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Abstract

Metabolic assays are a preferred method for evaluation of Candida albicans viability after exposure to antimicrobial agents in cases in which
the culture is a complex mixture of yeast and filamentous forms. There is a lack of published data indicating the strength of the correlation between
metabolic assays and viable cell numbers determined by a standard assay such as colony forming units (CFU). We developed a kinetic metabolic
assay (KMA) for quantifying viable cells which was tested on yeast cells in both exponential and stationary phase using alamarBlue and XTT as
metabolic indicators. The KMA enabled quantification of the viable population over a range of 101 to 107 cells that linearly correlated (R2N0.98)
with estimates made by enumeration of CFU regardless of the indicator or growth phase of the cells. Linear relationships were used to calibrate the
KMA in terms of equivalent CFU. Viable cell populations were then determined after exposure to AmB. These results were compared with those
obtained by direct enumeration of CFU. There were significant correlations between KMA-derived equivalent CFU and direct CFU estimates of
viable cell populations for exponential-phase cells. However, the proportions of viable cells based on the KMAwere consistently lower than those
obtained directly by CFU. This trend was substantially more pronounced for stationary phase cells. These results show that even in the relatively
simple case in which only the yeast form is present, the relationship between assessment by metabolic assays and CFU is perturbed by exposure to
an antimicrobial and that, furthermore, growth phase alters the nature of the perturbation.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Candida albicans and other Candida spp. are the most
common opportunistic fungal pathogens in humans (Snydman,
2003; Ruhnke, 2006). Antifungal susceptibility testing is a
primary tool for guiding therapy (Rex et al., 2001; Patterson,
2002; Hospenthal et al., 2004; Pfaller, 2005). Metabolic assays
that rely on reduction of a redox reactive dye (XTTor alamarBlue)
have been widely accepted for antifungal susceptibility testing
due to several advantages (Tellier et al., 1992; Pfaller et al., 1994;
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Hawser et al., 1998; Meletiadis et al., 2001; Yamaguchi et al.,
2002; Espinel-Ingroff, 2006). They can be adapted for in situ
testing, which captures some of the complexities of the
pathogenic state of the organism and readily adapted for rapid
and high throughput analysis (Ramage et al., 2001; Pettit et al.,
2005; Antachopoulos et al., 2006). In addition, metabolic assays
are preferred for systems where assessment based on colony
forming units (CFU) or turbidity is intractable (Baillie and
Douglas, 1999; Cuenca-Estrella and Rodriguez-Tudela, 2001;
Ramage et al., 2001; Van Vianen et al., 2006). This is especially
the case for susceptibility testing of fungal mycelia and biofilms
that incorporate filamentous forms (Latge, 1999; Ramage et al.,
2001; Lewis et al., 2005).

The standard for quantification of viable C. albicans is enu-
meration of CFU. Yet there are very few studies that have com-
pared estimates of viable C. albicans obtained by a metabolic
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assay with direct CFU counts after exposure to an antifungal
agent (Tellier et al., 1992; Ramage et al., 2001). Here, we
describe a methodology for calibrating metabolic assays
against standard CFU counts that is both sensitive and linear.
We then provide a detailed assessment of how well our
calibrated assay correlates with direct CFU counts for cells
exposed to amphotericin B (AmB), a common antifungal agent
of the polyene class.

2. Materials and methods

2.1. C. albicans strain and medium

C. albicans CA-1 is a clinical isolate obtained from the
culture collection of Diane Brawner (Microbiology Department,
Montana State University) that we have previously used for
biofilm studies (Han et al., 1998; Suci and Tyler, 2003; Khot
et al., 2006). The strain was stored at −80 oC. Planktonic cells
were cultured in 2% YEPD medium (2% glucose, 1% bacto
yeast extract, and 2% bacto peptone). The solid agar medium for
the CFU assay was 1% glucose, 0.5% bacto yeast extract, 2%
bacto agar, 0.1% ammonium sulfate dissolved in 20% tap water
and 80% D.I. water.

2.2. Modified growth medium

In addition to 2% YEPD, the modified growth medium
contained optimal concentrations of AmB-quenching reagents.
The final concentrations of these reagents in the kinetic
metabolic assays were 40 μM ergosterol (Alfa Aesar; catalog
no. 57-87-4), 88 μM MgCl2 (Sigma; catalog no. M4880) and
42.5 μMKCl (Sigma; catalog no. P5405) (Gale, 1974; Kerridge
et al., 1976; Gale, 1986).

2.3. Planktonic cultures

Cultures were grown aerobically in 250-ml Erlenmeyer
flasks containing 100 ml growth medium. The flasks were
placed in a shaker incubator at 37 oC and 160 rpm for the
desired period of growth. C. albicans grew as budding yeast
under these conditions. Exponential phase cells were harvested
after a 5-h growth period and stationary-phase cells at 96 h.

2.4. CFU assay

CFU were estimated for both AmB treated and untreated
samples. 100 μl planktonic C. albicans cells in PBS were
serially diluted in 2 ml cuvettes (catalog no. BTCUV, Biotrace
Inc.). The serial dilution was 10-fold across each cuvette. The
required numbers of serial dilutions per sample were judged
based on trial and error. A volume of 100 μl from each serially
diluted cuvette was spread as a separate lane on an agar plate.
Each agar plate had a maximum of 4 lanes. Plates were in-
cubated at 37 oC for 24 h. CFU were estimated from lanes of
serial dilutions whose numbers fell in the range of 10 to 100
colonies per lane. The appropriate dilution factor was multiplied
to estimate the final viable cell concentration for every sample.
2.5. Amphotericin B treatment

AmB was from Biosource International Inc. (Fungizone with
0.00205% sodium deoxycholate solubilizing agent). A standard
broth dilution method was used to assess the AmB MIC of CA-
1, with ATCC 24433 used as a reference strain (NCCLS., 1997).
AmB treatment of planktonic cells was performed in 1.5-ml
centrifuge tubes. The tubes contained a total working volume of
450 μl. AmB dissolved in 200 μl of 0.1 M PBS (pH 7.0) and
cells resuspended in 250 μl of PBS adjusted to an optical
density of 0.05 (A660) were added to the 1.5-ml tube. The
positive controls had no AmB, and the negative controls had no
cells. In every experiment, a minimum of four negative controls
were used. The AmB treatment period was 1 h. During AmB
exposure, the 1.5-ml tubes were placed in a shaker incubator at
37 oC and 150 rpm. After AmB treatment, cells in 1.5-ml tubes
were centrifuged for 5 min at 4000 ×g, the supernatant was
decanted, and the pellet was resuspended in the same volume of
fresh PBS buffer. A volume of 100 μl was used for every
subsequent viability assay. The cells were transferred into wells
of the 96-well plate (Corning Inc.; Costar 3370) system for the
kinetic assays (XTT, alamarBlue and turbidity) and in the 2 ml
cuvettes for the CFU assay.

2.6. Kinetic curves

Kinetic data of the reduction of metabolic indicators were
recorded after AmB treatment. C. albicans were isolated by
centrifugation from the solution with AmB and placed in fresh
growth medium for the kinetic analysis. Kinetic data were
independently generated with XTT (Sigma; catalog no. X4626)
and alamarBlue (BioSource International; catalog no.
DAL1100. Final concentration of menadione (catalog no.
M5625) at 1 μM was used as an electron coupling agent with
0.05 mg/ml XTT. Each well had a total working volume of
230 μl. It contained 100 μl of cells in PBS from a sample, 25 μl
metabolic dye, 75 μl of a PBS solution with AmB-quenching
reagents (modified medium) or without them (unmodified
medium) and, 30 μl 2% YEPD growth medium. The kinetic
assay in the 96 well format was run for 24 h at 37 oC with
continuous shaking in a Synergy-HT plate reader (Biotek Inc.).

Absorbance data was recorded at 492 nm and 660 nm for
XTT and at 570 nm and 600 nm for the alamarBlue dye. Data
were collected every 10 min for 24 h, generating 140 data points
per sample. Each experiment resulted in an array of kinetic data
corresponding to samples in the 96 well plate. Data were
generated from at least three independent experiments. Kinetic
data was exported from the KC4™ software (Biotek Inc.) into
Microsoft Excel®. Matlab® codes specific to the calculation
requirements of each metabolic indicator were used to automate
data analysis. The percent reduction of the alamarBlue indicator
was calculated as per the manufacturer's formula (product
literature; BioSource International Inc.; catalog no. DAL1100).
For the XTT indicator, final reduction of the dye was estimated
by subtracting the absorbance value of 492 nm with the
absorbance value at 660 nm. The value at 660 nm served as a
reference for the XTT reduction and, also a measure of turbidity.



270 P.D. Khot et al. / Journal of Microbiological Methods 72 (2008) 268–274
3. Data analysis

3.1. Calibration of the KMA

Equation 1 was used to model the exponential portions of the
sigmoidal kinetic data curves. Eq. (2) is a linearized version of
Eq. (1).

Xt ¼ X0 exp Atð Þ ð1Þ

ln X0ð Þ ¼ ln Xtð Þ � Atð Þ ð2Þ

Xt and X0 are metabolic indicator concentrations at set
threshold time (t) and at initial time (t=0) respectively. μ is a
parameter that is related, but not necessarily identical to, the
specific growth rate of the cells. Optimized fits of Eq. (1) to the
exponential portions of the kinetic data curves (up to
approximately 70% reduction) were used to obtain estimates
of X0 and μ, using a least squares algorithm (implemented by
Matlab®'s curve fitting toolbox). The value of the constant from
the fit was accepted only if the R2 value exceeded 0.98. The
kinetic parameters for each indicator were estimated for initial
viable cells that ranged from approximately 101 to 107 CFU.

3.2. Calculation of percent viability

The viable fraction for KMA (based on either alamarBlue or
XTT) or CFU assay was estimated as a percentage of its
corresponding positive control (no AmB treatment). For the
KMA, viability in terms of CFU was calculated by using the
kinetic parameters estimated for each sample and the corre-
sponding calibrations. Dose response curves contained percent
viability plotted for increasing AmB concentrations. All results
are presented as mean percent viability from three independent
experiments±standard deviation.
Fig. 1. Time course of metabolic reduction. Each curve represents an
3.3. Correlation between KMA and CFU

To estimate the correlation in predicting viability between
two independent assays, a Pearson's correlation coefficient
(two-tailed) was estimated using Microsoft Excel® (Motulsky,
1995; Pettit et al., 2005). The 100% viability data points and all
but one 0% viability data point (obtained for the lowest AmB
concentration) were excluded from the analysis.

4. Results

4.1. Modeling of the KMA data for untreated cells.

For untreated cells linear relationships were obtained
between CFU and viable cells predicted by the KMA on the
basis of Eq. (2). The kinetic curves of metabolic reduction of
XTT and alamarBlue followed a sigmoidal shape. The cor-
responding curves of turbidimetric changes were nearly
identical, implying that the increase in reduced indicator was
primarily due to cell proliferation (data not shown). Fig. 1 shows
the kinetic curves for the alamarBlue assay for a wide range of
the initial inoculum size (10 to 107 CFU). Similar curves were
obtained with XTT. The curves proportionally shift to the right
along the time axis as the size of the initial inoculum decreases.
Qualitatively, this trend forms the basis for predicting viable
cells in the sample (i.e., at time zero) from the KMA data curves.
KMA data curves for both kinetic indicators were modeled. In
order to obtain a quantitative metric, the exponential portions of
the kinetic curves shown in Fig. 1, from 0% to approximately
70% reduction, were fit using Eq. 1, resulting in R2 values that
were N0.98 for all three assays (alamarBlue, XTT, turbidity).

Modeling the exponential portions of the KMA data curves
using Eq. 1 resulted in optimization of two parameters (X0 and
μ) where X0 is proportional to viable cells in at time zero. An
example of the quality of the linear correlation between CFU at
time zero and X0 obtained from the fit of the data curve for
initial viable cell concentration ranging from 60 to 8×106 CFU.



Table 2
Correlation between assays

Growth phase-
growth medium

AlamarBlue
vs. XTT

AlamarBlue
vs. CFU

XTT vs. CFU

r 1 p 2 r p R P

Ex 3–UM4(df 5=10) 0.800 0.01 0.848 0.01 0.904 0.01
Ex–M6(df=13) 0.741 0.01 0.835 0.01 0.883 0.01
St 7–UM (df=13) 0.752 0.01 0.279 ns 8 0.327 ns
St–M (df=16) 0.679 0.01 0.555 0.02 0.571 0.02

A two-tailed (df=n−2) Pearson's correlation test was used.
1 Pearson's correlation coefficient for comparing parametric data.
2 level of significance for a two-tailed test.
3 exponential phase.
4 unmodified growth medium.
5 degrees of freedom=n−2 for a two-tailed test, where n is the number of

independent observations.
6 modified growth medium.
7 stationary phase.
8 not statistically significant.

Fig. 2. Linear calibration for the kinetic metabolic assay using the alamarBlue
indicator. The calibrations apply over a dynamic range of approximately six orders
of magnitude (10E1 to 10E7 CFU). Similar calibrations were obtained for all
combinations of variables shown in Table 1.
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reduction of the metabolic indicator is shown in Fig. 2. The
curve fitting technique resulted in linear fits for all combinations
of tested variables with R2 values ranging from 0.91 to 0.98 and
a dynamic range of six orders of magnitude (approximately 50
to 107 CFU) (Table 1).

4.2. Correlations between assays for cells exposed to AmB.

Cells were treated with AmB and KMA curves obtained and
analyzed as described for untreated cells. The parameter X0 was
converted to viable cells in terms of equivalent CFU by using
the linear relationships obtained for untreated cells (Table 1). A
comparison was made of viable cell estimates (in terms of
equivalent CFU) obtained by alamarBlue and XTT based
KMAs and direct CFU counts. In addition, viable cell estimates
obtained by alamarBlue and XTT based KMAs were compared
to each other. Pearson's correlation coefficient was used to
assess the quality of the correlations for each pair (Table 2).
There was a good correlation between the metabolic assays
based on reduction of the two indicators (alamarBlue and XTT)
for all the tested conditions. In the case of the exponential-phase
cells, the correlations between the CFU assay and metabolic
assays based on both indicators (alamarBlue or XTT) were
significant. For stationary-phase cells and the unmodified
medium, the correlations between CFU and metabolic assays
Table 1
Summary of KMA calibrations

Metabolic
indicator

Growth
medium

Inoculum
growth
phase

Curve fitting method
[ln(CFU/ml)versus ln(X0)]

Dynamic range (CFU/ml) R2⁎

alamarBlue Unmodified Stationary 8×106–60 0.97
alamarBlue Unmodified Exponential 1.28×107–50 0.98
alamarBlue Modified Stationary 8×106–60 0.98
alamarBlue Modified Exponential 1.28×107–50 0.93
XTT Unmodified Stationary 8×106–60 0.97
XTT Unmodified Exponential 3.1×106–50 0.98
XTT Modified Stationary 8×106–60 0.96
XTT Modified Exponential 1.28×107–220 0.91

⁎R2 is the coefficient of determination for a linear fit.
were poor. These correlations were strengthened when a
modified medium was used, but the correlations were still
lower in magnitude for stationary phase cells than the
correlations obtained for the exponential-phase cells.

Compared to direct CFU, metabolic assays consistently
underestimated the proportion of viable cells and this effect was
more pronounced for stationary phase cells than for exponential
phase cells (Fig. 3a and b). According to the metabolic assays,
cells in both exponential and stationary phase assayed in the
unmodified medium were completely eradicated at AmB
concentrations greater than 0.88 μg/ml. In contrast, evaluation
by direct CFU indicated that some cells survived AmB doses of
1.77 μg/ml and 14.12 μg/ml, for exponential and stationary
phase cells, respectively. In addition, direct CFU was the most
sensitive method for detecting differences in resistance between
exponential- and stationary-phase cells. Quenching AmB
activity using a modified medium improved the correspondence
between estimates based on direct CFU and the metabolic
assays (Fig. 3c and d) but relatively large discrepancies were
still apparent, especially for stationary phase cells.

5. Discussion

Metabolic assays are typically used to assess the suscept-
ibility of C. albicans to antifungal agents in cases in which the
culture is a complex mixture of yeast and filamentous forms
(Hawser, 1996; Chandra et al., 2001; Ramage et al., 2001; Khot
et al., 2006; Perumal et al., 2007). The most commonly used
metabolic assays measure reductive activity of dehydrogenases
(Roehm et al., 1991; Gonzalez and Tarloff, 2001), whereas
more conventional assays (CFU and turbidity) directly assess
the ability of cells to proliferate. The good correspondence
between break points obtained by metabolic and conventional
turbidity assays (Example—NCCLS M27-A standard method)
validates their application for MIC determinations (Pfaller and
Barry, 1994; To et al., 1995; Davey et al., 1998; Espinel-Ingroff
et al., 1999; Espinel-Ingroff, 2006). In principle, it should be
possible to obtain a correspondence of similar convincing



Fig. 3. Comparisons of KMA using XTT or alamarBlue with direct CFU. (■) alamarBlue; (×) XTT; and (o) CFU. (a) exponential phase cells, unmodified medium
(Ex–UM); (b) stationary phase cells, unmodified medium (St–UM); (c) exponential phase cells, modified medium (Ex–M); (d) stationary phase cells, modified
medium (St–M). Each data point is the average of 3 independent experiments±standard deviation.
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quality between estimates of viable cells based on metabolic
assays and CFU that would validate their application for
determining the fraction of cells that survive antimicrobial
treatment. Our results confirm that it is possible to obtain an
excellent linear correspondence between estimates of viable
cells based on metabolic assays and CFU for untreated cells by
measuring the kinetics of reduction of the metabolic indicator
and fitting the data with an appropriate model. An additional
benefit of this method is that the dynamic range is exceptionally
broad (Table 1). Although the kinetics of reduction of a
metabolic indicator have been used to follow the growth
kinetics of cells (Kretschmar et al., 1996; Seligy and Rancourt,
1999), our method of determining viable cells from these kinetic
data curves is novel (to the best of our knowledge) (Tyler and
Khot, 2007).

Treatment with AmB reduced the quality of the linear
correspondence between estimates of viable cells based on the
KMA and CFU. In the case of stationary phase cells treated with
AmB the correspondence was so radically altered that it became
statistically insignificant. CFU and metabolic assays measure
two independent, though related, parameters, i.e., ability of
individual cells to proliferate and metabolic activity of the entire
cell population. Our results suggest that the difference in
estimates of viable cells based on CFU versus the metabolic
assays originates from a perturbation of the growth rate of cells
that are damaged by exposure to AmB, but nevertheless
produce a CFU. Cells exposed to AmB produce colonies with a
wide range of sizes whereas untreated cells produce colonies
with a relatively tight size distribution. In most assessments
based on metabolic assays, cells with slower growth and/or
metabolic rates contribute proportionately less to the global
estimate of viability. In contrast, cells that produce colonies
contribute equally to the estimate of viability based on CFU
regardless of the colony size. Thus it seems plausible that the
relatively poor correspondence between the metabolic assays
and direct CFU for stationary phase cells, compared to
exponential phase cells, could have originated from the
relatively slow recovery of stationary phase cells after exposure
to AmB.

To assess if perturbation of growth rates in the KMA assays
influenced their correlation with CFU, the medium used in the
metabolic assays was modified to facilitate faster recovery after
AmB treatment. AmB binds to ergosterol in the cell membrane
of C. albicans. This alters the permeability of the membrane
causing leakage of ions, eventually leading to cell death (Gale,
1986;White et al., 1998). Gale (1986) proposed amodel of AmB
action which essentially states that the cell wall lipids constitute
a reservoir of AmB that feeds progressively into the membrane
structure. This effect remains even when AmB is separated from
the cells by centrifugation. This implies that AmB continues to
cause damage of cells over a prolonged period. At higher
concentrations of AmB, the progressive damage probably lasts
longer. Previous work had suggested that adding optimal
concentrations of extracellular ergosterol, K+and Mg2+ions
considerably reduces or even arrests the damage AmB causes to
C. albicans (Gale, 1974; Kerridge et al., 1976; Gale, 1986). This
occurs either by antagonizing the AmB still present in the cell
wall by ergosterol, and/or by neutralizing the ionic driving force
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between the intracellular and extracellular ion concentrations by
extracellular K+and Mg2+. Based on the analysis of the kinetic
curves, modifying the growth medium by adding these reagents
increased the growth (and metabolic reduction) rates of cells in
the KMA (data not shown). An increase in growth rate resulted
in a higher estimate of viable cells which correlated more
significantly with CFU counts (Fig. 3).

If the kinetics of appearance of the metabolic indicator is
exponential with no lag phase then the KMA should yield
estimates of viable cells that are independent of the rate of
reduction of the indicator, since the estimates are based on a
projection of the kinetic data curve to time zero. However, if there
is a lag phase in the kinetic data curves then the projected value for
time zero will be an underestimate. Inspection of our data curves
indicates that there is, in fact, a variable lag phase for treated cells.
In addition, the lag phase appears to be proportionally more
pronounced for samples treated with higher AmB concentrations.
Therefore, a variable lag phase is at least partially responsible for
the difference in estimates of the KMA and CFU.

In summary, for untreated cells an analysis of the KMA data
curves was used to obtain parameters that were linearly related
to direct CFU over a wide range of viable cells. Exposure of the
cells to AmB perturbed this linear relationship, weakening the
linear correspondence, especially for cells in stationary phase.
The implication is that metabolic assays may lead to an
underestimate of numbers of viable cells with slow growth
rates. In some cases it is critical to sensitively detect viable slow
growing cells. For example, slow growing cells may reseed a
biofilm, contributing to the classical symptom of cycles of
treatment followed by reappearance of the infection that is a
hallmark of chronic biofilm infections (Costerton et al., 1999).
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