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Abstract: This study aimed at the development and validation of an accurate, more affordable,
and precise digital imaging resazurin-based fungicide sensitivity colorimetric assay (COL-assay)
for fungal plant pathogens from the genera Mycosphaerella and Pyricularia. This proposed digital
imaging assay was based on colorimetric estimates of resazurin reduction, which was used as a
metabolic indicator of fungal respiration activity on microplate cultures. As fungal model systems,
we used the yellow and black Sigatoka pathogens [Mycosphaerella musicola (Mm) and M. fijiensis
(Mf), respectively] and the wheat blast pathogen, Pyricularia oryzae Triticum lineage (PoTl), which
were previously characterized for QoI, DMI, and SDHI fungicide sensitivity. We then compared the
classical spectrophotometry detection assay (SPEC-assay) with the proposed COL-assay based on
the analyses of digital images of the microplates’ cultures captured with mobile phone cameras on a
handmade trans-illuminator built for poorly equipped labs. Qualitatively, in terms of accuracy, there
was full correspondence between the SPEC-assay and the COL-assay according to the fungal EC50 or
the relative growth classes on QoI, SDHI, and DMI fungicides for both Mycosphaerella and Pyricularia
pathogens. We also observed a strong to very strong correlation coefficient between the COL-assay
and the SPEC-assay fungicide sensitivity values for the QoI azoxystrobin, the SDHI fluxapyroxad,
and the DMI tebuconazole. Our conclusion was that the COL-assay had a similar accuracy as the
SPEC-assay (i.e., resulted in similar fungicide-sensitivity categories for both resistant or sensitive
fungal isolates) and high precision. By openly sharing here the COL-assay’s full methodology, and
the blueprints of the handmade trans-illuminator, we foresee its adoption by poorly equipped labs
throughout the country as an affordable venue for monitoring the fungicide resistance status of
populations of important fungal plant pathogens such as M. fijiensis, M. musicola, and P. oryzae
Triticum and Oryza lineages.

Keywords: fungal foliar pathogens; fungicide resistance; high-risk fungicides; QoI; DMI; SDHI;
anti-microbial resistance phenotyping; smart anti-resistance strategies; surveillance-based spraying
decision; limiting fungicide sprays

1. Introduction

Fungicide sensitivity assessments of fungal pathogen populations are essential for
monitoring the emergence of resistance to high-risk site-specific fungicides and reducing its
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spread in the agroecosystem [1–3]. This is especially important to prolong the efficacy of re-
cently launched fungicide active molecules for the management of important crop diseases
in agricultural fields [3]. Classical methods for assessing the fungicides baseline sensitivity
of fungal populations are based on determining the EC50 (half maximal effective fungicide
concentration) derived either from measurements of mycelial growth or spore germination
in artificial culture media (for necrotroph or hemibiotroph fungi, which are able to grow in
artificial medium) amended with different doses of fungicides [4–7]. For biotrophs these
assays are conducted in planta [8,9], which is outside of the scope of our study. Most
of these methods are laborious, and time and resources-consuming. Alternatively, the
assessment of fungicide sensitivity can be performed measuring the respiratory activity of
fungal plant pathogens based on the reduction of the metabolic indicator resazurin (RZ) or
alamar blue (“ready to use” resazurin dye solution) in microplates [10–12].

The metabolic indicator RZ is a non-toxic dye that acts as an intermediate electron
acceptor in the mitochondrial transport chain without interfering with normal electron
transferring [13]. The RZ dye is extensively used for sensitivity assays of fungi, bacteria,
mammalian cells, and other organisms to several chemical compounds as an indicator of
metabolic activity [14]. The reduced form (pink color) of RZ predominates under high
respiratory activity while the oxidized form (blue color) is associated with low cellular
respiration [15,16]. Therefore, in these assays, analyses of fungal plant pathogens’ respi-
ratory activity can be performed under optimum growth conditions on microplates by
determining both the reduced (resazurin, RD) and the fluorescent oxidized (resorufin, OX)
forms of RZ under spectrophotometry (i.e., the spectrum of absorbance λRD at 600 ηm
and at λOX at 570 ηm) [10] or spectrofluorometry (i.e., the spectrum of absorbance λRD
excitation at 530–560 ηm and at λRD emission at 590 ηm) [17].

For assessing the fungicide sensitivity status of fungal populations of important fungal
plant pathogens from the genera Mycosphaerella and Pyricularia, we aimed to develop a
digital imaging assay, based on colorimetric estimates of resazurin reduction (RD) as a
direct indicator of fungal respiration activity derived from growth on liquid cultures in
microplates, like the method described by Borra and collaborators [18]. As fungal model
systems, we used the yellow and black Sigatoka pathogens [Mycosphaerella musicola (Mm)
and M. fijiensis (Mf), respectively [19]] and the wheat or the rice blast pathogens Pyricularia
oryzae Triticum lineage (PoTl) and P. oryzae Oryza lineage (PoOl) [20], which were previously
characterized for QoI, DMI, or SDHI fungicides sensitivity [6,7,19].

The method from Borra and collaborators [18] used digital images obtained with CCD
cameras to evaluate the reduction of resazurin or alamarBlue in microplates. These images
were decomposed into three sets of grays from the original red (R), green (G), and blue (B)
spectra. The intensities of gray tones were obtained with the ImageLab software (Bio-Rad®

Laboratories, Hercules, CA, USA) or with the Adobe Photoshop® software (Adobe Inc., San
Jose, CA, USA) where the reduced RZ was inferred from images in the G spectrum while
the oxidized RZ from images in the R spectrum. As an opensource choice, the ReadPlate3.0
plugin [21] of the software ImageJ ([22,23], available at http://fiji.sc/ (accessed on 1 April
2022)) enables the automatic determination of the color spectra variation from all 96 wells of
a microplate at once, with the possibility of reading in four different filters: green, red, blue,
and gray. In fact, ReadPlate3.0/ImageJ has been widely used in many distinct colorimetric
assays [21,24,25].

The success of a digital imaging assay depends on prior optimization of the fungal
culturing conditions, which includes medium composition, medium pH, amount and type
of initial inoculum, and incubation time, as well as the optimization for the RZ dye reaction
to reflect the fungal respiratory activity [5–7,11,12,26–29].

Regarding the culture media, its suitableness for measurements of respiratory activity
with the RZ dye is fungal dependent. For instance, potato dextrose (PD) medium was
considered suitable in fungicide resistance assays of Monilinia fructicola to the DMI fenbu-
conazole based on measurements [11]. However, while PD was unsuitable for RZ-based
QoI azoxystrobin sensitivity assays for Alternaria alternata, the CM medium was considered

http://fiji.sc/
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more appropriate for that assay [12]. This was associated with the PD medium’s high
carbohydrates content, which triggered a high secretion of acids by the fungus A. alternata
metabolism during growth. Because this high acidity condition accelerated RZ reduction,
without a buffer adjusting and keeping the medium’s pH around neutrality, PD might be
unsuitable for RZ-based fungicide sensitivity assays for A. alternata [12,26].

As for the incubation period, the recommendation is to assess the respiratory activ-
ity at its maximum level, which occurs during the log (exponential) phase of the fungal
growth [26]. The few RZ-based fungicide sensitivity assays conducted with plant pathogens
so far are based on 24-h incubation assessments [11,12]. However, particularly for Pyricu-
laria, the assessment of fungicide sensitivity based on the evaluation of the fungus respira-
tion activity in this short 24-h incubation period could result in very different phenotypes
from those obtained previously [5–7,28], making the former relevant data incomparable
with any data recently generated. This is because previous assays for QoI, DMI, and SDHI
sensitivity for Pyricularia were based on fungal mycelial growth from five days incuba-
tion on liquid medium in microtiter plates. The same applies to QoI and DMI fungicide
sensitivity assays for Mycosphaerella, which takes from seven to 10 days incubation [27,29].

In our study, after the experimental conditions have been optimized, including
medium composition and pH, fungal inoculum concentration, incubation time, and condi-
tions, we tested the hypothesis that a digital imaging assay based on colorimetric estimates
of resazurin reduction (RD) as an indicator of fungal respiration activity (COL-assay) is
as accurate and precise for fungicide sensitivity testing as the spectrophotometric assay
(SPEC-assay), at similar conditions, for the plant pathogenic fungal species from the genus
Myscosphaerella and Pyricularia. We then compared the classical spectrophotometry de-
tection assay (SPEC-assay) with the proposed colorimetric assay (COL-assay) based on
analyses of digital images captured with mobile phone cameras on a handmade trans-
illuminator built for poorly equipped labs. For validation of the COL-assay, in comparison
with the SPEC-assay, we determined the accuracy of the phenotypes of a group of resistant
and sensitive isolates from Myscosphaerella and Pyricularia, previously characterized for
sensitivity to the site-specific fungicides QoIs, DMIs, and SDHIs.

2. Materials and Methods
2.1. Fungal Strains

To carry out this study, we selected 13 isolates from the black or yellow Sigatoka
fungal pathogens Mycosphaerella fijiensis or M. musicola with previous information about
their sensitivity status to QoI [19], DMI, and SDHI fungicides derived from pilot studies
in our lab. We also selected 14 isolates from the wheat or rice blast pathogens Pyricularia
oryzae Triticum (PoTl) or Oryza (PoOl) lineages, previously classified according to their
resistance category to QoI [5], DMI [7], and SDHI [6,30] fungicides. These Mycosphaerella
and Pyricularia isolates were selected from our fungal collections spanning 2007, 2017, 2018,
and 2019 sampling years from either banana plantations or cereal (wheat or rice) fields
from Central-southern Brazil (Table 1).

Table 1. Mycosphaerella and Pyricularia isolates selected for this study, their fungicide resistance
categories, and doses of QoI, DMI, and SDHI fungicides tested.

Fungicide Group and
Active Ingredient

Mycosphaerella
Isolates a, b

Doses of Fungicide
Tested (µg mL−1) c

Pyricularia
Isolates a,b

Doses of Fungicide
Tested (µg mL−1) c

QoI: Azoxystrobin Mm ISC3 (S)
Mm ISC14 (S)
Mf JA3.9a (S)
Mm ISC9 (R)
Mm ISC64 (R)
Mf JA2.24 (R)

0 and 10.0 PoTl 12.1.312 (R)
PoTl 18SPK6 (R)
PoTl 18MGH19 (R)
PoTl 12.1.015 (S)
PoO 421 (S)
PoO 656 (S)

0 and 10.0
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Table 1. Cont.

Fungicide Group and
Active Ingredient

Mycosphaerella
Isolates a, b

Doses of Fungicide
Tested (µg mL−1) c

Pyricularia
Isolates a,b

Doses of Fungicide
Tested (µg mL−1) c

DMI: Tebuconazole Mm ISR47 (S)
Mm ISR55 (S)
Mf JA2.24 (RS)
Mm ISC118 (R)
Mf JA3.9a (R)
Mf SA6 (R)

0, 0.0066, 0.033, 0.066,
0.132 and 1.320

PoTl 12.1.130 (R)
PoTl 12.1.183 (R)
PoTl 12.1.312 (HR)
PoTl 12.1.045i (RS)
PoTl 18MGF3 (R)
PoTl 18MGH25 (RS)

0 and 1.0

SDHI: Fluxapyroxad Mm ISC92 (S)
Mm ISR21 (RS)
Mf JA2.24 (RS)
Mf SA6 (RS)
Mm ISR6 (R)
Mf JA3.9a (HR)

0, 0.66, 3.3, 6.6, 16.5 and
33.0

PoTl 12.1.037 (R)
PoTl 12.1.299 (S)
PoTl 12.1.312 (S)
PoTl 12.1.045i (S)
PoTl 18SPK6 (S)
PoO 704 (S)

0 and 5.0

a Fungal species: Mf = Mycosphaerella fijiensis, Mm = M. musicola, PoOl = Pyricularia oryzae Oryza lineage, and
PoTl = P. oryzae Triticum lineage. b The fungicide resistance categories: S = sensitivity, RS = reduced sensitivity,
R = resistance, HR = high resistance. c The fungicide resistance categories for Mycosphaerella isolates were inferred
based on EC50 values determined in this study for the DMI and SDHI fungicides, while for the QoI fungicide
we determined the relative growth based on the discriminatory dose of 10.0 µg mL −1 [19,27]. In comparison,
the fungicide resistance categories for Pyricularia isolates were previously determined for QoI [5], DMI [7,28],
and SDHI [6,30] fungicides, therefore we only experimentally tested the relative growth of the fungus on the
discriminatory doses indicated above.

2.2. Fungal Inoculum, Microplate Cultures Preparation, and Incubation Conditions for Fungicide
Sensitivity Testing

Sensitivity tests to QoI, DMI, and SDHI fungicides were conducted with flat-bottomed
96-well microtiter plates (Kasvi, Parganas North, West Bengal, India) using the mycelial
fragments protocol [29,31]. (Appendix A) Isolates of M. fijiensis and M. musicola were
reactivated on PDA medium (20.7 g L−1 potato dextrose, 15 g L−1 agar) supplemented
with chloramphenicol and streptomycin (50 µg mL−1 of each). Isolates of Pyricularia oryzae
Triticum and Oryza lineages were reactivated in oatmeal agar medium (30 g L−1 oatmeal,
25 g L−1 agar) supplemented with 100 µg mL−1 chloramphenicol. After 10 days of growth
at 25 ◦C and 12 h photoperiod, for both Mycosphaerella and Pyricularia, fungal mycelium
fragments were transferred to 1.5 mL microtubes containing 0.5 mL of 0.1 mm diameter
glass beads. A total of 1000 µL of distilled water was added to the mixture, which was
bead-beatered in a Fast-Prep apparatus for 20 s at speed 4 m s−1. This beating cycle resulted
in a suspension of small mycelial fragments, which were diluted in 10 mL of distilled water.
The final concentration of the mycelial fragment’s suspension was adjusted to 104 mL−1

based on Neubauer chamber counts. The fungicides tested at distinct doses were mixed
with PD medium prepared with 0.025M phosphate buffer, and final pH adjusted to 5.0.
The total volume dispensed in each microplate well was 150 µL as follows: 100 µL of
PD medium with and without fungicides at distinct doses, 50 µL of fungal propagules
suspension. The experimental design was completely randomized with eight reps and each
experiment was repeated once. The microplate with fungal liquid cultures were wrapped
in plastic film and incubated at 25 ◦C in the dark and shaken at 150 rpm for five days for
Pyricularia or 10 days for Mycosphaerella, when the fungal growth reached its maximum.

2.3. Spectrophotometric Assay (SPEC-Assay) for Fungicide Sensitivity Testing Based on
Measuring the Reduction of Resazurin, a Metabolic Indicator for Fungal Respiration Activity

After completing the incubation period for maximum fungal growth, 50 µL of re-
sazurin at 160 µM was added to each microplate well to obtain a final concentration of
40 µM (to a final volume of 200 µL) and initial absorbance readings at 569 ηm (Abs569 ηm at
T0) were taken using a microplate reader device (Multiskan™ FC Microplate Photometer,
Thermo Fisher Scientific, Waltham, MA, USA) for spectrophotometric estimates of RZ
reduction (SPEC-assay). Subsequently, the microplates were kept at 25 ◦C under complete
dark for a 4 h-reaction-period for Pyricularia or a 24 h-reaction-period for Mycosphaerella,
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when final absorbance readings were then taken at the same wavelengths (Abs569 ηm at T4
or T24).

2.4. Resazurin-Based Colorimetric Assays (COL-Assay) for Fungicide Sensitivity Testing Using a
Handmade Trans-Illuminator with Attached Mobile Phone Digital Cameras

A handmade trans-illuminator was built according to Delfino [21] (Figures 1 and 2)
using 9-mm-thick medium-density wood fiber (MDF), painted in matte black (80 cm
high × 30 cm wide × 25 cm deep), with a front door with the same height and width. A
7.5 cm diameter hole at the top of the trans-illuminator was made to attach a mobile phone
digital camera. The entire interior of the trans-illuminator was covered with photographic
diffuser film (Zcod®, São José, Brazil). A 20 cm × 20 cm × 2.5 cm LED lamp (Vanyluz™,
São Paulo, Brazil) was installed inside, at its base. The lamp is activated by a side switch,
and the power supply is 110 V. A small mark was made in the center of the LED lamp base
(Figure 1B) for correctly positioning the microplate (Figure 1C). Once the light is activated
(Figure 1D), the front door is closed, and the mobile phone digital camera is positioned
in the top hole (Figure 1E). We applied the camera function that allows the screen to be
centered in the microplate image captured, using “guides” (Figure 1E, arrow). The camera
settings and the zoom were standardized, so that the images were captured under the same
conditions and size (Figure 1F). A technical drawing of the handmade trans-illuminator for
microplates is presented in Figure 2.

Figure 1. (A) Handmade transilluminator for the colorimetric resazurin-based digital-imaging assay
(COL-assay) developed by our group for this study. (B) Photography diffuser film covering square led
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lamp (marked at the center). (C) Microplate positioned above the LED lamp. (D) LED lamp turned
on. (E) Positioning of the mobile phone digital camera over the top hole of the transilluminator.
(F) Positioning of the experimental microplate at the center of the LEd lamp. (G) Digital images data
obtained using ReadPlate3.0 plugin from Imagej software and sensitivity analysis on a preliminary
test using suspension of mycelia fragments as fungal inoculum from the PoOl isolate 363 growing in
PD medium supplemented or not with the fungicide azoxystrobin at 10 µg mL−1. Values shown at
the bottom of each individual well are the digital-imaging-estimated colorimetric values and the pink
color intensity indicates the differences in fungal respiration.

Figure 2. Technical drawing of the transilluminator for the colorimetric resazurin-based digital-
imaging assay (COL-assay) developed for capturing fungal respiration activity from mycelial growth
on microplates. (A) Closed door view. 1: camera top hole. 2: door handle. 3: power plug.
(B) Side view. 4: light switch. (C) Inside view. 5: square led lamp. (D) Side with door opened.
Scale bars = 10 cm. The transilluminator was made with medium density wood fiber (MDF) 90 mm
thick, painted in matte black color, 80 cm high, 30 cm wide, 25 cm deep.

After completing the incubation period defined for the fungal respiration resazurin-
based fungicide sensitivity testing for either Mycosphaerella or Pyricularia, colorimetric
estimation of RZ reduction from each individual fungal culture microplate well was de-
termined using the ReadPlate3.0 application from the ImageJ software, with background
correction (Acorr, Lachine, QC, Canadan), as described by Delfino [21].
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2.5. Resazurin Oxidation-Reduction Gradient Testing for Substantiating the Assays

This experiment was conducted using an oxidation-reduction gradient resulting from
the mixture of completely oxidized (OR, blue color) to completely reduced (RD, pink color)
states of RZ, with the purpose of substantiating both spectrophotometric (SPEC-assay)
and the digital imaging assay based on colorimetric estimates (COL-assay) of resazurin
reduction. The reduced RZ solution was obtained by autoclaving the oxidized RZ for
15 min and allowing it to cool to room temperature in the dark [18]. The experiments were
conducted in 96-well microplates. In each individual microplate well a total of 100 µL of
PD medium prepared with 0.025M phosphate buffer, final pH 5.0 and 50 µL of M. musicola
or P. oryzae Triticum lineage inoculum suspension (104 mycelial fragments.mL−1 or water
as the negative control) were added. After a 5 day-incubation period for Pyricularia or
a 10 day-incubation period for Mycosphaerella at 25 ◦C in the dark and under shaking at
150 rpm, 50 µL of RZ 160 µM were added to obtain a final concentration of 40 µM RZ in
the following proportions of the reduced/oxidized forms (Figure 3).

Figure 3. Oxidation-reduction gradient obtained with the mixture of the reduced and oxidized forms
of the resazurin solution at the final concentration of 40 µM *.* Mixtures of reduced and oxidized
forms of RZ and respective volumes added in the microplate wells containing PD medium prepared
with 0.025 M phosphate buffer, final pH 5.0 and 50 µL of M. musicola or P. oryzae Triticum lineage
inoculum suspension (104 mycelial fragments·mL−1 or water as the negative control). RD = reduced
resazurin (autoclaved for 15 min). OR = oxidized resazurin (no autoclaving). NC = negative control
(no mycelium fragments added).

Initial absorbance readings at 569 ηm (Abs569 ηm at T0) were taken for the SPEC-assay
estimates of RZ reduction, as described earlier in item 2.3. The microplate was also digitally
photographed using a mobile phone camera attached to the transilluminator designed
for colorimetric (COL-assay) estimation of RZ reduction at T0 using ReadPlate3.0 from
ImageJ as described earlier in item 2.4. Subsequently, the microplates were kept at 25 ◦C
under complete dark for a 4 h-reaction-period for Pyricularia or a 24 h-reaction-period
for Mycosphaerella, when final absorbance readings were taken at the same wavelengths
(Abs569 ηm at T4 or T24) and the microplates were then digitally photographed also at T4 or
T24 for colorimetric estimation of RZ reduction.

2.6. Accuracy and Precision of the Resazurin-Based Colorimetric Assay (COL-Assay) Based on a
Handmade Trans-Illuminator for Fungicide Sensitivity Testing

The objective of this phase of the study was to compare the classical spectrophotometry
detection assay (SPEC-assay) with the proposed colorimetric assay (COL-assay) based on
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analyses of digital images captured with mobile phone cameras on a handmade trans-
illuminator built. We aimed to determine the accuracy and precision of the COL-assay
for fungicide sensitivity testing with both Mycosphaerella and Pyricularia fungal pathogens.
For digital images capture we used an iPhone 11 with iOS16 operating system, both from
Apple Inc. (Cupertino, CA, USA), with a 12MP wide camera with ƒ/1.8 aperture.

The fungicide sensitivity tests were conducted with flat-bottomed 96-well microtiter
plates (Kasvi, Parganas North, West Bengal, India) using the mycelial fragments protocol,
microplate cultures preparation, and incubation conditions for fungicide sensitivity testing
as described earlier in this study in item 2.2. Each microplate well was filled with 50 µL
of inoculum suspension and 100 µL of PD broth [20.7 g L−1 of potato dextrose (Kasvi),
1 L of distilled water)] amended with different concentrations of the QoI, DMI, or SDHI
fungicides as described in Table 1.

We applied both the SPEC- and COL-assays’ protocols for fungicide sensitivity testing
based on measuring the RZ reduction, as described earlier in items 2.3 and 2.4. For
Mycosphaerella, The RZ reduction was estimated as follows:

RRMycosphaerella = T0 − T24 (1)

where, RRMycosphaerella = relative reduction of resazurin; T = Absorbance at 569 ηm for
the SPEC-assay or colorimetric reading for the COL-assay; T0 = reading at time zero
(immediately after adding resazurin to the fungal 10-day-old liquid culture in buffered PD
medium); T24 = reading at time 24 (24 h after adding resazurin).

For Pyricularia, The RZ reduction was estimated as follows:

RRPyricularia = T0 − T4 (2)

where, RRPyricularia= relative reduction of resazurin; T0 = reading at time zero (immediately
after adding resazurin to the fungal 5-day-old liquid culture in buffered PD medium);
T4 = reading at time 4 (4 h after adding resazurin).

Based on the RZ reduction (RR) estimates we were able to determine the effective fungi-
cide concentration for inhibiting 50% of the fungal respiration activity (EC50, in µg mL−1)
using the macro ED50 plus v1.0 [32] for Excel (Microsoft™, Redmond, WA, USA). This
macro uses a logarithmic function for estimating the EC50 by a dose-response curve be-
tween log (doses) and RR values. We also determined the relative growth (RG) of fungal
cultures at discriminatory doses of fungicides as described earlier (Table 1). We calculated
the EC50 and RG values based on RR determined by both SPEC- and COL-assays.

2.7. Statistical Analysis

Analysis of variance (ANOVA) by the F test and means comparison were performed
using the R software with the statistical libraries agricolae and laercio [33].

As a measure of accuracy of the resazurin-based colorimetric assay (COL-assay),
we applied the Scott–Knott test (at α ≤ 0.05 probability) to compare means with the
resazurin-based spectrophotometric assay (SPEC-assay). The boxplot figures depicting the
correspondence between fungicide resistance categories (based on EC50 values or relative
growth estimates) as a measure of accuracy of the COL-assay in comparison with the
SPEC-assay were built using the R software library tidyverse 1.3.1 [33], which included the
packages ggplot2 3.3.5, purrr 0.3.4, tibble 3.1.6, dplyr 1.0.7, tidyr 1.1.4, stringr 1.4.0, readr 2.1.0,
and forcats 0.5.1, and the functions ggplot, geom_boxplot, stat_summary, geom_jitter, ggtitle,
theme, and geom_text.

As a measure of precision of the COL-assay, we built and compared the simple linear
and the polynomial (quadratic) regression models to predict the correspondence between
the relative growth or EC50 estimates from the resazurin-based spectrophotometric assay at
569 ηm (SPEC-assay) on the basis of the COL-assay measurements. The data were randomly
split into a training set (77.5% of the data, for building the predictive models) and a test
set (22.5%, for evaluating the models), setting a random seed for reproducibility. Next, the
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R function predict [specifying the model, the data set, the option interval = “confidence”]
was used for predicting outcome values and the corresponding 95% confidence interval
reflecting the uncertainty around the mean predictions for each regression model. The
comparisons among regression models’ performance were achieved by analyzing the RMSE
and the R2 metrics [34]. The RMSE represents the model prediction error, that is the average
difference between the observed outcome values and the predicted outcome values. The
R2 represents the squared correlation between the observed and predicted outcome values.
The best model chosen between linear and quadratic was the one with the lowest RMSE and
the highest R2. For depicting a scatter plot containing a regression line and the confidence
interval band for the model chosen, we used the R package ggplot2 3.3.5.

The whole set of colors palette chosen to build all figures with accessibility are color-
blind safe and print friendly, using the resources from Color Brewer 2.0 available at the URL
https://colorbrewer2.org/#type=sequential&scheme=BuGn&n=3 (accessed on 1 April 2022).

3. Results
3.1. Resazurin Oxidation-Reduction Gradient Testing for Substantiating the Assays

The oxidation-reduction experiment reflected a perfect color gradient spanning the
completely oxidized (OR, blue) to the completely reduced (RD, pink) states of RZ, used for
calibrating both the spectrophotometric (SPEC-assay) and the digital imaging assay based
on colorimetric estimates (COL-assay) of resazurin reduction (Figure 3). This observation
was corroborated by the detection of a negatively significant correlation between the
proportion of oxidized to reduced RZ and the measurements of absorbance at 569 nm (A)
or the colorimetric readings (B) with p ≤ 0.01 and Adj.R2 = 0.94 (Figure 4).

Figure 4. Simple linear regression models predicting the correspondence between the optical density
(O.D.) estimates from the resazurin-based spectrophotometric assay at 569 nm (SA = SPEC-assay)
or the readings from the resazurin-based colorimetric assay (CA = COL-assay) on the basis of the
proportion of reduced to oxidized resazurin (RZ) for Mycosphaerella musicola.

3.2. Accuracy and Precision of the Resazurin-Based Colorimetric Assay (COL-Assay) on a
Handmade Trans-Illuminator for Fungicide Sensitivity Testing

From the qualitative point of view of the phenotyping, by which we inferred accuracy,
the group of fungal isolates associated with the Sigatoka disease complex M. fijiensis (JA2.24,
JA3.9a, and SA6) and M. musicola (ISC92, ISR6, and ISR21) were similarly characterized
as resistant or sensitive to QoI or DMI fungicides using either the SPEC-assay (SA) or
the COL-assay (CA) (Figure 5A,C). For the SDHI fungicide, in particular (Figure 5B),

https://colorbrewer2.org/#type=sequential&scheme=BuGn&n=3
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although the between assays EC50 values for fluxapyroxad were significantly different by
the Scott–Knott test (at α ≤ 0.05) for three of the isolates tested, the resistance category was
not mistakenly inferred. However, quantitatively, either by the SPEC- or the COL-assay,
significant phenotypic differences were detected between resistant and sensitive isolates of
M. fijiensis and M. musicola to all three fungicide groups (Figure 5). This joint observation
demonstrated the accuracy of the COL-assay fungicide sensitivity testing.

Figure 5. Correspondence between fungicide resistance categories (based on EC50 values or
relative growth estimates) as a measure of accuracy of the resazurin-based colorimetric assay
(CA = COL-assay, purple boxplots) in comparison with the classical spectrophotometry detection
assay (SA = SPEC-assay, orange boxplots) for testing sensitivity of Mycosphaerella fijiensis or M. mu-
sicola to QoI (A), SDHI (B), or DMI (C) fungicides a,b. a The COL-assay was based on analyses of
digital images of experimental microplates captured with mobile phone cameras on a handmade
trans-illuminator designed for colorimetric estimation of RZ reduction from T0 to T24 using the
ReadPlate3.0 in ImageJ developed by Delfino [21] as described in item 2.6 from this study. b The
figure depicts boxplots with the medians represented by black lines across the notches, the average
as red circles along the whisker lines, and the jittered data points in purple or orange to avoid data
overplotting. The F statistics for treatment effect was significant at least at p ≤ 0.05. Boxplots with the
same letter on top (from A to F) indicate that the means for the particular isolate or resazurin-based
phenotyping assay are not significantly different by the Scott–Knott test at α ≤ 0.05.
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From the quantitative point of view, by which we measured the precision of the assay,
in general, for the three fungicides tested, the EC50 or the values of relative growth in
discriminatory doses of fungicides for the COL-assay were significantly and positively
correlated with the values from the SPEC-assay (with Adj.R2 varying from 0.76 for the
SDHI, 0.81 for the DMI, to 0.99 for the QoI fungicides) (Figure 6A–C), indicating the fair to
high precision of the assay.

Figure 6. Simple linear regression models predicting the correspondence between the log EC50 or
fungus relative growth estimates from the spectrophotometric assay at 569 nm (SA = SPEC-assay) on
the basis of log EC50 or relative growth estimates from the colorimetric assay (CA = COL-assay) for
QoI (A), SDHI (B), or DMI (C) fungicide sensitivity testing for Mycosphaerella fijiensis and M. musicola
a,b. a The rectangle within each figure contains the corresponding linear equations, the adjusted R2

(Adj.R2) as a measure of precision of the colorimetric assay, and the model fit parameters (RMSE and
R2). In all three cases the linear regression had the best fit as a predicting model, with the lowest
RMSE and the highest R2. b The regression lines were presented in purple, the confidence interval
band of the prediction model in gray and the distribution of the values by orange circles contained
within the limits of dotted lines.

A similar outcome was observed for the fungicide sensitivity testing conducted with
isolates of the wheat or rice blast pathogens (PoTl or PoOl), previously characterized
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according to their resistance category to QoI [5], SDHI [6,30], or DMI [7,28] fungicides.
Qualitatively, in terms of accuracy, there was full correspondence between the SPEC-assay
and the COL-assay according to the fungal relative growth classes on QoI, SDHI, and
DMI fungicides (Figure 7A–C) inferred for the group of PoTl (12.1.015, 12.1.037, 12.1.045i,
12.1.130, 12.1.183, 12.1.299, 12.1.312, 18MGH19, 18MGH25, or 18SPK6) and PoOl isolates
(421, 656, or 704). In addition, either by the COL-assay or by the SPEC-assay, significant
phenotypic differences were detected between resistant and sensitive isolates of PoTl or
PoOl to all the three fungicide groups.

Figure 7. Correspondence between fungicide resistance categories (based on relative growth es-
timates) as a measure of accuracy of the resazurin-based colorimetric assay (COL-assay, purple
boxplots) in comparison with the classical spectrophotometry detection assay (SPEC-assay, orange
boxplots) for testing sensitivity of Pyricularia oryzae Triticum (PoTl) or P. oryzae Oryza lineage (PoOl)
to QoI, (A), SDHI (B), and DMI (C) fungicides a,b. a The COL-assay was based on analyses of digital
images of experimental microplates captured with mobile phone cameras on a handmade trans-
illuminator designed for colorimetric estimation of RZ reduction from T0 to T4 using the ReadPlate3.0
in ImageJ developed by Delfino [21], as described in item 2.6 from this study. b The figure depicts
boxplots with the medians represented by black lines across the notches, the average as red circles
along the whisker lines, and the jittered data points in purple or orange to avoid data overplotting.
The F statistics for treatment effect was significant at least at p ≤ 0.05. Boxplots with the same letter
on top (from A to D) indicate that the means for the particular isolate or resazurin-based phenotyping
assay are not significantly different by the Scott–Knott test at α ≤ 0.05.
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Qualitatively, considering the measure of precision of the assay, the values of relative
growth in discriminatory doses of fungicides for the COL-assay were significantly and
positively correlated with the values from the SPEC-assay for all three fungicides, fitting to
either linear or quadratic models (with Adj.R2 varying from 0.60 for the DMI, 0.83 for the
QoI, to 0.84 for the SDHI) (Figure 8), also indicating the fair to high precision of the assay.

Figure 8. Regression models predicting the correspondence between the fungus relative growth
estimates from the SPEC-assay at 569 nm (SA) on the basis of relative growth estimates from the
COL-assay (CA) for QoI (A), SDHI (B), and DMI (C) fungicide sensitivity testing for Pyricularia
oryzae Triticum lineage and P.oryzae Oryza lineage a,b. a The rectangle within each figure contains the
corresponding linear equations, the adjusted R2 (Adj.R2) as a measure of precision of the colorimetric
assay, and the model fit parameters (RMSE and R2). For the QoI (A) and DMI fungicide (C) the
quadratic regression had the best fit as a predicting model while for SDHI (B) the linear regression
had the best fit, with the lowest RMSE and the highest R2. b The regression lines were presented
in purple, the confidence interval band of the prediction model in gray and the distribution of the
values by orange circles contained within the limits of dotted lines.
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4. Discussion

The main objective of our study was the development of an accurate, affordable, and
precise resazurin-based digital imaging colorimetric assay for the assessment of fungicide
sensitivity status of populations of fungal plant pathogens.

Preliminary steps for the optimization of the fungal culture conditions were taken to
aid the development of our RZ-based digital imaging colorimetric assay. For instance, the
testing of three culture media (PD [5,19], SN [35], and V8 medium [36]), at three different
pHs (5.0, 6.0, or 7.0), for RZ-based sensitivity assays to determine QoI, DMI, and SDHI
fungicides for Mycosphaerella and Pyricularia, indicated the suitability of PD medium for
both fungal pathogens with an initial pH 5.0 (data not shown). Differing from other
assays reported [11,12], in our RZ-based assay we have chosen to use buffered PD medium
prepared with 0.025M phosphate buffer, to avoid significant changes in its pH during
fungal growth and when supplementing the media with distinct fungicide concentrations.

Considering the amount of fungal inoculum for our RZ-based fungicide resistance
colorimetric assays, we checked the effect of variable concentrations of fungal propagules
(for both Mycosphaerella and Pyricularia). There was a positive correlation between respi-
ratory activity measured as RZ reduction and fungal inoculum concentration (from 0 to
105 propagules.mL−1), validating the sensitivity of the assay (data not shown). For the sub-
sequent RZ-based assays conducted in this study, the concentration of 104 propagules.mL−1

was chosen as an initial inoculum, which matched previous non-RZ-based fungicide sensi-
tivity assays with these pathogens [5–7,19,27–29].

As for the incubation period, in our proposed RZ-based fungicide sensitivity assays
we kept the same incubation period from five to 10 days, as reported in previous studies
with Pyricularia and Mycosphaerella. We then amended the liquid medium of the fungal
growing colonies with the RZ dye and subsequently measured the respiration activity at
four to 24 h, for Pyricularia or Mycosphaerella, respectively, after incubation at 25 ◦C under
completely dark conditions [5–7,19,27–29].

After the experimental conditions had been optimized, we tested the hypothesis that
the colorimetric assay (COL-assay) was as accurate and precise for fungicide sensitivity test-
ing as the spectrophotometric assay (SPEC-assay), under similar conditions. The fungicide
sensitivity was assessed based on a direct measure of fungal respiratory activity in distinct
fungicide doses, by quantifying the reduction of the metabolic indicator resazurin (RZ), as
extensively reported for other systems [10–12]. The equivalence between the estimates of
optical density values from the SPEC-assay and the readings from the COL-assay with the
corresponding levels of RZ reduction (Figure 4) was the first indication that the COL-assay
developed here can be useful for fungicide resistance phenotyping.

As model systems, we phenotyped the black and yellow Sigatoka fungal pathogens
M. fijiensis and M. musicola and the wheat or the rice fungal pathogens P. oryzae Triticum and
Oryza lineages. For the COL-assay we built a handmade trans-illuminator for capturing
digital images of the experimental 96-well microplates with an attached mobile phone
camera (Figures 1 and 2).

The COL-assay required the use of the opensource software Image J “ReadPlate”
plugin, which allows the user to define a grid of circular regions superimposed upon the
microplate image. A grid is subsequently created by defining the number of rows and
columns of the microplate, delimiting the pixel coordinates of each well (e.g., well A1 to
H12) and the diameter of each analysis circle [37].

Similar techniques based on image analysis using ImageJ have been used to evaluate
a variety of analytical targets, from residues of organophosphates, as well as forensically
and clinically relevant compounds [38–41].

Using previously optimized experimental conditions, which included medium com-
position, pH, concentration of fungal inoculum, incubation conditions, and period, we then
tested the hypothesis that the COL-assay was as accurate and precise as the SPEC-assay for
fungicide sensitivity testing at similar conditions.
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In general, for Mycosphaerella, the COL-assay performed as accurately as the SPEC-
assay in cataloging fungal population according to fungicide resistance categories (based on
EC50 values or relative growth in discriminatory doses of the active ingredients) to the three
major fungicide classes tested: QoI—strobilurin (azoxystrobin), SDHI (fluxapyroxad), and
the DMI—triazole (tebuconazole). Therefore, all the Mycosphaerella isolates were classified
in the exact same resistance or sensitivity category in both methods (Figure 5). The COL-
assay also performed as precisely as the SPEC-assay in determining levels of fungicide
resistance as indicated by the correspondence between EC50 values or fungal relative fungal
growth estimates from the two assays for all the three fungicides classes (Figure 6). In all
three cases, the trend line plotted from the distribution of the data pairs from the two assays
indicated a positive linear correlation. From a merely statistical point of view (by which
correlation coefficients could be classified as weak/moderate/strong/very strong), we
observed a very strong correlation coefficient between the COL-assay and the SPEC-assay
values for the QoI azoxystrobin (R2 =0.997) and strong for fluxapyroxad (R2 = 0.60) and
tebuconazole (R2 = 0.88) [42] (Figure 6).

Similar to the Mycosphaerella pathogens, correspondence between the COL- and the
SPEC-assays was also detected for the resistance categories of the wheat or rice blast
Pyricularia pathogens PoTl and PoOl to the QoI azoxystrobin, SDHI fluxapyroxad, and DMI
tebuconazole, indicating both accuracy and precision (Figures 7 and 8).

Taking all this information together, our study explored the applicability of a digital
image colorimetric assay (COL-assay), associated with the measurement of resazurin activ-
ity during fungal growth, using a hand-made apparatus for the digital documentation of
reactions in fungicide resistance detection experiments for both Mycosphaerella and Pyric-
ularia pathogens. Since the the COL-assay has been shown to be accurate and precise, it
is an affordable choice for poorly equipped laboratories with no access to a spectropho-
tometric microplate reader, and for end users such as extension plant pathologists with
little experience in digital image processing. For instance, the COL assay specific costs
require the framing of the handmade transilluminator (which includes carpentry: US$ 50;
painting: US$ 20; lamp, cable and power plug acquisition: US$ 25; electrician and other
services: US$ 10; totaling: US$ 105) and the purchase of a cell phone device (US$ 583),
totaling US$ 688. In comparison, the SPEC assay requires the availability of a microplate
spectrophotometer containing the specific 569 and 620 ηm filters for the readings. Our
model (Multiskan™ FC Microplate Photometer, from Thermo Fisher Scientific, Waltham,
MA, USA) costs US$ 8070. Therefore, the COL-assay could result in saving up to US$ 7382
in equipment costs.

By openly sharing its full methodology and the blueprints of the trans-illuminator
we foresee its adoption throughout the country as a phenotyping platform for monitoring
the fungicide resistance status of populations of several other important necrotrophic or
hemibiotrophic fungal plant pathogens, besides M. fijiensis, M. musicola, and P. oryzae. In
Brazil, these relevant pathogens include, as examples, Alternaria alternata on tangerines [43],
Botrytis cinerea on strawberries [44], Colletotrichum accutatum on apples [45], Colletotrichum
truncatum and Corynespora cassiicola on soybeans [46–48], Lasiodiplodia theobromae on pa-
paya [49], Monilinia fruticola on stone fruits [50], Phyllosticta citricarpa on citrus [51], and
Ramulariopsis gossypii and R. pseudoglycines on cotton [52]. This fungicide resistance phe-
notyping platform will certainly require successful optimization and validation of the
COL-assay for such a broad range of pathosystems.

Such a countrywise fungicide resistance detection platform would deliver free access
to data on the status of fungicide resistance and guide smart decisions, in real time (i.e.,
during the ongoing cropping seasons) on reducing or limiting the spraying of high-risk
fungicides for which resistance has been detected.

5. Conclusions

The fungicide sensitivity assay developed here based on colorimetric analyses of
digital images of fungal growth on microtitter plates allowed the accurate and precise



Agronomy 2023, 13, 343 16 of 19

assessment of fungicide resistance phenotype from several samples of two fungal pathogen
species.

The handmade trans-illuminator developed for the colorimetric assays has low costs,
thus offering an affordable alternative of large-scale fungicide resistance phenotyping in
poorly equipped labs in Brazil.
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Appendix A. Reagents and Media for Resazurin-Based Fungicide Sensitivity Assays

Phosphate buffer at 0.025 M: 2.18 g of K2HPO4, 0.68 g of KH2PO4, to a final volume of
1 L distilled water. Use this buffer to replace water for media preparation.

Potato dextrose (PD) medium: 27g PD Kasvi®, 0.05g of Chloramphenicol, 0.05 g of
Streptomycin, 0.078g of salicylhydroxamic acid, to a final volume of 1L of 0.025M phosphate
buffer.

SN medium: 1 g of KH2PO4, 1 g of KNO3, 0.5 g of MgSO4 · 7H2O, 0.5g of KCl, 0.2 g
of glucose, 0.2 g of sucrose, 0.05 g of chloramphenicol, 0.05 g of streptomycin, 0.078 g of
salicylhydroxamic acid, to a final volume of 1L of 0.025M phosphate buffer.

V8 medium: 100 mL of V8 juice, 1 g of CaCO3, 0.05 g of chloramphenicol, 0.05 g of
streptomycin, 0.078 g of salicylhydroxamic acid, complete with 0.025 M phosphate buffer
to a final volume of 1 L.

NaOH solution at 1 M for pH adjustment of the media: 0.399 g of NaOH in 10 mL of
distilled water.

https://doi.org/10.17632/rcjy95gbvg.1
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HCl solution at 4M for pH adjustment of the media: Dilute 84 mL of concentrated HCl
in water to a final volume of 250 mL.

Note about medium preparation: Use as little NaOH and HCl as possible adding
drop by drop in the medium to reach the desired pH. After preparing the medium, adjust
the medium´s pH before autoclaving. After autoclaving, add the chloramphenicol and
salicylhydroxamic acid (SHAM), and adjust the final pH again. These steps are essential
otherwise the medium will have a very dark color after autoclaving, which can interfere
with the experimental results.

Resazurin solution: Prepare Resazurin (Sigma-Aldrich®) (RZ) stock solution at 800 µM
(= 0.02% w/v): 0.01 g in 50 mL of potassium phosphate buffer. Perform filtration of the
stock solution using 0.22 µM filter and syringe.

Prepare RZ working solution: dilute to 160 µM. For example, to prepare 50 mL of
160 µM RZ, add 10 mL of 800 µM RZ stock solution + 40 mL of potassium phosphate buffer.

Potassium phosphate buffer at 0.1 M, pH 7.0: For a final volume of 50 mL mix 0.1 M
K2HPO4 (0.435 g/25 mL water) + 0.1 M KH2PO4 (0.135 g/25 mL water).

Note about preparing working resazurin solutions: RZ solutions should not be ex-
posed to direct light. Preparation and storage can be performed using 50 mL Falcon tubes,
wrapped in aluminum foil. Store RZ solutions in the refrigerator at 10 ◦C (~20 months) or
at −20 ◦C (indefinite time). Heat RZ solution for 10 min in a water bath at 37 ◦C before use
(if stored at −20 ◦C, thaw it first).

The recommended final RZ concentration is 40 µM. Therefore mix 50 µL RZ solution
at 160 µM with 100 µL medium and 50 µL of inoculum suspension, to a final volume of
200 µL.
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