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ABSTRACT The use of the Sensititre YeastOne YO10 alamarBlue assay for the in
vitro susceptibility testing of Madurella mycetomatis was evaluated in M. mycet-
omatis isolates with and without pyomelanin secretion. Pyomelanin secretion did
not influence visual endpoint reading; however, it caused a shift in peak absor-
bance from 570 nm to 620 nm when read spectrophotometrically. Therefore,
when choosing the method for endpoint reading, the presence of pyomelanin
should be considered.
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Madurella mycetomatis is the major causative agent of eumycetoma, a poverty-
associated neglected tropical disease (1). It is characterized by a painless subcu-

taneous lesion, an inflammation reaction, multiple draining sinuses, and the formation
of grains (2, 3). Although eumycetoma can be treated with a combination of antifungal
therapy and surgery, the success rates are relatively low (25.9%) and recurrences are
common (4).

The relatively low success rate frustrates both patients and physicians, and it is
difficult to predict which patient will respond to treatment and which patient will not.
Currently, antifungal susceptibility assays for M. mycetomatis are only used for research
purposes and not used in the clinical management of patients (4, 5). However,
determining MICs and correlating them to therapeutic outcome could improve the
clinical management of mycetoma (6). For this, an easy-to-use in vitro susceptibility
assay is needed. The currently used method is based on the use of hyphal suspensions
as a starting material, which requires a viability dye, such as 2,3-bis-(2-methoxy-4-nitro-
5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT), for endpoint-visualization (7–11).
This dye is expensive, which limits its use for diagnostic purposes, especially in regions
of endemicity. An alternative assay is the commercially available Sensititre YeastOne
system (Thermo Fisher Scientific). This system has been shown to be reproducible and
in agreement with the CLSI (12) and, more importantly, can be kept at room
temperature-friendly conditions, which makes it useful in settings of endemicity. The
endpoints can be read out visually or by using the Thermo Fisher Scientific Sensititre
Vizion system or spectrophotometrically. However, the agreement between the three
readouts (visual, Sensititre Vizion, and spectrophotometry) in isolates of M. mycetomatis
has not been evaluated. A high agreement between the methods will enable the
application of visual readings in resource-limited settings of endemicity, where a
microplate reader or Sensititre automated SWIN software platform (Trek Diagnostic
Systems) may not be available.
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M. mycetomatis has been shown to secrete pyomelanin, and in a previous study, we
demonstrated that this pyomelanin influences the color change from blue to pink in
the Sensititre YeastOne system (YO02) (7). Visually, this color change does not influence
the readout system; whether this pyomelanin influences the endpoint determination
with the Sensititre Vizion or the spectrophotometric readout system is not known.
Therefore, in this study, we aim to determine the MICs by the colorimetric YO10
Sensititre YeastOne alamarBlue assay (Thermo Fisher Scientific) for eight pyomelanin-
producing (P1, MM25, MM30, MM44, MM45, MM49, MM55, MM68) and eight non-
pyomelanin-producing (MM14, MM22, MM50, MM52, MM54, MM58, MM64, MM83) M.
mycetomatis isolates. All isolates were previously identified to the species level using M.
mycetomatis-specific PCR and by sequencing of the internal transcribed spacer (ITS)
regions (13). MICs were obtained independently in triplicate as described before (10).
For visual endpoint reading, MIC endpoints were determined as the first blue/purple
well for each antifungal agent. For the automatic plate reader, readings were done
using the Thermo Fisher Scientific Sensititre Vizion system, and results were interpreted
by SWIN software according to the manufacturer’s instructions. For spectrophotometric
readings, the plates were centrifuged (Centr GP8R, IEC; Centra, Germany) for 1 minute
at 3,400 rpm, and 50 �l of the supernatant was transferred to flat-bottom 96-well plates
(Greiner Bio-One GmbH, Germany). Absorbance was measured at 570 nm and 620 nm
using a microplate reader (Epoch 2; BioTek Instruments, Inc., Winooski, VT, USA). The
relative percentage reduction of alamarBlue for 3 independent experiments was cal-
culated with the formula described elsewhere ([(AC – AT)/AC] � 100), where AC is the
absorbance of the negative control and AT is the absorbance of the test (14–16). The
MIC was defined as the lowest drug concentration resulting in a �20% reduction of
alamarBlue. Furthermore, the growth control and the negative control were used to
perform an absorbance curve to determine peak absorbance for pyomelanin-secreting
and non-pyomelanin-secreting isolates.

Regardless of the readout system, M. mycetomatis isolates were most susceptible for
the azoles and amphotericin B, except fluconazole. This was in accordance with
previous studies (17–19). The echinocandins and 5-flucytosine did not inhibit growth
(Table 1), which was again in agreement with previous studies (10, 18–20). The lowest
MICs were obtained when the endpoints were determined with the Vizion system. The
highest MICs were obtained after spectrophotometric endpoint reading at 570 nm.

Similar to Aspergillus fumigatus and Sporothrix schenckii, M. mycetomatis forms
pyomelanin through homogentisic acid polymerization and 1,8-dihydroxynaphthalene
(DHN)-melanin by polyketide synthase (21, 22). As demonstrated in Table 1, no statis-
tically significantly different MICs were obtained in pyomelanin-secreting isolates ver-
sus non-pyomelanin-secreting isolates (Mann-Whitney, P � 0.5 for all antifungals). This
observation was also found for Sporothrix schenckii and Sporothrix brasiliensis when
pyomelanin biosynthesis was induced in these Sporothrix spp., and similar MICs were
obtained for itraconazole, ketoconazole, terbinafine, and amphotericin B (22). However,

TABLE 1 MIC distribution of 16 M. mycetomatis isolates against 9 antifungal agents

Antifungal agent

MIC90 (�g/ml) for:

All isolates Pyomelanin Non-pyomelanin

Visual Vizion

Spectrophotometric

Visual

Spectrophotometric

Visual

Spectrophotometric

570 nm 620 nm 570 nm 620 nm 570 nm 620 nm

Itraconazole 0.12 0.06 0.5 0.12 0.12 0.06 0.12 0.12 0.12 0.12
Voriconazole 0.12 0.12 0.5 0.12 0.12 0.12 0.12 0.12 0.12 0.25
Posaconazole 0.12 0.12 0.25 0.25 0.12 0.12 0.12 0.12 0.12 0.12
Fluconazole 16 8 64 16 16 16 16 8 32 8
Amphotericin B 1 1 2 1 1 0.5 0.5 1 0.5 1
5-Flucytosine �64 �64 �64 �64 �64 �64 �64 �64 �64 �64
Caspofungin �8 �8 �8 �8 �8 �8 �8 �8 �8 �8
Micafungin �8 �8 �8 �8 �8 �8 �8 �8 �8 �8
Anidalufungin �8 �8 �8 �8 �8 �8 �8 �8 �8 �8
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inhibition of pyomelanin production in one S. brasiliensis isolate significantly reduced
the minimal fungicidal concentration of terbinafine but not itraconazole (22). In con-
trast, when DHN melanin isolated from M. mycetomatis was added to the Sensititre
YeastOne YO02 plates, an MIC rise of 16- and 32-fold for itraconazole and ketoconazole,
respectively, was obtained. (7). This suggests that the different melanins from M.
mycetomatis have different effects on susceptibility to antifungals.

Although pyomelanin secretion did not influence the MIC, it could potentially
influence the readout system. To evaluate similarities between the three readout
systems, we calculated the interexperimental agreements between the various readout
systems for each antifungal agent at 570 nm (Table 2). The agreement between visual
and Vizion was generally better than the agreement between visual reading or Vizion
reading and spectrophotometric readings. The agreement between the visual endpoint
reading and spectrophotometric endpoint reading was poor when measured at
570 nm. The percentage agreement obtained at 570 nm was 56.3 to 100%, with the
highest agreement observed for noninhibiting antifungals and the lowest, for flucona-
zole.

To determine if the low agreement between the visual and spectrophotometric
readout systems was due to pyomelanin secretion, we compared the absorbance
curves of pyomelanin-secreting isolates and non-pyomelanin-secreting isolates. A pink
color was observed when the non-pyomelanin-secreting isolates grew, while for
pyomelanin-secreting isolates, a brown color was observed. In pyomelanin-secreting
isolates, a shift in wavelength (peak absorbance) from 570 nm to 620 nm was noted in
the negative control, and a shift from 450 nm to 570 nm was noted in the growth
controls (Fig. 1A). Resazurin assays are based on the reduction of the oxidized blue
resazurin, with a peak absorbance of 600 nm to a pink fluorescent resorufin product
with a peak absorbance of 570 nm. Upon prolonged incubation, resorufin can be
further reduced to the colorless hydroresorufin (23). In our experiments, a prolonged
incubation was used, which can explain why in the growth control of the non-
pyomelanin-secreting isolates, no peak was observed at 570 nm. A similar situation was
observed in HepG2 cells, with no peak noted at 570 nm, indicating that no resorufin
was produced or converted to colorless hydroresorufin (23). In contrast, in the
pyomelanin-secreting isolates, the resazurin peak at 620 nm was still observed. This
absorbance was due to resazurin, as pyomelanin on its own did not give an absorbance
peak at this wavelength (data not shown).

Melanin is known to be redox-active, and in a reduced state it can quench free
radicals by donating electrons, or in the oxidized state by accepting electrons (24).
Indeed, strong oxidizing and reducing radicals have been found to react with different
types of melanin (25). Therefore, the pyomelanin could have influenced the reduction
rate of resorufin to hydroresorufin, explaining why in the presence of pyomelanin, the
resazurin peak was observed. Another possibility is that pyomelanin did form a com-

TABLE 2 Effects of pyomelanin secretion on the readout systema

Antifungal agent

Agreement (%) at 570 nm for: Agreement (%) at 620 nm for:

Visual vs Vizion
Visual vs
spectrophotometric

Vizion vs
spectrophotometric

Visual vs
spectrophotometric

Vizion vs
spectrophotometric

MICs within 1 dilution MICs within 1 dilution MICs within 1 dilution MICs identical MICs within 1 dilution

Itraconazole 100 81.5 80 92.3 80
Voriconacozole 100 81.5 70 92.3 70
Posaconazole 100 81.5 80 92.3 80
Fluconazole 70 56.25 50 92.3 60
Amphotericin B 100 87.5 80 100 80
5-Flucytosine 100 93.75 90 100 90
Caspofungin 100 93.75 90 100 90
Micafungin 100 93.75 90 100 90
Anidalufungin 100 100 100 100 100
aPercentage agreement between visual, SWIN, and spectrophotometric readouts at 570 nm and 620 nm for the Sensititre YeastOne assay for isolates of 16 M.

mycetomatis strains. The agreement is presented as MIC90 within a one-step dilution difference.
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plex with resazurin, thereby preventing its reduction to resorufin. However, the color of
the well was brown instead of pink, indicating that upon forming a complex, the blue
color is lost.

Since we noted a shift in absorbance with pyomelanin-secreting isolates, we eval-
uated the influence of pyomelanin on the agreement between visual reading and
spectrophotometric readings at 570 nm and 620 nm for pyomelanin- and non-
pyomelanin-secreting isolates. For the non-pyomelanin isolates, a good agreement was
observed at 570 nm, with the percentage agreement ranging from 75 to 100% (Table
3). For the pyomelanin-secreting isolates, the percentage agreement was lower at
570 nm, ranging from 62.5 to 100% (Table 3).

The percentage agreement for pyomelanin-secreting isolates improved remarkably
when spectrophotometric endpoint readings were taken at 620 nm, with 100% agree-

FIG 1 Pyomelanin secretion causes a shift in wavelength absorbance. (A) Absorbance curve for non-pyomelanin-secreting isolate with growth control displaying
no peak absorbance (red) and negative-control (blue) peak absorbance at 570 nm. (B and C) The percentage growth curve (red curve) for an inhibiting
antifungal (itraconazole) (B) and noninhibiting antifungal (C) (micafungin) at 570 nm. (D) The absorbance curve for a pyomelanin-secreting isolate with peak
absorbance for the growth control at 620 nm (red) and peak absorbance for the negative control at 570 nm (blue). (E and F) The percentage growth curve for
itraconazole and micafungin, respectively, at 620 nm.

TABLE 3 Percentage agreement between 8 pyomelanin-secreting and 8 non-pyomelanin-secreting isolates for visual versus
spectrophotometric endpoint reading at 570 nm and 620 nma

Antifungal agent

Agreement at 570 nm (%) for: Agreement at 620 nm (%) for:

Pyomelanin secreting Non-pyomelanin secreting Pyomelanin secreting Non-pyomelanin secreting
MICs within 1 dilution MICs within 1 dilution Identical MICs MICs within 1 dilution

Itraconazole 62.5 100 100 85.7
Voriconacozole 75 87.5 100 85.7
Posaconazole 75 87.5 100 85.7
Fluconazole 37.5 75 100 85.7
Amphotericin B 87.5 87.5 100 100
5-Flucytosine 87.5 100 100 100
Caspofungin 87.5 100 100 100
Micafungin 87.5 100 100 100
Anidalufungin 100 100 100 100
aAgreements are based on MIC90s within 1 dilution step difference.
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ment for all tested antifungals. The percentage agreement for non-pyomelanin-
secreting isolates also improved, ranging from 85.7 to 100% (Table 3). We therefore
recommend that when the Sensititre YeastOne system is used for M. mycetomatis, but
also for other Madurella species producing a similar pigment, the results should be read
visually or spectrophotometrically at 620 nm.
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