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The fungus Lasiodiplodia theobromae is one of the main causal agents of trunk
canker and dieback of grapevine. The objective of this work was to evaluate
the efficiency of photodynamic inactivation (PDI) of L. theobromae with syn-
thetic and natural photosensitizers and irradiation with either sunlight or
artificial photosynthetically active radiation. Although the growth of the
mycelium could not be completely prevented with natural sunlight
irradiation, phenothiazine dyes (methylene blue, MB; toluidine blue O,
TBO), riboflavin and a cationic porphyrin (Tetra-Py+-Me) caused complete
inhibition under continuous irradiation with artificial light. Free radicals
were the main cytotoxic agents in the PDI with MB, indicating the predomi-
nance of the type I mechanism. PDI with MB or Tetra-Py+-Me may represent
a promising approach for the sanitation of vine material in greenhouse
nurseries, in order to reduce the risk of infection upon grafting.
1. Introduction
Lasiodiplodia theobromae (Pat.) Griff. & Maubl. [1] is the causative agent of trunk
canker in vine, being currently considered as a tropical to sub-tropical vine
pathogen of global incidence [2]. Infection occurs mainly through wounds pro-
duced during pruning [3]. The symptoms include cankers, wood necrosis, spur
dieback, retarded growth, foliar chlorosis and necrosis, and fruit rot [4].

Current strategies for the control of L. theobromae are mainly preventive. In
vineyards, the chemical control of L. theobromae is the prevailing approach.
However, most, if not all, of the efficient chemical fungicides have been pro-
gressively banned. Sodium arsenite, formerly used to control grapevine trunk
diseases, is now prohibited [5,6] and DuPont Escudo®, a commercial formu-
lation of carbendazime and flusilazol has also been withdrawn from the
market [7]. Preventive treatment with azoles and synthetic resins are, for the
moment, the only option [7,8] with the major drawback of the selection and
dissemination of azole-resistant plant pathogens [9].

Photodynamic inactivation (PDI) of microorganisms relies on the interaction
between light, molecular oxygen and a light-sensitive molecule (photosensitizer,
PS) that leads to the production of highly cytotoxic radicals (type I) or singlet
oxygen (type II) which cause lethal damage to the target cells [10]. Although
initially developed for clinical applications, PDI has rapidly expanded beyond the
medical scope, and phytosanitary applications represent an emerging field [11–14].

The objective of this work was to provide an alternative to the chemical pro-
phylaxis of grapevine trunk disease caused by L. theobromae, using non-toxic
photoantimicrobials.
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Figure 1. Radial mycelium growth of Lasiodiplodia theobromae cultivated in the presence of (a) TBO, (b) MB or (c) riboflavin, under natural sunlight irradiation. LC,
light control; DC, dark control. Values represent the mean of three independent assays with five replicates, and error bars represent the standard deviation.
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2. Material and methods
(a) Biological material and chemical reagents
The L. theobromae strain LA-SV1 used in this study was isolated
from a grapevine in Peru [15]. Starter cultures in oatmeal agar
(OA) were incubated at 28°C in the dark for 5 days.

All reagents were purchased from Merck, except when other-
wise indicated. The cationic porphyrin 5,10,15,20-tetrakis(1-
methylpyridinium-4-yl) porphyrin tetra-iodide (Tetra-Py+-Me)
was synthesized and purified according to the literature [16].
Stock solutions of toluidine blue O (TBO), methylene blue (MB,
AppliChem) and Tetra-Py+-Me were prepared in dimethylsulfox-
ide (DMSO). Riboflavin was dissolved in water, and so were
D-mannitol and sodium azide, used as a free radical scavenger
and 1O2 quencher, respectively.

(b) Photodynamic inactivation under natural
(discontinuous) or artificial (continuous) light

The PDI of L. theobromae was assessed as the inhibition of
mycelium radial growth in a double-layered solid medium,
during 7 days of incubation. The PS was incorporated in soft
OA (0.5% agar) overlays. Plates (9 cm diameter) were inoculated
with 6 mm mycelium plugs from starter cultures, and the assays
were conducted at room temperature (approx. 25°C) for 7 days.

For the assays with solar light (natural daylight), the PSs TBO
(1.0 and 2.0 mmol l−1), MB (1.0 and 2.0 mmol l−1) and riboflavin
(5.3 mmol l−1) were tested. Cultures were exposed to indirect
sunlight through window glass, corresponding to a photosynthe-
tically active radiation (PAR) irradiance of 600 W m−2 [17].
Experiments with continuous artificial light tested the PSs TBO
(1.0 mmol l−1), MB (1.0 mmol l−1), riboflavin (2.66 mmol l−1) and
the cationic porphyrin Tetra-Py+-Me (50 µmol l−1), as a reference
PS. The cultures were incubated under an array of 13 fluoresce
lamps (OSRAM2118 W) continuouslydeliveringPAR(380–700 nm,
25 Wm−2) [17].

Light controls (LC), exposing the fungus to the same light
conditions as the test but without PS, dark controls (DC) expos-
ing the fungus to each PS in the dark, and a control (+), in which
the fungus was cultivated in the dark, without any PS, were
included. Three independent assays, each including five replicates
for each experimental condition, were conducted.

(c) Effect of photodynamic inactivation on biomass
production and mechanism of photosensitization

Liquid cultures (50 ml) were incubated at room temperature for
7 days, under continuous irradiation with PAR (380–700 nm,
25 W m−2). Oatmeal broth was amended with MB (50 µmol l−1)
or Tetra-Py+-Me (5.0 µmol l−1). Sets of five replicates for each
experimental condition were inoculated with plugs of starter cul-
tures. LC, DC and (+) controls were included. In order to
determine the type of photosensitization mechanism (type I or
type II), parallel sets of test cultures containing each PS were
amended with either 100 mmol l−1 D-mannitol or 100 mmol l−1 of
sodium azide. For the determination of biomass dry weight,
fungal material was collected on pre-weighed gauze and dried at
50°C until a constant weight was reached (approx. 3–4 days).
Five replicates for each experimental condition were conducted.

(d) Statistical analysis
Significant differences in radial growth and biomass production
between different experimental conditions were assessed by
univariate ANOVA with the IBM SPSS Statistics 25 package
with a 5% significance threshold. Normality and homogeneity
of variances were checked by the Kolmogorov–Smirnov and
the Levene tests, respectively.
3. Results
(a) Photodynamic inactivation efficiency
Exposure to MB (1.0 or 2.0 mmol l−1) induced a reduction of
72–83% (ANOVA, p > 0.05) in growth, in relation to the con-
trol (figure 1). TBO (2.0 mmol l−1) caused an initial delay in
growth, in relation to the controls (87% reduction at day 5;
ANOVA, p < 0.05), but growth recovered during the sub-
sequent incubation. Riboflavin was the least efficient PS.
Delay in mycelium growth, in relation to the controls, was
observed only at the highest concentration, and the difference
between tests and controls was only significant at day 5 (40%
growth of LC; ANOVA, p < 0.05).

All tested PSs caused complete inhibition of mycelium
growth (figure 2). There was also a slight inhibition in the
LC and DC, in relation to the control (+). Mycelium growth
in the LC was delayed by 2–3 days, when compared with
the control (+), with a growth reduction of 26%. In the DC,
the inhibition was maximal after 2–3 days of incubation,
with an average mycelium radius corresponding to 15–31%
of the corresponding value in control (+). However, at the
end of the experiment, only the DC of Tetra-Py+-Me remained
significantly different from control (+) (ANOVA, p < 0.05).

(b) Biomass production and photodynamic inactivation
mechanism

In liquid cultures, biomass production in 7 days (table 1) was
significantly reduced in the presence of either MB (48.5 mg),
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Figure 2. Radial mycelium growth of Lasiodiplodia theobromae cultivated in the presence of (a) TBO, (b) MB, (c) riboflavin or (d ) cationic porphyrin Tetra-Py+-Me,
under continuous irradiation with artificial PAR (380–700 nm, 25 W m−2). Control (+) values are repeated in all the graphs for comparison. Values represent the
mean of three independent assays, and error bars represent the standard deviation.
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or Tetra-Py+-Me (50.6 mg), corresponding to 36 and 38% of
the biomass in the control (+). Light alone (LC) or exposure
to the PS in the dark (DC) did not significantly affect biomass
production.

The addition of sodium azide did not significantly affect
photosensitization with MB. However, in the presence of D-
mannitol (+M condition), the biomass production (176.3 mg)
was significantly different from that of the MB test (table 2).
Neither D-mannitol nor sodium azide attenuated the photo-
sensitization with Tetra-Py+-Me. With the porphyrin,
biomass production was not significantly different between
the three tested PDI conditions.

4. Discussion
PDI of L. theobromaewas assessed in view of the emergence of
tolerance to common antifungals among phytopathogenic
fungi and the need to reduce the use of chemical biocides.
The PSs were incorporated in a soft OA overlay to facilitate
the contact between the PS and the penetrative zone of the
mycelium responsible for nutrient uptake [18].

Assays with natural sunlight showed no significant inac-
tivation with either TBO or riboflavin, and mycelium
development was only slightly delayed (approx. 1 day).
Riboflavin was tested because, as an authorized food additive
(E101), it is an interesting PS for food-related applications.
However, it is quickly degraded by light [19], and it lacks
the positive charge that would increase affinity to the cell
wall of fungi [20]. TBO efficiency varies among fungal species
[21], and the effects may differ from those caused by MB
[22,23]. The differences observed may have had species-
and/or medium-related causes. MB caused significant
attenuation of mycelium growth under natural light in a con-
centration-dependent manner, but not a complete fungicidal
effect, although the MB concentrations used were much
higher than normally used for fungal PDI [22,24]. At very
high concentrations, the target sites of the PS become satu-
rated, leaving a substantial amount of unbound PS that will
competitively absorb light [25]. Additionally, at high concen-
trations, MB has intrinsic antibacterial and antifungal activity
[26,27]. Therefore, MB concentrations for PDI are limited by
the self-shading and dark toxicity of this dye.

Considering that incomplete inhibition under natural sun-
light may have been due to recovery of photodynamic
damage during the night period, experiments with continu-
ous artificial light (PAR, 380–700 nm) were conducted.
Mycelium growth was completely inhibited with all tested
PSs under continuous artificial light. Noticeably, considering



Table 1. Biomass of Lasiodiplodia theobromae produced in 50 ml liquid cultures (oatmeal broth) after 7 days of continuous irradiation with PAR (380–700 nm,
25 W m−2), expressed as absolute value (mg dry weight) or in relation to the biomass produced in the control culture (% control (+)). Test, PDI conditions
(PS + light); LC, light controls; DC, dark controls; control (+), dark conditions without PS. Values represent the mean ± standard deviation of five replicates. *
indicates a significant difference (ANOVA, p < 0.05) in relation to control (+).

photosensitizer biomass LC DC test control (+)

MB

50 µmol l−1
mg dry weight 147.1 ± 10.6 115.0 ± 4.1 48.5 ± 26.9* 133.9 ± 4.5 mg

% control (+) 110 86 36

Tetra-Py+-Me

5 µmol l−1
mg dry weight 135.6 ± 14.3 148.2 ± 34.7 50.6 ± 18.5*

% control (+) 101 111 38

Table 2. Fungal biomass (dry weight) produced in 50 ml liquid cultures (oatmeal broth) after 7 days of continuous irradiation with PAR (380–700 nm,
25 W m−2), with or without the free radical scavenger D-mannitol (M) or the 1O₂ quencher sodium azide (SA). Test, PDI conditions (PS + light) without capture
molecules; control (+), dark conditions without PS; values were repeated from table 1, for comparison. Values represent the mean ± standard deviation of five
replicates. * indicates a significant difference (ANOVA, p < 0.05) in relation to the corresponding test.

photosensitizer biomass test +SA +M control (+)

MB

50 µmol l−1
mg dry weight 36.0 ± 22.7 20.9 ± 1.6 176.3 ± 30.4* 133.9 ± 4.5 mg

% control (+) 27 16 132

Tetra-Py+-Me

5 µmol l−1
mg dry weight 26.3 ± 2.9 21.7 ± 2.0* 30.8 ± 5.6

% control (+) 20 16 23
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average light irradiance estimates for similar experimental
conditions [17], the total energy dose applied during continu-
ous irradiation with artificial light (approx. 2400 J cm−2) was
approximately 5% of that applied in the experiments with
natural sunlight. The results agree with other reports of sig-
nificant or complete inhibition of fungi by MB and artificial
light [28–31]. However, light, per se, had a negative effect
on the growth of L. theobromae and all tested PSs showed
some degree of dark toxicity. Light regulates important phys-
iological processes in fungi, and it has been shown that
biomass production is higher in the dark than under white
light [32,33]. MB, TBO, riboflavin and porphyrins are con-
sidered to have low dark toxicity against fungi but most
literature results refer to yeasts or suspensions of conidia
[34], less susceptible to antimicrobial compounds than
active vegetative hyphae [35].

PDI experiments in liquid cultures were conducted to dis-
criminate the mechanism of mycelium photosensitization,
using the reduction of biomass as a proxy for inactivation.
Only the most effective PSs (MB and Tetra-Py+-Me) were
tested because the concentrations had to be lowered to
1/100 of those used in solid medium. Preliminary tests
showed that high PS concentrations produced an intense
coloration of the medium, which attenuated light penetration.
Additionally, the PSs visibly precipitated on the surface of
the hyphae, making it impossible to obtain an accurate
determination of the mycelium weight (data not shown).

MB (50 µmol l−1) and Tetra-Py+-Me (5.0 µmol l−1) induced
a significant reduction in biomass. Dark toxicity (DC) and the
direct inhibition by light (LC) were attenuated in relation to
the assays in solid medium. The lower concentrations of PS,
the complete immersion of the mycelium in the slightly
turbid liquid medium and the glass walls of the flask may
have granted some protection from direct light.
PDI of fungi may involve type I (free radicals) or type II
(1O2) reactions, depending on the PS and the reaction
medium, and often both processes occur concomitantly [34].

The addition of D-mannitol had a significant protective
effect against the photosensitization with MB, but sodium
azide, a 1O2 quencher, had no effect, indicating that the PDI
with MB occurred almost exclusively by a type I mechanism.
MB is known to act via type I and type II mechanisms. How-
ever, considering the high concentration of MB, and the
duration of the experiment (7 days), some aggregation of the
PS may have occurred [36]. The formation of dimers limits
1O2 generation, and as such, the type II mechanism may have
been diverted to type I [36–38]. PDI with the porphyrin
Tetra-Py+-Mewas not attenuated by either trapping molecule,
although porphyrins are in general considered to act by type II
mechanism [39]. The results may indicate that both type I and
type IImechanisms contributed to thephotosensitization effect
of theporphyrin, but this hypothesis needs further testing.Oat-
meal broth is rich in phenolic compounds that act as 1O

2

quenchers and free radical scavengers [40], which may have
provided an anti-oxidative background that complicates the
discrimination of the effect of the trapping molecules.

This study demonstrates that L. theobromae is susceptible to
PDIwithMB,TBO, riboflavin and the cationic porphyrinTetra-
Py+-Me, and that under continuous irradiation with artificial
light, growth was completely suppressed. Therefore, although
in field conditions PDImay still not provide the same degree of
protection as chemical biocides, it represents a promising, eco-
friendly and cost-effective alternative for the sanitation of vine
material in greenhouse nurseries, where plants are particularly
susceptible to agrochemicals. Considering the advantageof the
minimal environmental impacts of PDI, further exploration of
PDI against L. theobromae should be conducted. Incorporating
PSs in films or resin coatings to be applied on pruning or
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grafting wounds could delay the early phases of hyphal
growth, allowingplant defences to be activated, and thus redu-
cing the risk of trunk infections.
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