& Tsuda, 2022; Zhang et al., 2017). This showed that Arabi-

dopsis SA signaling mutants (pad4, npr1) (Ferrari

et al., 2003) have strong surface effects while do not

(a)

(b)

(c)

(d)

Figure 4. Infections with B. cinerea on leaf surfaces of A. thaliana mutants differentially induced phytochemical defenses. Indolic and aliphatic glucosinolates

responses are calculated by subtraction of the mean of concentration of the uninfected leaves to the infected leaves. Camalexin is only present in infected leaves

and did not require normalization. The lower abaxial surface is represented by circles, while the upper adaxial surface by up-pointing triangles.

(a) Mean and standard error bars (n = 10 strains*4 replicates) of the camalexin in nmol/cm2.

(b) Mean and standard error bars (n = 10 strains*2 replicates) of the indol-3-yl-methyl glucosinolate (I3M) in nmol/cm2.

(c) Mean and standard error bars (n = 10 strains*2 replicates) of the 4-methoxy-indole-3-yl-methyl glucosinolate (4MI3M) in nmol/cm2.

(d) Mean and standard error bars (n = 10 strains*2 replicates) of total aliphatic glucosinolates in nmol/cm2. (a–d) Level of significance: ***P < 0.001, **P < 0.01,

and *P < 0.05. NP stands for “not present.” The mutants cyp79b2/b3, myb34/51 (Schlaeppi et al., 2010), and pad3 (Zhou et al., 1998) do not produce camalexin.

The mutant cyp79b2/b3 does not produce indolic glucosinolates, while myb34/51 does not fully stop their synthesis, probably due to accessory role of MYB122

(Frerigmann & Gigolashvili, 2014). The mutant myb28/29 does not produce aliphatic glucosinolates (Sonderby et al., 2010).

� 2024 Society for Experimental Biology and John Wiley & Sons Ltd.,
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increase the overall plant susceptibility (Figure 3b),

whereas JA signaling mutants (coi1, anac055) (Rowe

et al., 2010) impacted the plant susceptibility without

influencing the adaxial/abaxial difference (Figure 3b). This

suggests that JA may influence Botrytis defense indepen-

dently of the surface, while SA may have differential

effects across the surfaces. Such spatiotemporal develop-

mental patterns were also recently described in Barley with

(a) (b)

(c) (d)

Figure 5. B. cinerea genetic diversity across of 96 strains (n = 4) impacts the growth on A. thaliana (Col-0) abaxial and adaxial surfaces. Significance:

***P < 0.001; **P < 0.01; and *P < 0.05.

(a) Distribution of lesion area across Botrytis 96 strains at 48 HPI (in red), 72 HPI (in green), and 96 HPI (in blue).

(b) Percentages of variance calculated by linear modeling of the lesion area at 48, 72, and 96 HPI. Plain lines represent the biological factors, while dashed lines

represent technical factors and residuals.

(c) Lesion development of 96 Botrytis strains represented by the lesion area across both surfaces (x-axis) and the difference in lesion area (abaxial–adaxial)
across leaf surfaces (y-axis).

(d) Mean and 95% confidence interval of the lesion area of the four strains highlighted in panel c.

� 2024 Society for Experimental Biology and John Wiley & Sons Ltd.,
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variation in response to JA and gibberellins across the leaf

blade infected by Blumeria hordei (Krasauskas et al., 2023).

In Arabidopsis leaves infected with powdery mildew,

higher resistance of the abaxial surface was explained by

defenses associated with both SA pathway and glucosino-

lates (Wu et al., 2023). Thus, the core defense pathways

may differentially contribute to how Arabidopsis defends

against adaxial or abaxial Botrytis invasion.

In Arabidopsis–Botrytis interactions, major SA/JA

pathway outputs that control the interaction are the

production of camalexin and glucosinolate defense

metabolites regulated by MYBs. From our experiment,

indolic-associated MYB34 and MYB51 increased the sur-

face effect, aliphatic-associated MYB28 diminished the

surface effect, and the other aliphatic-associated MYB

had a time-dependent effect. These MYBs are known to

have altered expression in Arabidopsis mutants with

altered ad-abaxial development (Malitsky et al., 2008).

These MYBs also showed abaxial/adaxial patterning in

the shoot apical meristem atlas at an early stage of bifa-

cial leaf development (Tian et al., 2019), with MYB51

preferentially expressed on the abaxial, while MYB28,

MYB29, and MYB34 are preferentially expressed on the

adaxial domain. Although these MYBs follow the devel-

opmental pattern, whether de novo synthesis at the site

of the attack generated differential production of chemi-

cal defenses (Figure 4) or whether those patterns also

resulted from the strategic movement of defenses within

the leaf remains largely unknown (Burow & Halkier, 2017).

Though differential induction of indolic glucosinolates

and camalexin might contribute to the surface effect,

these defense compounds are restricted to the Brassica-

ceae. Given that the surface effect is spread across the

eudicots, other phytoalexins might have similar differen-

tial induction in other eudicot species. This is similar to

the observation that lineage-specific phytoalexins and

specialized metabolites are often controlled by the con-

served JA/SA signaling pathways (Lacchini & Goos-

sens, 2020; Rieseberg et al., 2023).

While the complexity of how abaxial and adaxial sur-

faces regulate genes and metabolites is only starting to

be addressed, how those react to a pathogen infection

remains largely unaddressed. Single-cell sequencing of

Arabidopsis infected by the biotroph fungal pathogen Col-

letotrichum higginsianum revealed the spatially dynamic

and cell-type specific plant response (Tang et al., 2023).

Although the fungal infections were inoculated only on

the adaxial surface, they especially show the crucial role

of intracellular immune receptors (NLRs) across cell types

and cell-specific induction of indolic glucosinolates. Future

experiments will need to confirm the differential expres-

sion of immune receptors and other defense components

not only across cell types but also along the

abaxial–adaxial axis.

To conclude, this study provides a snapshot into how

conditional plant–pathogen interactions are. They depend

on small-scale developmental pattern such as leaf surfaces

to population-level patterns such as the diversity in both

the host and pathogen. This illustrates a potential ascer-

tainment bias in foliar infection studies: Most infection

assays to validate genes and determine mechanisms are

necessarily done on a single surface, typically adaxial, to

make the experiments feasible. However, the pathogens or

plant mutants/genotypes may show differential behavior if

infected on the abaxial surface and this will vary across

hosts and pathogens complicating the ability to make

broad mechanistic conclusions. To determine precisely the

signaling cascade and gene networks responsible for

the differential interactions on the two leaf surfaces will

require both host and pathogen transcriptomes to be ana-

lyzed in detail with single-cell experiments in three dimen-

sions across the time of the infection using multiple hosts

and pathogen genotypes. Conducting such an experiment

is currently limited by available technology, such as the

absence of a cell atlas for Botrytis. As new technologies

that will preserve the special context of tissues lift these

restrictions, it will become possible to develop deeper

mechanistic insights and understand how they may or

may not translate across host species and pathogen geno-

types (Nolan & Shahan, 2023).

MATERIALS AND METHODS

Genotype selection and plant growth

Sixteen crop species (Figure 1a; Table S1) were selected within
the Rosids, Asterids, and caryophyllales. For the Rosids, Brassica
oleacera (kale), Raphanus sativus (radish), Cucumis sativus
(cucumber), Vigna unguicula (cowpea) and Phaseolus vulgaris
(common bean) were selected. For Asterids, Petroselinum crispum
(parsley), Cichorium intybus (chicory), Lactuca sativa (lettuce), Oci-
mum basilicum (basil), Mentha spicata (mint), Solanum melon-
gena (eggplant), Solanum lycopersicum (tomato), and Capsicum
annuum (pepper) were selected. For caryophyllales, Beta vulgaris
(swiss chard) and Spinacia oleracea (spinach) were selected.
Plants were grown from seeds (Table S1) in a single growth cham-
ber at 20°C, 60% humidity with 16 hours of daylight at 100–120 lE
light intensity. All plants were grown in Sunshine Mix#1 (Sun Gro
Horticulture, Agawam, MA) horticulture soil and watered with
nutrient solution (0.5% N-P-K fertilizer in a 2-1-2 ratio; Grow More
4-18-38).

Twenty Arabidopsis thaliana genotypes and mutants were
used in this study (Figure 1b; Table S2). In addition to Col-0, the
background accessions for all mutants, the Ler accession was
used to control for whole genome-wide variation. For defense sig-
naling, two SA and three JA mutants were selected (Figure 1b;
Table S2) (Bu et al., 2008; Cao et al., 1997; Ellis & Turner, 2002;
Miao et al., 1994; Zhou et al., 1998). The mutant coi1-16 was back-
crossed to remove pen2 and gl1 mutations. For chemical
defenses, mutants for both the methionine-derived (aliphatic glu-
cosinolates) (Barth & Jander, 2006; Sonderby et al., 2010; Søn-
derby et al., 2007; Zhou et al., 1998) and tryptophan-derived
(indolic glucosinolates, camalexin, Indole-cyanogenic glycosides)
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The Plant Journal, (2024), 120, 1377–1391

1386 Celine Caseys et al.

 1365313x, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.17055 by U

niversity O
f C

alifornia - D
avis, W

iley O
nline Library on [03/06/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



(Frerigmann & Gigolashvili, 2014; Mikkelsen et al., 2003; Rajniak
et al., 2015; Zhou et al., 1998) pathways were selected (Figure 1b;
Table S2). All Arabidopsis seeds were cold-stratified in deionized
water for three days at 4°C and sown on the soil. After sowing,
Arabidopsis plants grew at 20°C with 10 h photoperiod at
100–120 lE light intensity. All Arabidopsis plants were grown for
8 weeks in cell flats containing Sunshine Mix#1 (Sun Gro Horticul-
ture, Agawam, MA) horticulture soil. They were watered twice
weekly with deionized water for the first 2 weeks and then with
nutrient solution (0.5% N-P-K fertilizer in a 2-1-2 ratio; Grow More
4-18-38).

Botrytis growth and collection

A collection of 96 B. cinerea strains (Table S3) was used in this
study. These strains were primarily isolated on grapevine in Cali-
fornia, and no signs of host specialization were detected (Soltis
et al., 2019). All those strains were previously characterized across
eight eudicots (Caseys et al., 2021) and on Arabidopsis (Zhang
et al., 2017). Their virulence was calculated as the average
z-scaled value of lesion formation across hosts, while their host
specificity was estimated based on the coefficient of variation
across hosts (Caseys et al., 2021). Camalexin sensitivity was esti-
mated as the differential in lesion formation of the strains on Ara-
bidopsis genotypes that can (Col-0) or cannot make camalexin
(pad3) (Zhang et al., 2017). The strains were maintained by spore
collections for long-term preservation as conidial suspension in
60% glycerol at �80°C. For each experiment, the strains were
grown from spores on peach slices at 21°C for 2 weeks.

Detached leaf assay

The virulence of the strains on each species was measured using
detached leaf assays (Denby et al., 2004). The experiments
included four to six replicates (see each experiment section) for
each Botrytis strain 9 leaf surface 9 host genotype in a random-
ized complete block design. In brief, mature (non-juvenile) fully
developed leaves were cut from the eight-week-old adult plants in
the vegetative phase before bolting initiation. The leaves, either
on the abaxial or on the adaxial surface, were deposited on 1 cm
of 1% phytoagar to provide water to maintain the leaf for the dura-
tion of the experiment. Botrytis spores were collected in sterile
water, counted with a hemacytometer, and sequentially diluted
with 50% grape juice to 10 spores/ll. Drops of 4 ll (40 spores of
Botrytis) were used to inoculate the leaves. All inoculations were
synchronized to the late afternoon to minimize the effect of the cir-
cadian rhythm. The inoculated leaves were maintained under
humidity domes under constant light at room temperature. The
experimental trays were pictured every 24 h. The lesion area on
each leaf was measured from the images with a custom-R script
(Fordyce et al., 2018). Images were transformed into
hue/saturation/value (HSV) color space. Masks marking the leaves
and lesions were created by the script using color thresholds and
confirmed manually. The lesions were measured by counting the
number of pixels of the original pictures within the area covered
by the lesion mask. The numbers of pixels were converted into
centimeters using a reference scale within each image.

Statistical analyses

All data handling and statistical analyses were conducted in R. For
each experiment, the contribution of the host resistance, leaf sur-
faces, pathogen virulence, and their interactions was estimated by
linear modeling of the lesion area, while correcting for the
micro-environmental effect. Micro-environmental effects are due
to the randomized complete block design of the detached leaf

assays within experimental trays and are considered as a random
factor. The ANOVA sums of squares were converted into a per-
centage of total variance to ease the comparison across plants
and experiments. Given the experimental design allowing for con-
trol for the micro-environment variation, random effect adjusted
means (least-square means) (Lenth, 2016; Mart�ın-Cacheda
et al., 2024; Naets et al., 2020; Sbeiti et al., 2023) rather than arith-
metic means were calculated. The least-square means adjusted
for experimental effects and standard errors were calculated with
the emmeans package using the Satterthwaite approximation
(Lenth, 2016). Specific models are further described within each
experimental design section.

Eudicot experiment

Using the detached leaf assay described above, 10 Botrytis strains
(Apple517, B05.10, Davis Navel, 2.04.12, Kern B1, Katie Tomato,
Pepper, Rose, Triple 3, UKrazz, Table S3) were inoculated on
either leaf surface of each host species (Table S1) in a 6-fold repli-
cation resulting in 1832 observations. The 10 Botrytis strains sam-
ple the range of virulence and host specificity observed within the
full collection of 96 strains (Caseys et al., 2021). The observations
were cleaned for failed lesions (technical failures without Botrytis
growth) following Caseys et al., 2021, removing 127 observations.
To characterize the contribution of Botrytis strains, the leaf sur-
faces, and their interaction, the lesion area was modeled for each
species with a linear model: Lesion area ~ Strain 9 Surface. To
test the developmental effect of the leaf surface independently of
the strain effect, the least-square mean and standard error were
modeled within each species with a linear mixed model: Centere-
d_Lesion ~ Surface +1|Strain +1|Tray, where the effect of the Botry-
tis strains and experimental tray were considered as random
effects. Given the different resistance profiles of the 16 eudicot
species (Figure S1a), the lesion areas on each surface were cen-
tered by subtraction of the mean lesion area of each species. The
same method was applied to the stomata density.

To observe the leaf surface and count stomata, the
adaxial/abaxial leaf surfaces of the 16 plant species were molded
by applying gel cyanoacrylate super glue (the original super glue
corporation) on microscope slides and then embedding the leaf
on the glue (Castilloa & Ferrarotto, 1998). After drying, the
leaf profiles were cleaned in 0.1% anionic detergent solution
(Alconox). A Leica CME microscope was used to observe and pic-
ture slides.

Arabidopsis experiment

Using the detached leaf assay described above, ten B. cinerea
strains (1.03.04, 2.04.17, Apple517, KernB1, Katie Tomato, Pepper,
Rasp, Rose, Triple 3, UKrazz, Table S3) were inoculated on either
leaf surface of each host genotype (Table S2) in a 4-fold replica-
tion resulting in 1600 observations, from which 107 were consid-
ered as technical failures and removed. The 10 Botrytis strains
sample the range of virulence (Caseys et al., 2021) and sensitivity
to camalexin (Zhang et al., 2017) observed within the full collec-
tion of 96 strains (Table S3). The lesion areas were centered by
subtracting the least-square mean of the lesion area of Col-0, the
background accession. This centering allows directly observing
the effect of the gene overexpression or knockout by removing
the effect of the genetic background. The surface differential was
calculated by subtraction of the least-square mean of the lesion
area of the adaxial surface to the least-square mean of the
lesion area of the abaxial surface. Therefore, a negative surface
differential indicates preferential growth on the adaxial surface,
while a positive surface differential indicates preferential growth
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on the abaxial surface. Because we aimed to test the developmen-
tal effect of the leaf surface independently of the effect of the
strain, the least-square mean and standard error were modeled
within each genotype with a linear mixed model: Centered_Lesion
~ Surface +1|Strain +1|Tray, where the effect of the Botrytis strains
and experimental tray were considered as random effects.

To detect the effect of Botrytis on A. thaliana chemical
defenses, Col-0, myb28/29 (Sonderby et al., 2010), the overexpres-
sion 35S:MYB28 (Sønderby et al., 2007), tgg1/2 (Barth & Jan-
der, 2006), myb34/51 (Frerigmann & Gigolashvili, 2014), pad3
(Zhou et al., 1998), and cyp79b2/b3 (Mikkelsen et al., 2003) geno-
types were inoculated on either the abaxial or adaxial surface with
40 spores. These mutants were selected to model a range of che-
motypes, with high or low methionine/tryptophan-derived chemi-
cals and the absence of myrosinase. For each genotype and each
surface, infected and uninfected leaves at 72 h post-inoculation
(HPI) were transferred into tubes containing 400 ll of 90% metha-
nol. The leaves were ground in the methanol for 3 min using
metal beads and a tissue disruptor. After centrifugation, 150 ll of
the supernatant was transferred on filter plates containing Sepha-
dex DEAE A-25. The first flow through from centrifugation was
analyzed for camalexin. Glucosinolates were washed with 90%
methanol and water, before sulfatase incubation overnight (Klie-
benstein et al., 2001). An injection of 50 lL of Desulfo-
glucosinolate solution was run on an Agilent LiChroCART 250–4
RP18e 5 lm column using an Agilent 1100 series HPLC system.
Separation was achieved using the following solvent gradient
with 1.5 to 5% acetonitrile in 6 min, 7% at 8 min, 25% at 15 min,
92% at 17 min and reconditioning of the column in 25 min. Gluco-
sinolates were detected with a diode array detector at 229 nm. For
camalexin, 20 ll was injected and separation was achieved with a
gradient of aqueous acetonitrile from 31% to 69% acetonitrile in
5 min, 50 sec to 99%, and reconditioning in 8 min. Camalexin was
detected with a fluorescence detector at emission 318
nm/excitation 385 nm. To normalize the concentrations of glucosi-
nolate (GSL) and camalexin across leaves, all detached leaves at
72 HPI were pictures before extraction. The square centimeter of
leaf area was then used for normalization. Aliphatic glucosinolates
are the sum of 3-Methylsulfinylpropyl GSL (3MSO), 4-
Methylsulfinylbutyl GSL (4MSO), 4-Methylthio GSL (4MT), 5-
Methylsulfinylpentyl GSL (5MSO), 6-Methylsulfinylhexyl GSL
(6MSO), 7-Methylsulfinylheptyl GSL (7MSO), and 8-
Methylsulfinyloctyl GSL (8MSO). Indolic glucosinolates are the
sum of indole-3-yl-methyl GSL (I3M), 4-methoxy-indole-3-yl-
methyl GSL (4MI3M), and 4-hydroxy-indole-3-yl-methyl GSL
(4OHI3M). To estimate the percentage of variance in lesion area,
linear modeling across six mutants and Col-0 was performed
based chemical content with the formula: Lesion ~ Strain 9 Sur-
face 9 Camalexin + aliphatic + indolic. Linear regressions between
lesion area and camalexin, I3M, 4MI3M, or aliphatic glucosinolates
were also performed for each genotype in which the targeted
compound was detected.

For further condensing the information into a single figure,
the data were mean-centered by the subtraction of the mean con-
centration of the mock (not infected leaves) in each genotype for
each compound. This mean centering allowed us to directly plot
the concentration induced by the pathogen on each leaf surface.
The data for camalexin were not mean-centered, given that cama-
lexin is not constitutively synthesized in Arabidopsis and unin-
fected leaves do not produce camalexin. For each compound, a
linear mixed model was used to model the least-square means
and standard error: concentration ~ Surface +1|Strain +1|Tray,
where the effect of the Botrytis strains and experimental tray were
considered as a random effect.

To detect the mode of infection of Botrytis on A. thaliana leaf
surfaces, Col-0, myb28/29 (Sonderby et al., 2010), the overexpression
35S:MYB28 (Sønderby et al., 2007), tgg1/2 (Barth & Jander, 2006),
myb34/51 (Frerigmann & Gigolashvili, 2014), pad3 (Zhou
et al., 1998), and cyp79b2/b3 (Mikkelsen et al., 2003) genotypes were
sprayed on either abaxial or adaxial surface with water containing
10 spores/ll. After 24, 36, 42, 48, and 72 h post-inoculation, leaves
were cleared with acetic acid–ethanol 1:3 v/v solution for 3 h. They
were cleared with acetic acid–ethanol–glycerol 1:5:1 v/v/v solution
for another 3 h. The leaves were stained with lactic acid–glycerol–
water 1:1:1 v/v/v containing 0.05% trypan blue. Leaves were
mounted on microscope slides after rinsing in 60% glycerol.

Botrytis diversity experiment

Using the detached leaf assay described above, we infected Col-0
detached leaves with a 96 strains from Botrytis (Caseys
et al., 2021) in a 4-fold replication resulting in 792 observations.
The 96 strains include the various strains tested in the Eudicot and
Arabidopsis experiments mentioned above (Table S3). The lesion
area was modeled with a linear model Lesion_Area ~ Strain 9 Sur-
face + Experiment_Tray + Individual_Plant. Strain and surface are
biological factors, while experimental tray and the individual plant
from which the leaves were collected are technical factors.
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Figure S1. The susceptibility of leaf surfaces to B.cinerea vary
across the eudicots and the variation is largely explained by the
strains’ diversity.

Figure S2. Leaf thickness and stomata density don’t explain the
differential in lesion area on the ab/adaxial surfaces across 16
eudicot hosts.

Figure S3. Microscopy of B. cinerea on Arabidopsis leaf surfaces
across a time course did not result in observation of entry through
stomata but developmentally diverse infection cushion structures.

� 2024 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2024), 120, 1377–1391
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Figure S4. Concentration [nmol/cm2] of glucosinolates in leaves
with and without (n = 4) Botrytis infection (n = 10 strains * 2 repli-
cates) on the abaxial (green) or adaxial (brown) surface.

Figure S5. Parsing the effects of Botrytis diversity, leaf surfaces
and chemical defenses.

Figure S6. Camalexin acted as a phytoalexin and negatively
impacted Botrytis growth.

Figure S7. Aliphatic glucosinolates negatively impact the lesion
area in Col-0, myb34/51 and cyp79b2/b3.

Figure S8. I3M negatively impact the lesion area in Col-0, tgg1/2
and pad3.

Figure S9. 4MI3M had no strong effects on the lesion area.

Table S1. Information on the 16 eudicot species used to test how
the leaf surfaces influence host-Botrytis interactions across spe-
cies. In addition to the information on the seeds’ origin, the aver-
age leaf thickness, stomata density and lesion area on each leaf
surface are provided.

Table S2. Information on the 20 A. thaliana genotypes used to test
how leaf surfaces change the interaction with Botrytis within a
species. Mutants are deficient in SA and JA defense signaling, ali-
phatic and indolic glucosinolates, putative cyanogenic glycosides,
and camalexin biosynthesis.

Table S3. Information on the 96 B. cinerea strains used in this
study. For each strain the geographical origin, the host it was iso-
lated from (not equal to host specialization or pathovars) are pro-
vided. Values for general virulence and host specificity (Caseys
et al., 2021) and camalexin sensitivity (Zhang et al., 2017) were
used to subset the 10 strains associated to the Eudicot and Arabi-
dopsis experiments. Which strain was used in which experiment
(Eudicots, Arabidopsis, and/or Botrytis96) is also provided.
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