
Journal of Microbiological Methods 91 (2012) 551–558

Contents lists available at SciVerse ScienceDirect

Journal of Microbiological Methods

j ourna l homepage: www.e lsev ie r .com/ locate / jmicmeth
A novel 96-well gel-based assay for determining antifungal activity
against filamentous fungi
Anscha Mari Troskie, Nicolas Maré Vlok, Marina Rautenbach ⁎
BIOPEP Peptide Group, Department of Biochemistry, University of Stellenbosch, Private Bag X1, Matieland 7600, South Africa
⁎ Corresponding author at: BIOPEPPeptideGroup, Depart
of Stellenbosch, Private Bag X1, Matieland 7602, Republi
8085872/8; fax: +27 21 8085863.

E-mail address: mra@sun.ac.za (M. Rautenbach).

0167-7012/$ – see front matter © 2012 Elsevier B.V. All
http://dx.doi.org/10.1016/j.mimet.2012.09.025
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 19 August 2012
Received in revised form 22 September 2012
Accepted 22 September 2012
Available online 23 October 2012

Keywords:
Filamentous fungi
Hyperbranching
Micro-gel antifungal assay
In recent years the global rise in antibiotic resistance and environmental consciousness lead to a renewed fervour
to find and develop novel antibiotics, including antifungals. However, the influence of the environment on anti-
fungal activity is often disregarded and many in vitro assays may cause the activity of certain antifungals to be
overestimated or underestimated. The general antifungal test assays that are economically accessible to thema-
jority of scientists primarily rely on visual examination or on spectrophotometric analysis. The effect of certain
morphogenic antifungals, which may lead to hyperbranching of filamentous fungi, unfortunately renders
these methods unreliable. To minimise the difficulties experienced as a result of hyperbranching, we developed
a straightforward, economical 96-well gel-basedmethod, independent of spectrophotometric analysis, for highly
repeatable determination of antifungal activity. For the calculation of inhibition parameters, this method relies
on the visualisation of assay results by digitisation. The antifungal activity results fromour novelmicro-gel dilution
assay are comparable to that of the micro-broth dilution assay used as standard reference test of The Clinical and
Laboratory Standard Institute. Furthermore, our economical assay is multifunctional as it permits microscopic
analysis of the preserved assay results, as well as rendering highly reliable data.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The upsurge in antimicrobial resistance in recent years, together with
the detrimental impact of conventional antibiotics on the environment,
necessitates the search for novel antimicrobials (Hancock, 2001, 1997;
Steinstraesser et al., 2009). However, to assess the activity of potential
antifungals, a standardised accurate quantitative test is vital. Various
antifungal growth assays have been developed, each with their own
advantages and disadvantages (Broekaert et al., 1990). The disc-plate
diffusion assay, where substance saturated paper discs are placed on
the top/at the edge of an emerging fungal lawn (Franrich et al., 1983;
Mauch et al., 1988; Roberts and Selitrennikoff, 1986), is a commonly
utilised method (Broekaert et al., 1990). However, since the extent of
fungal growth inhibition can merely be evaluated on arbitrary scores
and the in situ concentrations cannot be accurately determined, the
disc plate diffusion assay and analogous spot and radial assays are
only semi-quantitative tests (Broekaert et al., 1990). Furthermore, diffu-
sion tests require an appreciable amount of the test substance and are
not readily adapted for high throughput analyses. Methods that permit
more accurate quantification of inhibition are procedures where the
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length of the fungal hyphae is measured (Broekaert et al., 1988) or
where the dry mycelia weight is measured (Odebode et al., 2006).
These methods are still not ideal as they are arduous and hyphi mea-
surement can only be applied to young fungal germlings (Broekaert et
al., 1990). Methods that are not based on light absorption distinguish be-
tween live and dead cells by eithermetabolicmeasurement (Broekaert et
al., 1990) or flow cytometry (Green et al., 1994). However, the fungal
development stage in one culture and thusmetabolism is unfortunately
not always uniform (Damir, 2006; Rautio et al., 2006) and it has also
been observed that some organisms increase their metabolic rate
when experiencing stress (Fehri et al., 2005; Hilpert et al., 2010;
Tzeng et al., 2005). Consequently tests based on the measurement of
metabolic components are not recommended for the evaluation of
fungal growth inhibition (Broekaert et al., 1990). With the purpose
of eliminating the complications in fungal growth inhibition tests,
Broekaert et al. (1990) developed a quantitative broth dilution
assay based on the absorbance at 595 nm that was set as the standard
reference test (M38-A2) for antifungal activity by The Clinical and
Laboratory Standard Institute (CLSI) (previously known as The National
Committee for Clinical Laboratory Standards, United States of America)
(CLSI, 2008).

As the broth assays could be adapted to be done in 96-well
microplates, this assay could be used for high through put analyses.
However the broth assay is highly dependent on spectrophotometric
analysis. Moreover, fungi can be found in diverse niches on earth and
do not always grow well in liquid environments. They can be surface
pathogens on for instance grapes (Cotoras and Silva, 2005) and potatoes
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(El-Banna et al., 1984), or they can develop in the soil (Vakalounakis
and Chalkias, 2004) or the xylem (Alaniz et al., 2007) of plants. Different
fungi will therefore thrive in varying extents in various environments
and consequently also in different experimental mediums and/or
settings. Also fungi have different growth stages that generally differ
in sensitivity to fungicides. It is therefore advisable that substances
evaluated for its ability to inhibit fungal growth be tested in or on
more than one growth medium and growth stage. Broth dilution
assay only assess antibiotics on their ability to inhibit the fungi in a
liquid environment.

The broth dilution inhibition test assays, based on spectrophoto-
metric measurements, are better suited to the more homogenous
bacterial growth in suspension than heterogeneous fungal growth.
The growth of bacteria increases the optical density of the medium
uniformly giving a generally consistent increase in spectrophotometric
measurements. However, antibiotics inhibiting fungal growth could
have morphogenic and non-morphogenic activity on fungal growth of
filamentous fungi. Morphogenic antifungals will alter the morphology
of fungi while non-morphogenic antifungals, although inhibiting fungal
growth, would not lead to any alterations in morphology. One of the
effects of morphogenic antifungals is hyperbranching of filamentous
fungi: natural hyphal elongation is inhibited and multiple germination
tubes and hyphi form, leading to high density growth in one small
area. The variable influence on fungal growth will therefore influence
the detected changes in optical density; therefore assays based on spec-
trophotometric measurements could lead to variance in determination
of inhibition parameters of filamentous fungi.

Du Toit and Rautenbach (2000) developed a quantitative micro-gel
well diffusion assay which adapted the traditional radial diffusion test
for bacteria so that it can be performed in microtiter plates. This test
has the advantage that a larger scale experiment can be executed with
a smaller amount of test substance than is used for the conventional
radial diffusion assays (du Toit and Rautenbach, 2000). The dose re-
sponse results could also be enhanced using Coomassie blue staining
and preserved using formaldehyde for future analyses. It has been
suggested that gel-based methods are better able to assist in exposing
antimicrobial resistance (Pfaller et al., 2001). Using this gel-based
assay as basis, our aim was to develop an economical, practical gel-
based antifungal assay, comparable to broth-based assays that will
eliminate the complications experienced using conventional methods
for determiningfilamentous fungal inhibition.Wemodified themethod
of Du Toit and Rautenbach (2000) for determination of fungal growth
inhibition on solid environments. To limit or eliminate the variance
of visual and spectrophotometric measurements as a result of
hyperbranching, we utilised Coomassie blue to enhance the visuali-
sation of fungal growth/inhibition, which was determined by simple
digitisation of the dose–response result.
2. Materials

The fungal strains Fusarium solani and Botrytis cinereawere provided
by the Department of Plant Pathology, University of Stellenbosch. The
potato dextrose broth (PDB), potato dextrose agarose (PDA) and
Tween 20® were obtained from Fluka (St. Louis, USA). Ethanol
(99.9%) and sodium chloride were obtained from Merck Chemicals
(Pty) (Wadeville, Gauteng). The yeast extract powder, tryptone soy
broth and agar agar powder for the yeast extract tryptone soy broth
(YTSB) and yeast extract tryptone agarose were from Biolab Merck
(Wadeville, Gauteng). Strawberry halves were used for B. cinerea
growth. The sterile polypropylene plates were provided by Nunc
(Denmark). Sterile culture dishes and microtiter plates where
obtained from Corning Incorporated (USA) and sterile petri dishes
from Lasec (Cape Town, South Africa). Analytical quality water was
prepared by passing water from a reverse osmoses plant through a
Millipore (Milford, USA) Milli Q® water purification system.
3. Methods

3.1. Growth and harvesting of fungi

F. solani were grown at 23–25 °C on PDA until sporulation
(±2 weeks). Spores were harvested with 3 mL of 0.1% Tween-
analytical water. B. cinereawere grown on sterilised strawberry halves
in culture dishes at 23–25 °C until sporulation (±3 weeks). Sporeswere
harvested dry, using vacuum. Sporeswere then counted using a counting
chamber. Standard practices to ensure sterility were followed through-
out these procedures.
3.2. Determining growth in different mediums

Growth of F. solani and B. cinerea in PDB and YTSB was determined
using 96-wellmicrotiter plates (Refer to Table 1 formedia compositions).
The suspensions for the broths consisted of half strength PDB or YTSB,
together with fungal spores so that in the end, each well had a total of
2000 spores (Broekaert et al., 1990) and a volume of 100 μL. Plates
were incubated at 23–25 °C and growth measured every 24 hours for
96 hours. Light dispersion of each well was spectrophotometrically de-
termined at 595 nm using a Bio-Rad microtiter plate reader.
3.3. Micro-broth dilution antifungal assay

The activities of gramicidin S and bifonazole were determined against
F. solani and B. cinerea usingmicro-broth dilution assays (Broekaert et al.,
1990; du Toit and Rautenbach, 2000). All procedures were performed so
as to ensure sterility. The broth dilution assays were performed in sterile
96-wellmicrotiter plates. The broth suspension consisted of fungal spores
suspended in half strength PDB whereof 90 μL were added to the wells
so that each well had a total of 2000 spores (Broekaert et al., 1990).
Gramicidin S was dissolved in 15% ethanol to a concentration of
1.00 mg/mL. Doubling dilution series were made in polypropylene mi-
crotiter plates using 15% ethanol. Bifonazole was diluted in 20% ethanol
to a concentration of 1.00 mg/mL and doubling dilution series were
made with half strength PDB. Antibiotic (10 μL) were then added to
the wells containing broth suspension. Growth control received 10 μL
of 15% ethanol instead of antibiotic. Sterility control was a combination
of half strength PDB and a final ethanol concentration of 1.5%. All wells
had a final volume of 100 μL. Subsequent to antibiotic addition the
microtiter plates were covered tightly with tinfoil, sealed with
parafilm and incubated at 23–25 °C for 48 hours. Light dispersion
of each well was spectrophotometrically determined at 595 nm
using a Bio-Rad microtiter plate reader.
3.4. Micro-gel antifungal assay

The PDA (65 °C) was pipetted into sterile microtiter plates using the
reverse pipetting method (du Toit and Rautenbach, 2000) so that each
well contained 70 μL. On the cooled/set plates 20 μL of spore-half
strength PDB solution was added so that each well had 2000 spores.
Gramicidin S and bifonazole were respectively dissolved in 15% and
20% ethanol to a concentration of 1.00 mg/mL. Doubling dilution series
were made in polypropylene microtiter plates using either 15% ethanol
(gramicidin S) or half strength PDB (bifonazole). After the spores
had time to settle on the PDA, a 10 μL of fungicide dilution was
added. Growth control received 10 μL of 15% ethanol in water so-
lution. Sterility control was a combination of 20 μL half strength
PDB and 10 μL 15% ethanol. The microtiter plates were incubated
at 23–25 °C for 48 hours. Light dispersion of each well was spectropho-
tometrically determined at 595 nm using a Bio-Rad microtiter plate
reader.



Table 1
Summary of characteristics of different mediums for fungal cultures.

Medium Abbr. Common use Nitrogen Ferment-able sugars Vitamins Salt Composition

Potato dextrose
broth/agar

PDB/PDA* Primarily for fungal growth Average High Average Average 83% Glucose, 17% potato extract, 9.5–10.5% N,
b20% NaCl *includes 1% agar

Yeast extract tryptone
soy broth/agar

YTSB/YTSA* Novel medium Very high Average Very high Very high 20% Tryptone, 6.7% soy-peptone, 46.7% NaCl,
3.3% hydrogen phosphate, 3.3% dextrose,
20% yeast extract *includes 1% agar
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3.5. Staining and destaining

The PDA plates were stained with Coomassie blue stain (0.063%
Coomassie blue R-250, 50% methanol, 10% acetic acid) for 1 hour.
Subsequent to gently shaking out the stain, the plates were destained
(12.5% isopropanol, 10% acetic acid) for 72 hours, changing the destain
three times. The results were captured with a Canon 600D camera.

3.6. Digitisation of results

For the digitisation of the results from the stained PDA plates, high
resolution (18 mega pixels) photographs of the plates were analysed
as gels, converted to grey scale, in UN-SCAN-IT gel™, version 6.1 from
Silk Scientific Corporation. The average pixel count for each well was
used to calculate the growth or growth inhibition of B. cinerea and
F. solani by gramicidin S and bifonazole.

3.7. Data processing

In order to calculate the percentage growth inhibition the light
dispersion or average pixel count at each concentration was used
(Eq. (3.7.1)) (Rautenbach et al., 2005).

% growth inhibition ¼ 100− 100� A595 of well−Average A595 of backgroundð Þ
Average A595 of growthwells−Average A595 of background

3:7:1

GraphPad Prism® 4.00 (GraphPad Software, San Diego, USA) were
used to plot the growth and dose response curves. Non-linear regression
and sigmoidal curves (with a slope b7) were fitted (Eq. (3.7.2))
(Rautenbach et al., 2005) for dose response analysis.

Y ¼ bottomþ top−bottomð Þ
1þ 10 logIC50�Activity slope

3:7:2
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Fig. 1. Growth of F. solani and B. cinerea in PDB and YTSB (A) on PDA and YTSA (B). The gr
96 hours. Each growth measurement is the mean of at least 8 repeats±SEM. Growth was d
Top represents growth at high fungicide concentration and bottom
growth in the absence of fungicide. The point halfway between top
and bottom (IC50) represents the concentration necessary to cause
50% growth inhibition. The activity slope, related to the Hill slope,
defines the slope of the curve. The ICmax represents the x-value at the in-
tercept between the slope and the top plateau. The ICmax is therefore the
calculated concentration of minimum inhibition (MIC) (Rautenbach et
al., 2005). For determining the lethal concentration (LC) values we
used the first fungicide concentration where no growth is both visually
and microscopically observable in a well.

GraphPad Prism® was also used for the statistical analysis of data.
Analysis included 95% confidence levels, absolute sum of squares,
standard error of the mean and Newman–Keuls multiple comparison
test.

4. Results and discussion

4.1. Growth of fungi in different environments

Different species of fungi can be found in different niches on earth.
It follows therefore that various fungal species will prosper in varying
degrees in different mediums. We tested this hypothesis bymonitoring
the growth of F. solani and B. cinerea in/on different mediums (refer to
Table 1 for composition of media).

Both B. cinerea and F. solani grew faster on the gelatinous YTSA and
PDA than in the aqueous YTSB and PDB (Fig. 1). In terms of nutrient
composition F. solani prospered in the nitrogen and salt rich YTSB
and YTSA mediums, while B. cinerea preferred the less complex PDB
and PDA mediums (Fig. 1). However, to more reliably determine
growth inhibition the OD595 measurement must at least have a value
>0.10 (OD reading reliable at two significant digits). B. cinerea only
reached such growth density after 96 hours in YTSB/YTSA and conse-
quently any broth assays performed in YTSA/YTSA with B. cinerea can
only be evaluated after a period of 96 hours. Hence it was decided
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that micro-broth dilution assays, as well as a novel micro-gel assay
using PDB and PDA respectively as growth media, will be utilised
for development of ourmicro-gel assay and comparison of the antifungal
activity of the commercial fungicide, bifonazole, and the broad spectrum
antimicrobial and lytic peptide, gramicidin S.

4.2. Antifungal assays

Broth dilution assayswill support fungal growth form and/or species
that prosper in environments with high water and low oxygen levels.
The variation in fungal growth on the different mediums suggests that
the fungi will be more susceptible to fungicidal action in certain
mediums than in other and thus the growth medium could have
an influence on the activity of the antifungal compounds tested.
The use of only broth dilution assays is consequently not adequate
in determining the scope of antifungal activity of a substance.
Therefore, to better assess the activity of a potential fungicide, it is nec-
essary to evaluate their activity both in liquid broth and on solid/gel
media.

We confirmed the antifungal activity of a known fungicide, bifonazole
and a broad spectrum antimicrobial peptide, gramicidin S using a stan-
dard the micro-broth dilution antifungal assay accepted by the CLSI
(2008). The two antifungal compounds exhibited micromolar liquid
phase activity towards both B. cinerea and F. solani, the two selected
filamentous fungal species (Table 2).

4.3. Development of a 96-well gel-based antifungal assay

We adapted the micro-gel diffusion assay described by du Toit and
Rautenbach (2000) to be suitable for antifungal activity determination.
For example, PDA was used as solid growth medium, fungal spores
were place on top of the gel and we introduced a novel data visualisa-
tion method using digitisation.

Spectrophotometer light absorption readings of the micro-gel di-
lution assays were initially used to assess the activity of gramicidin
S and bifonazole. Hyperbranching can influence results to over- or
underestimate antifungal activity. Due to the hyperbranching and
uneven growth, the readings were comparable, but slightly more
error prone to that of the micro-broth antifungal assay (results not
shown). Optimisation of the data visualisation was therefore very
important. Although most of the problems associated with the
determination of antifungal activity in different environments are
addressed by doing both the broth and micro-gel dilution assays,
one problem still remains: hyperbranching of filamentous fungi in-
duced by morphogenic antifungals. Hyperbranching leads to very
dense growth of fungi on one spot and there is no hyphal elongation.
Therefore the fungal growth is not uniform in a well and will lead
to false readings, as most microtiter plate readers only determine
the light absorption or dispersion through the middle of the plate's
Table 2
Summary of the activity parameters obtained for bifonazole and gramicidin S against
B. cinerea and F. solani.

Growth
Medium

Fungal
target

Bifonazole Gramicidin S

IC50±SEM
(n)

ICmax±SEM
(n)

IC50±SEM
(n)

ICmax±SEM
(n)

PDB B. cinerea 7.7±1.6 (5) 16±2.3 (5) 1.8±0.3 (4) 2.7±0.7 (4)
F. solani 14±1.7 (5) 53±9.0 (5) 2.6±0.2 (4) 5.3±1.8 (4)

PDA B. cinerea 9.6±0.5 (4) 20±0.3 (4) 2.2±0.2 (4) 4.1±0.2 (4)
F. solani 25±2.4 (5) 71±8.7 (5) 6.1±0.1 (7) 8.3±0.3 (7)

The inhibition parameter values of gramicidin S and bifonazole are given in μM.
Each value represents the mean of n biological repeats, with 4 technical repeats per
assay±SEM.
well. A method where the growth of the entire well can be deter-
mined will therefore be ideal, as well as having the option to de-
termine mode of action and survival microscopically in the same
assay.

In our novel micro-gel assays, performed on PDA, the fungi in each
well were stained with Coomassie blue (so as to be able to distinguish
more accurately between areas of no growth andgrowth), photographed
or scanned and analysed by digitisation software (UN-SCAN-IT gel™,
version 6.1). The PDAplates stained satisfactorily and clear visual distinc-
tion could be made between growth and well with medium or no
growth (Fig. 2). Because the fungi were fixed and stained the result is
preserved for further analysis, such as microscopy. In Fig. 3, microscopy
photographs of the fungal growth in some of the wells are shown and
it is clear that the observed F. solani growth was due to hyperbranching
in the presence of the antifungal compound. Furthermore, the staining
process accentuates the morphology of the fungi which allows for en-
hanced microscopic photography (Fig. 3). The ability to discern fungal
morphology and colonies is enhanced. Therefore one is better able to de-
tect any alterations induced by antibiotic action and, if the initial spore
concentration is known, the inhibition of fungal germination/growth at
a certain concentration of antibiotic can be determined through colony
counting.

Staining the PDA plates not only assisted in improving the micro-
scopic visualisation, including hyperbranching, but also facilitated
the preservation of the PDA plates (Fig. 2). By digitally capturing
the enhanced assay results and digitising it (specifically measuring
the pixel intensity in each well) the well in its entirety is taken into
account and a small patch of growth would not bemissed, or alterna-
tively, seen as high/dense growth. The digitised data showed that our
assays were highly repeatable with the standard error of the mean
(SEM) for percentage inhibition at each concentration at less than
2%.
4.4. Comparison of inhibition parameters determined on agar gel and in
broth media

Comparing the dose response curves obtained from the broth
assay with digitised assay results for the two fungicides towards
F. solani and B. cinerea, a marked increase in repeatability and prediction
accuracy is visible (Fig. 4). In terms of the repeatability for the individual
Fig. 2. A representative 96-well PDA plate with Coomassie blue stained F. solani. The
dose response of bifonazole (columns 3–6) and gramicidin S (columns 8–11) towards
F. solani are visualised by die blue stained fungi. The growth controls (Gr) are shown in
column 2 and blank/sterility (Bl) controls in column 1. LC values are indicated with the
dotted line.
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Fig. 3.Microscopic visualisation of the activity of gramicidin S and bifonazole against B. cinerea and F. solani cultured on PDA after Coomassie blue staining. Bifonazole (A2 80 μM; A3
40 μM; A4 20 μM) and gramicidin S (B2 22 μM; B3 11 μM; B4 2.7 μM) treated B. cinerea spores are compared to growth control (B1) and sterility control (A1). F. solani growth
control (D1, C1 is sterility control) is compared to F. solani treated with bifonazole (C2 322 μM; C3 161 μM; C4 40 μM) and gramicidin S (D2 22 μM; D3 11 μM; D4 5.5 μM). Images
were captured using a Leica light microscope coupled to a DCM 510 digital camera.
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antibiotic concentrations, the error (95% confidence interval) is less for
the digitised gel-based assay results than for the broth assay results.
Evaluating the dose response as a whole, the 95% prediction interval
for the sigmoidal fits for the digitised gel-based assay results are
narrower/closer to the fitted sigmoidal line, than for the broth dilutions
assays. In our handswe foundmore consistent repeats for the individual
fungicide concentrations and a better sigmoidal fit to the data
points obtained for the digitised gel-based assay results than for
the broth dilution assays. Especially for B. cinerea, a culture that
exhibits significant hyperbranching and resultantly gave more varia-
tion between experimental repeats using spectrophotometric mea-
surements, a more reliable sigmoidal fit could be obtained for the
experimental repeats for the digitised gel-based assay than for the
broth-based assay repeats. In terms of the repeatability for the deter-
mination of activity parameter against the two filamentous fungi, the
96-well gel-based assay consistently delivered more accurate pa-
rameter results with regard to standard error of the mean (Table 2,
Figs. 5 and 6).

Gramicidin S and, to a lesser extent, bifonazole inhibited the
growth of both B. cinerea and F. solani during PDB assays and PDA assays
(Table 2). However, some variance in the activity parameters obtained
for gramicidin S and bifonazole could be observed between the results
from the PDB assays and the digitised PDA assays. A small, but
non-significant increase was observed in the activity parameters for
bifonazole against B. cinerea with the IC50 value increasing from
7.7 μM in PDB assay to 9.6 μM for the digitised assay (Fig. 6). The
ICmax value increased from 16 μM to 20 μM,with some hyperbranching
visible at 20 μM. (Table 2). The sameLC for bifonazolewas found in both
types of assays (indicated with arrow in Fig. 5). The activity parameters
for gramicidin S against B. cinerea also remained relatively constant,
only increasing slightly from 1.8 μM to 2.2 μM for the IC50 value,
2.7 μM to 4.1 μM for the ICmax value, but giving the same LC in both
assays (indicated with arrow in Fig. 5). Extensive hyperbranching
was visible at 2.7 μM.

A significant change was observed in the activity parameters for
both bifonazole and gramicidin S against F. solani from the PDB assay re-
sults to the digitised PDA assay results (Figs. 5 and 6). An increase in the
IC50 value of bifonazole of almost two fold (14 μM to 25 μM) was ob-
served and the ICmax value increased from 53 μM to 71 μM, by a factor
of 1.3.We also observed that the bifonazole LC value doubled (indicated
with arrows in Fig. 5), which may be an overestimation as extensive
hyperbranching was detected at 40 μM (Fig. 3). Similarly a significant
increase in the IC50 value (2.6 μM to 6.1 μM) from PDB assay results to
the digitised PDA assay results was also observed for gramicidin S
(Fig. 6). This correlated with the increased ICmax value from 5.3 μM to
8.3 μM(Table 2) and doubling of the LC value for gramicidin S (indicated
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with arrows on Fig. 5), which may again be related to hyperbranching
(Fig. 3).

The observed decrease in activity of bifonazole and gramicidin S
from broth to agar gel medium could be the result of an overestimation
of the activity of bifonazole and gramicidin S against F. solani in the
micro-broth assays. However, the decrease in activity may also be the
result of variances in growth of fungal species in different environ-
ments, and a resultant increase in their ability to resist fungicide action
in certain environments. The observed variance in activity may also be
explained by differences in the mode of action employed by the
antibiotics in/on different environments and that the specific
mechanism of action of the antibiotics permits for better activity
in a liquid environment. A liquid environment may also allow for
better/uniform distribution of the antibiotic and resultantly higher
antifungal activity is observed. However, the fact that both the activities
of gramicidin S and bifonazole decreased significantly against only
F. solani supports the idea that it is the growth of F. solani that is
altered from the aqueous PDB environment to the gelatinous PDA
environment, rendering F. solani less susceptible to fungicide action.
This argument is supported by the results depicted in Fig. 1 that illus-
trates the enhanced growth of F. solani on PDA compared to that in PDB.

Our results are comparable with that of Llop et al. (1999) and
Fernandez-Torres et al. (2003) who found that fungicide activity is
dependent on the chosen medium. Evidently the “environmental
factors” of the chosen activity test must be taken into account
when assessing a novel anti-fungal and that more than one environ-
mental condition must be included in the evaluations.

5. Conclusions

Thedigitisedmicro-gel assaymethoddeveloped through this research
decreases the difficulties experienced as a result of hyperbranching.
Digitisation of results allows measuring of growth in the entire well in
contrast to spectrophotometric results which usually only give a repre-
sentation of the middle of the well. Therefore, the growth inhibition re-
sults obtained from the digitised micro-gel assays give a more realistic
portrayal of growth/no growth in the entire well with a smaller error
margin and higher repeatability (Fig. 4). Our novel gel-based activity
assay also provides additional benefits for the user. The staining process
not only allows for the digitisation of results, but also improves themicro-
scopic visualisation of fungal morphology. This opens up doors for addi-
tional analysis of fungal inhibition that includes the study of the
retardation/prevention of germination and any alterations in fungal
morphology induced by the antifungal action (Fig. 3). Furthermore,
the staining process also allows for the preservation of the results. The
minor downside of the gel-based method is that it is slightly more
time consuming than the broth-based method. However, the multi-
functionality and reliability of our novel 96-well gel-based antifungal
assay render it a straightforward useful method for determining anti-
fungal activity against filamentous fungi.
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Fig. 5. Representative dose response curves illustrating the activity of bifonazole against F. solani (A) and B. cinerea (C), and gramicidin S against F. solani (B) and B. cinerea (D) in
PDB and on PDA. The arrows indicate the lethal concentrations where no growth was observed. Each data point represents the mean of at least quadruplicate biological repeats±SEM,
with quadruplicate technical repeats per assay. R2>0.997 was found for the sigmoidal fit of all the curves to the means of the data points.
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Fig. 6. Comparison of IC50 values obtained using results fromPDB and digitised PDA assays.
The average IC50 values±SEM of gramicidin S (GS) against B. cinerea (Bc) and F. solani (Fs)
and of bifonazole (Bf) against B. cinerea and F. solani are shown. One way ANOVA with
Newman–Keuls multiple comparison test was used for the statistical analysis of at least
quadruplicate biological repeats with quadruplicate technical repeats per assay.
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