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Abstract 
Late wilt, a severe vascular disease of maize caused by the fungus Harpophora maydis, is characte-
rized by relatively rapid wilting of maize plants before tasseling and until shortly before maturity. 
In Egypt and Israel, the disease is considered to be a major problem. The pathogen is currently 
controlled using cultivars of maize having reduced sensitivity, but the fungi can undergo patho-
genic variations and become a threat to resistance cultivars as well. The abiotic and biotic factors 
influencing the infection and disease development are not fully determined. To impose stress in a 
uniform and chronic manner, we expose the Israeli H. maydis isolates colonies or spores to light, 
different pH, ionic and hyperosmotic pressures (induced with KCl or sorbitol) or oxygen-related 
stresses (induced with oxygen enrichment, menadione or peroxide). The optimum pH for both 
hyphal development and spore germination was pH = 5 - 6, similar to reports for the Egyptian, In-
dian and Hungarian isolates of H. maydis. In the hyperosmotic regime, hyphal growth was affected 
in a dosage-dependent curve. Although inoculation under high salt stress also inhibited spore ger- 
mination, the spores were relatively resistant to this stress in comparison to the hypha. An oppo-
site picture was revealed under menadione/peroxide stress: under high dosage of these com-
pounds, the spore germination was virtually abolished while the colony growth was moderately 
affected. A daily oxygen enrichment of liquid medium cultures caused an increased growth in the 
pathogen wet and dry biomass, but daily double treatments led to growth suppression. These 
findings are a preliminary step towards the inspection of the fungal-host interaction under these 
different stressful environments. This is important for the future development of new strategies to 
restrict the disease burst and to protect field corps. 
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1. Introduction 
Late wilt or black bundle disease is a vascular wilt disease of Zea mays (corn, maize) caused by the soil-borne 
and seed-borne fungus, Harpophora maydis [1] [2] with synonyms Cephalosporium maydis and Acremonium 
maydis [2] [3]. The fungus reproduces asexually, and no perfect stage has been identified [4]. Late wilt was re-
ported in Egypt [5], India [6], Hungary [7], Israel [8], Spain and Portugal [9]. Serious economic losses from late 
wilt have been reported in Egypt, where 100% infection occurs in some fields, and in India, with an incidence as 
high as 70% and economic losses up to 51% [10]. The Egyptian, Indian and Hungarian isolates of H. maydis 
differ in morphology, pathogenicity and route of infection [11]. The four clonal lineages of Egyptian isolates of 
H. maydis show diversity in amplification fragment length polymorphism (AFLP), and differ in colonization 
ability and virulence on maize [4] [12]-[14]. 

Late wilt disease is characterized by relatively rapid wilting of maize plants, typically at the age of 70 to 80 
days, before tasseling and until shortly before maturity. First symptoms appear approximately 60 days after 
sowing [15]. With disease progression, the lower stem dries out (particularly at the internodes) and has a shrun-
ken and hollow appearance, with dark yellow to brownish macerated pith and brownish-black vascular bundles 
[16]. Late wilt is often associated with infection by secondary invaders causing the stem symptoms to become 
more severe [17] [18]. Fewer ears are produced, and kernels that are formed are poorly developed [8] and may 
be infested with the pathogen. Seed quantity is correlated negatively to disease severity [19]. 

Spread is primarily through movement of infested soil, crop residue, or seed-borne inoculum. H. maydis can 
survive in seeds for 10 months at high temperatures and low humidity in India, but longer survival is predicted 
at low temperatures [20]. Infested seeds can produce plants with late wilt symptoms, infest soil and result in the 
subsequent development of late wilt in healthy seeds grown in that soil. The most effective control of late wilt is 
using resistant germplasm [4] [21], although some agricultural, biological and chemical controls can reduce its 
impact on commercial production. Various agricultural measures such as soil solarization, balanced soil fertility 
and flood fallowing can reduce disease severity and losses. Inoculum survival is restricted to the top 20 cm of 
soil, and survival depends primarily on the persistence in infested crop residues [22].  

Previous studies indicate that moisture stress is a major predisposing factor to stalk  rots [23] and that more 
frequent watering of maize plants is associated with a decrease in percentage of late wilt disease infection and an 
increase in yield per plant [2] [24]. The association of symptom development with disturbance in water rela-
tionships of infected plants has been demonstrated for several vascular diseases [25]. 

To date, the valuation of the ability of H. maydis to cope with stressful environments focused on defining op-
timal temperature and pH conditions for the Egyptian, Indian and Hungarian isolates. Optimum temperature and 
moisture conditions for corn growth also are optimal for disease development [11]. Thus, late wilt develops ra-
pidly at 20˚C - 32˚C, with optimum disease development at 28˚C - 30˚C [20]. Growth of H. maydis in soil is 
sharply inhibited above 35˚C - 36˚C and minimal growth was recorded at 8˚C - 12˚C [7] [26]. This fungal pa-
thogen can grow over a wide range of soil pH from 4.5 - 10, with an optimum at pH = 6.5 [27]. The optimal 
temperature for the development of the pathogen is especially important since global warming and the dry 
weather experienced in the early summer in the last few decades may play a decisive role in the pathogen’s ap-
pearance and activity [7].  

Nevertheless, other environmental factors such as salt and oxidative stress are likely to be important and af-
fect the predisposition of maize plants to late wilt, as demonstrated in other cases (for example, [28]). The use of 
poor water quality can result in various soil and cropping problems, including salinity (osmotic) stress. Reactive 
oxygen species (ROS), either hydrogen peroxide (H2O2), the hydroxyl radical (.OH), or superoxide anions ( 2O− ), 
are generated endogenously in many plant cells as a consequence of metabolic processes such as respiration, and 
also by the immune system in response to pathogens [29]. All these factors could affect the pathogen and its host 
interrelationship. 

Here, we assess the influence of light, pH, ionic and/or hypertonic and oxidative chronic stress conditions on 
the spore germination and hyphal growth rate of Israeli H. maydis isolates under controlled conditions. A better 
understanding of optimal environmental conditions for pathogen development as well as its response to various 
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kinds of stress may assist in predicting its potential spread and in applying agro-technical means to protect 
crops. 

2. Materials and Methods 
2.1. Fungal Isolates 
Four isolates of H. maydis,called Hm-1, Hm-2, Hm-3 and Hm-4 (three of them currently deposited at the CBS- 
KNAW Fungal Biodiversity Center, Utrecht, The Netherlands, under the numbers: CBS 133164, CBS 133165 
and CBS 133166) were used in this study. These H. maydis strains were recovered from wilting maize plants 
(Zea mays L., Jubilee cv., Syngenta, Fulbourn, Cambridge, UK) sampled from a maize field in Sde Nehemia in 
the Hula Valley of the Upper Galilee (northern Israel) in 2001. The pathogenicity of the Israeli H. maydis iso-
lates was confirmed by complying with Koch’s postulates, and the pathogen was characterized by its colony 
morphology and microscopic traits [8]. The morphological and microscopic characteristics of the pathogen were 
identical to those of previously described strains found in Egypt and India [6] [26]. Final confirmation was 
achieved by PCR-based DNA analysis [8]. 

2.2. Normal and Stress Conditions in Solid Media Culture 
All isolates were grown on potato dextrose agar (PDA) (Difco, Detroit, MI, USA). Media for the stress-response 
experiments were prepared by adding KCl (Sigma-Aldrich; final concentration of 0.25 - 1 M) or sorbitol (Sig-
ma-Aldrich; final concentration of 0.5 - 2 M) to PDA prior to autoclaving. Menadione sodium bisulfite (2-Me- 
thyl-1, 4-naphthoquinone sodiumbisulfite, Sigma-Aldrich; 50 - 300 µM final concentration, from a 50 mM 
ethanol stock), which generates superoxide anion radicals [30], or 2 - 10 mM hydrogen peroxide (Sigma-Aldrich; 
final concentration) was prepared by sterilizing the solutions by filtering through a 0.2 μm syringe filter and 
adding them to autoclaved PDA after it had cooled down to 55˚C. To study the effect of pH conditions on the 
colonies’ growth rate, the PDA media pH was adjusted to final values of 2, 4, 6, 8, 10 and 12 with 1 M or 100 
mM HCl or NaOH stock solutions. All chemicals were analytical reagent grade. Twenty five milliliters of these 
PDA modified media were poured into a 9 cm diameter petri dish. Each stress media plate, including the control 
(with PDA only), was inoculated on solidification in the middle with a 6 mm (in diameter) culture agar disk cut 
from the margins of 4 - 6-day-old H. maydis colonies. Labeled petri dishes were placed in an incubator at 28˚C 
± 1˚C in the dark. In the light sensitivity experiment, the isolates were grown at 28˚C ± 1˚C in continuous light 
from cool white fluorescent tubes (Philips, Eindhoven, The Netherlands), and the dark growing culture plates 
were covered with aluminum foil and maintained under the same conditions. Radial mycelial growth was taken 
after inoculation at two-day intervals (unless otherwise indicated) by measuring the diameter along two perpen-
dicular lines from the underside of the petri dishes with a digital caliper. All treatments (stressing agents at dif-
ferent rates and the control) were performed in five to six independent replications and in at least two indepen-
dent experiments.  

Data analysis of the plate sensitivity assay. Each of the set conditions (i.e., stressing agent concentrations) 
generated an approximately linear growth curve of the mean colony diameter against the growth days. The slope 
for each curve determined and a new graph generated from all of the slopes plotted the growth rate (expressed in 
mm∙day−1, Y axis) against the concentration of the stressful compound (X axis). In the resulted regression curves, 
the R2 (coefficient of determination) is a statistical measure of how well the regression line approximates the real 
data points. The coefficient of determination ranges from 0 to 1 (an R2 of 1 indicates that the regression line 
perfectly fits the data). Statistical analysis, conducted using Student’s t test, verified whether differences were 
statistically significant (P ≤ 0.05). 

2.3. Effect of Oxygen Enrichment on the Liquid Media Cultures 
To enrich the colonies with oxygen, we used a method described earlier [31]. Four colony agar disks (6-mm- 
diameter each, taken from the margins of a 5-day-old colonies) were added to a 250-ml Erlenmeyer flask con-
taining 150 ml of autoclaved sterile potato dextrose broth (PDB, Difco, Detroit, MI, USA). The submerged liq-
uid cultures were grown at 28˚C ± 1˚C in the dark on a rotary shaker at 150 rpm. The flasks were sealed with 
rubber stoppers, and the headspace was flushed once or twice a day with O2 for 1 min at a flow rate of 2 li-
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ter/min (oxygenated cultures). Oxygen gas was of medical-grade purity. Cultures grown with free exchange of 
atmospheric air (flasks sealed with dense paper plugs) served as controls. Cultures were incubated for 6 - 9 days, 
as indicated separately for each experiment. At the end of the experiment, the mycelium was harvested by fil-
trating it from the media using a Buchner funnel and two pre-weighed No. 3 Whatman filters for each treatment. 
The filter papers with fungus wet weight were measured immediately. Afterwards the filter papers with fungus 
were dried at 70˚C for 48 h in a hot air oven and the dry mycelial weight was measured. Each assay was per-
formed in 3 - 6 independent replications and the entire experiment was repeated twice. 

2.4. Effect of Environmental Stresses on H. maydis Spore Germination 
To induce sporulation, cultures were grown at 28˚C ± 1˚C in a humid atmosphere on the PDA surface. After 
four days, as previously described [26], spores were harvested by washing them and scraping them off the agar 
surface with 1 ml sterile deionized water. The spore suspension was kept at 4˚C for up to one day. The spores 
(final concentration of 50 spore’s µl) were suspended in watery solutions containing different pH values, 0.75 M 
KCl, 1.5 M sorbitol, 200 µM menadione or 10 mM peroxide, aimed at challenging the spores under stress con-
ditions. The spores’ suspensions in Eppendorf tubes were then incubated in a rotary shaker at 150 rpm at 28˚C ± 
1˚C in the dark. The percentage of germinating conidia was determined after incubation (for the times specified 
for each experiment) by direct counting in 2 µl drops on a glass slide using a light microscope equipped with a 
Moticam 5 (Motic Instruments, Richmond, Canada) microscope camera. The criterion for germination was the 
observation of any germ tube emerging from the spores examined. Each assay was performed in 3 - 6 indepen-
dent replications and the entire experiment (for each stress condition) was repeated twice. 

3. Results 
During growth on maize, H. maydis is likely to be subject to various kinds of stress. We therefore conducted a 
well-controlled inspection of the pathogen in modified media in order to identify its behavior under light, vari-
ous pH, osmotic and ionic, and oxidative stressful environments. Dark-grown colonies grew significantly faster 
than light-grown ones (P < 0.05), covering a 90-mm plate within six days (Figure 1). This result is expected 
since the pathogen’s natural environment is beneath the ground surface and within the vascular system of the 
host. 

 

 
Figure 1. Harpophora maydis strains growth rate under light or dark conditions. As-
say plates were inoculated in the middle with a 6 mm (in diameter) culture agar disk 
cut from the margins of 4 - 6-day-old H. maydis colonies. Four isolates of H. maydis 
(called Hm-1, Hm-2, Hm-3 and Hm-4) were grown on potato dextrose agar (PDA) at 
28˚C ± 1˚C in complete darkness (achieved by covering each growth plate with alu-
minum foil) or in continuous light from cool white fluorescent tubes. Radial mycelial 
growth was taken six days after inoculation. Values represent an average of six repli-
cations. Error bars indicate standard error.                                                      
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3.1. Effect of the pH Growth Condition on Mycelial Growth and Spore Germination 
The host environment can differentially govern the outcome of infection when fungal pH adaptation is inappro-
priate. To assay the various ambient pH values on H. maydis development, we used plate’s sensitivity and spore 
germination assays. Extreme acidic and alkaline adjusted growth media prevented both the hyphal growth and 
spore germination of the pathogen (Figure 2). Nevertheless, a relatively wide range of moderate pH values of 4 
- 8 (with optimal peak around pH 5 - 6) enabled a high spore germination and culture proliferation of the fungi 
(Figure 2). From the data, the pH values similarly affect the hypha and the spores.  

3.2. Plate’s Sensitivity and Spore Germination Assays to Osmotic and Ionic stress 
Water potential caused by drought or hypertonic environments is a major factor affecting plants, but it can also 
affect their parasitic fungi. To induce low water potential (activity), the mycelium was grown on PDA enhanced 
with increased levels of KCl (hyperosmotic and ionic stress) or sorbitol (hyperosmotic stress). Under optimum 
conditions on PDA media and at 28˚C ± 1˚C, the pathogen grows at its highest rate–15 mm a day (Figure 3 and 
Figure 4). This colony’s growth rate declined steeply with increasing osmotic pressure. At the highest levels of 
KCl and sorbitol tested, the fungus showed only slight growth; colony diameter growth rate reached 2 mm a day 
(Figure 3). There was no evident difference between the KCl and sorbitol stresses, although the salt causes a 
combined influence that included hypertonic and ionic pressures. Interestingly, unlike in the pH sensitivity assay 
(Figure 2) in which spore germination ceased under harsh conditions, here the spores’ germination was only 
delayed under the influence of 0.75 M KCl or 1.5 M sorbitol, reaching approximately 80% after 16 h (the 
non-treated control spores reached near 100% germination after 10 h) (Figure 5). This difference from the con-
trol was significant (P < 0.05) from 10 h incubation onwards, in both treatments (KCl and sorbitol). Germinating 
conidia tended to adhere to each other and form aggregates in a way similar to some of the other phytopathogens 
[32] [33] (Figure 5(b)). 

 

 
Figure 2. Effect of pH on H. maydis growth and spore germination. To study 
the effect of pH conditions on the colonies’ growth rate, the PDA media pH 
was adjusted to final values of 2, 4, 6, 8, 10 and 12 with 1 M or 100 mM HCl or 
NaOH stock solutions. Plates were inoculated as described in Figure 1 and in-
cubated at 28˚C ± 1˚C in complete darkness. For the spore germination assay, 
spores were washed from the agar surface of 4-day-old colonies grown under 
the above conditions and suspended in watery solutions, containing the pH val-
ues described above. The spores’ suspensions in Eppendorf tubes were then in-
cubated in a rotary shaker at 150 rpm at 28˚C ± 1˚C in the dark. Evaluation of 
the colony mycelial growth rate was done four days after inoculation, and spore 
germination assessment was made six hours after inoculation. Values represent 
the average of two experiments, each containing six (for the colony growth ex-
periment) or three (for the spore germination assay) independent replicates. Er-
ror bars indicate average standard errors. The R2 (coefficient of determination) 
is a statistical measure of how close the data are to the fitted regression line (an 
R2 of 1 indicates that the regression line perfectly fits the data).                
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Figure 3. Osmotic and ionic stress-response phenotypes. Quantitative growth 
rate data for H. maydis on the PDA media plates containing KCl or sorbitol 
(final concentration of 0.25 - 1 and 0.5 - 2 M, respectively) to evaluate ionic 
and osmotic stress. Plates were inoculated as described in Figure 1 and incu-
bated at 28˚C ± 1˚C in complete darkness. Growth rates are averages of six 
replicate cultures determined by the slope of the growth curve generated from 
measurements taken 2, 4, 6, 8 days after inoculation. Error bars indicate stan-
dard error. The R2 is defined in Figure 2.                                  

 

 
Figure 4. Oxidative stress sensitivity assays. Menadione (lower panel, 50 - 300 µM) or 
hydrogen peroxide (upper panel, 2 - 10 mM) containing PDA was used to assay H. 
maydis radial growth under conditions oxidative stress in the same way described in 
Figure 3. Values represent the average of six replicates. Error bars indicate standard 
error. The R2 is defined in Figure 2.                                                         

3.3. Oxidative Stress Sensitivity Assays 
To induce oxidative stress, we used the superoxide-releasing reagent menadione, peroxide and direct oxygena-
tion. Both menadione and peroxide (used here at a maximum dosage of 33 times more than that of menadione) 
affected the colony growth rate in a dosage-dependent manner, but even high levels of these two compounds  
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(a) 

 
(b) 

Figure 5. Spore’s germination assay to osmotic/ionic and oxidative 
stresses. H. maydis cultures were grown on PDA at 28˚C ± 1˚C in 
complete darkness. Spores were prepared and incubated in watery so-
lutions containing 1.5 M sorbitol, 0.75 M KCl, 200 µM menadione or 
10 mM peroxide, as described in Figure 2. The control was double 
distilled water. (a) The percentage of germinating conidia determined 
after 0, 10 and 16 hours by direct counting. Values represent the aver-
age of five replicates. Error bars indicate standard error. (b) Photograph 
of representative control and 0.75 M KCl spores solutions at the begin-
ning of the experiment (0 h) and after 13 hours.                      

 
were unable to stop the fungal growth, reducing the growth rate only to half of its maximum rate (Figure 4). On 
the other hand, high levels of menadione or peroxide totally prevented the fungal spore from germinating, at the 
time period inspected (Figure 5). This suggests that the fungus, which is most likely to encounter the induced 
host oxidative burst response during the host vascular colonization and growth, is partly immune to this stress.  

Since frequent watering or saturated soils reduced late wilt, it is possible that H. maydis is sensitive to low 
oxygen conditions [2]. Here, we tested the influence of excessive oxygen by enriching liquid cultures as de-
scribed before [31]. Mycelia produced in cultures treated with mild oxygen enrichment (once a day with O2 for 1 
min at a flow rate of 2 liter/min) grew at a rate higher than that of cultures grown with atmospheric air (Figure 
6). In cultures flushed with pure O2 twice a day, this tendency was reversed and resulted in a significant (P < 
0.05) reduction in the fungal dry biomass. The same tendencies were measured for both wet and dry weight al-
though the former (wet weight) revealed a better noticeable influence (Figure 6). 

4. Discussion 
During growth on maize leaves, H. maydis must contend with various kinds of physical and chemical ambient 
challenges such as light, temperature, pH, oxidative, osmotic and other stresses. Therefore, collecting informa- 
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Figure 6. H. maydis cultures biomass in an oxygen enriched atmosphere. Sub- 
merged 150 ml liquid cultures were grown at 28˚C ± 1˚C in the dark on a ro-
tary shaker at 150 rpm. The 250 ml flasks were sealed with rubber stoppers, 
and the headspace was flushed once (O2 X1) or twice (O2 X2) a day with O2 
for 1 min at a flow rate of 2 liter/min. Cultures grown with free exchange of 
atmospheric air (flasks sealed with dense paper plugs) served as controls. 
Cultures were incubated six days for the wet weight experiment or nine days 
for the dry weight experiment (insert). At the end of the experiment, the my-
celium was harvested by filtrating it from the media using a Buchner funnel. 
The weight of the fungus was measured immediately (for wet weight) or after dry- 
ing it at 70˚C for 48 hours (for dry weight, insert). The wet weight assay was 
performed in three replications and the dry weight assay in six replications.       

 
tion on the effects of these factors on in vitro mycelial growth and spore germination is important for gaining a 
better understanding of the pathogen and its relationship with the host plant. The ability of H. maydis to adjust to 
its natural habitat is exemplified by its preferable growth rate in the dark (Figure 1). Another factor is ambient 
pH. Many fungi grow over a wide pH range and their gene expression is tailored to the environmental pH [34]. 
It is now widely accepted that appropriate responses to ambient pH govern fungal virulence in plants and other 
organisms [34]. The favorable pH values for H. maydis growth were 5 - 6 (Figure 2), indicating that this fungus 
adapts better to growth under moderate acid than neutral or alkali conditions. The relatively wide range of pH 
values that enabled fungus germination and proliferation (pH 4 - 8, Figure 2) is worrying since it may facilitate 
the pathogen spreading to various areas and soils, which occurred in Egypt [35] and Israel (Israel Northern R&D, 
Migal-Galilee Research Institute, Kiryat Shmona, Israel, unpublished data). 

Under deficit irrigation with saline water, a common water conserving practice, the crop experiences simulta-
neous matric and osmotic stresses [36]. The water status of the host and the environment caused by drought or 
hypertonic status can critically influence disease occurrence and severity [37]. Moreover, water stress and other 
abiotic factors, including transient episodes of stress such as soil salinity and root anoxia, affect root physiology 
to directly compromise host resistance, making roots and in some cases shoots more vulnerable to disease [38]. 
For example, Roubtsova et al. [37] exposed roots of Rhododendron hybrid Cunningham’s White and Viburnum 
tinus cv. to infection by Phytophthora ramorum and examined the potential for mild abiotic stress in disease 
predisposition. A post-infection episode of salt stress to inoculated roots in the hydroponic regime resulted in 
significantly faster development of stem lesions in Rhododendron relative to non-stressed inoculated plants. 

For many fungi, germination occurred at a lower water potential than growth. Some authors [39] [40] reported 
that germination was usually followed by growth; however, others [41] [42] reported similar effects to those 
observed here. Induced salt stress had a pronounced restricting effect on H. maydis hyphal development (Figure 
3) but a weaker, yet significant, impact on spore germination (Figure 5). It would be of interest to know the oc-
currence and behavior of the pathogen in the soil environment, its ability to initiate root infections, and disease 
progression and severity under the influence of the hypertonic regime. 

Water availability may be the most important environmental factor influencing microbial numbers and activi-
ties in unsaturated zones [43]. Indeed we have been inspecting maize plants that developed in late wilt infested 
grounds over the past five years (growing seasons) (Israel Northern R & D, Migal–Galilee Research Institute, 
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Kiryat Shmona, Israel, unpublished data). The accumulating evidence suggeststhat first emergence and progres-
sion of late wilt disease symptoms are subject to environmental and host physiological changes. In susceptible 
maize cultivars such as Jubilee, the first symptoms of wilting usually appeared in the field 50 - 60 days after 
sowing, shortly before the tasseling stage [8] [15]. Nevertheless, when we used a drip irrigation line for each 
row (which provides better irrigation) instead of a frontal irrigation system, plants reached 70% silk 60 days af-
ter sowing and the first disease symptoms appeared only 10 days later (70 days after seeding) [44].  

Reviewing the literature revealed that the high level of oxygen in the ground resulting from low water poten-
tial is one of the most important factors enhancing late wilt disease progression. Flood fallowing increases 
anaerobic conditions, stimulates lytic organisms to degrade sclerotia and reduces survival potential. Early sow-
ing of corn in Egypt reduced late wilt [21], while late summer planting reduced disease severity in India [45]. 
Unfavorable soil conditions with low rainfall may be the determining factor with a reported date of seeding ef-
fects [45]. Moisture stress is a major predisposing factor for late wilt [24], and frequent watering or saturated 
soils reduced late wilt [2]. It was reported that corn did not develop late wilt following paddy-cultivated rice, 
which increases the availability of Mn for subsequent crops, although H. maydis is also sensitive to low oxygen 
conditions [2].  

The data presented here are in agreement with this line of evidences. The pathogen colonies grown under a 
high oxygen atmosphere exhibited an increased growth rate (Figure 6). However, excessive oxygen can result in 
induced ROS that can suppress the fungal development as reported here (Figure 4 and Figure 5). Interestingly 
H. maydis spores were much more susceptible to hydrogen peroxide or the superoxide-generating agent mena-
dione (Figure 5) than the hypha that grew at a mild rate in relatively high concentrations of these oxidative 
agents (Figure 4). In Saccharomyces cerevisiae, pretreatment with menadione protects against cell killing by 
hydrogen peroxide; however, pretreatment with hydrogen peroxide is unable to protect cells from a subsequent 
challenge with menadione [46]. This suggests that the adaptive responses to these two different oxidants may be 
distinct. It will be interesting to further investigate these and other aspects regarding the ability of H. maydis to 
cope with these oxidative stresses, especially with respect to maize cultivars differentiated in their susceptibility/ 
resistance to the disease. 

An increase in average commercial maize yield in the US is associated with increased stress tolerance, which 
is consistent with an improvement in the genotype × management interaction [47] [48]. The observations indi-
cate that a common mechanism may exist, which has not yet been elucidated, that improves crops’ tolerance to a 
variety of stresses. Moreover, the potential for future yield improvement through increased stress tolerance of 
maize in the US is large, as yield potential is approximately three times greater than current commercial maize 
yields [47]. Environmental stress tolerance and disease resistance may be linked to each other. The cultivars of 
maize Giza 2 (G2) was observed to be more resistant to late wilt disease and also more tolerant to water stress 
and a combination of both factors than Population 45 (P45) cultivars [24].  

Invasion of the maize plant host by H. maydis is most likely affected by oxidative stress resulting from host 
responses, the activity of lignin-degrading enzymes produced by the fungus, such as phenol-oxidase (laccase) 
and superoxide production by nitric oxide synthase (NOS). ROS, which play a central role in plant pathogen de-
fense, may be perturbed by a number of adverse abiotic stress factors such as high light, drought, low tempera-
ture, high temperature and mechanical stress [29]. Both oxidative burst following pathogen challenge and expo-
sure to abiotic stresses can result in PCD (programmed cell death) [49]. However, the role that ROS plays dur-
ing abiotic stresses appears to be opposite to the role played during pathogen defense. Upon abiotic stresses, 
ROS scavenging enzymes are induced to decrease the concentration of toxic intracellular ROS levels [29]. 
These considerations raise the question of how plants can regulate ROS production and scavenging mechanisms 
when they are exposed simultaneously to pathogen attack and abiotic stress. Evidence of the significance of such 
conflicting situations comes from experiments with tobacco plants showing that oxidative stress pretreatment 
resulted in increased levels of ROS scavenging enzymes, leading to hypersensitivity to the pathogen infection 
[50].  

In this study, light, pH, salinity (osmotic/ionic) and oxidative stress were selected to examine their influence 
on H. maydis. Late wilt is currently considered to be the most serious maize disease in Israel and its constant 
spread in the last decade may be defined it as epidemic. The ability of the pathogen to overcome different envi-
ronmental conditions, may explain its spread in Israel to a very different climatic zones. Although this work fo-
cused on each stress individually under conventional ambient conditions, future efforts should address the com-
bined effect of these environmental conditions as demonstrated earlier [41]. An effort to understand pathogen 
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growth limitation under various ambient stress conditions, as was conducted here, may help recognize its weak 
points and assist in locating effective means that could be applied in the field to reduce late wilt economic 
losses. 
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