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The increasing tolerance to currently used fungicides in both clinical and agricultural areas is of great concern. The nonconven-
tional light-based approach of antimicrobial photodynamic treatment (APDT) is a promising alternative to conventional fungi-
cides. We evaluated the effects of APDT with four phenothiazinium derivatives (methylene blue [MB], new methylene blue N
[NMBN], toluidine blue O [TBO], and the novel pentacyclic phenothiazinium photosensitizer [PS] S137) on conidia of three
fungal species (Colletotrichum acutatum, Colletotrichum gloeosporioides, and Aspergillus nidulans). The efficacy of APDT with
each PS was determined, initially, based on photosensitizer MICs. Additionally, the effects of APDT with two selected PSs
(NMBN and S137) on survival of conidia were evaluated. The subcellular localization of the PS in C. acutatum conidia was deter-
mined. The effects of photodynamic treatments on leaves of the plant host Citrus sinensis were also investigated. APDT with
$137 showed the lowest MIC. MICs for S137 were 5 oM for the three fungal species when a fluence of 25 J cm ™ was used. APDT
with NMBN (50 pM) and S137 (10 M) resulted in a reduction in the survival of the conidia of all species of approximately 5 logs
with fluences of =15 ] cm ™% Washing of the conidia before light exposure did not prevent photodynamic inactivation. Both
NMBN and S137 accumulated in cytoplasmic structures, such as lipid bodies, of C. acutatum conidia. No damage to orange tree

leaves was observed after APDT.

he control of plant-pathogenic fungal species faces some of the

problems that have been observed in the related clinical area,
including the selection of antifungal-tolerant strains and the rela-
tively few classes of currently available and effective fungicides
(1-5). Additionally, contamination of agricultural products and
the environment due to overuse and/or inappropriate use of fun-
gicides is a matter of major concern.

Colletotrichum is a large genus of ascomycete fungi containing
several species that are common pathogens of a wide array of crops
and noncultivated plant species (6, 7). Colletotrichum acutatum
and Colletotrichum gloeosporioides are among the most pathogenic
species of this genus and cause economically important losses of
temperate, subtropical, and tropical fruits worldwide (7). Disease
symptoms range from fruit rot to shoot, leaf, and flower blight.
Common hosts include many eudicotyledonous plants such as
strawberry, apple, citrus, and stone fruits (6).

During the asexual stage of their life cycles, C. acutatum and C.
gloeosporioides produce abundant unicellular hyaline conidia (6,
7). Conidia are specialized structures responsible for the disper-
sion, environmental persistence, and/or host infection of many
fungal species (6, 8-10). After being produced, Colletotrichum
conidia remain attached to each other by a mucilage and are dis-
persed over short distances by rain splash after the mucilage has
been dissolved by water, so rates of infection are usually highest
during the wettest periods of the growing season (7).

Current management strategies for these fungi are based
mainly on the intensive use of fungicides. Even so, control failure
is common because of the selection of tolerant strains (1-5, 11).
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Increasing tolerance to currently used fungicides has stimulated
the development of new strategies to control pathogenic fungi.
Antimicrobial photodynamic treatment (APDT) is an alternative
and promising antifungal discovery platform that can be used to
control localized mycoses in animal hosts or to kill fungi in the
environment (12-22). The approach is based on the use of a pho-
tosensitizer (PS) that binds to the surface or preferentially accu-
mulates in the target fungal cell (13, 14, 17, 20). Subsequent expo-
sure of the PS to light of an appropriate wavelength starts a
photochemical process that produces several reactive oxygen spe-
cies (ROS), such as peroxides and singlet oxygen, leading to non-
specific oxidative damage and causing the subsequent death of the
fungal cells without significant harm to the host (14, 19, 20). In
comparison with currently used fungicides, the multiple and vari-
able targets of reactive oxygen species reduce the chance of select-
ing tolerant microorganisms. An additional advantage of APDT is
that unlike many conventional fungicides that kill only metabol-
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ically active cells, it is able to kill both metabolically active and
dormant or quiescent structures such as conidia (16, 20).

Previous studies have reported the use of APDT with different
PSs to kill fungi of several genera, including Aspergillus, Candida,
Cryptococcus, Metarhizium, and Trichophyton (15-17, 20). Data
regarding the photodynamic inactivation of plant-pathogenic
fungi are scarce, and most of those studies were performed by
using natural compounds as PSs. Additionally, as far as we know,
none of those studies evaluated the effects of APDT on the plant
host. DiCosmo et al. (23) reported the in vitro effects of APDT on
Alternaria alternata, Aspergillus niger, Cladosporium variable, Col-
letotrichum spp., Rhizopus nigricans, Pythium aphanidermatum,
and Saprolegnia spp. using naturally occurring thiophene deriva-
tives. Similarly, Bourque et al. (24) reported in vitro APDT against
Fusarium culmorum and Aspergillus flavus using phenylhep-
tatriyne from Bidens pilosa. Interestingly, Luksiené et al. (25) also
described APDT against Aspergillus flavus, Trichothecium roseum,
Fusarium avenaceum, and Rhizopus oryzae using the standard an-
ticancer photodynamic treatment (PDT) agent hematoporphyrin
dimethyl ether as a PS.

Prerequisites for using APDT to control plant-pathogenic
fungi include the identification of effective PSs against different
fungal species and the evaluation of side effects of the treatment on
the host plants. The objective of this initial study was to assess the
efficacies of APDT with four phenothiazinium derivatives (meth-
ylene blue [MB], new methylene blue N zinc chloride double salt
[NMBN], toluidine blue O [TBO], and the novel pentacyclic phe-
nothiazinium photosensitizer S137) on conidia of the plant-
pathogenic fungi C. acutatum and C. gloeosporioides and on
conidia of the model ascomycete Aspergillus nidulans. These de-
rivatives have already been shown by us to be highly effective
photosensitizers against Candida and Trichophyton spp. in vitro
(15, 16). In an attempt to improve the understanding of the mech-
anisms involved in conidial photoinactivation, subcellular photo-
sensitizer localization and the effects of treatment on the cell
structures of C. acutatum conidia were investigated. The effects of
APDT with all PSs on the leaves of sweet orange (Citrus sinensis)
were also determined.

MATERIALS AND METHODS

Fungal species and strains. Colletotrichum acutatum strain CA 142 from
citrus was obtained from the Plant Pathogenic Fungi Collection of the
Department of Phytopathology and Nematology (Escola Superior de Ag-
ricultura Luiz de Queiroz, University of Sao Paulo, Piracicaba, Brazil). C.
gloeosporioides strain CPC 20935 from avocado was obtained from the
Centraalbureau voor Schimmelcultures (CBS) (Utrecht, Netherlands).
Aspergillus nidulans strain ATCC 10074 was obtained from the American
Type Culture Collection (ATCC) (Manassas, VA, USA).

Photosensitizers. MB (catalog number M9140), NMBN (catalog
number 202096), and TBO (catalog number T3260) were purchased from
Sigma-Aldrich, Inc. (St. Louis, MO, USA). The novel pentacyclic phe-
nothiazinium photosensitizer S137 was synthesized as previously de-
scribed (26). Stock solutions of all the PSs were prepared with phosphate-
buffered saline (PBS) (pH 7.4) at concentrations 10-fold higher than the
highest concentration used. The solutions were stored in the dark at
—20°C for up to 2 weeks. Dilutions were prepared with PBS (pH 7.4).
Chemical structures of all the PSs are shown in Fig. S1 in the supplemental
material.

Visible light source and light measurements. All light (light-emitting
diode [LED] and solar radiation) measurements were performed by using
a cosine-corrected irradiance probe (CC-3-UV; Ocean Optics, Dunedin,
FL, USA) screwed onto the end of an optical fiber coupled to a USB4000
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spectroradiometer (Ocean Optics, Dunedin, FL). Red light was provided
by an array of 600 LEDs with an emission peak at 634 nm (LED600). The
LED array was made in-house by using a 5-mm, high-brightness, 7,000- to
8,000-mcd LED (ZX Lecomp, Sao Paulo, Brazil) and allowed homoge-
nous illumination of the surface of a 96-well microtiter plate. The inte-
grated irradiance in the red region of the visible spectrum (550 to 750 nm)
was 9.2 mW cm ™ 2. Light was measured inside the well, at the sample level,
to reduce interference.

Solar spectral irradiance was measured under a clear sky at midday on
8 May 2013 (midautumn) and 5 June 2013 (late autumn). In midautumn,
integrated irradiances in the red region of the visible spectrum and in the
UV spectrum (290 to 390 nm) were approximately 20.7 and 3.7 mW
cm 2, respectively, and in late autumn, irradiances were approximately
18 and 2.9 mW cm ™2, respectively. LED and midday solar visible (400- to
790-nm) spectral irradiances are shown in Fig. 1A, and solar UV spectral
irradiance (280 to 400 nm) is shown in Fig. 1B. Figure 1C shows the
absorption spectra of the dyes (10 wM in PBS [pH 7.4]) measured with an
Ultraspec 2100 Pro UV-visible spectrophotometer (GE Healthcare, Ger-
many).

Fungal growth and production of conidia. All fungi were grown on
23 ml Difco potato dextrose agar (Becton, Dickinson and Company,
Sparks, MD, USA) supplemented with 1 gliter ' Bacto yeast extract (BD)
(PDAY) in petri dishes (90 by 10 mm) at 28°C for 5 days with 12-h (dark/
light) photoperiods. Conidia were carefully scraped from the colonies and
suspended in a 0.01% (vol/vol) Tween 80 (Sigma-Aldrich) solution. The
concentration of conidia was determined with a hemocytometer, and ap-
propriate dilutions were made with the same solution.

Evaluation of APDT efficacies on fungal conidia based on PS MIC.
MIC-based experiments were performed, as previously described (15, 16),
to determine the most effective PS and the optimized conditions for
APDT. Experiments were performed in 96-well flat-bottomed microtiter
plates (TPP, Switzerland). Fifty microliters of the fungal cell suspension
and 50 pl of the PS solution (MB, NMBN, TBO, or S137) were added to
each well. The final concentration of the conidia in the mixture was 4 X
10* cells ml~!; the final concentrations of MB, NMBN, and TBO were 0, 1,
2.5, 5, 10, 12.5, 25, 50, 75, 100, and 200 wM; and the final concentrations
of S137 were 0, 0.5, 1, 2.5, 5, 10, 12.5, 25, 30, 40, 50, and 75 .M. Plates were
held in the dark for 30 min at 28°C and exposed to light fluences of 5, 10,
15,20, 25, and 30 ] cm ™2 using the LED array as a light source or alterna-
tively kept in the dark to provide dark controls. Fluences resulted from
exposures of 9, 18, 27, 36, 45, and 54 min, respectively. After the expo-
sures, 100 wl of RPMI 1640 culture medium (Gibco, Invitrogen Corpora-
tion, NY, USA) (2-fold concentrate) was added to each well, and plates
were incubated at 28°C. Growth was evaluated after 48, 72, and 96 h by
visual inspection when the MICs were determined (see Fig. S2 in the
supplemental material). The MIC was considered the minimal PS concen-
tration (for each fluence) in which total growth inhibition was achieved.
Three independent experiments were performed.

Effect of APDT with NMBN or S137 and red light on conidial sur-
vival. Based on previous MIC experiments, the optimized conditions for
APDT were established, and the effects of the treatments on the survival of
C. acutatum, C. gloeosporioides, and A. nidulans conidia were evaluated.
Five hundred microliters of the conidial suspension and 500 pl of the PS
solution (NMBN or S137) were added to a 1.5-ml tube (polypropylene;
Axygen Scientific, CA, USA). Final concentrations of conidia and PS in the
mixtures were 2 X 10° cells ml~" and 50 wM NMBN or 10 pM S137,
respectively. Tubes were held in the dark for 30 min at 28°C, and after that,
they were divided into two groups. In one group, conidia were washed to
remove unbound PS, and in the other group, cells were not washed before
light exposure. To remove unbound PS, cells were washed three times
(centrifuged at 5,000 X g for 5 min and resuspended in Tween 80 solution
[0.01%, vol/vol]). Nonwashed and washed conidia (200 wl; 2 X 10° cells
ml™") were placed into a 96-well flat-bottomed microtiter plate and ex-
posed to fluences of 0 J cm ™2 (dark control), 15] cm ™ 2,20 J cm ™%, and 25
J cm ™2 After light exposure, suspensions were removed and serially di-
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FIG 1 Spectral irradiances of light sources. (A) LED system and midday solar
visible (400- to 800-nm) spectral irradiances. (B) Midday solar UV (280- to
400-nm) spectral irradiance. (C) Visible absorption spectra for the photosen-
sitizers (10 wM) employed in this study.

luted 10-fold in PBS to give dilutions of 107" to 10~ times the original
concentration, and 50 wl was spread onto the surface of 5 ml of PDAY
medium containing 0.08 g liter ' of deoxycholic acid sodium salt (Fluka,
Italy) in petri dishes (60 by 15 mm). At this concentration, the salt makes
the colonies grow more slowly and more compactly, allowing the evalua-
tion of fungal growth over several days. Three replicate dishes were pre-
pared for each treatment in each of three independent experiments. The
dishes were incubated in the dark at 28°C. After 24 h, CFU were counted
daily at a X8 magnification for up to 7 days. The effects of the different
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treatments on conidial survival were determined based on survival frac-
tions, as previously described (15, 16). For each trial, the light effect was
calculatedasM_, /M_,_, where M_, is the mean number of CFU
of the three replicate dishes in which conidia were exposed to light only
and M_;,_; is the mean number of CFU of the replicates in which conidia
were not treated with the PS or exposed to light; the PS effect (dark tox-
icity) was calculated as M, p /M __;, where M, , | is the mean num-
ber of CFU of the replicate dishes in which conidia were treated with the
PSbut not exposed to light; and the APDT effect was calculatedas M , , , /
M_p_, where M, is the mean number of CFU of the replicate dishes
in which conidia were treated with the PS and exposed to light.

Effects of APDT with NMBN or S137 and full-spectrum solar radia-
tion on conidial survival. To examine the efficacy of photodynamic treat-
ment under field conditions, we also evaluated the effects of APDT with
NMBN or S137 and sunlight on conidial survival. One milliliter of the
conidial suspension and 1 ml of PS solution (NMBN or S137) were added
to a 10-ml glass tube (diameter, 13 mm) (Schott GL18). Final concentra-
tions of conidia and PS in the mixtures were 2 X 10° cellsml™' and 50 pM
NMBN or 10 pM S137, respectively. Tubes were held in the dark for 30
min at 28°C, and the mixtures were transferred onto 24-well flat-bot-
tomed microtiter plates. To avoid contamination, plates were covered
with a solar radiation-transparent material (0.13-mm-thick premium cel-
lulose triacetate; Liard Plastics, Salt Lake City, UT) and exposed to sun-
light for 1 and 2 h floating in water at 22°C = 2°C. Three different types of
control plates were prepared in all experiments: (i) control plates in which
conidia were exposed to solar radiation but not treated witha PS (—P+L),
(ii) control plates in which conidia were treated with a PS but were pro-
tected from solar radiation during exposure (plates were wrapped in alu-
minum foil) (+P—L), and (iii) control plates in which conidia were not
treated with a PS and were protected from solar radiation (—P—L). The
effects of the treatments on conidial survival were determined as described
above. The solar radiation effect was calculatedasM_, /M __;, the PS
effect (dark toxicity) was calculated as M, /M _,_;, and the APDT
effect was calculated as M, /M _p ;. Two experiments with NMBN
were performed on 16 April 2013, and two were performed on 23 April
2013 (midautumn). The same was done with S137 on 13 and 19 June 2013
(late autumn). All the experiments were performed under a clear sky
between 11 a.m. and 1 p.m. in Ribeirdo Preto, SP, Brazil (21°10’S latitude
at a 560-m elevation).

Evaluation of NMBN and S137 efficacies in APDT after exposure to
solar radiation. The exposure of photosensitizers to high irradiances can
reduce their activity. We evaluated the effects of exposures to full-spec-
trum solar radiation on NMBN and S137 absorption spectra and on their
efficacy in killing C. acutatum conidia in APDT. The efficacy of APDT
with NMBN and S137 was evaluated after both PSs had been previously
exposed to solar radiation for up to 12 h. Ten milliliters of NMBN and
S137 solutions (100 wM and 20 pM, respectively) was placed into petri
dishes (60 by 15 mm) whose lids were replaced by premium cellulose
triacetate. Plates were exposed to solar radiation for 0,0.5, 1, 3,6,9,and 12
h floating in water at 22°C = 2°C. Two solutions of each PS were exposed
under a clear sky on 15 April 2013 (early autumn). At the end of the
exposures, the volumes of the solutions were readjusted to 10 ml with PBS
(pH 7.4). All subsequent dilutions were also made with PBS. Five hundred
microliters of the PS solution (NMBN or S137) and 500 p of the conidial
suspension were added to a 1.5-ml tube. Final concentrations of conidia
and the PS in the mixtures were 2 X 10° cells ml ™' and 50 wM NMBN or
10 WM S137, respectively. Tubes were held in the dark for 30 min at 28°C,
and after this, nonwashed conidia (300 pwl; 2 X 10° cells ml ') were placed
into a 96-well flat-bottomed microtiter plate and exposed to fluences of 0
J em ™2 (dark control) and 15 J cm ™2, using the LED array as the light
source. The effect of APDT on conidial survival was determined as de-
scribed above. Two experiments were performed with each of the PS-
exposed solutions.

Statistical analysis. The effects of the APDT with NMBN or S137 and
red light on conidial survival were assessed by one-way analysis of vari-
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TABLE 1 MIC of PSs MB, TBO, NMBN, and S137 for Colletotrichum acutatum, C. gloeosporioides, and Aspergillus nidulans®

MIC (nM) at fluence of:

Species PS 0 5Jcm 2 10J cm™? 15] cm ™2 20J cm™? 25Jcm™? 30] cm ™2

C. acutatum MB >200 200 200 100-200 75-200 100-200 50-200
TBO >200 200 200 50-100 75-100 75-100 12.5-75
NMBN >200 100 75 50 25-50 25-50 10-50
S137 75 25 10-12.5 5-12.5 5-10 5 5

C. gloeosporioides MB >200 >200 200 200 100-200 100-200 75-200
TBO >200 >200 200 50-150 50-100 75-100 12.5-75
NMBN >200 200 75-100 50 25-75 12.5-75 10-50
S137 75 12.5-50 5-12.5 5-12.5 5-10 5 5

A. nidulans MB >200 75-200 50-200 75 75 75-100 50-100
TBO >200 75 25-75 25-75 10-25 10-25 5-12.5
NMBN >200 50-100 50 50 25-50 25-75 12.5-25
S137 75 25 10-12.5 5-12.5 5-10 5 5

@ Results are MIC ranges from three independent experiments.

ance (ANOVA). A posttest was performed by using orthogonal contrasts RESULTS

(27). The effects of APDT with NMBN or S137 and solar radiation on
conidial survival (field experiments) were compared by using a mixed
linear model. This model is used for the analysis of data on which the
responses are grouped and the assumption of the independence between
observations in the same group is not adequate (28). The posttest was
performed by using orthogonal contrasts. The level of significance was
0.05 (P < 0.05). All analyses were carried out by using PROC MIXED in
SAS version 9.0 (SAS Institute, Inc., Cary, NC, USA).

Conidial microscopy studies. Microscopic studies were performed to
determine the subcellular localization of the PS. Conidia of C. acutatum
(2 X 10° conidia ml ') were treated with NMBN (10, 50, and 100 wM) or
S137 (1, 10, 50, and 100 wM) and washed or not washed before being
observed at a X 1,000 magnification by using a Leica DMD5000 B fluores-
cence microscope (Leica Microsystems GmbH, Wetzlar, Germany). In an
attempt to identify the cellular structures in which the PS accumulated,
conidia were also stained with the dye Sudan IIT (0.5% [wt/vol] in 2:8
distilled water-ethanol) and the fluorescent dyes 4',6-diamidino-2-phe-
nylindole (DAPI) (Sigma) (3.5 mM in distilled water) and FM4-64 (In-
vitrogen) (8 wM in a 1% [vol/vol] dimethyl sulfoxide [DMSO] solution),
which have affinity for lipids, genetic material, and cellular membranes,
respectively. Conidia were treated with each of the three dyes, kept in the
dark for 30 min, and washed three times with PBS (5,000 X g for 5 min)
before being observed at a X 1,000 magnification.

Effects of PDT on leaves of orange trees (Citrus sinensis). Plants used
were about 1.5 m tall. Five microliters of MB, TBO, NMBN, and S137 ata
concentration of 50 wM was spotted on the adaxial surface of the leaves.
After application of the PS, plants were kept outdoors under a natural
sunlight regimen. Plants were visually evaluated for damage to the leaves
daily for up to 15 days. Experiments were conducted in April and Novem-
ber 2012 in Ribeirdo Preto, SP, Brazil. Three experiments were performed.

Microscopic studies of orange tree leaves. Microscopic studies were
performed to determine if the PS penetrated the leaves after being spotted
onto the leaf adaxial surface. Ten microliters of a 100 M solution of the
PSs NMBN and S137 was spotted onto the adaxial surface, and the leaves
were kept at 24°C until the PS had dried. After this, leaves were cross-cut
in the spotted area by using a table microtome (Roble, Rolemberg &
Bhering, Belo Horizonte, Brazil). Histological inspection was carried out
ata X200 magnification by using a Leica DM5000 B microscope. Sections
of the leaves were treated with both NMBN and S137 in order to deter-
mine the appearance of the leaf tissues had the PS penetrated and spread
throughout the structure.
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Evaluation of APDT efficacies against C. acutatum, C. gloeospo-
rioides, and A. nidulans conidia based on MIC. Exposure to red
light in the absence of the PS did not inhibit the growth of any
species regardless of the fluence applied (data not shown). Treat-
ments with MB, NMBN, and TBO in the absence of light, at con-
centrations of up to 200 M (which was the highest concentration
tested), did not inhibit the growth of any of the species (Table 1).
$137 was more toxic in the dark and inhibited the growth of all
three species at 75 wM (Table 1). Treatment with each of the PSs at
all fluences inhibited the growth of all species (the only exceptions
were MB and TBO at a fluence of 5] cm ™2 against C. gloeospori-
oides). The MICs for all PSs and fluences are shown in Table 1.
While the MICs varied among both PSs and species, for most of
the treatments, the MIC decreased with increasing fluence. S137
was the most effective PS for all the species at all fluences. APDT
with S137 inhibited the growth of all species at 5 wM and 25 J
cm 2

Effects of APDT with NMBN or S137 and red light on conid-
ial survival. The effects of APDT with NMBN and S137 on the
three species are shown in Fig. 2. Conidia were incubated with the
PS (50 M NMBN and 10 wM S137) for 30 min and washed or not
washed before being exposed to fluences of 15, 20, and 25 J cm” 2
Exposure to light alone (in the absence of PS) did not kill conidia
ofany species (P > 0.05 for all fungal species and fluences) (Fig. 2).
In the absence of light (i.e., dark toxicity), NMBN at 50 uM did
not kill conidia of any species either (P > 0.05 for all species).
Treatment with only S137 at 10 wM killed approximately 28, 14,
and 30% of the conidia of C. acutatum, C. gloeosporioides, and A.
nidulans, respectively (P = 0.05, 0.23, and 0.07 for C. acutatum, C.
gloeosporioides, and A. nidulans, respectively). Photodynamic kill-
ing of conidia was observed for both PSs and for all species at all
fluences (P < 0.01 for all treatment comparisons) (Fig. 2). APDT
with NMBN (50 wM) or with S137 (10 wM) and at a fluence of 15
J cm™? resulted in an approximately 5-log reduction in the sur-
vival of conidia of all three species (which is the maximum reduc-
tion that could be determined with the experimental design). For
both PSs and for all species (for both washed and nonwashed
conidia), no difference was found in the survival fractions when
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FIG 2 Effects of APDT on conidial survival. Shown is conidial photodynamic inactivation of Colletotrichum acutatum (A and B), C. gloeosporioides (C and D),
and Aspergillus nidulans (E and F) with red light and NMBN or S137, respectively. Conidia were incubated with the PS for 30 min and washed or not washed
before light exposures. Error bars are standard deviations of three independent experiments.

fluences of =15 J cm™ > were used (P > 0.69 for all treatment
comparisons). This happened because for most of the treatments,
the maximum reduction that can be detected by the experiments
(5-log reduction) had already been reached using low fluence (15]
cm™?). For comparison, in a field experiment, a fluence of 15 J
cm ™~ would be reached after 12 and 14 min of exposure to solar
radiation at noon on 8 May (midautumn) and 5 June (late
autumn), respectively. Washing of the conidia to remove un-
bound PS before light exposure reduced the effect of APDT for
some of the treatments (i.e., both PSs at a fluence of 15 J cm™?
[P < 0.01 for the three species]) but not for others (Fig. 2).
Effect of APDT with NMBN or S137 and full-spectrum solar
radiation on survival of C. acutatum conidia. Conidia were in-
cubated with the PS (50 wuM NMBN or 10 uM S137) for 30 min
before being exposed to solar radiation for 1 and 2 h. Exposure to
solar radiation alone (in the absence of PS) for 1 and 2 h killed
approximately 27% and 43% the conidia of C. acutatum, respec-
tively, during the experiments performed in the middle of autumn

March 2014 Volume 80 Number 5

(P < 0.01 for both 1 and 2 h of exposure) but did not kill the
conidia in experiments performed 2 months later, in late autumn
(P =0.56 and 0.11 for 1 and 2 h of exposure, respectively), when
the UV irradiances were lower (Fig. 1B). In the absence of light
(dark toxicity), NMBN (50 uM) had no effect on conidial survival
(P = 0.36), and S137 (10 pM) killed approximately 33% of the
conidia (P < 0.01). The effects of APDT with NMBN (50 wM) or
S137 (10 wM) and solar radiation are shown in Fig. 3A and B,
respectively. APDT with both PSs was highly effective in killing
conidia and resulted in a 5-log reduction in conidial survival after
both 1 and 2 h of exposure.

Effects of full-spectrum solar radiation on NMBN and S137
absorption spectra and efficacy as PSs in APDT. Exposures of
NMBN and S137 to solar radiation changed their absorption spec-
tra (see Fig. S3 in the supplemental material) and reduced their
effectiveness in APDT (Fig. 4). Both modifications were related
directly to exposure time.

Conidial microscopy studies. Conidia of C. acutatum were
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FIG 3 Conidial photodynamic inactivation of Colletotrichum acutatum with NMBN (A) or S137 (B) and solar radiation. Conidia were incubated with the PS for
30 min before exposures to natural sunlight for 1 and 2 h. Error bars are standard deviations of four experiments.

treated with NMBN and S137, and microscopic studies were per-
formed to determine the subcellular localization of the PS. Both
NMBN and S137 penetrated the conidia and accumulated cyto-
plasmic vesicles. Colocalization of PSs with the dyes Sudan IIT and
FM4-64 indicated that both PSs accumulated in lipid bodies (Fig.
5and 6), structures that occupy a large portion of the cytoplasm of
young conidia of Colletotrichum. However, the presence of the PS
in other membranous structures, such as small vacuoles, is a pos-
sibility that cannot be excluded. Treatment with high S137 con-
centrations (=50 wM) caused cytoplasmic disorganization and
the formation of large vesicles in the cytoplasm of the conidia (Fig.
6). Washing of the conidia did not remove the PS from their inte-
rior, showing that they were strongly bound to lipid bodies or
membranous structures (Fig. 5 and 6).

Effects of PDT on leaves of orange trees. APDT with the phe-
nothiazinium PS did not cause any damage to the adult leaves of
orange trees (Citrus sinensis) (see Fig. S4 in the supplemental ma-
terial), nor did it cause damage to other structures of the plant,
such as young leaves and flowers (data not shown).

Microscopic studies of orange tree leaves. Comparison of Fig.
S5A to S5D in the supplemental material (in which PS solutions
were spotted onto the leaf adaxial surface before the leaves had
been sectioned) and Fig. S5E to S5H in the supplemental material
(in which leaf sections were stained with the PS) shows that the
phenothiazinium PS used in the present study did not cross the
leaf cuticle.

1628 aem.asm.org

DISCUSSION

The need to overcome deficiencies in conventional antimicrobial
strategies has stimulated the investigation of alternative ap-
proaches, such as APDT, to control pathogenic microorganisms
in both the clinical and agricultural areas. APDT has been used to
treat human mycoses caused mainly by fungi of the genera Can-
dida and Trichophyton (15, 16, 18, 29, 30). It is thus logical that
novel applications of APDT are explored, including its use to con-
trol plant pathogens.

Phenothiazinium photosensitizers are among the most studied
PSs, and novel derivatives with improved photochemical and
photophysical characteristics have been synthesized (26, 31-33).
APDT with novel MB derivatives such as NMBN and S137 has
been shown to be highly effective against human-pathogenic fungi
of the genera Candida and Trichophyton (15, 16, 29). There are no
data regarding the effects of APDT with these novel PSs on plant-
pathogenic fungi or on their plant hosts. In the present study, we
evaluated the efficacies of in vitro APDT with four phenothia-
zinium derivatives in killing of conidia of C. acutatum, C. gloeospo-
rioides, and A. nidulans. The efficacies were established initially by
determining the MIC of each PS for each fluence. For the two PSs
selected in this study (NMBN and S137), we also evaluated conid-
ial survival after APDT with red light emitted by LEDs and with
full-spectrum natural solar radiation. As the MIC experiments
were less time-consuming and allowed the evaluation of several
treatments simultaneously, this initial approach was convenient
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FIG 4 Conidial photodynamic inactivation of Colletotrichum acutatum with red light and NMBN (A) or S137 (B) previously exposed to full-spectrum solar

radiation. Error bars are standard deviations of four experiments.

to establish the optimized conditions for APDT (15, 16). S137 was
the most effective PS, being associated with the lowest MICs for all
three species. A concentration of 10 uM at light fluences of =20 ]
cm? was enough to completely inhibit the growth of all fungi. S137
also presented the highest dark toxicity. The improved perfor-
mance of S137 and NMBN in comparison with the lead com-
pound MB was previously observed in vitro for both Candida spp.
and Trichophyton spp. (15, 16, 29).

APDT with red light and with both NMBN and S137 was very
effective in killing conidia of the three species, as observed in the
survival-based experiments. Conidia of Colletotrichum and Asper-
gillus are different in biochemical (i.e., pigmentation) and mor-

FM4-64

phological (i.e., cell size) characteristics that were previously asso-
ciated with tolerance to photodynamic treatment (20). For
example, conidia of Colletotrichum are hyaline and much larger
than the dark-green-pigmented conidia of A. nidulans (see Fig. S6
in the supplemental material). Despite these differences, both
types of conidia were efficiently killed by APDT. Treatment with
NMBN (at 50 uM and a fluence of 15 J cm™?) resulted in an approx-
imately 5-log reduction in survival of the conidia of all species. APDT
with S137 was even more effective in killing conidia: a concentration
of 10 uM at a fluence of 15 J cm™? resulted in the same reduction in
conidial survival. APDT continued to be very effective even when
conidia were washed before light exposure. This is due to the PS either

J NMBN (100 pM)

B,

wasiled . 5um

FIG 5 (A to D) Nonstained Colletotrichum acutatum conidia (A) and conidia stained with Sudan III (0.5%) (B), FM4-64 (8 wM) (C), and DAPI (3.5 mM) (D).
(E to J) Conidia were also treated with 10 wM (E and F), 50 wM (G and H), and 100 wM (I and J) NMBN and not washed (E, G, and I) or washed to remove

unbound PS (F, H, and J).
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FIG 6 Colletotrichum acutatum conidia treated with 1 WM (A and B), 10 uM (C and D), 50 M (E and F), and 100 uM (G and H) S137 and not washed (A, C,

E, and G) or washed to remove unbound PS (B, D, F, and H).

being firmly attached to the cell surface or being internalized by the
conidia (20).

Microscopic studies showed that NMBN and S137 were taken
up by C. acutatum conidia and accumulated in cytoplasmic vesi-
cles. PS entry and accumulation occurred upon contact with the
conidia and were independent of light exposure. The colocaliza-
tion of the PSs with the dyes Sudan IIT and FM4-64, which have
affinity for lipids and membranes, respectively, indicates that the
PSs accumulate in lipid bodies and in small vacuoles. The numer-
ous lipid bodies, ranging from 0.4 to 2.0 pm in diameter, are the
most abundant reserve in young, ungerminated conidia of Colle-
totrichum spp. and dominate the cytoplasmic volume (34, 35).
Conidial treatment with S137 at concentrations of =50 uM dis-
organized the cytoplasm and induced the formation of large ves-
icles (Fig. 6). It is suggested that this is the reason for the higher
dark toxicity of S137.

Unlike some currently used fungicides that act only on meta-
bolically active cells and/or are only fungistatic, APDT with
NMBN and S137 killed the conidia of all three species. Previously,
we demonstrated that APDT with these PSs also kills conidia of
Trichophyton mentagrophytes and T. rubrum (16). As far as we
know, there is no evidence indicating that conidia or other dor-
mant or quiescent fungal structures are more tolerant to APDT
than metabolically active cells. However, additional studies need
to be carried out to determine the effect of APDT on other poten-
tially tolerant fungal structures such as the melanized Colletotri-
chum species appressoria.

APDT to control plant pathogens in the field would be applied
under conditions very different from the controlled conditions
used in the clinic to treat localized mycoses. Instead of lasers and
LEDs, the sun would be the light source. The broad emission spec-
tra and high irradiances in visible and UV spectra (Fig. 1A and B)
enable solar radiation to excite both visible-light-activated PSs
such as phenothiazinium and UV-activated PSs such as the natu-
rally occurring furanocoumarins and thiophenes. Additionally,
light cycles are long and repeated daily. In the present study, we
have shown that APDT with both NMBN and S137 and 1 h of solar
exposure completely photoinactivated conidia of C. acutatum.
The use of APDT to eliminate conidia on sporulating lesions
and/or recently dispersed conidia would dramatically reduce the
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inoculum in the treated area. Reduction of the initial inoculum is
among the strategies used to control plant diseases (36-38).

The exposure of NMBN and S137 to solar radiation reduced
their effectiveness in APDT; i.e., APDT with NMBN and S137
previously exposed to solar radiation for 3 h resulted in a reduc-
tion in conidial survival of approximately 3 logs instead of the 5
logs achieved with the nonexposed PSs. Despite the intense PS
inactivation caused by solar radiation, NMBN was still able to kill
90% of C. acutatum conidia even after 12 h of exposure to full-
spectrum sunlight. It should be emphasized that the experiments
to evaluate the effect of solar radiation on PS activity were per-
formed under harsh conditions (i.e., PSs in solution were exposed
directly to solar radiation on clear days in a tropical site during
early autumn). It may be speculated that under milder conditions,
the environmental persistence of the PSs would be increased. The
photodegradation of the PSs prevents their accumulation in the
environment but may increase the number of applications neces-
sary to control the fungus. However, frequent applications are also
required to control Colletotrichum spp. with conventional fungi-
cides. As conidia are dispersed by rain splash, currently used fun-
gicides are usually reapplied after each rain episode. In the case of
postbloom fruit drop, up to nine applications are not uncommon
during the flowering season to control the disease, depending
upon its incidence and the rainfall (39, 40).

In the clinic, the selective toxicity of APDT can be increased by
both topical application of the PS and light exposure restricted to
the lesion. This cannot happen in field experiments because both
the microorganism and host will be exposed to light and the PS.
Thus, selectivity would have to be achieved in other ways. In the
present study, no damage was observed for orange tree leaves
treated with the PSs and exposed to solar radiation. One of the
factors that may explain the lack of damage is that the PS did not
cross the leaf cuticle. As the reactive species generated during PDT
have very short half-lives, their diffusion is limited, and therefore,
damage is restricted to structures close to the PS (18). As the PS
remained outside the cuticle, which is approximately 4 pm thick,
the internal leaf structure was not damaged by the PDT. Thus,
fungi on the leaf surface that are in contact with the PS may be
killed without damaging the leaf.

To control pathogens, the PS would be applied in the environ-
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ment and in large areas. This would require the use of environ-
mentally safe PSs. The phenothiazinium derivative methylene
blue, the lead compound in this work, has a suitable human tox-
icity profile, being used routinely for malignancy tracing and the
treatment of methemoglobinemia, in both cases at concentrations
hundreds of times higher than those required to kill microorgan-
isms (31). Other PSs, such as the above-mentioned furanocou-
marins and thiophenes, are produced naturally by plants of several
genera and may act as protection against infections caused by
plant-pathogenic fungi or bacteria (23, 24, 41).

Our initial study demonstrated that in vitro APDT with the
phenothiazinium PS in combination with artificial or natural so-
lar radiation was highly effective in killing conidia of Colletotri-
chum spp. We also demonstrated that APDT did not damage the
plant host. In order to explore the real potential of APDT as an
alternative to the intensive use of conventional fungicides, further
studies are necessary to determine the effectiveness of APDT in
planta under field conditions and the environmental impact of
these new approaches as well as to establish the appropriate for-
mulations and delivery systems for the selected PS.
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