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Abstract: Dothideomycetes represent one of the largest and diverse class of fungi. This class exhibits
a wide diversity of lifestyles, including endophytic, saprophytic, pathogenic and parasitic organ-
isms. Plant pathogenic fungi are particularly common within the Dothideomycetes and are primar-
ily found within the orders of Pleosporales, Botryosphaeriales and Capnodiales. As many Dothide-
omycetes can infect crops used as staple foods around the world, such as rice, wheat, maize or ba-
nana, this class of fungi is highly relevant to food security. In the context of climate change, food
security faces unprecedented pressure. The benefits of a more plant-based diet to both health and
climate have long been established, therefore the demand for crop production is expected to in-
crease. Further adding pressure on food security, both the prevalence of diseases caused by fungi
and the yield losses associated with abiotic stresses on crops are forecast to increase in all climate
change scenarios. Furthermore, abiotic stresses can greatly influence the outcome of the host-path-
ogen interaction. This review focuses on the impact of abiotic stresses on the host in the develop-
ment of diseases caused by Dothideomycete fungi.
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1. Introduction

The sessile nature of most land plants implies that these organisms cannot escape
changes in their environment. Plants are constantly subjected to various stresses throughout
their life, be it biotic stresses that are due to pathogen or herbivory attacks, or abiotic stresses
that result from harmful growing conditions. Through evolution, plants have acquired a
plethora of mechanisms that allow them to withstand or even thrive in these conditions.
However, with climate change, changes in environmental conditions occur more frequently
and more suddenly than ever before, putting these adaptation mechanisms under pressure.
All climate change models forecast that plants are likely to face an increased pressure in the
future. Indeed, plant pathogens, particularly fungi and oomycetes, are forecast to move to-
wards the poles in a warming climate, exposing major crops to new pathogens [1,2]. Climate
change models also predict that plants will be subjected to increased abiotic stresses. Abiotic
stresses, which can be defined as the negative influence of non-living factors (also known
as stressors) on plant development and physiology, result from changes in the environment
due to the variation of the stressors beyond their normal range. These stressors include ex-
treme temperature, increase in UV radiation and CO: levels, changes in rainfall patterns
resulting in drought and flooding, changes in soil chemical composition associated with
leaching of nutrients, increased salinity and changing pH and increased frequency of ex-
treme weather events occurring, such as flash floods and storms [3].

Abiotic stress is one of the main contributors to yield losses worldwide as it accounts
for up to 50% of major crop yield losses [4] and is an important threat to food security in
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the context of climate change. Currently, almost half of arable land is estimated to be at
risk of drought [5], and salinisation of arable land further increases pressure on yield and
reduces the acreage available to grow crops [6]. Furthermore, anthropogenic activities,
including the application of agrochemical products, such as fertilisers and pesticides, have
led to an increase in heavy metals concentration in the soil, particularly cadmium (Cd),
lead (Pb), arsenic (As) and chromium (Cr) [7]. In addition to reducing yield through abi-
otic stresses, these heavy metals can also be found in the harvested products, raising con-
cerns for human and animal health [8]. Therefore, new agronomic management strategies
and increasing crop tolerance to abiotic stresses are high on the agenda of most crop im-
provement programmes [9]. Recent research suggests that supplying crops with plant pri-
mary and secondary metabolites, such as polyols, can help increase tolerance to various
stresses, including drought, salinity, temperature, and heavy metals [5]. Similarly, a study
carried out by Redman et al. [10] suggests that colonisation of rice crops with endophytic
fungi increases crop fitness and confers tolerance to both drought and salinity stress.
However, in the field, plants face multiple stresses at the same time, which poses a chal-
lenge to the development of stress-tolerant plants [11].

In addition to direct yield losses, abiotic stress can also lead to indirect losses as a
result of increased susceptibility to pathogens. Salt stress in cucumber has been associated
with increased susceptibility to the bacterial pathogen Pseudomonas syringae pv. lachrymans
[12]. Vaughan et al. [13] showed that growing maize plants under either drought or ele-
vated COz stress resulted in higher infection by Fusarium verticillioides compared to plants
grown without abiotic stress. Interestingly, plants grown under a combination of both salt
and elevated CO: stresses showed even higher disease susceptibility compared to plants
grown under a single stress. Similarly, Sewelam et al. [14] showed that Arabidopsis thaliana
plants subjected to combined heat and osmotic stress exhibited increased susceptibility to
fungal and bacterial pathogens. The existence of a cross talk between the signalling re-
sponse to abiotic and biotic stress is thought to underlie this relationship, as the plant
response to abiotic stresses involves a multitude of phytohormones, including salicylic
acid (SA), jasmonic acid (JA) and abscisic acid (ABA), which are key hormones in the re-
sponse to biotic stresses [15,16]. Huot et al. [17] showed that elevated temperature par-
tially suppresses SA signalling in A. thaliana and results in increased susceptibility to P.
syringae. Vaughan et al. [18] also showed that increased CO: levels results in impaired SA
and JA pathway induction in maize plants. Furthermore, Sewelam et al. [14] showed that
under the influence of combined abiotic stresses, plants challenged by pathogens exhib-
ited reduced expression of defence-related genes, resulting in increased susceptibility to
diseases. In addition to partially suppressing inducible plant defences, abiotic stresses also
have an influence on constitutive defences in plants, resulting in increased susceptibility
to pathogens. Maize plants subjected to a combination of drought and high CO: levels
exhibit lower levels of 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA) gluco-
pyranose, a well-known reserve form of the benzoxazinoid DIMBOA involved in consti-
tutive plant defences against a broad spectrum of pathogens [13].

The class of Dothideomyecete is the largest class of Ascomycota and is arguably one
of the most relevant to food production, as it contains some of the most important plant
pathogenic fungi [19]. Several Dothideomycetes affect crops used as staple food around
the world. To list only a few, Zymoseptoria tritici (teleomorph Mycosphaerella graminicola)
and Dreschlera tritici-repentis (teleomorph Pyrenophora tritici-repentis), the causative agents
of Septoria tritici blotch and tan spot, respectively, are major pathogens of wheat world-
wide [20,21], and black Sigatoka disease caused by Pseudocercospora fijiensis (teleomorph
Mycosphaerella fijiensis) remains a threat to banana production in many countries [22,23].
Given that all climate change models forecast an increase in abiotic stress to crops around
the world and that these stresses have an impact on plant-pathogen interactions, it is im-
portant to understand how abiotic stresses can affect disease prevalence and severity. This
review focuses on the effect of abiotic stresses on the host in the interactions between the
plant and pathogenic Dothideomycete fungi.
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2. Overview of the Abiotic Stress Response in Plants

The survival of plants depends on their ability to perceive and respond to stress fac-
tors they encounter as sessile organisms. Plants have evolved complex mechanisms to re-
spond to an ever-changing environment [24]. The abiotic stress response can be divided
into a short-term response, which occurs within hours of the stress, or a long-term re-
sponse that can be mounted several days after the stress occurred. Although each stress
elicits a unique response from the plant (these will be discussed in more detail in each
section), some elements of the response are common to many different stresses. These in-
clude, for instance, calcium (Ca?") signalling, activation of kinase cascades, metabolite
sensing, phytohormone balance and the production of reactive oxygen species (ROS)
[25,26]. Ca** signalling is considered as a universal secondary messenger for the primary
stress response that is elicited into the cytosol upon both biotic and abiotic stresses [27].
This in turn activates other calcium binding proteins, such as calcineurin-B-like proteins
(CBLs), calmodulin (CaM) and CaM-like proteins (CMLs) [28,29]. In addition, calcium-
dependent protein kinases (CDPKSs), histidine kinases (HKSs), receptor-like kinases (RLKs)
and mitogen-activated protein kinases (MAPKSs) play an important role in the transduc-
tion of the signal by the stress signalling network, resulting in transcriptional reprogram-
ming to alleviate the stress [30-32].

One of the first responses to abiotic stress is the production of phytohormones that act
as signalling molecules, resulting in the expression of stress-related genes [33,34]. For exam-
ple, ABA is known to mediate stomatal closure during drought stress conditions by regu-
lating plasma membrane transporters via phosphorylation by downstream CDPKs [35].
Phytohormones such as cytokinins, gibberellins (GA), ABA, ethylene (ET), SA, brassinoster-
oids (BR) and JA are major plant defence regulators [36,37]. The different roles of phytohor-
mones involved in plant defence, growth and development have been previously reviewed
in great detail elsewhere [26,36,38-40] and will not be discussed further here.

During abiotic stress, two major sources of ROS are metabolic ROS that are produced
from disruptions in metabolic activity; and signalling ROS that result from abiotic stress-
signal transduction [41]. ROS are reduced or activated forms of atmospheric oxygen, such
as hydrogen peroxide, superoxide, hydroxyl radical and singlet oxygen [42], that are pri-
marily produced in the chloroplasts, mitochondria, peroxisomes and the apoplast during
the abiotic stress response [38]. Each cellular compartment produces and controls its own
ROS homeostasis, and thus, different ROS levels in different compartments create a dis-
tinct ROS signature [38]. In the apoplast, for example, ROS are mediated by membrane
bound NADPH-oxidases, including respiratory burst oxidase homolog D (RBOHD)
[30,38,43]. To minimise the oxidative damage to DNA, lipids and proteins caused by ROS,
plants can produce antioxidants, including ascorbic acid and glutathione, as well as ROS-
scavenging enzymes, such as superoxide dismutase (SOD), ascorbate peroxidase (APX),
catalase (CAT) and glutathione (GSH) peroxidase [41,44]. For example, in chloroplasts,
ROS can be alleviated by ROS-scavengers such as iron- and copper-zinc-SODs as well as
APXs and glutathione [38,44]. However, it is important to note that combined stresses
elicit complex responses that cannot be forecast based on the response to each individual
stress, but rather represent a unique stress response [45,46].

3. Temperature Stress Affects Dothideomycete-Induced Disease Development

Along with water, nutrients and light, an optimum temperature is required for successful
plant growth. The optimal temperature differs depending on the plant species, the age and
duration of exposure to the temperature; however, every plant can be subjected to tempera-
ture stress either as heat stress, when temperature increases, or cold and freezing stress, when
temperature drops far below the plant’s optimal temperature range [47]. The membrane flu-
idity can either decrease or increase upon cold and heat stress, respectively, which activates
the Ca?-mediated signalling cascade (Figure 1) [27]. Within the 250 calcium sensor proteins
estimated to be present in Arabidopsis thaliana [48], cyclic-nucleotide gated Ca? channel 6
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(CNGC6) is known to mediate heat-induced Ca? influx that stimulates the expression of heat
shock protein (HSP) genes leading to increased heat tolerance [49]. The heat shock proteins
HSP70/90 can repress the activity of heat stress transcription factors (Hsf) such as HsfAl, a
master regulator of thermotolerance in the absence of heat stress. HsfAl activates the expres-
sion of heat stress-responsive genes such as dehydration-responsive element binding protein 2A
(DREB2A), which is an important regulator of thermotolerance in A. thaliana [50]. In A. thaliana,
the C-repeat/DREB1 (CBF) pathway has been described to play an important role in cold ac-
climation [51]. The expression of cold-responsive (COR) genes is mediated by mitogen-activated
protein kinases (MAPKSs) that activate the transcription factor inducer of CBF expression 1
(ICE1) via the transcriptional activators CBFs [27]. Phytohormones such as BR, ET and JA in-
teract with the ICE-CBF-COR pathway by either activating or repressing the expression of
genes in this pathway [27].
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Figure 1. Overview of host temperature stress signalling pathways and the impact of temperature
stress on Dothideomycete-induced disease severity.Figure 1 highlights the signalling pathways
(left) and effects of cold (blue) and heat stress (orange) on the severity of several Dothideomycete-
induced diseases (right). The cold response cascade presented is shared between A. thaliana and rice.
The membrane protein chilling tolerance divergence 1 (COLD1) triggers the release of calcium ions
(Ca?) upon the perception of freezing and chilling stress. Mitogen-activated protein kinase (MAPK)
mediates this signalling via the expression of transcription factors such as inducer of C-repeat bind-
ing factor (CBF) expression 1 (ICE1), which in turn activates the expression of cold responsive (COR)
genes via transcriptional activators such as CBF. The ICE1-CBF-COR pathway is a key response
pathway to cold stress. The change of membrane fluidity upon heat stress is proposed to induce a
signalling cascade mediated by Ca?". The heat shock proteins HSP70/90 repress the activity of the
heat stress transcription factor HsfA1, a master regulator of thermotolerance in the absence of heat
stress. Upon heat stress, this regulator is activated and targets downstream transcription factors,
which in turn modulate the synthesis of chaperones and enzymes involved in degradation of un-
folded proteins and scavenging of reactive oxygen species (ROS).
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3.1. Effect of Host Heat Stress on Dothideomycete-Induced Diseases

At elevated temperatures, typically above 30°C, plant growth, development and seed
germination are among the processes that are negatively impacted the most [52]. At the
cellular and molecular level, elevated temperatures affect the stability of proteins, RNA
and cytoskeletal structures and initiate metabolic imbalances [43,52,53]. Photosynthesis is
a highly temperature-sensitive cell process that declines by 40% when plants are subjected
to temperatures above 30 to 35 °C [47,53,54]. Heat stress during the reproductive devel-
opment of cereal crops leads to a significant reduction in floret fertility, resulting in re-
duced seed number [55]. Post-anthesis heat stress also affects grain filling by hindering
translocation of photosynthates to the grain, which in turn affects starch synthesis, leading
to a reduction in thousand grain weight [55,56].

With regards to Dothideomycete-induced diseases, heat stress can also affect host
resistance to pathogens [57]. The hemibiotrophic fungus Bipolaris sorokiniana (teleomorph
Cochliobolus sativus) is the causative agent of spot blotch in cereals, a disease particularly
prevalent in warm, humid climates around the world [58]. In wheat crops in India, it was
estimated that the average yield loss due to spot blotch ranges between 15% to 25% [59].
The disease also impacts grain quality by reducing the 1000-kernel weight (TKW) [60].
Severe disease outbreaks have been observed when high temperatures and high relative
humidity coincide with the late post-anthesis growth stage (GS) of wheat (GS 69) [58,61].
In India, heat stress associated with constant temperatures above 26 °C favoured the de-
velopment of spot blotch in wheat, and similar observations from Nepal and Bangladesh
indicated that especially the combination of terminal heat stress and spot blotch were the
main causes for the loss of crop productivity [62,63]. Sharma et al. [64] examined a six-
year dataset at 11 different sites within the Eastern Gangetic Plains to assess the relation-
ship between disease severity, TKW and temperature in spring wheat. The study con-
firmed a trend towards increasing night-time temperature and increased spot blotch se-
verity, decreasing TKW and yield over the six-year period [64]. The authors postulated
that the elevated temperatures during the night may affect plant physiology, as an in-
crease in dark respiration would lead to premature leaf senescence. Similar observations
were made in a study by Mercado-Vergnes et al. [65], which indicated a major shift in
susceptibility to B. sorokiniana between anthesis (GS 61) and late milk grain stages (GS 77)
in five wheat genotypes. Taken together, these results suggest that physiological changes
in the host could also be related to the onset of leaf senescence with changes in source-
sink metabolism, and thus, affect disease susceptibility [65]. However, it should be noted
that in these studies, increased disease levels cannot be solely attributed to heat-induced
host stress, as temperature could also alter B. sorokiniana growth. Further studies are re-
quired to fully understand the mechanisms underlying these observations.

Similarly, plant ontogenesis as well as abiotic stress factors such as elevated temper-
atures were also observed to play a role in the development of the barley disease, Ramu-
laria leaf spot (RLS), caused by Ramularia collo-cygni (teleomorph unknown) [66,67]. How-
ever, for RLS development a combination of abiotic factors as well as the host GS appear
to be crucial [66,68]. In the Czech Republic, lower disease symptoms were observed when
lower rainfall and higher temperatures occurred post heading (GS 59) [69]. Similar obser-
vations were made in Germany, where lower RLS severity was recorded in the warmer
and drier years of 2017 and 2019 [70]. Hoheneder et al. [70] suggested that cellular re-
sponses to heat and drought, such as hormonal imbalances caused by ROS, osmotic ad-
justments and accumulation of antioxidants could inhibit the development of R. collo-
cygni, and therefore, decrease RLS severity.

Analysing bulk samples of winter wheat grain from 1844 to 2003 in the UK revealed
a negative correlation between high temperatures and Parastagnorospora nodorum DNA in
grains. P. nodorum (teleomorph Phaeosphaeria nodorum) is the causative agent of Septoria
nodorum blotch (SNB) and glume blotch in wheat and other cereals. [71,72]. SNB reduces
the photosynthetic area of upper leaves, leading to yield losses of up to 30%, and glume
blotch is known to affect grain quality [73,74]. It was reported that both seed germination
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and seedling emergence were reduced after glume blotch seed infection [75]. P. nodorum
often occurs alongside two other necrotrophic Dothideomycetes on wheat, Z. tritici and
D. tritici-repentis, responsible for Septoria tritici blotch (STB) and tan spot, respectively.
Before the Green Revolution in the 1980s, P. nodorum was the major pathogen of the wheat
blotch complex in Europe; however, in northern Europe, STB has increasingly become
more prevalent in wheat crops. This shift in disease prevalence was mainly attributed to
climatic changes, including increased temperature, altered rainfall patterns and increased
air pollution [72,73]. Whether this change in STB prevalence in northern Europe is due to
a better adaption of Z. tritici to fungicide programmes, increased Z. tritici host suscepti-
bility or climatic conditions favouring disease progression is still unclear [73]. Further
studies are required to fully understand the mechanisms underlying these observations.

A recent study highlighted that temperature could also play a role in increasing le-
sion formation of Phoma lingam (teleomorph Leptosphaeria maculans) in spring and winter
oilseed rape (Brassica napus), in which it causes blackleg or Phoma stem canker [76]. The
disease causes major economic losses in oilseed rape growing areas of Europe, Australia
and Canada. Yang et al. [76] studied the effect of temperature on the hypersensitivity re-
sponse (HR) to P. lingam in two oilseed rape genotypes and found that lesion formation
was increased in plants grown under elevated temperatures in controlled environment
experiments. The expression levels of two plant defence marker genes, PATHOGENESIS—
RELATED (PR) 1 and PR 2 and the temperature-sensitive gene BONZAI 1 (BON1), were
increased in response to elevated temperature in infected B. napus [76]. The observed in-
crease in lesion size in both investigated genotypes was hypothesised to be the result of
the mitigation of the HR on the suppression of fungal growth by the increase in tempera-
ture. Similar observations were made in controlled environment experiments in which the
R gene RIm6-mediated resistance to P. lingam appeared to be sensitive to temperature [77].
Development of large lesions were observed on resistant cultivars at 25 °C, but not at tem-
peratures below 20 °C [77]. Huang et al. [77] suggested that if oilseed rape cultivars carry
such temperature-dependent R genes, it could help to explain why Phoma stem canker is
more severe in Western Australia where temperatures reach a maximum of 30 °C com-
pared to the European oilseed rape season where it reaches only 21 °C [78]. These studies
emphasise the potential for greater risks of Phoma stem canker epidemics in Europe
where temperatures are predicted to increase [77,79]. This also highlights the importance
of further investigating the impact of abiotic stresses, such as high temperatures, on the
host response, and to understand the mechanisms that regulate the interaction between
host, environment and pathogens.

3.2. Effect of Host Cold Stress on Dothideomycete-Induced Diseases

In addition to heat stress, low temperature stress is one of the most common abiotic
stresses that plants are exposed to. Low temperature stress is divided into chilling stress,
when temperatures remain above 0 °C, and freezing stress, when temperatures drop be-
low 0 °C. Although most temperate plants can tolerate freezing temperatures through cold
acclimation, tropical and subtropical plants lack this ability and are sensitive to chilling
stress [80,81]. Such plants include major crops such as rice, corn, soybean, banana, cotton
and tomato. Cold stress causes cell death primarily induced by cellular dehydration, for-
mation of ice in cell walls and damage to cell membranes, resulting in chlorosis and ne-
crosis [82]. The process of cold acclimation is associated with changes in the composition
of lipids, increases in sugar and protein content and changes in hormone levels in the
plant cell [83]. Freezing tolerance is linked to acclimation processes, which include cellular
osmotic stabilisation, antioxidant production and photosynthesis adjustments [84].

With regards to Dothideomycete-induced diseases, chilling can predispose crops to
pathogen infection [85,86]. Observations from China reported that chilling stress acted as
an essential predisposing factor for cotton leaf spot caused by Alternaria alternata (teleo-
morph unknown) [85]. A. alternata and A. macrospora are the two main causative agents of
leaf spot in cotton and can cause major economic damage [87]. Cotton leaf spot is
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responsible for yield losses of 37% in India, the biggest producer of cotton in the world
[85,88]. A. alternata was linked to cotton leaf senescence, both under field and controlled
conditions. In the field, enhanced premature leaf senescence was observed together with
leaf spot lesions after periods of temperatures as low as 8.4 °C. The relationship between
senescence, chilling and lesion appearance was further investigated under controlled con-
ditions and showed that cotton leaves exposed to chilling stress prior to A. alternata inoc-
ulations exhibited premature leaf senescence contributing to yield loss. Moreover, cotton
leaves exposed to chilling stress prior to A. alternata inoculations also exhibited increased
leaf spot symptoms compared to plants grown under normal conditions [85]. Whether
chilling-induced physiological impairment caused a leakage of ions and nutrients that fa-
voured colonisation by A. alternata or a reduction of tissue resistance to A. alternata due to
chilling increased the severity of cotton leaf spot is not fully understood yet [85].

Similar observations were found for winter sown chickpea cultivars in Northwest Asia
and North Africa [86]. Kemal et al. [86] reported that chilling and freezing temperatures can
predispose chickpea to severe Ascochyta blight. Ascochyta blights represent the most im-
portant threat in cool season food legumes such as chickpeas, peas, lentils and faba beans
[89]. Chickpea, the second most important legume worldwide by production, is particularly
susceptible to Ascochyta blight caused by Ascochyta rabiei (teleomorph Didymella rabiei)
[90,91]. At present, the disease occurs in more than 30 countries in Northwest Asia, North
Africa, southern Europe, Canada and Australia [91]. Kemal et al. [86] investigated the effects
of temperature on pathogen aggressiveness and host resistance under controlled conditions
using five chickpea cultivars and four A. rabiei isolates. The study indicated that disease
resistance in chickpea is not temperature dependent in the investigated genotypes and does
not enhance the aggressiveness of the studied isolates. However, the authors found that
chilling various chickpea cultivars differing in their resistance to Ascochyta blight resulted
in increased disease development. Further supporting the role of chilling stress on disease
development, fungal isolates associated with low aggressiveness exhibited increased dis-
ease severity in plants exposed to chilling stress prior to inoculation compared to plants
grown without chilling stress [86]. These results indicate that chilling stress in chickpea fa-
vours the development of Ascochyta blight. However, to our knowledge, no studies have
investigated the mechanisms underlying these observations.

4. Water Stress in the Host Affects Pathogenic Dothideomycete-Plant Interactions

Globally, altered precipitation patterns are a major consequence of climate change.
Current models show that annual precipitation is predicted to increase in Canada, North-
east USA, East Africa and northern, East, South and Southeast Asia as well as in North
and Central Europe. In contrast, annual precipitation is likely to decrease in Central Amer-
ica, Southwest USA, the Mediterranean Basin, and Central Asia [92]. These changes in
precipitation are likely to result in increased abiotic stresses on plants. The abiotic stress
response upon drought and waterlogging is regulated by signalling pathways involving
the interaction of several phytohormones (Figure 2). Under flooding stress, ABA, GA and
ET orchestrate the acclimation response [93]. The Submergence-1 (Sub1) locus encodes sev-
eral ethylene responsive factor (ERF) DNA-binding proteins that are induced during
flooding. The long-term flooding response involves the degradation of ABA by ABA-in-
activating enzymes and an accumulation of the antagonist GA in subaqueous internodes,
leading to stem elongation [94]. The drought stress response characterised in A. thaliana is
initiated by ABA receptors such as pyrabacting resistance (PYR)/PYR1-LIKE (PYL)/regu-
latory components of ABA (RCAL) that interact with a group of protein phosphatase 2Cs
(PPC2s) [95]. Downstream of ABA signalling, the activation of sucrose nonfermenting 1
(SNF1) related protein kinase 2 (SnRK2) is involved in the regulation of drought stress-
responsive genes and modulates cell turgor in guard cells [27,95,96].
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Figure 2. Overview of the impact of host water stress signalling pathways and the impact of water
stress on Dothideomycete-induced disease severity. Figure 2 highlights the signalling pathways
(left) and the effects of drought (dark red) and waterlogging and flooding (dark blue) on Dothide-
omycete-induced disease severity (right). Upon drought stress, calcium ions (Ca?*) and abscisic acid
(ABA) accumulate. The signalling cascade is initiated by ABA receptors such as the pyrabacting
resistance (PYR)/PYRI-LIKE (PYL)/regulatory components of ABA (RCAL) proteins binding to
ABA. In the presence of ABA, the PYR/PYL/RCAL complex interacts with a group of protein phos-
phatase 2Cs (PPC2s), which represses the activity of sucrose nonfermenting 1 (SNF1) related protein
kinase 2 (SnRK2) and downstream ABA signalling. The activation of kinases such as SnRK2 leads
to the activation of transcriptional factors that control drought stress responsive genes and modu-
lates plasma membrane proteins in guard cells, resulting in stomatal closure. SnRK2 is an upstream
activator of bZIP transcription factors with known ABA-responsive element binding factors (ABFs
or AREBs), which play key roles in binding to cis-elements of promotor regions of ABA-responsive
genes, such as the responsive to dehydration (RD29B) gene in A. thaliana. Similarly, waterlogging stress
induces ABA synthesis in the root system, also leading to stomatal closure. In rice, it was shown
that the expression of Submergence-1A (Sub1A) is induced during flooding by low levels of ethylene
(ET), leading to an increase of the expression of slender rice 1 (SLR1), which is a known gibberellin
suppressor that inhibits internode elongation during the short-term waterlogging response.

4.1. Effect of Waterlogging and Flooding Stress in the Host on Dothideomycete-Induced Disease
Development

According to climate change models, altered predictions are likely to occur as ex-
treme precipitation events rather than equally distributed falls throughout the year
[97,98]. This would lead to longer waterlogging periods in winter and spring, and more
extreme short-term flooding in summer [98]. It is estimated that currently one-third of the
global irrigated area is at some point exposed to waterlogging, resulting in yield losses
ranging from 15% to 80% [99]. Waterlogging impedes gas exchange in the rhizosphere,
leading to hypoxia and anoxia, which affects the soil physicochemical properties and neg-
atively impacts the soil microbiome [47,100]. Furthermore, the dissolution of carbonate
and bicarbonate early during waterlogging may lead to an increase in soil pH [101,102].
Waterlogging is also associated with a decreased abundance of oxidised nutrients, such
as nitrate (NOs"), sulfate (SO4) and ferric ion (Fe3*), and an elevated abundance of
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reduced compounds, such as ammonium nitrate (NH4*), hydrogen sulfide (H2S) and fer-
rous ion (Fe?*) [103]. Hypoxia leads to an increase of the redox potential between water-
logged soil and plants, and consequently, to the accumulation of ROS. This in turn is re-
quired for intra- and intercellular signalling; however, high ROS concentrations can dam-
age membrane lipids, pigments, proteins, and nucleic acid [38,100]. Plants have evolved
several mechanisms to mitigate the consequences of waterlogging stress. These have been
extensively reviewed by Tewari et al. [100] and include: 1) modification of the plant me-
tabolism toward anaerobic, glycolytic and fermentative metabolism; 2) upregulation of
the antioxidant defence system to detoxify ROS; 3) expression of heat shock proteins in
response to anoxia; 4) accumulation of osmolytes such as sugars and amino acids in re-
sponse to osmotic stress; and 5) plant growth regulation by phytohormones, such as 1-
aminocyclopropane-1-carboxylic acid (ACC) and ET [100,104,105].

With regards to Dothideomycete-induced diseases, waterlogging has been shown to
alter the relationship between hosts and pathogens. Like other Mycosphaerellaceae, R.
collo-cygni grows asymptomatically in its barley host for most of the growing season,
which led to its classification as an endophyte that exhibits necrotrophic growth when
symptoms occur, typically post-anthesis [67]. However, in some years the fungus remains
in the endophytic stage without producing any disease symptoms [106]. This led to the
hypothesis that environmental factors may play a role in the transition from endophytic
to necrotrophic growth of R. collo-cygni [107]. Anecdotal reports from barley growers sug-
gested that in years when plants are subjected to waterlogging in the field, RLS symptoms
appeared earlier in the growing season compared to years without waterlogging. These
observations were supported by experiments carried out under controlled conditions,
showing that spring barley seedlings subjected to waterlogging stress prior to inoculation
with R. collo-cygni showed significantly higher RLS symptom levels compared to plants
that were not subjected to this stress. Taken together, these results suggest that changes
in the host associated with waterlogging stress affect the relationship between R. collo-
cygni and its host, resulting in increased susceptibility to RLS [108]. However, to the best
of our knowledge, the exact mechanism underlying this increased disease susceptibility
is currently unknown.

4.2. Drought Stress Affects the Development of Dothideomycete-Induced Diseases

Drought stress represents a major threat to agricultural productivity, particularly as
the arable area under drought and aridity stress is forecast to increase as a result of climate
change [109]. Drought stress can lead to up to 50% yield loss by adversely impacting pho-
tosynthesis, thereby decreasing plant growth and productivity [110]. The adverse effects
of drought stress are attributed to hyperosmotic stress [111]. In response to reduced water
uptake, stomatal closure is induced, which leads to a reduction in photosynthates due to
limited CO:zdiffusion and inhibition of both ribulose-1,5-bisphosphate carboxylase/oxy-
genase (Rubisco) and ATP synthesis [112]. Limited CO:2 fixation capacity due to osmotic
stress can lead to excess excitation energy that generates ROS within the chloroplast, re-
sulting in an imbalance of redox homeostasis [112,113]. The accumulation of ROS in re-
sponse to drought stress leads to lipid peroxidation in the membranes of the chloroplast
and protein degradation, which appears to play a role in premature leaf senescence in
plants [110,114].

With regards to Dothideomycete-induced diseases, drought is known to alter host-
pathogen interactions. For instance, drought alters resistance to RLS in barley crops. Ho-
heneder et al. [70] showed that plants grown under long-lasting drought periods in the
field exhibited increased resistance to RLS and lower fungal DNA levels compared to
plants grown inirrigated plots [70]. The authors hypothesised that drought stress-induced
leaf senescence could inhibit the formation of RLS symptoms [70]. McGrann et al. [68]
showed that in the absence of stress, the overexpression of the barley stress-responsive NAC
transcription factor (HuSNAC1I) can reduce both the symptoms of RLS and fungal DNA
under controlled environment conditions. SNACI is involved in the regulation of
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responses to salt and drought tolerance in barley (HuSNAC1I) and rice crops (OsSNACT)
[115]. OsSNACT1 alters the expression of stress-responsive genes and targets genes that
control stomatal closure as well as ROS homeostasis [115,116]. However, McGrann et al.
[68] also showed that the overexpression of SNAC1I did not impact the regulation of ROS
scavengers such as ascorbate peroxidase (APX1/APX2), which suggests that the partial
resistance to RLS mediated by the overexpression of SNACI does not result from an en-
hanced tolerance to ROS-related damage [68]. The authors proposed that resistance to R.
collo-cygni and reduced RLS symptoms are mediated by mechanisms regulated by
HvSNACT that are involved in tolerance to abiotic stress and inhibition of senescence [68].
Altogether, the results suggest that drought stress might activate transcription factors,
such as SNAC1, which lead to an increased tolerance to RLS, and that the observed re-
duced fungal biomass under drought conditions in the field did not result from unfavour-
able growing conditions for the fungus.

In contrast, drought appears to play an important role in increasing the severity and
incidence of dry root rot (DRR) in chickpea [117]. The soil-borne fungus, Macrophomina
phaseolina (teleomorph unknown) is the causative agent for DRR and can infect over 500
plant species worldwide, including some important crops such as soybean, chickpea,
maize, sorghum and oilseed rape [118,119]. M. phaseolina is also responsible for stem can-
ker, seedling blight, charcoal rot, wilt, leaf blight, stem blight and pre-emergence and post-
emergence damping-off [120]. Many studies mention that, especially under high temper-
atures and soil moisture below 60%, this fungus can cause substantial yield losses
[117,118,121,122]. Although drought is known to play an important role in the develop-
ment of M. phaseolina, as dry soil favours microsclerotia survival, drought-induced host
stress also plays a role in disease development [121,123,124]. Irulappan et al. [117] recently
showed that under drought stress, both disease severity and M. phaseolina colonisation
were higher than inirrigated chickpea plants. These observations were attributed to weak-
ening of the endodermal barrier and an impaired defence response from the host. Using
an RNA-seq approach, the authors showed a downregulation of genes associated with
endodermal cell layer formation and JA/ET hormone regulation in response to combined
drought and M. phaseolina stress [117]. Under pathogen stress only, the expression of sev-
eral defence-related genes, such as that encoding for the jasmonate ZIM domain (JAZ)
proteins, was upregulated 3 days after sowing [117]. However, if chickpea plants were
exposed to drought conditions prior to inoculation, these genes were downregulated 3
days after sowing [118]. The authors hypothesised that, based on the reduced transcript
levels of several defence genes during biotic and drought stress, the immune response
appears to be suppressed, resulting in increased disease severity [117].

5. Salt Stress Influences Dothideomycete-Induced Diseae

Globally over 800 million hectares of soil are affected by salt accumulation, which
can have detrimental consequences for crop productivity [125]. According to the FAO, the
loss of arable land attributed to increased salinisation will amount to up to 30% by 2050.
Although some plant species known as halophytes have evolved mechanisms to thrive
under salinity stress, most crop plants are glycophytes, i.e., salt-sensitive. Soil salinity can
arise from climatic events such as wind, rain, or the weathering of rocks, but also from
human activities [126]. Soil salinity causes water deficit due to low water potential, lead-
ing to osmotic pressure at the external root zone, toxicity caused by salt ions such as so-
dium (Na*) and chloride (Cl"), and reduced uptake of essential mineral nutrients due to
excessive sodium and chloride ions in the soil [126-128]. This in turn negatively affects
plant physiology due to ionic imbalances in cells, reduced nutrient uptake and production
of excessive ROS [129]. The stress response to the accumulation of toxic ions such as Na*
has been described in A. thaliana and contributed to the characterisation of the salt overly
sensitive (SOS) pathway that leads to the export of Na* from root epidermal cells into the
soil environment (Figure 3) [27,130,131]. To prevent cell damage due to osmotic stress, cell
wall alkalisation is initiated. This process involves the malectin receptor-like kinase
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FERONIA (FER) pathway that binds rapid alkalisation factors (RALFs) leading to the in-
hibition of plasma proton (H*)-ATPase 2 (AHA2), preventing cells from bursting [132,133]
(Figure 3).
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Figure 3. Overview of the salt stress signalling pathway in plants and effects of host salt stress on
Dothideomycete-induced disease severity. Figure 3 highlights two pathways that are involved in
the salt response leading to sodium (Na*) homeostasis (left) and the effect of salt stress on Dothide-
omycete-induced disease severity (right). In A. thaliana, the malectin receptor-like kinase FERONIA
(FER)-pathway involves specific binding of rapid alkalisation factors (RALFs), which leads to FER
phosphorylation and inhibition of plasma membrane H*-ATPase 2 (AHAZ2) and results in cell wall
alkalisation. Salt stress-associated cell wall damage is sensed by the FER signalling pathway (pur-
ple) and is proposed to trigger transient cytosolic calcium ion (Ca2*) accumulation. In the absence of
salt stress, leucine-rich-repeat extensins (LRXs) interact with RALFs and prevent the interaction
with FER. The salt overly sensitive (SOS) pathway (green), which comprises a Ca?*-binding protein
SOS3, leads to the export of Na* from root epidermal cells to the soil via the Na*/H* antiporter SOS1.
SOS3 activates SOS2, a protein in the sucrose nonfermenting 1 (SNF1) related protein kinase 3
(5SnRK3) family. At the plasma membrane, the SOS3-SOS2 complex phosphorylates SOS1 resulting
in increased Na* efflux. The Ca? permeable transporter AtANN4 in A. thaliana may form a negative
feedback loop to fine tune the influx of Ca?* in response to salt stress.

With regards to Dothideomycete-induced diseases, salt stress can exacerbate net
blotch disease severity in barley. Net blotch is caused by the necrotrophic fungus
Drechslera teres (teleomorph Pyrenophora teres) and is one of the most important diseases
in barley growing areas of the world [134]. This disease causes yield losses between 10%
and 40%, with the potential for total yield loss under extreme environmental conditions
[135]. Moreover, an infection with D. feres can lead to a reduction in kernel weight, plump-
ness and bulk density, therefore negatively affecting grain quality [136]. Ben Alaya et al.
[137] showed that the leaves of barley plants grown in a high salt concentration exhibited
larger net blotch lesions compared to those of plants grown in a low salt concentration.
Furthermore, an in vitro assay showed that the growth of several D. teres isolates was
reduced in media supplemented with sodium chloride compared to salt-free media [137].
Taken together, these results suggest that the observed effect of salt on disease severity
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cannot be attributed to a direct effect of salt on fungal fitness, but rather, may be the result
of salt-induced host stress. The authors hypothesised that the accumulation of ABA in
response to salt stress might suppress signalling pathways involved in the response to
biotic stresses, therefore contributing to the severity of net blotch in barley leaves sub-
jected to high salt concentrations [137-139]. ABA is a phytohormone involved in the abi-
otic stress response, and high concentrations of ABA can repress SA- and JA-regulated
gene expression, which can lead to a reduced resistance to biotic stressors [140,141]. These
observations are in agreement with anecdotal reports from northern Egypt where net
blotch appears to have become more severe in salinity-affected soils [142].

6. Light Stress Affects Dothideomycete-Induced Disease Development

With the exception of some parasitic plants, light is integral to the life of most plants.
Light signals are required for breaking seed dormancy and seedling development. Light
also provides energy for photosynthesis, as well as information about the circadian
rhythm and the seasonal changes that regulate several plant physiological processes, such
as leaf senescence [143,144]. However, light is also one of the most important sources of
stress for plants worldwide, as variations in light intensity can lead to disruption of redox
homeostasis in the chloroplast, which results in the accumulation of ROS that can damage
cell membranes and proteins [145]. Light can induce stress in plants in several ways. Light
fluctuation, i.e., sudden changes in the amount of light received by the plant, light inten-
sity and UV light all have the potential to damage the photosystems and can therefore act
as stressors [146]. As light plays a prominent role for plants, they have evolved several
mechanisms to alleviate the effect of light stresses. These mechanisms have been recently
reviewed in great detail elsewhere [53,147] and will not be discussed here. However, in a
changing environment, these mechanisms are showing their limits. A recent study
showed that with climate change, plants were frequently subjected to multifactorial
stresses, i.e., a combination of several abiotic stresses, and that multifactorial stresses not
only negatively affected plant growth and survival, but also damaged the microbiome
supported by plants [148]. Considering that both the microbiome and the light signalling
pathway are involved in response to biotic stresses, a strong link exists between light
stress and disease development [149-151]. For instance, wheat seedlings stressed by high
light intensity exhibit an increased susceptibility to the yellow rust pathogen Puccinia stri-
iformis [152]. Light stress in the host is known to influence the development of diseases
caused by several Dothideomycete fungi (Figure 4).
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Figure 4. Overview of the host light stress response and its impact on Dothideomycete-induced
disease severity. Figure 4 highlights the signalling pathway involved in the light stress response in
the host (left) and the effect of high light (orange) and shade (grey) stresses on Dothideomycete-
induced disease severity (right). Light intensity is perceived by UV-A/B photoreceptors, such as
cryptochromes (CRYs), phototropins (PHOTSs) and the UV RESISTANCE LOCUS 8 (UVRS). Excess
light leads to photoinhibition of the photosystem II (PSII), resulting in the production of reactive
oxygen species (ROS) in the chloroplasts. To prevent photoinhibition-associated damage, photopro-
tection mechanisms include cyclic electron flow (CEF), the xanthophyll cycle (violaxanthin-an-
theraxanthin-zeaxanthin cycle, VAZ), the photorespiratory pathway and ROS scavenging enzymes,
such as ascorbate peroxidases (APXs), peroxiredoxins (PRXs) and superoxide dismutase (SOD). In
response to high light, chloroplasts move away from the cell surface to reduce light absorption in a
process known as chloroplast avoidance. In contrast, under low light conditions, chloroplasts accu-
mulate near the cell surface.

In the barley pathogen R. collo-cygni, light stress in the host is known to influence
disease development. Plants grown under controlled conditions and exposed to high light
intensity prior to inoculation exhibited increased disease symptoms compared to plants
exposed to low light intensity before inoculation [108,153]. Light stress in plants is linked
with the production of ROS, including hydrogen peroxide [154]. McGrann and Brown
[108] showed that barley seedlings infiltrated with hydrogen peroxide during the asymp-
tomatic growth of R. collo-cygni exhibited increased disease levels, suggesting that ROS
may play an important role in the transition from asymptomatic to symptomatic growth.
Interestingly, the development of RLS symptoms has historically been linked with the re-
lease and action of the non-host-specific, light-activated toxin rubellin D by R. collo-cygni
in its host, since plant cell death was observed away from fungal hyphae. Heiser et al.
[155] showed that rubellin D, one of the rubellin derivatives, is able to induce ROS pro-
duction in vitro. Furthermore, Dussart et al. [156] showed that most of the polyketide syn-
thase (PKS) genes predicted to play a key role in secondary metabolite biosynthesis, in-
cluding rubellin D in R. collo-cygni, were highly expressed during asymptomatic growth
of the fungus in the host. Recently, Dussart and Jakubczyk [157] showed that all of the
genes in the rubellin candidate biosynthetic gene cluster are predominantly expressed
during the asymptomatic and early symptom development stages of RLS development in
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artificially inoculated barley seedlings. Taken together, these results suggest that light
may play an important role in RLS development, be it directly through abiotic stress-in-
duced ROS production, or through its role in rubellin D activation.

Environmental conditions are known to affect the development of the wheat patho-
gen M. graminicola. Daamen and Stol [158] showed a positive correlation between hours
of sunshine and disease prevalence in the field; however, the cause for that relationship
cannot be solely attributed to host stress. The authors hypothesised that increased tem-
perature linked with long sunshine hours could result in slower growth of saprophytic
fungi in the straw, leaving more nutrients available for M. graminicola. Detached leaf as-
says carried out by Arraiano et al. [159] support the role of light in disease development,
as a positive correlation was found between symptom levels and light levels, since near
UV lights resulted in increased disease levels. However, the experiment simultaneously
investigated the effect of temperature, and it is therefore difficult to attribute these effects
to light stress in the host.

Light also plays a role in the development of other Dothideomycete-induced dis-
eases, including black Sigatoka and red band needle blight in banana plants and various
species of pine trees, respectively. Banana plants grown under shade exhibit smaller le-
sions than plants grown under full sunlight [22]. Similarly, high light intensity increases
the formation of red band needle blight symptoms [160]. However, it is difficult to ascer-
tain the role played by light stress in the host during the development of these diseases as
both Pseudocercospora fijiensis and Dothistroma septosporum, the pathogens responsible for
black Sigatoka and red band needle blight, respectively, produce photoactivated toxic me-
tabolites. Dothistromin is a light-activated anthraquinone synthesised by D. septosporum
that acts as a virulence factor during disease development [161,162]. Mutants of D. sep-
tosporum with impaired dothistromin production induced smaller lesions than the wild
type [162]. This suggests that the effect of light on red band needle blight development
might be due to the increased activity of the dothistromin toxin rather than light stress in
the host. Similarly, juglone is a light-activated metabolite produced by P. fijiensis that has
been hypothesised to be responsible for the effect of light on the development of black
Sigatoka, as susceptibility to juglone appears to be correlated with disease susceptibility
[163]. However, the effect of shade on black Sigatoka was also observed for yellow Siga-
toka caused by Pseudocercospora musae despite the absence of juglone production by the
pathogen. Taken together, these results suggest that the light effect cannot be explained
solely by the action of juglone in the plant. The role played by juglone in the interactions
between P. fijiensis and banana has been reviewed in this issue by Noar et al. [164].

It is important to note that many other Dothideomycete fungi that cause plant dis-
eases are able to produce light-activated toxins. Cercosporin and altertoxins are light-ac-
tivated perylenequinone secondary metabolites produced by several fungi in the Cerco-
spora and Alternaria genus, respectively [165,166]. Similarly, Cladosporium phlei, the patho-
gen responsible for purple spot disease in timothy grass (Phleum pratense), produces phlei-
chrome, another light-activated perylenequinone secondary metabolite [167]. Cercosporin
is arguably the most studied non-host-specific phytotoxin and is known to play an im-
portant role in the development of Cercospora leaf spot diseases in various plant species
[166,168,169]. The mode of action of this toxin was first studied in the mid 1970s [170] and
involves the production of ROS singlet oxygen and superoxide as a result of light activa-
tion, leading to the classification of cercosporin as a photosensitiser toxin [171].
Perylenequinones are known to act as photosensitisers, being able to transform light en-
ergy into chemical energy through the production of ROS. Given that ROS production is
also associated with the response to light stress in plants, distinguishing between the role
of host stress and the action of the toxin in disease development is difficult in many cases.
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7. Conclusions

This review mainly focused on how abiotic stresses in the host affect its interaction
with plant pathogenic Dothideomycetes. It appears clearly that in most cases, plants sub-
jected to an abiotic stress, or to a combination of abiotic stresses, are more susceptible to
diseases than plants grown in the absence of abiotic stress (Table 1). However, it is im-
portant to note that abiotic stress factors, such as changing rainfall patterns or increased
temperature, can also contribute to a change in the fitness and aggressiveness of fungal
pathogens. The lack of studies investigating the mechanisms underlying altered disease
susceptibility as a response to abiotic stresses makes it difficult to disentangle the effect of
the stress on the host and the effect of environmental conditions on the pathogen. Never-
theless, the observation that host abiotic stress favours the development of many Dothide-
omycetes-induced diseases is particularly worrying in the context of the current climate
crisis. To date, crop migration has mitigated the adverse effect of climate change on yield
in major crops such as maize, rice or wheat [172]. However, crop migration has substantial
limitations, including environmental, social and economic costs, as it is often accompanied
with reduced biodiversity, carbon release from the soil and increased irrigation. Further-
more, land availability and suitability are important limiting factors to crop migration.
Therefore, to be most effective, this strategy will need to be integrated with other strate-
gies to alleviate the stress incurred by climate change. Among the diverse strategies to
limit the effect of climate change-associated abiotic stress on crop productivity, breeding
for stress tolerance is seen as a step towards safeguarding food security. However, plants
are often subjected to several stress factors and, in a changing climate with increased air
pollution, it is likely that plants will face multifactorial abiotic stresses. In addition, as
highlighted in this review, abiotic stresses may be accompanied by increased biotic pres-
sure on crops. Therefore, understanding how plant-pathogen interactions are affected at
the molecular level by abiotic stresses on the host may be a crucial step towards develop-
ing multifactorial stress-resistant or stress-tolerant crops to maintain crop productivity.
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Table 1. Effect of selected abiotic stresses on plant-pathogenic Dothideomycete interactions.

Stress Pathogen Disease/Crop Effect on Disease Development References
Bipolaris sorokiniana (Cochliobolus sativus) Spot blotch in cereals Increase in spot blotch [57-59,62-65]
D in RL! tom devel-
Ramularia collo-cygni Ramularia leaf spot (RLS) in barley ecrease in RLS symptom deve [81,82]
opment
Heat toria nod lotch and gl lotch Reduced P. nodrum DNA in wint
e Parastagnorospora nodorum (Phaeosphaeria nodorum) Septoria no rum.b otch and glume blotch Reduce rodruin .N tnwinter [71,72,75]
in wheat wheat grains
Blackl Ph i
Phoma lingam (Leptosphaeria maculans) ackleg and‘ oma stem canker in Increased lesion formation [91]
oilseed rape
Cold Alternaria spp. . .
(A. alternata and A. macrospora) Leaf spot in cotton Increase in leaf spot [85]
L . e o I in Ascochyta blight -
Ascochyta rabiei (Didymella rabier) Ascochyta blight in chickpea niereasen sctosm}; a bught symp [86]
Waterlogging & Flood- I in RLS tom develop-
ater Ogglng o0 Ramularia collo-cygni RLS in barley fierease symprom cevelop [119,120]
ing ment
D ht led to i d re-
Ramularia collo-cygni RLS in barley rought ‘ec to Increased re [80,82]
D ht sistance to RLS
roug :
D ht led to enhanced DRR in-
Macrophomina phaseolina Dry root rot (DRR) in chickpea rought fed to erhanced m [117]
fection and colonisation
- . High salt concentration led to in-
Salinity Drechslera teres (Pyrenophora teres) Net blotch in barley crease in net blotch [137,142]
Ramularia collo-cygni RLS in barley Increased RLS disease symptoms [120,162]
Zymoseptoria tritici (Mycosphaerella graminicola) Positive correlation between hours
Light Y P yeosp & Septoria tritici blotch in wheat of sunshine and disease preva- [158,159]
lence
Dothistroma septosporunt Light intensity increased for
(Mycosphaerella pini) Needle blight in various pine trees & . Y [160-162]
mation of symptoms
p jjiens: h 1 i le-
seudocercospora fijiensis Black Sigatoka disease in banana Shade decreases black Sigatoka le 22]

(Mycosphaerella fijiensis)

sion formation
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