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A microbroth kinetic model based on turbidity measurements was developed in order to analyze the growth
characteristics of three species of filamentous fungi (Rhizopus microsporus, Aspergillus fumigatus, and Scedo-
sporium prolificans) characterized by different growth rates in five nutrient media (antibiotic medium 3, yeast
nitrogen base medium, Sabouraud broth, RPMI 1640 alone, and RPMI 1640 with 2% glucose). In general, five
distinct phases in the growth of filamentous fungi could be distinguished, namely, the lag phase, the first
transition period, the log phase, the second transition period, and the stationary phase. The growth curves were
smooth and were characterized by the presence of long transition periods. Among the different growth phases
distinguished, the smallest variability in growth rates among the strains of each species was found during the
log phase in all nutrient media. The different growth phases of filamentous fungi were barely distinguishable
in RPMI 1640, in which the poorest growth was observed for all fungi even when the medium was supplemented
with 2% glucose. R. microsporus and A. fumigatus grew better in Sabouraud and yeast nitrogen base medium
than in RPMI 1640, with growth rates three to four times higher. None of the media provided optimal growth
of S. prolificans. The germination of Rhizopus spores and Aspergillus and Scedosporium conidia commenced after
2 and 5 h of incubation, respectively. The elongation rates ranged from 39.6 to 26.7, 25.4 to 20.2, and 16.9 to
9.9 mm/h for Rhizopus, Aspergillus, and Scedoporium hyphae, respectively. The germination of conidia and
spores and the elongation rates of hyphae were enhanced in antibiotic medium 3 and delayed in yeast nitrogen
base medium. In conclusion, the growth curves provide a useful tool to gain insight into the growth charac-
teristics of filamentous fungi in different nutrient media and may help to optimize the methodology for
antifungal susceptibility testing.

In vitro susceptibility testing of filamentous fungi is becom-
ing increasingly important because of the frequency and diver-
sity of infections caused by them (24, 31, 37). In addition, more
antifungal agents have been introduced for clinical use and
other new drugs are undergoing clinical evaluation (34). Hence,
standardized in vitro susceptibility tests that give reproducible
results, predict the resistance of molds, and correlate with
clinical outcome are required (2, 3). Better inter- and intra-
laboratory agreement has been achieved by standardizing var-
ious factors involved in testing filamentous fungi for their sus-
ceptibilities such as the inoculum preparation, the incubation
conditions (time and temperature), the MIC determination
(reading time and end points), and the nutrient medium (4, 5,
18, 27). The influence of medium on antifungal susceptibility
tests of yeasts is well established (3, 11, 15, 25, 28). Although
there is no consensus as to the optimal nutrient medium, by
definition the nutrient medium must be able to support ade-
quate growth of the fungus without interfering with the action
of the antifungal agents and must result in reproducible results
that have clinical value (19). Many studies have shown that
synthetic medium RPMI 1640 gives reproducible results for
the in vitro testing of the susceptibility of yeasts to various
antifungal drugs (25, 28). This medium was also selected by the
Subcommittee for Antifungal Susceptibility Testing of the Na-

tional Committee for Clinical Laboratory Standards (NCCLS)
for the in vitro susceptibility testing of conidium-forming fila-
mentous fungi (23) although there was no evidence that this
medium was suitable for filamentous fungi (3). RPMI 1640 has
a number of advantages (28), but its suitability for the suscep-
tibility testing of nonfermentative yeasts such as Cryptococcus
neoformans has been questioned (10, 15, 33, 35). Therefore,
the appropriateness of this medium for filamentous fungi
should not be implicitly postulated. Given the greater variabil-
ity in the growth rate, mechanisms of sporulation, and nutrient
requirements among the filamentous fungi than among yeasts,
growth characteristics of molds in relation to the medium
should be studied in detail. Due to the filamentous and non
homogenous growth of molds, the analysis of growth charac-
teristics by growth curves is difficult. In the present study we
developed a microbroth kinetic system in order to investigate
the growth characteristics of filamentous fungi in different nu-
trient media. Such a system would help to select the medium
that optimally supports the growth of these fungi and to estab-
lish the optimal reading time of susceptibility testing of fila-
mentous fungi.

MATERIALS AND METHODS

Isolates. Fifteen clinical isolates of filamentous fungi belonging to three spe-
cies were selected based on their growth rates. Rhizopus microsporus var. rhizo-
podiformis was chosen as representative of fast-growing molds, Aspergillus fu-
migatus was chosen as intermediate in growth rate, and Scedosporium prolificans
was chosen as representative of slow-growing fungi. For each species five strains
from our private collection were tested: R. microsporus var. rhizopodiformis,
AZN190, AZN410, AZN5816, AZN5805, and AZN1185; A. fumigatus, AZN9618,
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AZN9619, AZN9620, AZN9621, and AZN9625; S. prolificans, AZN7898,
AZN7901, AZN7902, AZN7906, and AZN7918.

Isolates had been frozen in 50% glycerol at 270°C and were revived by
subculturing onto Sabouraud glucose agar (SGA) tubes supplemented with 0.5%
chloramphenicol and incubated at 29°C for 7 days. The isolates were subcultured
again on SGA tubes and incubated for another 5 to 7 days at 37°C.

Nutrient media. The following five nutrient media were used: RPMI 1640
medium with L-glutamine but without bicarbonate (GIBCO BRL, Life Technol-
ogies, Woerden, The Netherlands) prepared alone (RPMI) or supplemented
with 2% glucose (RPMI1); yeast nitrogen base (YNB; Difco Laboratories,
Amsterdam, The Netherlands); antibiotic medium 3 (AM3; Oxoid, Hampshire,
United Kingdom), and Sabouraud broth (SAB; Oxoid).

All media were prepared according to the manufacturer’s instructions and
buffered to pH 7.0 with 0.165 M morpholinepropanesulfonic acid (MOPS) (Sig-
ma-Aldrich Chemie GmbH, Steinheim, Germany). Double-strength media were
prepared and sterilized by filtration (RPMI, RPMI1, and YNB) or by autoclava-
tion (SAB and AM3).

Growth curves. Conidia and spores were collected using a cotton swab from 7-
to 10-day-old cultures and suspended in 0.1% Tween 80. The suspensions were
adjusted to 2 3 104 spores/ml by counting the cells in a hemacytometer cell
counting chamber. Viability was confirmed by plating serial dilutions on SGA
plates. One hundred microliters of each suspension containing 0.1% Tween 80
was inoculated into 100 ml of double-strength medium in 96-well flat-bottom
microtitration plates. Tween 80 was used in order to prevent the growth of fungi
on the surfaces of the media inside the wells. The plates were sealed and
incubated at 37°C for 100 h inside a plate reader (Rosys Anthos ht3; Anthos
Labtec Instruments GmbH, Salzburg, Austria). The optical density (OD) at 405
nm was recorded for each well automatically every 15 min without shaking. The
reader can detect changes of 0.001 in OD. Sequential OD measurements were
used to generate growth curves for each fungus and medium in triplicate. All
studies were conducted two times.

Microscopic examination. In order to correlate OD changes with the mor-
phology of the fungi, conidia and spores were observed microscopically in mi-
crotitration plates by a reverse microscope at hourly intervals. At each time
point, 100 conidia and spores were counted and the percentage of germination
in each medium was estimated in triplicate. The lengths of hyphae formed by 15
germinated conidia or spores were measured, and the average length was cal-
culated in triplicate. Furthermore, the change in hyphal length over time was
computed as (average length at t2 2 average length at t1)/(t2 2 t1), where t1 and
t2 are the times at the beginning and end of the measurement period, respec-
tively. The mean elongation rate was calculated by averaging the changes during
sequential time periods of the growth.

Kinetic parameters. In order to compare the growth curves for each species in
the five different nutrient media, various parameters were calculated based on
the changes of the OD over time using the MicroWin, version 3, software
(Mikrotek Laborsysteme GmbH, Overath, Germany). From the growth curve of
each strain in each of the media the following parameters were calculated: the
highest OD (ODmax), the average of all changes in OD (DOD) per minute, where
DOD 5 ODfinal 2 ODinitial in an interval of 15 min, and the maximal slope
(Smax), which was the largest increase rate in OD repeated for 25 consecutive
time points. Furthermore the following time-related parameters were recorded:
the time of first detectable OD change, the time when 90% of the ODmax was
reached (OD90), and the time at which Smax of the growth curve was reached.

In addition, the S values for the growth curves were calculated and were used
as estimates of the growth rates of the species in each nutrient medium. To
visualize small changes in the growth rates during the growth curve and to
determine the time point after which the growth rate changed significantly, a
calculation model based on the area under the kinetic curve (AUKC) was
developed. With this model the relative AUKC (rAUKC) was estimated by
dividing each AUKC for each time point every 3 h by the corresponding time
period. The changes in rAUKC, DrAUKC, were calculated for each time point
by subtracting the rAUKC for each time point from the corresponding rAUKC
of the previous time point. The DrAUKC is an estimate of changes in the slope
of the growth curve and thus an estimate of the growth rate of fungus. When the
DrAUKC value increases linearly over time, the OD increases with a constant
rate, and when the DrAUKC value decreases or goes to zero over time, the
growth rate decreases or goes to zero, respectively. Thus, increasing DrAUKC
values corresponded to high growth rates. The DrAUKC values were used in
order to distinguish different phases in the growth of filamentous fungi and the
time employed for each phase.

RESULTS

A total of 225 growth curves based on 90,000 time points
were obtained. The shapes of the growth curves were different
depending on the nutrient medium used and the species tested
(Fig. 1A, 2A, and 3A). However they were very reproducible
among the replicates and the strains tested. Since the results of
the two experiments were similar, the data of the first experi-
ment were used for analysis.

The growth curves were fragmented and were analyzed. In
general the following phases in the growth of each of the tested

FIG. 1. Graphical representation of the growth of R. microsporus var. rhizopodiformis in five nutrient media. (A) Changes in OD over time. (B)
Changes in DrAUKC over time. (C) Percentages of germination of conidia over time. (D) Extension of hyphae over time. Bars, SE.
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genera could be distinguished based on OD changes and
DrAUKC values (Table 1). The first phase was the lag phase in
which no changes in OD were measured and the DrAUKC
values were lower than 5% of the maximal DrAUKC. Micro-
scopic examination revealed that during this phase germina-
tion of spores and conidia took place followed by elongation of
hyphae to a maximal length of 60 mm (Fig. 1D, 2D, and 3D).
Further elongation of hyphae was detected spectrophotometri-
cally and resulted in a rapid increase in OD (first transition

period) until 30% of the maximal DrAUKC was reached. After
this phase, the DrAUKC increased and the growth curve
reached the maximal slope, the maximal DrAUKC (log phase).
Afterwards a second transition period, in which the slope of
the growth curve decreased continuously until the DrAUKC
reached 70% of its maximum and the OD tended to reach a
plateau, was apparent (second transition period). The last
phase was the stationary phase, where no changes in OD or
negative slopes of the growth curve were observed and where

FIG. 2. Graphical representation of the growth of A. fumigatus in five nutrient media. (A) Changes in OD over time. (B) Changes in DrAUKC
over time. (C) Percentages of germination of conidia over time. (D) Extension of hyphae over time. Bars, SE.

FIG. 3. Graphical representation of the growth of S. prolificans in five nutrient media. (A) Changes in OD over time. (B) Changes in DrAUKC
over time. (C) Percentages of germination of conidia over time. (D) Extension of hyphae over time. Bars, SE.
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values for DrAUKC were lower than 70% of the maximum
DrAUKC (Fig. 1A and B, 2A and B, and 3A and B).

R. microsporus. The strains of R. microsporus var. rhizopodi-
formis showed the shortest lag phase, with the first significant
change in OD after 4.8 to 6.5 h of incubation at 37°C, and the
OD90s for the five strains ranged between 20 and 40 h (Table
2). The OD90 was reached earlier (after 20 h) when RPMI was
used as the nutrient medium; however in this medium the
growth rate was very low, with an ODmax of 0.29 and a slope of
0.61 3 1024 (Table 2). Supplementation of RPMI with 2%
glucose resulted in a slight increase of the growth rate of the
fungus. By contrast the growth rates in SAB and YNB media
were the highest, with ODmaxs of 1.01 and 1.02 and slopes of
2.28 3 1024 and 2.17 3 1024, respectively. The Smaxs in these
media were observed after 15.75 and 18.60 h, respectively.
After 66 h of incubation a decrease in the OD was observed in
AM3 but not in the other media (Fig. 1A). The microscopical
observations showed that the germination of spores started
after 2 h in AM3 and SAB, after 4 h in RPMI and RPMI1, and
after 5 h in YNB (Fig. 1C). The highest elongation rates of
hyphae were observed in AM3 (39.6 mm/h), and the lowest
were observed in YNB (26.7 mm/h) (Fig. 1D). The highest rate
of increase in OD (DOD per minute) was observed during the
log phase (0.5 to 3 times higher than those in the other growth
phases (Table 1). Based on the DrAUKC model the log phase
was from 9 to 15.6 h in RMPI and RPMI1, from 12 to 25.2 h
in YNB, from 9 to 23.3 h in SAB, and from 6.6 to 27 h in AM3
(Fig. 1B and Table 1). Based on DOD-per-minute values the
lowest interstrain variation for all media was found during the
log phase. The mean variations 6 standard errors (SE) of
DOD-per-minute values in the five media were 11% 6 2% for
the log phase, 14% 6 1% for the first transition period, 33% 6
9% for the lag phase, 38% 6 9% for the second transition
period, and 92% 6 26% for the stationary phase (Table 1).

A. fumigatus. The first detectable growth for the strains of
A. fumigatus was after 9.65 h (Table 2) although the germina-
tion of conidia was completed after 13 h (Fig. 2C). In Fig. 2A
the differences in the shapes of the growth curves for each
nutrient medium are shown. The slopes of the growth curves in
RPMI medium, even when supplemented with 2% glucose,
were fourfold lower than those in SAB and YNB (Table 2). By
contrast to that of Rhizopus strains, the growth of the Aspergil-
lus strains failed to reach the stationary phase within 100 h.
Smax was reached after 30 h for all media except RPMI, in
which Smax occurred after 17 h (Table 2). The germination of
conidia started after 5 h of incubation in all media although it
was delayed for 1.5 h in YNB (Fig. 2C). Similar rates of elon-
gation of Aspergillus hyphae occurred in all media ('25 mm/h)
except in YNB, in which a lower elongation rate (20.2 mm/h)
was observed (Fig. 2D). The DOD-per-minute values in the log
phase were higher than those in the other growth phases ex-
cept in RPMI, where the DOD per minute was comparable to
that in the first transition period. The log phase based on
DrAUKC values was between 14.4 and 46.8 h in RPMI and
RPMI1, between 24.6 and 56.4 h in SAB, between 30 and
65.4 h in YNB, and between 16.2 and 54.6 h in AM3 (Fig. 2B
and Table 1). The lowest variation in DOD per minute among
the five strains and among the growth phases was found during
the log phase. The mean variations 6 SE of DOD per minute
in the five media were 9% 6 2% for the log phase, 15% 6 3%
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for the first transition period, 18% 6 3% for the second tran-
sition period, 22% 6 2% for the stationary phase, and 23% 6
6% for the lag phase (Table 1).

S. prolificans. The growth of this fungus was the slowest
among the species tested since after 100 h of incubation the
ODmax ranged from 0.27 in YNB to 0.64 in AM3 (Table 2).
The highest growth rate occurred in AM3, and the lowest
occurred in YNB, with slopes of the growth curves of 1.31 3
1024 and 0.53 3 1024, respectively. The Smax in these media
occurred after 40 and 26 h, respectively (Table 2). In all the
nutrient media the fungus continued to grow until 100 h, ex-
cept for YNB, in which the plateau was reached within 50 h
(Fig. 3A). The germination of Scedosporium conidia started
after 4 h of incubation in AM3 and SAB, after 5 h of incubation
in RPMI and RPMI1, and after 7 h of incubation in YNB, in
which the delay in germination increased during the incuba-
tion. Complete germination was not achieved in any of the
media after 20 h of incubation (Fig. 3C). The elongation rates
ranged from 16.9 to 9.9 mm/h, with the highest in AM3 and the
lowest in YNB (Fig. 3D). The DOD-per-minute values were
higher during the log phase but were comparable to those of
the first transition period (Fig. 3B and Table 1). The log phase
based on the DrAUKC model was between 17.4 and 49.8 h in
RPMI and RPMI1, between 18 and 55.8 h in AM3, between
18.6 and 37.2 h in SAB, and between 21 and 41.3 h in YNB.
The lowest interstrain variation was found during the log
phase, with a mean 6 SE of 14% 6 3% compared with those
during the first transition period (28% 6 5%), the second
transition period (39% 6 8%), the lag phase (44% 6 8%), and
the stationary phase (82% 6 31%) (Table 1).

DISCUSSION

The nutrient medium is a major factor that influences the
results of susceptibility tests (3, 30). According to clinical lab-
oratory standards an optimal nutrient medium should provide
good or adequate growth of the microorganisms (19). The
relativity of this definition is clear since all the media tested

here supported the growth of filamentous fungi to various
degrees. Moreover the definition of an adequate medium is
really a minimal requirement that has to be fulfilled in order
for a medium to be considered as a candidate for the suscep-
tibility tests. An optimal nutrient medium should provide not
simply adequate growth but the best possible growth in order
to allow molds to grow without restriction and express all
phenotypes. Under these growth conditions, any failure of the
fungus to grow in the presence of antifungal drugs should be
considered as a true inability, i.e., lack of proper genetic pre-
disposition to resist the antifungal drugs or interaction of the
drug with the target.

The importance of the nutrient medium and the growth rate
of the fungus in relation to in vitro susceptibility testing has
been shown previously. The in vitro susceptibility of Candida
albicans to fluconazole and miconazole depends on the stage of
the growth of the fungus and the nutrient medium used (6, 17,
36). Yeasts in the exponential growth phase were more sus-
ceptible to fluconazole than those in the lag phase when they
were cultivated in YNB–2% glucose medium (6, 17), and the in
vitro activity of miconazole in CYG (0.5% casein gydrolase,
0.5% yeast extract, 0.5% glucose), NG (1% neopeptone, 0.5%
glucose), and YNB–4% glucose media was greater when richer
media were used (36). Differences in MICs for filamentous
fungi were also observed when conidia (fungus in the lag
phase) and hyphae (fungus in the log or stationary phase) were
cultivated in RPMI 1640 (12). In another study where RPMI
and YNB were employed the interaction between antimicro-
bial agents and fungi depended on the type of medium used
(22).

The previous findings can be correlated with the results of
this study. Figures 1A, 2A, and 3A show that RPMI poorly
supports the growth of the three species of filamentous fungi
tested. Supplementation with glucose essentially had little ef-
fect, despite being proposed as a means of improving the
characteristics of this medium (32), and resulted only in a slight
increase in the fungal growth even after incubation for 100 h.
SAB and YNB were the more nutritious media and provided

TABLE 2. Parameters calculated from the growth curves of the five strains from each fungal species in five nutrient
media based on changes of ODa

Species Medium ODmax S (1024) Smax (1024) OD0
b (h) OD90 (h) Time of Smax (h)

R. microsporus AM3 0.55 6 0.05 1.17 6 0.11 1.17 6 0.11 4.80 6 0.21 39.35 6 5.10 12.06 6 6.57
RPMI 0.29 6 0.03 0.61 6 0.08 0.61 6 0.08 4.95 6 0.33 20.30 6 6.10 11.15 6 0.93
RPMI1 0.41 6 0.06 0.84 6 0.06 0.84 6 0.06 5.15 6 0.29 37.15 6 8.86 10.65 6 1.04
SAB 1.01 6 0.10 2.28 6 0.24 2.28 6 0.24 5.38 6 0.14 29.24 6 6.04 15.75 6 2.19
YNB 1.02 6 0.24 2.17 6 0.60 2.17 6 0.60 6.50 6 0.35 40.18 6 9.47 18.60 6 1.15

A. fumigatus AM3 1.17 6 0.15 2.49 6 0.32 2.49 6 0.32 10.02 6 0.78 73.33 6 3.78 31.17 6 0.76
RPMI 0.53 6 0.06 1.08 6 0.11 1.08 6 0.11 9.65 6 0.38 76.05 6 2.33 17.30 6 5.04
RPMI1 0.65 6 0.08 1.27 6 0.15 1.27 6 0.15 9.70 6 0.27 81.21 6 0.53 17.13 6 4.61
SAB 2.00 6 0.26 4.23 6 0.53 4.23 6 0.53 9.65 6 0.76 72.80 6 3.56 42.44 6 4.79
YNB 2.01 6 0.12 4.28 6 0.31 4.28 6 0.31 11.35 6 0.34 80.90 6 4.03 43.63 6 0.48

S. prolificans AM3 0.64 6 0.23 1.31 6 0.45 1.31 6 0.45 11.35 6 0.89 71.49 6 13.46 40.25 6 14.15
RPMI 0.45 6 0.08 0.97 6 0.14 0.97 6 0.14 13.30 6 1.01 74.05 6 3.45 43.69 6 19.90
RPMI1 0.44 6 0.06 0.87 6 0.14 0.87 6 0.14 12.95 6 0.93 75.44 6 7.36 39.63 6 23.43
SAB 0.47 6 0.04 0.97 6 0.06 0.97 6 0.06 12.95 6 0.72 69.10 6 8.62 22.50 6 1.62
YNB 0.24 6 0.04 0.53 6 0.10 0.53 6 0.10 17.75 6 2.28 45.21 6 5.41 26.31 6 3.37

a Values are means 6 standard deviations.
b OD0, Time of the first significant change in OD.
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the highest growth for R. microsporus and A. fumigatus, with
growth rates three to four times higher than those achieved in
RPMI. None of the media supported the growth of S. prolifi-
cans sufficiently. Apparent were other effects of the media,
such as the delay of germination of spores and conidia as well
as the lower elongation rates of hyphae of all species in YNB
medium, processes which were enhanced in AM3. By contrast
with the growth of yeasts, where the stationary phase is reached
within 30 h (15, 36), the growth of filamentous fungi is char-
acterized by smoother curves and long transition periods al-
though it depended on the medium and species. Interestingly,
during the growth of R. microsporus in AM3, an OD decrease
after 66 h of incubation, which could be correlated with the
death phase of bacterial growth, occurred (20).

The use of a poor medium such as RPMI, in which fungi
grow slowly, might result in erroneous MICs. In an extreme
situation a fungus unable to grow in a certain medium would
seem to be susceptible despite the fact that the inhibition of
growth is not due to the action of the antifungal agent but due
to the medium. There might be other situations, which are
difficult to prove experimentally, in which a poor medium,
although it supports fungal growth, acts synergistically with the
drug in inhibiting growth, resulting in an appearance of better
activity. The discrepancy in the interaction of a fluoroquino-
lone with amphotericin B against A. fumigatus in YNB (syner-
gistic) and in RPMI (antagonistic) (22), as well as the higher
activity of miconazole in richer media (36), could be explained
by the growth curves. The high growth in YNB and the poor
growth in RPMI correlate with different levels of metabolic
activity. Thus, in YNB the drugs might penetrate better into
the intracellular site of action in sufficient concentrations to
exhibit an effect.

RPMI has been evaluated extensively for in vitro suscep-
tibility testing of yeasts and has been shown to provide
reproducible results (2, 25, 28, 30). Therefore, the NCCLS
has proposed to use this medium as the standard medium
for antifungal susceptibility testing of filamentous fungi (23).
Like YNB, RPMI is a synthetic and completely defined me-
dium and is characterized by small lot-to-lot variation, result-
ing in high reproducibility of susceptibility tests, unlike AM3,
which has considerable variation from lot to lot and source to
source. By contrast the use of chemically complex undefined
media such as SAB medium is not recommended (19, 28) since
undefined components that they may contain might interact
with antifungal drugs (13, 14, 19, 26). Furthermore, acidic
media such as YNB and SAB, if they were used unbuffered,
may inactivate amphotericin B, which is not stable at low pH
(16, 21).

Another important variable in susceptibility testing of fila-
mentous fungi is the reading time. It is well known that pro-
longed incubation elevates the MICs of antifungal drugs (8,
29). The NCCLS addressed this by recommending different
incubation periods for each species based on visual growth.
Although the growth curves of filamentous fungi have not been
previously studied in order to characterize the growth over
time, the NCCLS recommended incubation periods of 24 h for
the fast-growing species, usually belonging to the Zygomycetes,
72 h for the slow-growing species such as the black fungi, and
48 h for the other species (23).

In the field of antibacterial susceptibility testing, the MICs

should be read when the growth control is in the log phase and
not in the transition periods, i.e., between lag phase and log
phase or between log phase and stationary phase, where un-
balanced growth exists (20). Since the growth curves of fila-
mentous fungi are characterized by long transition periods, the
precise determination of these periods is a crucial parameter in
order to obtain balanced growth. The same conclusion was
made by Galgiani and Stevens (7) in terms of variability of
MICs, when they observed that yeasts showed increased vari-
ation in the concentration of a drug producing 50% of the
growth seen in a drug-free well when the MIC determination
was made beyond 48 h of incubation. Beyond this incubation
period, the drug-free culture reached the stationary phase and
stopped growing resulting in higher variation in MICs (7). This
effect is more obvious for fungistatic drugs since in the station-
ary phase the fungi in the drug-free control stop growing but
those in drug-containing wells do not, which increases the dif-
ference in optical density between these two wells (unpub-
lished observations). These findings could be correlated with
our finding of high variation in the stationary phase compared
with that in the other growth phases. That the growth phase is
an important variable is supported by the findings that the
inhibitory effects of ketoconazole and miconazole against C.
albicans were indistinguishable when the yeasts were tested in
the stationary phase (1).

Based on the results of this study (Table 1), the growth
curves for filamentous fungi during the transition periods were
characterized by rapid changes in slope and high variation
compared with other parts of the growth curve. The slopes in
the transition periods were either continuously decreasing until
a plateau was reached (second transition period) or increasing
until the log phase was reached (first transition period). Since
the log phase is located between these two transition periods,
precise determination of these periods is required in order to
determine the boundaries of this growth phase. Due to long
and smooth transition periods of the growth curves of filamen-
tous fungi, the visualization of the start and end points of these
periods by using the OD changes is difficult. Therefore, a cal-
culation model based on DrAUKC was developed. With the
DrAUKC model even small changes of the slopes, which might
be an indication of transition between phases, can be observed.
The log phase of the growth curve is that part of the curve
where DrAUKC values increase linearly over time and the
growth rate is constant at its highest value. This model can be
used to describe the different growth phases of filamentous
fungi and to determine the boundaries of each phase. The level
of 30% (increase until 30% and decrease until 70%) of the
maximal DrAUKC seems to be the crucial breakpoint of the
growth curves of filamentous fungi indicating the presence of
symmetry.

In summary, the above-mentioned studies indicate that dur-
ing the log phase balanced growth takes place (20) and a
greater distribution of MICs is obtained (1) and the reproduc-
ibility of MICs is higher (7) than in the other growth phases. In
addition, this study shows that the lowest interstrain variation
was observed during the log phase of the growth curve. Thus,
the optimal reading time of antifungal susceptibility testing of
filamentous fungi could be during the log phase. Therefore the
precise knowledge of the growth phases during the growth of
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filamentous fungi would help to find the optimal reading time
of the MICs.

Nevertheless, many factors are involved in the standardiza-
tion of antifungal susceptibility testing. Unequivocally intercen-
ter and intracenter reproducibility, as underlined by NCCLS, is
a major issue for antifungal susceptibility testing of filamentous
fungi. However another primary goal of susceptibility tests is
the correlation of in vitro results with clinical response, and
this does not favor necessarily and absolutely simplified meth-
odologies. Although an ultimate challenge would be to find a
common medium that would be suitable for as many fungi as
possible, this study indicates that the standardization of sus-
ceptibility testing of filamentous fungi may require different
nutrient media for each species and consequently different
reading times of the MICs of antifungal drugs. Furthermore,
findings for one species are not readily extrapolated to others,
particularly for filamentous fungi, where significant morpho-
logical and physiological variations exist. Therefore, based on
the results obtained from the growth curves further studies are
required to investigate the effect of nutrient media and growth
phases on MICs and ultimately to determine which approach
correlates best with the clinical outcome.
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