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Abstract

A scanning electron microscopy (SEM) study of the effect of water activity (aw), temperature and fungal interactions on the

very early phases of Aspergillus ochraceus, Alternaria alternata and Fusarium verticillioides development on maize grains was

carried out. Germination and growth of individual fungal strains were assayed at 0.92, 0.95 and 0.98 aw, and 20 and 30 jC.
Hyphal lengths were measured on micrographs taken by SEM at different periods of incubation. A. alternata had the highest

linear growth at 0.98 aw, and was the only species able to grow under all conditions tested, whereas A. ochraceus was not able

to germinate at 0.92 aw at any temperature assayed. F. verticillioides demonstrated a different behaviour depending on growth

temperature. Fungal interactions were studied at 0.95aw and 30 jC. A. ochraceus germination was inhibited when it was co-

inoculated with one or two of the other species. A. alternata showed an increased growth rate when growing together with the

other fungi, whereas growth of F. verticillioides was significantly inhibited when paired with A. ochraceus.
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1. Introduction

A wide variety of fungal spores naturally contam-

inate the surface of grains and, depending on environ-

mental conditions, stored cereal grains may be

colonised by a range of different species of fungi.

Maize is particularly susceptible to colonisation and

infection after silk emergence (Sutton, 1982; Miller,

1994). Biotic and abiotic parameters determine the

extent of fungal colonisation and, among them, water

activity (aw), temperature and fungal interactions are

the most important.

Germination and growth of fungi have frequently

been studied on nutrient media, adjusted to different

aw values with glycerol or other solutes, and incu-

bated at different temperatures, both when species are

growing alone and when interacting with other species

(Sung and Cook, 1981; Marı́n et al., 1998a; Abellana

et al., 1999). However, results obtained on culture

media cannot necessarily be extrapolated to natural
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systems, and complex interactions between more than

one fungal species occurring at the first steps of fungal

colonisation directly on maize grains have not been

described.

Several studies carried out in our laboratory have

demonstrated the effect of aw and temperature on the

microconidial germination and growth of Fusarium

verticillioides and Fusarium proliferatum in maize-

based media (Marı́n et al., 1995a, 1996), and on the

germination of spores of Aspergillus and Penicillium

(Marı́n et al., 1998d), based on microscopical obser-

vation of germ tubes.

The usual techniques to study fungal development

on culture media or grains are based on the inocu-

lation of fungal spores or mycelium on these sub-

strates and on the observation of germination or

growth directly by visual observation or by optical

microscopy if the media is transparent enough. The

behaviour of the spores in the initial hours of fungal

colonisation on a natural substrate is difficult to

observe. One of the most promising techniques is

the utilisation of the scanning electron microscopy

(SEM), a useful tool that allows visualisation of

spores directly on a natural substrate and study of

fungal development (Bacon et al., 1992). Only a few

SEM studies on the influence of abiotic and biotic

factors in the fungal colonisation of grains have been

reported (Szekely et al., 1991; Ramakrishna et al.,

1993, 1996).

In the present study, Aspergillus ochraceus,

Alternaria alternata and F. verticillioides were

selected as their spores could be easily distin-

guished by SEM. All are commonly isolated from

maize grain and all are mycotoxin-producing spe-

cies. The objectives of this study were: (i) to study

the effect of aw and temperature on the first steps

of fungal development of A. ochraceus, A. alternata

and F. verticillioides on maize grains, and (ii) to

study their interactions.

2. Materials and methods

2.1. Source of maize grain and gamma-irradiation

treatment

Spanish dent maize grain, with an initial water

content of 13.9% (0.71 aw), was used for all experi-

ments. Grain was sterilized with 12 kGy of gamma-

irradiation. The grain contained no viable fungal

infection or contamination but had retained germina-

tive capacity. The gamma-irradiated maize was stored

at 4 jC until use.

2.2. Water activity adjustment of gamma-irradiated

maize

Water activity was adjusted to 0.98, 0.95 or 0.92

aw by aseptically adding sterile distilled water to the

grain in 1-l sterile flasks, using a moisture adsorption

curve, and then equilibrating for at least 3 days at 7

jC with periodic shaking every 12 h. The amounts of

water to be added were calculated experimentally and

adjusted to the following equation: x = 0.0689ln

y + 1.0831 (r2 = 0.970); where x was desired aw and

y was the water volume to be added to the grain (ml).

All aw values were confirmed by using a Novasina

Humidat IC I Thermoconstanter (Novasina, Zurich,

Switzerland).

2.3. Source of isolates

A. ochraceus Wilhelm (NRRL 3174) and A. alter-

nata (Fries:Fries) von Keissler A. (IMET 539) were

collection strains, whereas F. verticillioides 25N was a

fumonisin-producing strain isolated from maize grain

in our laboratory. All strains were held in the Fungal

Strain Collection of the Department of Food Technol-

ogy of the University of Lleida (Spain).

2.4. Preparation of spore suspensions

Cultures of the three species were grown on potato-

dextrose-agar Petri dishes at 25 jC, using for A.

alternata a 12-h photoperiod system. Spore suspen-

sions of each isolate were prepared by adding a

glycerol–water solution, adjusted to the required aw,

to each 21 days old culture, and scraping the surface

with a sterile spatula. Spore concentration was deter-

mined using a Thoma chamber, and adjusted to

2.5� 105 spores ml � 1 before mixing 100 Al of the
spore suspension with an equal volume of either water

activity adjusted sterile glycerol–water solution or a

spore suspension of another species, to give a total of

250 spores of each species in 2 Al suspension.

Suspensions were used immediately.
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2.5. Inoculation of individual grains

Three gamma-irradiated maize grains, adjusted to

0.98, 0.95 or 0.92 aw, were aseptically transferred,

dent side down, to a one of the three divisions of a

three-compartment Petri dish. Each grain was point

inoculated with 2 Al of the spore suspension on the

flat side. After inoculation, a glycerol–water solution

adjusted to the same aw as the grain was added in a

second compartment of the Petri dish, and dishes

with the same aw were placed in sealed containers

with beakers of glycerol–water solutions of the same

Fig. 1. Fungal development of (a) A. ochraceus, (b) A. alternata and (c) F. verticillioides on the surface of maize grain. Scale bar: 10 Am.
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aw as the treatments, in order to maintain the correct

equilibrium relative humidity, and incubated at either

20 or 30 jC, for different incubation periods. The

growth of germ tubes or hyphae of fungi on the

maize surface was measured for up to 48 h at 20 jC
and up to 40 h at 30 jC or until colonies became so

enmeshed that they could not be distinguished from

one another.

2.6. Observation of maize grain by SEM

2.6.1. Sample preparation

After different incubation periods, depending on

the experimental conditions, grains from each treat-

ment were fixed for 24 h by the vapours generated by

a formaldehyde 40% (v/v) solution added to the third

compartment of the Petri dish. Grains were dried at 42

Fig. 2. Hyphal length of A. alternata, A. ochraceus and F. verticillioides growing alone on the surface of maize grain vs. time (5, 0.92 aw/20

jC; D, 0.95 aw/20jC; o, 0.98 aw/20jC; n, 0.92 aw/30jC; E, 0.95 aw/30jC; ., 0.98 aw/30jC).
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jC for at least 48 h and were then mounted on

aluminium stubs, and coated with gold using a Balzers

SCD 050 (Balzers Instruments, Fürstentum, Liechten-

stein) sputter coater.

2.6.2. Measurement of hyphae

The lengths of the longest hyphae from 20

germinating spores for each of the three fungal

species growing alone, or 15 spores in the presence

of another species on the grain surface were meas-

ured directly using a Scanning Electron Microscope

Zeiss DSM940A (Carl Zeiss, Oberkochen, Germany)

on photographs taken with the SEM at magnifica-

tions from 2000 to 10,000. Graphs of hyphal growth

versus time were constructed and data fitted to an

exponential curve from which growth rate at each

time of incubation could be obtained.

2.7. Statistics

Statistical analysis for the different sets of results

were carried out using SAS package (version 6.11,

SAS Institute).

3. Results

3.1. Effect of temperature and water activity on spore

germination on the surface of maize grains

SEM micrographs of maize kernels showing the

development of fungal spores on the surface of the

grain are shown in Fig. 1.

Fig. 2 shows the hyphal growth of A. alternata, A.

ochraceus and F. verticillioides growing alone on the

Fig. 3. Effect of fungal interactions on spore germination and hyphal growth at 0.95 aw and 30jC. (A) 5, A. alternata (Aa); ., Aa vs. F.

verticillioides (Fv);n, Aa vs. A. ochraceus (Ao);E, Aa vs. Fv-Ao. (B)5, F. verticillioides (Fv);., Fv vs. Ao;n, Fv vs. Aa;E, Fv vs. Aa-Ao.
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surface of maize at 20 and 30 jC versus time. As it

can be observed, A. alternata was able to germinate

under all conditions tested, exhibiting a very similar

response at 0.92 and 0.95 aw at both temperatures

assayed. At 0.98 aw, germination was very fast,

resulting in growth rates of 18.6 and 51.1 Am h� 1

at 20 and 30 jC, respectively, after 16 h.

At 20 jC and 0.92–0.95 aw, there was no

germination of A. ochraceus over the period of

time studied. At 0.98 aw, exponential growth started

after 15 h, reaching a growth rate of 15 Am h� 1

after 45 h. At 30 jC, growth was observed at

0.95–0.98 aw, attaining a growth rate higher than

60 Am h� 1 after 24 h at 0.98 aw.

No germination of F. verticillioides was observed

at 0.92 aw and 20 jC. At 20 jC, hyphal growth was

very similar at 0.95 and 0.98 aw during the first 24 h

of incubation. At 30 jC, germination was observed at

the three aw assayed. The maximum growth rate was

obtained at 0.98 aw and 30 jC, with more than 100

Am h� 1 at 24 h.

3.2. Effect of fungal interactions on spore germination

on the surface of maize grains

Fig. 3 shows the effect of fungal interactions on

spore germination and hyphal growth when fungi

where assayed together at 0.95 aw and 30 jC.
Growth rates calculated from exponential curves

obtained at 16 and 24 h incubation are shown in

Table 1.

When A. ochraceus was incubated with F. verti-

cillioides and/or A. alternata, no germination was

observed after 60 h incubation. At 0.95 aw and 30

jC, co-inoculated strains and time of incubation both

had a significant effect on the growth of A. alternata

and F. verticillioides.

Duncan’s test (results not shown) showed sig-

nificant differences in means between individual

growth of A. alternata and co-inoculation of this

species with the other two, together or separately.

A. alternata growing alone showed the lowest

growth rate (6 Am h� 1 at 24 h), and when the

three species were growing together, almost a two-

fold increase of growth rate was observed (11.7 Am
h� 1 at 24 h).

Duncan’s test (results not shown) showed a

significant effect due to fungal interactions for F.

verticillioides, except when it grew with A. alter-

nata plus A. ochraceus. When F. verticillioides was

co-inoculated with only one of these fungi, the

result was quite different. Germination and growth

were promoted when F. verticillioides was paired

with A. alternata, with a growth rate of 11 Am h� 1

at 24 h, almost double the growth rate that was

observed when it was growing alone. By contrast,

when F. verticillioides was paired with A. ochra-

ceus, growth rate was drastically reduced to only

2.6 Am h� 1 at 24 h.

4. Discussion

When grains are harvested, their surfaces are

contaminated with a complex mixture of fungi.

Fungal propagules compete for space and substrate,

although the interaction between species depends on

the initial separation of the spores and colonies

within the grain mass. Knowledge of influence of

aw and temperature on fungal germination and

growth is of prime importance in understanding

the ecology of different fungal species growing

alone or with other fungal strains (Magan and

Lacey, 1988).

Table 1

Growth rates (Am h� 1) at 16 and 24 h of incubation of A.

ochraceus, A. alternata and F. verticillioides alone or in the

presence of other species on the surface of maize grain at 0.95 aw
and 30 jC

Growing in the Growth rate (Am h� 1)

presence of
16 h 24 h

A. ochraceus 1.56 3.41

alone A. alternata n.g.a n.g.

F. verticillioides n.g. n.g.

A. alternata+

F. verticillioides

n.g. n.g.

A. alternata 4.25 6.03

alone A. ochraceus 6.05 9.23

F. verticillioides 6.69 10.71

A. ochraceus+

F. verticillioides

7.38 11.73

F. verticillioides 3.13 6.67

alone A. ochraceus 1.46 2.61

A. alternata 4.65 11.05

A. ochraceus+

A. alternata

2.83 5.88

a n.g.: no germination.
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Different methods have been used to determine

fungal growth on different substrates and conditions,

including measurements of fungal biomass, ergo-

sterol, rate of germinated spores or linear growth

(Seitz et al., 1979; Cahagnier et al., 1983; Matcham

et al., 1985; Marfleet et al., 1991; Tothill et al., 1992;

Marı́n et al., 1998d). None of them is appropriate

when the objective is to understand the germination

and growth in the very early phases of fungal colo-

nisation directly on grain samples. In our study, SEM

was used to observe fungal germination and growth.

Although the relationship between factors such as

aw or temperature has been extensively studied for

several fungi growing on grains (Marı́n et al., 1995b,

1998b; Ramos et al., 1998), few studies on the very

early stages of fungal infection of grains have been

published (Ramakrishna et al., 1993, 1996; Swart et

al., 1995; Ramos et al., 1997). SEM is a useful tool for

evaluation of the fungal growth before mould growth

is visible. The method for sample preparation

described here is a fast and easy way to prepare

samples for SEM observation. It differs from conven-

tional methods in that there is no dehydration with

ethyl alcohol series and no fixation with toxic osmium

tetroxide. Although turgidity of hyphae was dimin-

ished by the method applied, the quality of images

was sufficient to enable measurement of hyphal

growth on micrographs, and time required for sample

preparation was considerably less.

Our results have shown the effects of temperature,

aw and fungal competition on germination and initial

growth on maize surface. In general, the lag time for

spore germination increased with decreasing aw and

temperature. Germination usually occurred within 8 h

and rarely took longer than 16 h at 0.92–0.98 aw and

20–30 jC.
All three species tested germinated by germ tubes,

which grew on the surface of maize grain without

appearing to penetrate the grain tissue. Fungal spores

contain nutrient reserves that can support growth for a

limited period (Gottlieb, 1978). Soluble nutrients at

the grain surface are required until the hyphae reach

cracks or wounds where they can penetrate. If such

nutrients are absent, the fungal growth may be able to

extend only to some limited distance, and with

reduced branching (Ramakrishna et al., 1993).

According to Ramakrishna et al. (1993), by inoc-

ulating only at one point of the grain surface, the

physical and nutritional environment of all spores was

similar. However, this is not what occurs in nature

where spores are likely to be unevenly dispersed, and

growth rates may differ on different parts of the grain

depending on nutrient availability.

A. alternata had the fastest linear growth at 0.98 aw
and was the only species able to grow under all the

conditions tested. Similar results have been observed

when infection of table grape bunches by A. alternata

was investigated using SEM. Conidia in 20-Al drops
of spore suspension germinated readily on the fruit

surface, and within 16 h grew extensively on berries,

pedicels and rachises of immature and mature bunches

(Swart et al., 1995).

By contrast, A. ochraceus was not able to germi-

nate at 0.92 aw at either temperature used and at 0.95

aw and 20jC in the time of incubation assayed.

However, according to Ramos et al. (1998), who used

the same strain as employed in this study, growth of

this fungus on a barley meal extract agar showed a

minimum aw for visible growth of 0.808 at 25 jC. It is
possible that longer periods of incubation enabled

germination of A. ochraceus on maize grains.

The response of F. verticillioides depended on

temperature assayed. At 20 jC, no germination was

detected at 0.92 aw, and growth was very similar at

0.95 and 0.98 aw, at least during the first 24 h.

However, at 30 jC, there was growth at the three aw
assayed, the strongest growth being observed at 0.98

aw. Our studies agree with those published by Marı́n

et al. (1998c) using the same strain that showed that

optimum conditions for growth of F. verticillioides on

maize were 0.98 aw and 25 jC.
Woods and Duniway (1986) found that optimum

and minimum aw values for growth of F. verticil-

lioides were 0.98 and 0.87, respectively. Similarly,

Marı́n et al. (1995a) demonstrated the influence of

temperature and aw on F. verticillioides, concluding

that the minimum aw for growth of this species was at

0.89–0.90 aw at 25–30 jC.
Studies on maize extract agar at 3% (w/v) have

demonstrated that spores of F. verticillioides and F.

proliferatum have a lag phase that varies from 50 to

100 h at 0.88 aw to a few hours at 0.98 aw and 25 jC
(Marı́n et al., 1996). Our study, on whole maize

grains, showed slightly higher lag times, possibly

due to a poorer accessibility to nutrients in the grain

compared with an agar-based medium. According to
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Ramakrishna et al. (1993), due to high concentrations

of soluble nutrients and the free movement of metab-

olites in agar media, the visible effects of interaction

between species could be intense, and therefore,

extrapolation of results from in vitro studies to natural

substrates may not be appropriate.

The structure of the maize grain and the wax

deposits on the surface affect fungal colonisation of

kernels. It has been shown by SEM that an A. flavus-

resistant maize genotype (GT-MAS:gk genotype)

showed a rougher surface and with abundant wax

deposits compared with susceptible kernels as Delta-

phine G-4666, Asgrow RX 947 and Pioneer 3154

(Russin et al., 1997).

A. ochraceus was unable to germinate within 60 h

under the conditions assayed (0.98 aw/30 jC) when
co-inoculated with F. verticillioides or A. alternata.

The origin of this inhibition is unknown, but it could

be due to production of inhibitory fungal metabolites

by the other two species.

F. verticillioides responded differently when grown

with one of the other two species, growing more

strongly with A. alternata. As A. alternata showed

the fastest growth, this increment in the growth rate of

F. verticillioides could be a strategy to avoid being

surpassed by A. alternata in the colonisation of the

maize grain. This result agrees with Magan and Lynch

(1986), who demonstrated that Fusarium culmorum

competed successfully with Alternaria spp. when both

were growing on grains.

By contrast, when F. verticillioides grew together

with A. ochraceus, its growth rate was drastically

reduced by more than 48.9% at 24 h. The mechanism

of this inhibition by spores of A. ochraceus is still

unknown.

When A. alternata was co-inoculated with one of

the other fungal strains assayed, it always showed an

increase in the growth rate, being the aggressive

competitor when the three strains were growing

together.

Similar studies of fungal competition, observed by

SEM on grain surfaces, have been published. Ram-

akrishna et al. (1993) studied germination, growth and

interactions of A. flavus, P. verrucosum, F. poae and

H. burtonii, either alone or in the presence of other

species, on barley grains at 0.97–0.90 aw and 20–30

jC. Results showed that spore germination was unaf-

fected by the presence of another species. A second

study with longer incubation periods showed that P.

verrucosum spores on barley grains were unaffected

by the presence of A. flavus, H. burtonii and F.

sporotrichioides spores (Ramakrishna et al., 1996).

Our results have shown the effect of ecophysio-

logical conditions on early phases of spore develop-

ment on maize grains, and how initial fungal

interactions influence the final colonisation.
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