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The infection of maize by Fusarium verticillioides can result in highly variable disease symptoms ranging from
asymptomatic plants to severe rotting and wilting. We produced F. verticillioides green fluorescent protein-
expressing transgenic isolates and used them to characterize early events in the F. verticillioides-maize inter-
action that may affect later symptom appearance. Plants grown in F. verticillioides-infested soil were smaller
and chlorotic. The fungus colonized all of the underground parts of a plant but was found primarily in lateral
roots and mesocotyl tissue. In some mesocotyl cells, conidia were produced within 14 to 21 days after infection.
Intercellular mycelium was detected, but additional cells were not infected until 21 days after planting. At 25
to 30 days after planting, the mesocotyl and main roots were heavily infected, and rotting developed in these
tissues. Other tissues, including the adventitious roots and the stem, appeared to be healthy and contained only
a small number of hyphae. These results imply that asymptomatic systemic infection is characterized by a
mode of fungal development that includes infection of certain tissues, intercellular growth of a limited number
of fungal hyphae, and reproduction of the fungus in a few cells without invasion of other cells. Development of
visibly rotted tissue is associated with massive production of fungal mycelium and much less organized growth.

Fusarium verticillioides (synonym, Fusarium moniliforme
Sheldon; teleomorph, Gibberella moniliformis [synonym, Gib-
berella fujikuroi mating population A]) is the most commonly
reported fungal species infecting maize (26, 36, 37). F. verticil-
lioides can be found in plant residues in almost every maize
field at harvest, yet the disease symptoms vary widely and range
from asymptomatic infection to severe rotting of all plant
parts. In many cases diseased and asymptomatic plants occur in
the same field planted with a genetically uniform host. Envi-
ronmental conditions, water availability (8, 9, 28, 29, 35), and
the genetic background of the plant and the pathogen (2, 19,
25, 45) may all be important factors in disease development,
but it is not known why the disease does not occur during
asymptomatic infections or what causes rotting and wilting in
the diseased tissues.

Infection of maize by F. verticillioides can occur via several
routes. The most commonly reported method of kernel infec-
tion is through airborne conidia that infect the silks (15, 31,
32). After invasion through the silks, the fungus infects the
kernels, but usually only a small percentage of the infected
kernels become symptomatic (33). Another proposed infection
pathway is systemically through the seed (12). Systemic infec-
tion can start from fungal conidia or mycelia that are either
carried inside the seeds or on the seed surface. The fungus
develops inside the young plant, moving from the roots to the
stalk and finally to the cob and kernels. Movement of the
fungus from infected seeds to the stalk and kernels has been
established in a number of studies. Kedera et al. (20) used
vegetative compatibility (vegetative compatibility groups) as a

marker to track specific strains and obtained evidence that the
fungus moves from the seeds to kernels by recovering the
isolate inoculated into the seeds from approximately 10% of
the kernels. Similar findings were reported by Munkvold and
coworkers, who also used vegetative compatibility groups to
track fungal movement in the plant (32, 33). These researchers
also showed that although infected seeds may contribute to
kernel infection, local infection via silks is the main pathway of
kernel infection. Systemic infection also may result from inoc-
ulum that survives in crop residues in the soil; however, the
relative importance of soilborne and seed-borne inocula as the
cause of systemic infections is not known (25, 39).

F. verticillioides produces several toxins that have potential
toxicity for humans and domesticated animals. The most sig-
nificant of these toxins produced by F. verticillioides are the
fumonisins (7, 37). Since fumonisins can be detected in symp-
tomatic and asymptomatic maize kernels, control of fumonisin
contamination in maize has become a priority area in food
safety research (3), and some guidelines for maximum fumo-
nisin levels in human food and animal feeds have been issued
(13). The presence of fumonisins in asymptomatic grain means
that a better understanding of the asymptomatic endophytic
portion of the life cycle of F. verticillioides is badly needed.
Work with genetically tractable strains has suggested that the
limiting step in the movement of the fungus from the seeds to
the upper parts of the plant is the transition of the fungus from
the seedling crown to the stalk (19, 33). However, the data
generated by such analyses are limited to isolation of the fun-
gus from different tissues and do not provide a clear picture of
the colonization of the plant by the fungus. Moreover, not all
experiments have produced the same results (45).

Light microscopy and electron microscopy have been used to
obtain more detailed information on the infection of maize by
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F. verticillioides (1, 34, 45). These methods provide information
on events such as seed infection and root penetration, but the
data are limited to particular time points. More continuous
information on in planta fungal development may be obtained
by tracing transgenic isolates that express reporter genes.
Work with �-glucuronidase-expressing isolates has provided
some insight into the F. verticillioides-maize interaction (3, 46);
however, the tissue sectioning and other experimental manip-
ulations required to monitor �-glucuronidase activity limit its
utility in such analyses. Recently, the green fluorescent protein
(GFP) has become a commonly used tool in the analysis of
fungus-plant interactions (27). Spores and hyphae of GFP-
expressing fungal isolates can be identified by fluorescence
microscopy in intact tissues or tissue sections without extensive
manipulation and provide highly informative data on processes
of plant colonization (10, 11, 16, 23, 30).

In the present study we generated F. verticillioides GFP-
expressing transgenic isolates and used them to characterize
early stages of the F. verticillioides-maize interaction. By using
GFP-expressing transgenic isolates we directly monitored de-
velopment of the fungus in planta during early stages of the
interaction and determined the spread of the fungus to upper
parts of the plant, including leaves and cobs, at different stages
of plant growth. These analyses provided new information on
the disease, which can help explain the differences between
aggressive and asymptomatic interactions.

MATERIALS AND METHODS

Fungi, plants, and growth conditions. F. verticillioides strain A-00149 (�
FGSC 7600) was provided by J. F. Leslie. This strain was first isolated from maize
in California. It has been used as a standard mating type tester strain for this
species, and it is one of the progenitors of the mapping population of F. verti-
cillioides (21, 22). Wild-type strain A-00149 and its derivative transgenic strains
were used in all experiments. The fungus was maintained at 28°C on Czapek-Dox
medium (40) or was stored as a conidial suspension in 20% glycerol at �70°C
(21). For mycelium and spore production the fungus was grown in shake cultures
at 28°C, and the mycelium was collected by filtration.

Sweet maize cultivar Jubilee was used for plant inoculation experiments. This
commercial line is widely grown and is highly susceptible to F. verticillioides (17).
Plants were grown in pots of various sizes. Greenhouse experiments were con-
ducted in 3- or 10-liter pots containing a mixture of 40% peat, 40% loam, 10%
vermiculite, and 10% compost. The greenhouse temperature was 25 to 27°C, and
daylight was supplemented with light from fluorescent tubes to provide 14 h of
continuous light. The light intensities in the greenhouse during the day were
between 120 and 200 microeinsteins m�2. The plants used in greenhouse exper-
iments were irrigated daily with a hand sprinkler. Experiments in the nursery
were conducted in 10-liter pots containing soil from fields in which wilted plants
were observed. The plants were drip irrigated, and the soil moisture content was
maintained at 70% of the soil water capacity to provide optimal water conditions.
Soil disinfestation was performed with Basamid G (BASF, Munich, Germany)
used according to the manufacturer’s instructions. After disinfestation the soil
was washed for 24 h with water (drip irrigation, 2 liters h�1) to remove traces of
Basamid. An absence of Basamid residual activity was verified by the develop-
ment of healthy, asymptomatic seedlings after maize seeds were planted.

Seed inoculation. Before seeds were inoculated or planted, all the seeds were
soaked for 30 min in a 0.2% solution of the fungicide Octav (AgrEvo UK,
Cambridge, England) to prevent infection from a seed-borne inoculum. No
colonies developed when Octav-treated seeds were plated on the isolation me-
dium. Octav-treated seeds were rinsed with water and then placed in a 0.2%
Tween 20 solution containing 5 � 109 conidia ml�1. After 30 min, the seeds were
removed from the spore suspension and dried in a laminar flow hood overnight.

Soil inoculation. The soil inoculum consisted of 3-day-old mycelium that was
inoculated onto dry maize leaves. Fresh mycelium (25 g) was homogenized with
a blender and suspended in 200 ml of water. Chopped maize leaves (10 g) were
mixed with 50 ml of the original or diluted mycelial suspension, depending on the
treatment. The top 12 cm of soil was removed from six pots (either 3- or 10-liter

pots) and mixed with the inoculum, and then the inoculated soil was distributed
among the pots so that the upper 12 cm in each pot contained inoculated soil.
Seeds were planted immediately after inoculation of the soil.

Low-light experiment. Experiments to test the effect of low light on disease
development were conducted in 50-liter containers in a growth room. Cool white
fluorescent tubes supplied a light intensity of 20 microeinsteins m�2. The tem-
perature was maintained at 25 � 2°C.

Fungal isolation. We used the methods described by Burgess et al. (4) for
fungal isolation. Plant parts were surface sterilized by submerging and shaking
them in 1% sodium hypochlorite–10% ethanol for 30 s. The tissues were then
washed with sterile water and dried in a laminar flow hood. Three pieces of
sterilized tissue were sectioned with a razor (0.5-cm-thick stalk disks, 5-cm-long
roots) and placed on peptone-pentachloronitrobenzene (PCNB) medium (4).

Plasmids and fungal transformation. A DNA fragment was amplified by PCR
from F. verticillioides genomic DNA by using the decamer primer 3�-GGGTGC
AGTT-5�. A 500-bp PCR amplification product was cloned into plasmid pUC57
(MBI-Fermentas, Hanover, Md.) and sequenced. No putative open reading
frame was found. The fragment was cloned into the vector gGFP (30) at the
HindIII and XbaI restriction sites to produce the transformation vector fgGFP.

Protoplast preparation and transformation were performed as described by
Tudzynski et al. (44), with some modifications. A mycelial suspension (1 ml) was
added to 100 ml of complete medium (44) and cultured for 16 to 18 h at 200 rpm
on an orbital shaker at 28°C. The mycelium was filtered and washed with 0.8 N
NaCl, and 0.5 g of the mycelium was suspended in an enzyme solution (0.5%
Novozyme [InterSpex Products, Inc., Foster City, Calif.], 0.1% driselase [Sigma,
Rehovot, Israel], 0.01% chitinase [Sigma]) for 2 to 3 h with shaking at 100 rpm
until protoplasts were released. The protoplasts were washed with cold 0.8 N
NaCl, and the final concentration was adjusted to 5 � 107 protoplasts ml�1 in
STC. Linear plasmid (10 �g) was added to 50 �l of the protoplast solution
together with 50 �l of polyethylene glycol 6000 (Sigma). The mixture was incu-
bated on ice for 25 min, an additional 2 ml of polyethylene glycol 6000 was added
to each of the tubes, and the preparations were incubated for another 10 min at
room temperature before dilution with 4 ml of STC. The protoplasts were
incorporated into 100 ml of regeneration medium containing (per liter of water)
145.7 g of mannitol (Merck), 4 g of yeast extract (Difco, Detroit, Mich.), 1 g of
soluble starch (Merck), and 16 g of agar; hygromycin B was added to a final
concentration of 100 �g ml�1, and the medium was then distributed into six petri
dishes. The plates were incubated at 28°C, and colonies were subcultured 4 to 8
days later.

Microscopy. Fluorescence microscopy was performed with a Leica DMRBE
epifluorescence microscope (Leica, Deerfield, Ill.). Each of the tissues examined
was placed on a microscope slide, submerged in a water droplet, and covered
with a glass coverslip. The K3/L4 filter cube with peak transmission for excitation
at 470 to 490 nm and peak transmission for suppression at 515 to 560 nm was
used for GFP detection. Light microscopy was performed with the same micro-
scope without filters. Confocal microscopy was performed with an inverted laser
scanning confocal microscope (CLSM 510; Zeiss, Cberkochen, Germany) with
excitation and emission at 488 and 510 nm, respectively. GFP expression in entire
colonies was visualized with an Olympus SZx12 fluorescence stereoscope by
using an eGFP filter.

Experimental procedures. The nursery and greenhouse inoculation experi-
ments were conducted in six replications, with six plants per pot. The growth
chamber experiment at a low light intensity was conducted in three replications,
with 20 plants per container. To determine plant weight or root colonization, one
plant from each replication was sampled at every time point; the fresh weight of
the plants was determined, and tissue samples were used for colony isolation.

RESULTS

GFP-expressing strains. Transgenic isolates were obtained
at a rate of two transformants per microgram of plasmid DNA.
Only 60% of the hygromycin B-resistant isolates expressed
GFP, a value which is similar to values reported for other fungi
(23, 41). GFP expression was generally strong and uniform in
all fungal tissues and remained high and stable after successive
transfers on Czapek-Dox medium with and without hygromy-
cin B. Southern analysis showed that in all cases the plasmid
integrated into chromosomal DNA in one or more locations
and that tandem integration of two or more copies was com-
mon (data not shown). We analyzed 20 isolates and selected
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one, gf12, to study in planta fungal development. This isolate
expressed the highest level of GFP, produced abundant
conidia, and had wild-type colony morphology. Inoculation of
plants with gf12 and recovery on semiselective medium showed
that gf12 was as infective as the wild type and that it could be
easily detected by observation with the fluorescence stereo-
scope (Fig. 1).

Plant infection by using seed and soil inocula. Nursery ex-
periments were conducted with the wild-type isolate to com-
pare the effects of soil inoculation and seed inoculation on
infection of maize plants. Seed inoculation had no effect on the
weight of the plants grown in untreated soil compared to the
weight of control plants that developed under similar condi-
tions (Table 1). Growth enhancement was observed in the
disinfested soil compared to the growth in untreated soil. Al-
though seed inoculation did not suppress seedling growth, high
rates of root colonization were detected even at the first sam-
pling time after 20 days (Table 1). Soil inoculation reduced
plant growth, with greater reductions occurring at higher in-
oculum levels, and the number of colonies isolated from the
roots was proportional to the amount of the soil inoculum (Fig.
2).

Early events in plant colonization. We detected only trace
amounts of fluorescent mycelium during microscopic examina-
tion of plants that developed from inoculated seeds, although
the fungus was readily recovered from the roots of these plants
by plating on peptone-PCNB medium (Fig. 1). Soil inoculation
resulted in more pronounced infection (Fig. 3). The transgenic

fungus was easily detected on the surfaces of underground
organs, such as seeds, roots, and hypocotyl (Fig. 3a and b).
During the first few days after planting, the fungus grew both
on the surface and inside lateral roots (Fig. 3c and d). Only
single hyphae were detected growing along the root, and there
was no branching or change in the direction of growth. Thick-
ened organelles were observed in hyphae that developed on
the surfaces of lateral roots. These organelles resembled
conidia; however, the true nature of these organs and their role
are unclear. Such organs were not observed in the hyphae that
developed inside the roots.

After 7 days, the fungus also was detected in the mesocotyl
tissue but not in the tissues above the mesocotyl. The meso-
cotyl is defined as the intermediate tissue between the root and
the hypocotyl (Fig. 3a). A very organized pattern of develop-
ment was observed: most cells in the mesocotyl were unaf-
fected, but a few cells developed yellow-green fluorescence
(Fig. 3e). The emission spectrum of this fluorescence was dif-
ferent from the GFP emission spectrum, indicating that the
cells accumulated autofluorescing material. Very little myce-
lium could be found in the mesocotyl at this stage, and the
mycelia that we did detect were retained at the cell boundaries
without cell penetration (Fig. 3f).

Green fluorescing fungal material composed of undefined
rounded organelles that filled single cells in the mesocotyl was
detected after 14 days (Fig. 3g). The adjacent cells were unaf-
fected, but mycelium could be detected in wall connections
between an infected cell and the surrounding cells (Fig. 3g).
More mycelium was observed in the cell wall spaces at this
stage (Fig. 3h). This mycelium contained thick organelles that
looked like conidiophores or aerial branching.

After 21 days, the infected cells were filled with mature
conidia (Fig. 3i). Conidia were found only inside a cell in which
an infection was established, while the surrounding cells ap-
peared to be normal. A large number of hyphae that developed
along the root axis (Fig. 3j) and green-fluorescing macro-
conidia (Fig. 3k) were detected on root hairs. Disease symp-
toms were not observed at this stage.

The initial phase of infection and establishment in the roots
and mesocotyl was followed by a second phase 25 to 35 days
after inoculation, in which the fungus proliferated in the me-
socotyl and in the main root (Fig. 3l and m). Large amounts of
mycelium were produced in these organs and caused rotting of

FIG. 1. Isolation of GFP-expressing F. verticillioides from infected
maize roots. Seeds were inoculated with the transgenic isolate gf12 and
planted in disinfested soil. Roots of 14-day-old plants were excised,
rinsed in water, and plated on peptone-PCNB semiselective medium.
Colonies emerged after 4 to 6 days (a), and GFP expression was
detected with a fluorescence stereoscope (b) (the white halo fluoresces
in green).

FIG. 2. Effect of soil inoculation with F. verticillioides on seedling
fresh weight and root colonization. Disinfested soil was inoculated with
an F. verticillioides mycelium homogenate. Plant fresh weight and root
colonization were determined 20 days after planting. The error bars
indicate the standard errors.

TABLE 1. Effect of seed inoculation with F. verticillioides on
seedling fresh weight and root colonization

Soil treatment Seed treatment No. of coloniesa Plant fresh wt (g)

Sterilized Inoculated 8.3 � 2.6 a 11 � 6.2 a
Sterilized Uninoculated 0.17 � 0.41 b 6.43 � 2.6 ab
Untreated Inoculated 8.2 � 2.4 a 2.53 � 1.6 b
Untreated Uninoculated 7.3 � 3.9 a 2.83 � 0.53 b

a The number of colonies and plant fresh weight were determined 20 days after
planting. Data are averages � standard deviations for six replications. Values
followed by different letters are statistically significantly different (P 	 0.05)
according to the Tukey multiple-comparison test.
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the mesocotyl and the main root. No fluorescing hyphae were
observed in the stem by fluorescence or confocal microscopy;
however, a small number of green fluorescent, transgenic col-
onies could be isolated from the stems and even leaves by
plating on selective medium (data not shown).

The amount of mycelium that developed in the mesocotyl
was larger at high soil inoculum rates. More mycelium was
detected in the mesocotyl tissue of plants that developed in soil
containing 0.6 g of inoculum kg of soil�1 than in plants growing
in soil containing 0.1 g of inoculum kg of soil�1 (Fig. 4a and b).
These results are consistent with the results of the nursery
experiments performed with the wild-type strain, in which the
number of colonies that were isolated from roots increased as
the size of the soil inoculum increased (Fig. 2).

Infection of plants grown under low-light conditions. Two-
week-old plants that were grown under low-light conditions (20

microeinsteins m�2) had intense rotting, and large amounts of
fungal mycelium were detected on and inside the plants. The
mycelia grew without any special order, infecting the entire
root system, the mesocotyl, and the stem (Fig. 4a and d). The
massive infection resulted in rapid rotting and seedling mor-
tality 2 weeks after planting (Table 2). The aggressive fungal
development under low-light conditions was in sharp contrast
to development of mycelium in tissues of plants that were
grown with higher light intensities; under these conditions the
myclelium did not invade the cells and developed mainly along
the cell walls.

DISCUSSION

Systemic movement of F. verticillioides from infected seeds
to roots, crowns, stalks, and ears has been documented by

FIG. 3. Early events during plant colonization by F. verticillioides. Seeds were planted in soil that was inoculated with a transgenic isolate gf12
mycelium homogenate. The photographs were obtained with a fluorescence microscope unless otherwise indicated. (a) The organs and tissues
examined included the root, lateral roots and root hairs, mesocotyl (arrow), seed pericarp, and lower part of the shoot. (b) Adherence of mycelium
and direct penetration of the mesocotyl 3 days after planting. (c and d) Hyphae growing on the surface of a lateral root (c) and inside a lateral
root (d) 7 days after planting. (e to i) Colonization and reproduction of the fungus in mesocotyl cells. Single cells accumulated fluorescing material
after 7 days (e), but fungal growth was restricted to the cell wall spaces (f). After 14 days, conidia started to differentiate (g), and more developed
mycelium was detected in the intercellular wall spaces (h). Hyphae grew out of the cells in which conidia were formed, but through specific points
of contact with other cells and without rupturing the cells (g, arrows). After 21 days conidia matured (i) but were still retained in the cells in which
they were formed. (j) After 21 days, the development of the mycelium on the root intensified, with hyphae growing in the intercellular spaces along
the root. (k) Macroconidia attached to the mucilage layer on a root hair 21 days after planting. (l and m) Large amounts of mycelium developed
after 30 days and infected the entire mesocotyl tissue (l) and the main root (m) (confocal microscopy).
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using various methods (3, 31, 33, 34, 38, 45). Although systemic
infection can cause rotting in all plant organs, it is considered
a major cause of stalk rot, while the significance of this pathway
in kernel infection appears to be low (9, 31, 33, 38). Munkvold
et al. (33) reported that transmission of the fungus from seed-
ling crown tissue to stalk tissue appeared to be the rate-limiting
factor in fungal movement from infected seeds to the upper
parts of the plants. These results are consistent with previous
findings of Nelson (36) and Lawrence et al. (24), who sug-
gested that seed-transmitted strains do not advance to above-
ground parts of a plant until after pollination. However, vari-
ous reports have indicated that the fungus has been isolated
from all parts of young (7- to 14-day-old) seedlings (2, 45). The
different results may be explained by different genetic back-

grounds of the plant and the fungus (5, 7, 15, 18, 19, 35), by
differences in the inoculation methods and the experimental
conditions (9, 28, 29, 33, 38), or by differences in the sensitiv-
ities of the detection methods (3, 31, 34, 45). In the present
study, we isolated the transgenic fungus from stems of 14-day-
old seedlings by plating stem sections on semiselective medium
(Fig. 1). However, the fungus was not detectable in planta by
fluorescence microscopy at this stage, which indicates that
there were no more than trace amounts of fungal mycelium in
the above-ground tissues at this time. These findings confirm
that the fungus is capable of moving to above-ground parts
early in the interaction, but relatively little fungal biomass
which does not cause rotting or other disease symptoms devel-
ops during these early infection stages. This growth pattern
may explain why the fungus was detected in the upper parts in
some studies but not in other studies (2, 31, 36, 45).

The levels of soil inoculum and root colonization correlated
with reduced seedling growth, which was more pronounced at
the early growth stages, while seed inoculation did not suppress
plant growth and may even have enhanced plant development
(Fig. 2 and 3). Enhanced growth of Fusarium-infected plants
has been reported previously and was attributed to the endo-
phytic nature of the fungus (25, 45). Our results suggest that
the same strain may cause growth enhancement and growth
retardation, depending on the level of plant colonization,
which is influenced by the amount of fungal inoculum in the
soil and seed. Although F. verticillioides can survive in crop
residue in the soil, this inoculum source has not been consid-
ered a major source of plant infection (25, 31). Our results
suggest that soil inoculum, in addition to infected seeds, may
be important in initiation of F. verticillioides systemic infection.
Furthermore, in our study soil inoculum resulted in more dis-
eased plants than seed inoculation, suggesting that problems
associated with stand establishment attributed to Fusarium are
more likely to result from soilborne inoculum than from seed-
borne inoculum.

GFP-expressing transgenic isolates can be visualized in liv-
ing tissues without any processing or manipulation of the sam-
ples. This property makes GFP extremely useful for analysis of
in planta fungal development (27). In the present study, we
used GFP-expressing transgenic isolates to obtain detailed in-
formation on the interaction between F. verticillioides and
maize plants. The main sites of plant penetration were the
lateral roots and the mesocotyl, which is the tissue connecting
the emerging root with the emerging shoot. The fungus was
detected in these tissues as early as 72 h after the seeds were
planted in infested soil. These findings support previous find-
ings of Murillo et al. (34), who showed that there was direct
penetration of the seed pericarp and root epidermal cells by F.
verticillioides 3 days after inoculated maize seeds were planted.
These authors also found that fungal growth at this stage was
mainly intercellular. Lagopodi et al. (23) used GFP-expressing
transgenic Fusarium oxysporum to study tomato root coloniza-
tion and infection. They found that the contact between the
fungus and the host was initiated predominantly at the root
hairs, while colonization of the crown was predominant after
the initial contact. These findings are similar to our results and
suggest that there is a common mode of plant colonization at
the early stages, in which the pathogens first attach to the

FIG. 4. Effects of inoculum levels and light conditions on inocula-
tion of maize plants by F. verticillioides. (a and b) Effect of two levels
of inoculum on the amount of mycelium that developed in the meso-
cotyl 30 days after seeds were planted in inoculated soil. The inocula
used were 0.1 g (fresh weight) per kg of soil (a) and 0.6 g (fresh weight)
per kg of soil (b). (c and d) Development of mycelium in roots (c) and
mesocotyls (d) of plants grown under low-light conditions (20 microe-
insteins m�2) 14 days after inoculated seeds were planted in disinfested
soil.

TABLE 2. Disease development in F. verticillioides-infected maize
seedlings grown under low-light conditions

Treatmenta % of diseased
plantsb No. of plants

Control 15 � 0.41c 53
Seed inoculation 36 � 2.0 59
Soil (1.2 g/kg)d 62 � 0.77 60
Soil (12 g/kg)d 80 � 1.6 57

a Disinfested soil was used in all treatments.
b The number of dead and rotted plants was determined 14 days after planting.
c The values are means � standard errors for the total number of plants.
d Soil was inoculated with 1.2 or 12 g of fresh mycelium homogenate per kg of

soil.
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lateral roots and root hairs and then penetrate directly through
the cuticle and epidermis of these tissues.

After penetration the fungus develops in the intercellular
spaces for various periods of time (23, 34, 45). In the F. oxys-
porum-tomato interaction, the mycelium continued to grow
along the junctions of the plant epidermal cells and covered
large areas of the roots after 4 days. Necrosis started to appear
4 to 5 days after planting and was associated with a dense
hyphal network that covered the necrotic tissues (23). In the F.
verticillioides-maize interaction only single hyphae growing
along the roots were observed after 7 to 14 days (Fig. 4c and d).
A larger number of hyphae were detected after 21 days, but
even these hyphae did not cover the entire root but rather
retained the preexisting hyphal network architecture (Fig. 3j).
Rotting associated with the massive growth of mycelium in
these tissues was observed 3 to 4 weeks after planting and was
restricted to the mesocotyl and the root (Fig. 3l and m).

These differences in fungal development in maize and to-
mato may reflect differences in the growth rates and aggres-
siveness of the highly virulent pathogen F. oxysporum and the
less virulent pathogen F. verticillioides. These two fungi appear
to use similar routes to penetrate and colonize their hosts, and
the differences in disease appearance result from differences in
the rates of fungal growth within the plant. In the more virulent
pathogen F. oxysporum, the whole process proceeds much
faster, and the transition from the initial symptomless phase to
the necrotrophic phase occurs within a few days. The less
aggressive pathogen F. verticillioides develops more slowly,
leaving the plant more time to respond and restrict fungal
growth. Indeed, activation of defense responses, such as dep-
osition of lignins (45) and accumulation of PR proteins (34), by
F. verticillioides-infected maize has been reported. Moreover,
development of the fungus in physiologically weakened plants
(e.g., plants grown with low light intensities) was much more
aggressive, and large amounts of mycelium that caused severe
rotting and seedling mortality were observed on and in the
roots, mesocotyls, crowns, and stems of 2-week-old plants (Fig.
4 and 2).

Our data suggest that the well-orchestrated development of
F. verticillioides inside maize tissues may represent a delicate
balance between the fungus and the plant. Under conditions
that favor symptomless infection, fungal growth may be re-
stricted to specific tissues, where it penetrates only specific
cells within which it reproduces without damaging the sur-
rounding cells (Fig. 3e to i). The only rotting observed at this
stage, in the mesocotyl and the primary root, was compensated
for by the development of adventitious roots above the meso-
cotyl tissue, which were unaffected by the fungus (data not
shown). This response may explain the initial slower growth of
seedlings in the soil inoculation experiments (Table 1) and
their later recovery and resumption of normal growth.

Under conditions that favor pathogenic development more
mycelium develops, and the fungus switches to a more aggres-
sive phase that probably involves secretion of hydrolytic en-
zymes and toxins (6, 7, 14, 18, 37, 42, 43). The magnitude and
time of appearance of symptoms may vary, from no symptoms
during the entire life cycle of the plant to seedling blight and
severe rotting of the entire plant, depending in part on the
physiological conditions of the plant during the early stages of

colonization and later developmental stages that may favor
disease outbreak.
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