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Abstract

A biochemical method, based on dehydrogenase activity (DHA) measurement, has been developed as an alternative to colony forming
unit (CFU) enumeration, for assessing the viability of fungal spores. In viable cells, a tetrazolium salt (MTT) is reduced to a coloured
formazan (MTTf) by cellular dehydrogenase enzymes. From the colorimetric assay developed by Mosmann for mammalian cells, the
procedure has been adapted and optimised usingP. digitatumspores as a model. Propan-2-ol has been selected as the best solvent to extract
the MTTf from the spores. The sensitivity of the method has been considerably increased by determining the optimal conditions of
incubation for the MTT reduction by spores: temperature at 50°C and pH 8. Using the assay, a correlation has been established between
DHA and the number of viable spores as measured by the CFU method (105 CFU� 1.14 DHA –26; r2 � 0.94). This standardised procedure
allows the viability ofP. digitatumspores to be estimated with accuracy and reliability. Moreover, the extension of this assay to other strains
has been demonstrated (Aspergillus nigerandMetarhizium flavoviride).© 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Development of standardised, inexpensive and rapid
quantification methods for the assessment of spore viability
is of great interest in a broad field of applications. The
viability measurement is required to determine the effi-
ciency of a batch of spores used, for example, as biologic
control agents or as biotechnological tools in the food in-
dustry. Although several simple and inexpensive methods
can be used, they show numerous difficulties in their appli-
cations. Indeed, the enumeration of colony forming units
(CFU), the reference method, is labour-intensive, time con-
suming and often inaccurate. Microscopic observation using

fluorochroms like fluorescein diacetate or acridine orange
introduces artefacts leading to a confusion between viable
and non-viable cells. Moreover, fluorescein diacetate was
reported to be an unreliable indicator of viability for several
saprotrophic species [1]. The measurement of intracellular
ATP requires its previous extraction which is a critical step
[2]. On the other hand, the determination of enzymatic
activities, linked to the spore germination, is tricky because
information regarding germination requirements of most
species is lacking and these activities are often low.

An alternative method consists in using tetrazolium salts
as a vital stain. These salts are metabolised at the respiratory
chain level and especially by dehydrogenase enzymes [3].
The conversion of the tetrazolium salts into coloured prod-
ucts named formazans occurs only in living cells with active
mitochondria and is directly proportional to the number of
viable cells. Various tetrazolium salts have been reported in
the literature to be effective for the evaluation of the via-
bility: INT [4–6], MTT [7,8], TTC [5], XTT [8–10].

For the assessment of fungal spore viability, MTT has
been widely used, particularly with vesicular-arbuscular
mycorrhizal fungal spores [11–13], oospores ofPhytoph-
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tora or Aphanomyces [14–16] and basidiospores of ecto-
mycorrhizal fungi [1]. Unfortunately, vital stain methods
have limited uses because it is sometimes difficult to dif-
ferentiate living from dead spores during microscopic ob-
servation [13]. In this context, a quantitative colorimetric
assay was developed by Mosmann [17] and its reliability
and sensitivity has been demonstrated for mammalian cells
[18]. This method involves solvent extraction of the
formazan produced in viable cells [19]. Several organic
solvents are reported in the literature: dimethylformamide
[13], dimethyl sulfoxide (DMSO) [9,21], 20% SDS-50%
dimethylformamide [22] and propan-2-ol [23].

In our study, the MTT assay has been developed for the
assessment of viability of fungal spores. Spores of Penicil-
lium digitatum were used as a model for perfecting the
methodology which was then applied using two other spe-
cies: Aspergillus niger (metabolite production) and Metar-
hizium flavoviride (biopesticide).

2. Materials and methods

2.1. Microorganisms

The strains used in this study were Penicillium digitatum
ATCC 201167 and Aspergillus niger DSM 8213, both pro-
vided by the Agrotechnological Research Institute, ATO-
DLO (Wageningen, The Netherlands), and Metarhizium fla-
voviride IMI 330189. The strains were maintained on a
Potato Dextrose Agar (PDA) medium (Difco, Fischer Sci-
entific, Elancourt, France) at 4°C and subcultured every two
months at respectively 25°C, 37°C and 28°C.

2.2. Production and enumeration of spores

The fungi were cultivated in 500 ml Roux flasks of 150
cm2 on a medium containing PDA, 39 g.l�1 and agar-agar,
7 g.l�1 (Fischer Scientific, Elancourt, France). After 8 days
(optimal spore production) the spores were harvested by
adding a sterile Tween 80 solution (�0.1% v/v) and gently
scrapping the gelose surface. The resulting suspension of
spores was filtered through cheese cloth and spore concen-
tration was determined by counts using a Malassez cell.
Viable spores were estimated by counting CFU after spread-
plating of log10 serial dilutions on PDA plates incubated for
72 h at optimal growth temperatures.

2.3. Determination of the spectra and the molar extinction
coefficients of the MTT and MTTf

The tetrazolium salts 3-(4,5-dimethylthiazol-2-yl)-2,5 di-
phenyl-2-tetrazolium bromide (MTT) and the MTT
formazan were purchased from Sigma (Saint-Quentin Fal-
lavier, France) and propan-2-ol from Prolabo (Paris,
France).

The MTT and MTTf spectra were obtained using

0.01 g.l�1 of each reagent dissolved in propan-2-ol or
DMSO. Molar extinction coefficients of MTTf were deter-
mined with dilutions of 0.025 g.l�1 MTTf in propan-2-ol or
DMSO, measuring absorbances at its maximal absorption
wavelength in each solvent (spectrophotometer, Lambda 20,
Perkin Elmer, Lyon, France).

2.4. DHA measurement

2.4.1. Initial procedure
A stock aqueous solution containing 1 g.l�1 MTT was

sterilised by filtration (0.2 �m, SCFA-membrane, Poly
Labo, Strasbourg, France) and stored at 4°C in the dark up
to 15 days [19]. A mixture (V/V) of the MTT stock solution
and of a P. digitatum spore suspension was incubated at
25°C for 4 h. Every hour, the reaction was stopped by
adding 0.5 ml of hydrochloric acid (1M) to 0.5 ml of this
mixture. This procedure is done in duplicate. After centrif-
ugation (10 min, 1800 g) the supernatant was discarded and
the spores were agitated in 1.5 ml of propan-2-ol for various
periods from 10–990 min. The formazan was completely
extracted by mixing the samples on a rotary shaker (150
rpm) for 10 min at room temperature. After a second cen-
trifugation (5 min, 1800 g), the absorbance of the superna-
tant was read at 560 nm.

2.4.2. DHA calculation
The incubation time (min) was plotted versus optical

density. The slope of the linear regression curve was deter-
mined in terms of uDO.min�1. This corresponds to the
initial velocity of the reduction of MTT by dehydrogenases.
The DHA was then obtained using the following calcula-
tion:

DHA � [(vi � V)/(EM x 60� l)] � D
with DHA � Dehydrogenase Activity (Katal). One

Katal corresponds to the quantity of en-
zyme able to liberate one mole of MTTf
per second

vi � initial velocity of the reaction of MTT
reduction (uOD.min�1)

V � volume of the solvent used for the extrac-
tion of mttf (l)

EM � Molar Extinction coefficient of MTTf
(l.mol�1. cm�1)

l � Cell length (1 cm)
D � Dilution factor of the spore suspension

during the procedure (D � 4)

2.4.3. Optimisation of the methodology for P. digitatum
DHA measurements were performed at different temper-

atures [20,25,30,40,50,60 and 70°C] and pH [4–8] with a
constant spore concentration. For the study on the influence
of pH, MTT was dissolved in different buffers (Citric acid-
sodium citrate buffer solutions for pH from 4 to 6 and Clark
and Lubs solutions for pH from 6 to 8 [20]). These buffer
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solutions were adjusted to a 100 mM final concentration in
the assay. In the initial procedure where MTT was dissolved
in water, pH was 6.3.

2.5. Procedure for the validation of the assay

Half of a spore suspension was autoclaved 20 min at
121°C to totally kill the spores. These dead cells were then
mixed with the remaining viable spore suspension in vari-
ous volume ratios (100/0, 75/25,. . . , 0/100). Finally, DHA
measurement and CFU enumeration were performed for
each mixture.

3. Results

3.1. Selection of the extraction solvent for MTT formazan

Among the different organic solvents previously men-
tioned, the best solubility of MTTf was obtained with
DMSO and propan-2-ol (data not shown). As indicated in
Fig. 1A, the absorption spectrum of MTTf shows a broad
peak with a maximum of absorption at 560 nm in propan-
2-ol and 500 nm in DMSO. The greatest absorbance of
MTTf is obtained using propan-2-ol as solvent. Further-
more, in the two solvents, MTT presents the same absorp-
tion profile with a maximum at 375 nm. Consequently, these
results show that the presence of the substrate of the reac-
tion (MTT) does not interfere with the measurement of the
reduced form (MTTf).

At the maximal absorption wavelength the molar extinc-
tion coefficient of MTTf determined for each solvent, cor-
responds to the slope of the curve [MTTf] vs. Absorbance
(Fig. 1B). The molar extinction coefficients of MTTf are
12780 and 14690 liters.mol�1.cm�1 respectively in propan-
2-ol and DMSO. Based on these results, and taking into
account the toxicity of DMSO, propan-2-ol was selected as
the extraction solvent.

3.2. Optimisation of the assay using P. digitatum

3.2.1. DHA measurement with the initial procedure
As shown in Fig 2. the kinetic of MTTf production for a

spore suspension of 5.5 � 108 spores.ml�1 is linear for
incubation of up to 3 h. Consequently, an incubation period
of 3 h with MTT is considered as optimal for determining
the DHA of spore suspensions. The linear regression of this
kinetic gives an initial velocity of 0.058 uOD.h�1 corre-
sponding to a DHA of 7.6 pKat.

3.2.2. Optimisation of the extraction procedure with
propan-2-ol

Maximal absorbance was obtained after 10 min extrac-
tion in propan-2-ol (Table 1) indicating the high solubility
of MTTf in this solvent. Therefore, this duration was used
for the standard assay.

To evaluate the stability of purple coloration produced
by MTTf in this solvent, a sample was stored for several
hours at room temperature, and its absorbance was regularly
measured (Table 2). The results indicate that the purple
coloration is stable overnight at room temperature.

3.2.3. Optimisation of the MTT concentration
As shown in Fig. 3, the initial velocity of the MTT

reduction increased proportionally with the MTT concen-
tration in the range 0 to 0.5 g.l�1. By plotting these data
according to the Lineweaver-Burk representation, an appar-
ent constant of Michaelis-Menten (Km) [24] of 0.68 g.l�1

was determined (data not shown). As a value of 10 Km is
usually required to avoid substrate limitation in the assay, a
7 g.l�1 MTT solution was chosen for the subsequent exper-

Fig. 1. A. MTT and MTTf absorption spectra. These data were obtained
using 0.01 g/liter of MTT represented with dashed lines and MTTf repre-
sented with solid lines in propan-2-ol (● ) or DMSO (Œ). B. Determination
of molar extinction coefficients of MTTf in propan-2-ol (● ) or DMSO (Œ)
at the maximal absorption wavelength in each solvent. The solid lines
represent the linear regression for each curve. The data points are the
means of two replicates (r2 � 0.999). Molar extinction coefficients were
calculated using the value of the slope of the linear regression reported in
the Beer-Lambert relation.
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iments. In these conditions 2.5 ml of propane2-ol was found
to recover more than 95% of formazan formed.

3.2.4. Effect of temperature and pH on the DHA
Results of experiments to determine the optimal temper-

ature and pH for the procedure are summarised in Fig. 4.
The optimal temperature is 50°C with a DHA value of

1288.5 pkat which corresponds to a 12.5-fold increase of the
DHA obtained with the initial conditions (25°C).

In the range of pH values tested (Fig. 4B), the best
activity was found at pH 8, with a DHA value of 902 pKat.

3.3. Final procedure

The final procedure including the optimised parameters
(substrate concentration, temperature and pH of reaction,
MTTf extraction volume) is summarised by the Fig. 5.

3.4. Determination of the linearity limits of the DHA assay

Using the final procedure, the DHA was determined for
different concentrations of spore suspensions (2 � 107 to

2 � 109 spores.ml�1). The results (Fig. 6) demonstrate the
linearity of the assay for spores concentrations from 4 � 107

to 5 � 108 spores.ml�1. The minimum concentration of 4 �
107 spores.ml�1 is required to obtain good pelleting during
the centrifugation steps. The maximum concentration (5 �
108 spores.ml�1) is imposed by the volume of solvent used
for the MTTf extraction.

3.5. Validation of the assay

The assay was validated using mixtures of P. digitatum
spore suspensions prepared as mentioned previously. As
shown in Fig. 7, a good correlation between DHA and CFU
is observed (R2 � 0.94) with a slope of 83 pkatal per 107

CFU. This figure represents 3 experiments and each point is
the mean of 3 measurements. However, important standard
deviations up to 30% are noticeable for the CFU method,
while they are lower and so acceptable for the DHA values.
Moreover, a residual signal corresponds to non viable

Fig. 2. Kinetic of MTT reduction by P. digitatum conidia. A suspension of
5.5 � 108 spores/ml was incubated with 1 g/liter MTT at 25°C. Each point
is the mean of two replicates. Error bars show standard deviation.

Fig. 3. Initial velocity of MTT reduction by P. digitatum conidia versus
MTT concentration. Suspensions containing from 109 to 3 � 109 spores/ml
were incubated at 25°C.

Table 1
Determination of optimal extraction time in propan-2-ol. A suspension
of P. digitatum conidia (5.5 � 108 spores/ml) was incubated in 1 g/l
MTT for 5 h at 25°C

Extraction time
(min)

Absorbance at
560 nm (uOD)

Variability
(%)a

10 0.309 �8.8
20 0.283 �0.35
30 0.292 �2.8
60 0.281 �1.1
90 0.278 �2.1
120 0.275 �3.2
990 0.273 �3.9

a Variability in relation to the mean (0.284 uDO).

Table 2
Study of the stability of the coloration in propan-2-ol. A suspension of
P. digitatum conidia (5.5 � 108 spores.ml�1) was incubated in 1 g.l�1

MTT for 5 h at 25°C. Each sample was extracted with 1.5 ml of
propan-2-ol for 10 min

Storage time (min) Absorbance at
560 nm (uOD)

Variability
(%)a

0 0.305 �2.2
20 0.308 �1.3
60 0.312 0
120 0.312 0
240 0.310 �0.6
930 0.323 �3.5

a Variability in relation to the mean (0.312 uDO).

563C. Stentelaire et al. / Enzyme and Microbial Technology 29 (2001) 560–566



spores. This signal is proportional to the total number of
spores as illustrated by the Fig. 8.

3.6. Extension of the assay to other fungi

To extend the method developed using P. digitatum to
other fungi, the final procedure (Fig. 5) was used, with two
other species by following the experiment summarised in §
2.5. Fig. 9 illustrates the correlations obtained respectively
for Aspergillus niger and Metarhizium flavoviride. For these
two microorganisms, the residual signals are very different:
a low value of 40 pkat for M. flavoviride, close to that
obtained for with P. digitatum, and higher value of 350 pkat
for A. niger. The slopes of these correlations are lower than
for P. digitatum. Moreover, standard deviations on the DHA
values are also high compared with P. digitatum.

4. Discussion

This work has concerned the development of a biochem-
ical method using tetrazolium salts for the assessment of
fungal spore viability as an alternative to the CFU method.

As electron acceptors for the cellular dehydrogenase
enzymes, the tetrazolium salts constitute a good indicator of
biologic reducing systems [3]. Among these salts, MTT was
chosen because of the simplicity with which the coloured
formazan product can be extracted from treated cells.

Up to now, the reduction sites of MTT are unknown in
fungal spores but it has been related that, for instance, in rat
liver, MTT is reduced in the respiratory chain, at the level of
ubiquinone and cytochrome b and c sites [3]. Moreover, in
the mitochondria of plant tissue, its reduction takes place at
the coenzyme q/cytochrome b site [25].

This MTT procedure, used for mammalian cells [17],
needed modifications and an optimisation before its appli-

Fig. 4. A. Effect of temperature on DHA of P. digitatum spores. A
suspension of 3.2 � 108 spores/ml was incubated with an aqueous MTT
solution (7 g/liter) for 60 min at the temperatures indicated. MTTf was
extracted with 2.5 ml of propan-2-ol. B. Effect of the pH on DHA of P.
digitatum spores. A suspension of 3.6 � 108 spores/ml was incubated at
30°C for 45 min. MTTf was extracted with 2.5 ml of propan-2-ol. DHA
was measured in citric acid-sodium citrate buffers (Œ), in aqueous MTT
solution (f), in Clark and Lubs solutions (● ).

Fig. 5. Final procedure for the DHA measurement, optimised for P.
digitatum spores.

Fig. 6. Limits of linearity of the MTT method using the final procedure.
DHA as a function of P. digitatum spore concentrations using MTT (7
g/liter), incubation at 50°C for 8 min. Each symbol represents a different
spore suspension. The straight line plotted is the best fit line calculated
using all points.

Fig. 7. Correlation between DHA measured with the final procedure and
CFU of P. digitatum spores. Each data point represents the mean value of
three measurements of both DHA and CFU.
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cation to the measurement of spore viability. Indeed, differ-
ent types of coloured-formazan product has been reported
they are influenced by several factors like the buffer and the
polarity of the solvent [11–13]. By using spores of P.
digitatum as a model, optimal results have been achieved
with propan-2-ol as the best solvent for the MTTf extrac-
tion.

As this method measures an enzyme activity, the modi-
fication of the pH and the temperature of the reaction led to
a considerable improvement of the assay. Although the use
of phosphate buffer has been reported for viability tests [15], in
some cases (oospores), a delayed staining can be observed. A
possible inhibition of the penetration of the tetrazolium salts
through the spores could be involved [16]. In our case, this
effect has not been observed, the response being notably in-
creased using the MTT dissolved in phosphate buffer pH 8. An
optimal temperature of 50°C has also been determined. Fi-
nally, by optimising these different parameters, the DHA has
been increased 60-fold leading to a great improvement of the
sensitivity with a good reproducibility.

As previously described, this procedure shows rapidity

and a high degree of precision. Indeed, this assay only
requires the measurement of the initial velocity of the MTT
reduction, which is provided by a short incubation time (10
min.). In comparison, minimum 24 h incubation is neces-
sary for the CFU procedure and 40 to 72 h when MTT is
used as vital stain for spores [11]. The validity range was
determined, using P. digitatum with spore concentrations
from 4.107 spores.ml�1 to 5.108 spores.ml�1. For higher
spore concentrations, the OD values are too high and the
dissolution of the MTTf might be incomplete. In this case,
the correlation can be extended by decreasing the kinetic
duration and/or by increasing the extraction solvent volume.

To prove the relationship between the viability and the
DHA, the validation of our procedure was performed by
killing the spores by a heating treatment. and measuring the
CFU and dehydrogenase activity. In these conditions, a
satisfying correlation between DHA and viable spores of P.
digitatum estimated by CFU has been obtained (105 CFU �
1.14 DHA –26; r2 � 0.94).

The extension of this biochemical method to other fungal
species was demonstrated, without any changes in the pro-
cedure. It can be observed that the enzymatic activities are
greatly different according to the microorganisms. Although
for some fungi (P.digitatum and M. flavoviride) the slopes
of the correlation curves are quite similar, the levels of DHA
are very different.

Moreover, it has been shown that spores of P. digitatum
and M. flavoviride, totally inactivated by heat, are unable to
reduce the MTT. In spite of this negligible residual activities
this indicates that the DHA really represents the spores
viability. The third fungus studied, A. niger, shows an impor-
tant residual activity. This could be explained by a greater
thermoresistance of the dehydrogenase enzymes of such a
microorganism. This confirms that the metabolic and respira-
tory activities as well as the cell wall permeability are specific
to each microorganism. Consequently, to develop a sensitive
assay, the procedure for the DHA measurement must be opti-
mised for each fungal species. Only slight modifications of the
assay conditions could lead to these adaptations.

The method was perfected here using only spore pro-
duced on PDA medium. Differences on DHA values could
be expected for spores produced on various solid media.
However, these values are similar when P. digitatum spores
are obtained from Solid State Fermentation on wheat bran
(Data not shown).

In conclusion, although the CFU method can be used
directly for any microorganism, it is very inaccurate and
time consuming. This biochemical procedure is rapid, sen-
sitive, inexpensive and reliable, but requires some adapta-
tions according to the fungal species. As an alternative to
CFU for a rapid and convenient routine method, this pro-
cedure could have several applications like the determina-
tion of spore viability during prolonged storage before use
as, for instance, biopesticide or inoculum for the food in-
dustry.

Fig. 8. Correlation between the residual DHA and the total number of
spores.

Fig. 9. Correlation between DHA and CFU of Aspergillus niger (● ) and
Metarhizium flavoviride (�) spores. The DHA was measured using the final
procedure optimised forP. digitatum. The lines represent the regression for
each curve.
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