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Abstract The effects of the visible light wavelengths
on germination, mycelial radial growth, and conidial
production of the plant pathogens Colletotrichum
acutatum and Fusarium fujikuroi were studied. Both
fungi were grown on potato dextrose agar medium
(PDA) in the dark (control) or on PDA under continuous
white, blue, green or red light. In addition, the conidia
from each treatment were exposed to UV radiation. The
germination and growth of both plant pathogenic fungi
were not affected by any of the treatments. C. acutatum
produced more conidia when the fungus grew under
white and red light. F. fujikuroi produced more conidia
in the dark. The tolerances to UV radiation of conidia
produced on different light and dark treatments differed
for both C. acutatum and F. fujikuroi. Conidia of
C. acutatum were at least 30% more tolerant to UV
radiation when they were produced under white light

than under blue and green light and at least 20% more
tolerant than conidia produced in the dark. Conidia of
C. acutatum produced under red light were the least
tolerant. Conidia of F. fujikuroi produced under white
and blue light were at least 30% more UV tolerant than
conidia produced in the dark, green, and red light. In
conclusion, no differences were found for germination
and growth for both fungi under different light regimes
and dark; however, significant differences occurred both
in production and UV radiation of conidia.

Keywords Photobiology . Stress tolerance . UV
radiation . Germination .Mycelial growth

Introduction

Most organisms on Earth sense visible light (380 to
740 nm) through the use of photoreceptive proteins
specifically adapted to respond to it (Dasgupta et al.
2015). The response of fungi are reflected in different
physiological responses such as conidial production (Yu
et al. 2013; de Menezes et al. 2015), conidial stress
tolerance (Idnurm and Heitman 2005; Rangel et al.
2011; Fuller et al. 2013; Aver'yanov et al. 2014; de
Menezes et al. 2015; Rangel et al. 2015; Dias et al.
2020), conidial pigmentation (Fuller et al. 2013; Yu
et al. 2013), virulence (Yu et al. 2013; Aver'yanov
et al. 2014; Oliveira et al. 2018), germination speed
(Fuller et al. 2013; Oliveira et al. 2018), and secondary
metabolism (Tisch and Schmoll 2010; Fanelli et al.
2012). Fungal molecular biology studies have identified
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several genes that encode proteins, which are involved
in the detection of visible light, and have investigated
the mechanisms that activate physiological and morpho-
logical responses (Chen et al. 2009; Fuller et al. 2016).
Most fungi perceive and respond to blue light, and some
fungi can perceive and respond to wavelengths of light
in the red, green, and ultraviolet regions of the spectrum
(Idnurm et al. 2010; Yu and Fischer 2019). Blue light
photoreceptors are White Collar 1 (WC-1 and homolo-
gous proteins), cryptochromes, and photolyases. Red
and green wavelengths are sensed by phytochromes
and opsins, respectively (Idnurm et al. 2010).

The insect-pathogenic fungi Metarhizium robertsii
and M. acridum grown under visible light up-regulate
many stress-related genes (Brancini et al. 2019; Dias et al.
2020). In turn, the corresponding changes in transcription
and protein accumulation play a role in tolerance to stress
by inducing higher conidial tolerance to osmotic stress,
UV-radiation, and heat (Rangel et al. 2011; Rangel et al.
2015; Dias et al. 2020). In addition, M. robertsii conidia
produced under white light germinate faster and are more
virulent than conidia produced in the dark (Oliveira et al.
2018). In the fungus Botrytis cinerea, the White Collar
Complex (WCC) is required for coping with excessive
light and oxidative stress, as well as achieving full viru-
lence (Canessa et al. 2013). This physiological outcome
suggested the possibility that individual components of
white light can also produce conidia with increased stress
tolerance in other fungal species.

Conidial production is greatly regulated by visible
light, but not all fungal species, and even different isolates
from the same species, respond in the sameway to visible
light. Paecilomyces fumosoroseus (currently Isaria
fumosorosea) produces the most conidia under white
and blue light, less conidia under green light, and the
least conidia under red light (Sanchez-Murillo et al.
2004). Aspergillus nidulans produces more conidia under
the white light than in the dark (Atoui et al. 2010).
Alternaria solani produces more conidia in the far-red,
followed by red light and in the dark. Growth of
A. alternata under blue, white and green light produces
very few conidia (Igbalajobi et al. 2019). Beauveria
bassiana produces more conidia under white and blue
light and less conidia under green, purple, yellow, and red
light and darkness (Zhang et al. 2009). Metarhizium
robertsii produces more conidia under blue light than
under red light and darkness (Oliveira et al. 2018). Neu-
rospora crassa produces four-fold more conidia under
the visible light than in the dark (Lauter et al. 1997).

Studying the effect of radiation on the development
of plant pathogenic fungi is important to discover ways
to control them in the environment. For example,
Alternaria, Botrytis, and Stemphylium can be controlled
by eliminating certain radiation wavelengths, and they
sporulate only when they receive radiation in the ultra-
violet (UV) range below 360 nm (Agrios 2005). Dis-
eases of greenhouse vegetables caused by several spe-
cies of plant pathogenic fungi can be controlled by
covering or constructing the greenhouse with a special
UV-absorbing vinyl film that blocks the transmission of
wavelengths below 390 nm (Agrios 2005).

Therefore, our objective was to study the effects of
different radiation wavelengths on the physiology of
plant pathogens Colletotrichum acutatum, the causing
agent of fruit rots as well as shoot, leaf, and flower
blights (Agrios 2005), and Fusarium fujikuroi, the caus-
al agent of the bakanae disease of rice (Hossain et al.
2016). The conidial production and germination as well
as the mycelial radial growth of colonies and tolerance
to UV radiation of these fungal species in different
radiation wavelengths were studied.

Materials and methods

Fungal isolates

The Colletotrichum acutatum, isolate FDC 52, was
provided by Gilberto U.L. Braga, Universidade de São
Paulo. This fungus was isolated from orange plants by
Fundecitrus in Taquarituba, SP, Brazil. This isolate is
deposited in the Fundecitrus Collection.

The Fusarium fujikuroi, isolate FKMC 1995, was
provided by Javier Avalos, Universidad de Sevilla,
Spain. This fungus was isolated from rice in Taiwan
and deposited in the Kansas State University Collection.

Stock cultures were maintained at 4 °C in test tubes
on slants of potato dextrose agar (Difco Laboratories,
Sparks, MD, USA) adjusted to pH 6.9.

Conidial production and harvesting

Conidia of C. acutatum and F. fujikuroi were produced
on 23 ml of potato dextrose agar (Difco, Sparks, MD,
USA) (PDAY) in 95 mm polystyrene Petri dishes in the
dark. The pHwas adjusted to 6.9 by using NaOH (1M).
A conidial suspension (100 μl of 107 conidia ml−1) was
inoculated evenly with a glass spreader onto agar media.
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The cultures were incubated at 26 ± 1 °C and approxi-
mately 90% relative humidity (RH) for 14 days. Three
different batches of conidia were produced, one for each
replication of each type of stress experiment.

Light treatments

For the white light treatment, the Petri dishes with
cultures on PDA medium with lids in place, in a single
layer (not stacked) were maintained under continuous
light provided by two 15 W cool white Philips (TL-D
15 W/75–650) broad-spectrum fluorescent light bulbs
suspended at a distance of 25 cm above the samples. A
sheet of 0.13 mm cellulose diacetate covered the plates
to avoid medium dehydration. The integrated irradiance
of the lamps that passed through the diacetate film and
Petri dish lid was 5.0 W m−2 and 2230 lx (Fig. 1).

For blue, green, and red light treatments, the Petri
dishes with cultures on PDA medium with lids in place,
in a single layer (not stacked), were maintained under
continuous blue, green or red light provided by three
incubators that were adjusted to enable incubation of the
cultures under different wavelengths of light. Incubator
1 contained four Color Led LLUM® E27 5 W light
bulbs (Jinli Lighting Co., China), set in the blue wave-
length providing a maximum output of integrated irra-
diance of 4.8Wm−2 and 645.5 lx. Incubator 2 contained
four Color Led LLUM® E27 5 W light bulbs set in the
green wavelength providing a maximum output of inte-
grated irradiance of 2.2 W m−2 and 2602 lx. Incubator 3
contained four Color Led LLUM® E27 5 W light bulbs
set in the red wavelength providing a maximum output
of integrated irradiance of 2.8 W m−2 and 53 lx. The
permitted distance of the incubator between the LEDs
and the agar plates was 6 cm, the temperature of the
incubators was adjusted to 26 °C, and no heating effect
by the LEDs were detected (Fig. 1).

The spectral irradiances (in W m−2) of the incubators
were measured with a spectroradiometer Ocean Optics
(Dunedin, FL, USA) Model USB2000 + Rad connected
to a laptop (Fig. 1) and the illuminance (in lux) of the
incubators were measured with a Onset HOBO® data
logger U12–012.

For dark treatments, all Petri dishes were maintained
in the same incubator as the light treatment, but the Petri
dishes were kept inside a perforated plastic box (to keep
the cultures ventilated) and covered with a thick black
cloth sleeve. Temperature and radiation inside the dark

treatments were measured continuously using an Onset
HOBO® data logger U12–012.

Conidial germination

Conidia from cultures grown for 14 days in PDA culture
mediumwere collected with the aid of a microbiological
loop and were suspended in 10 ml of sterile Tween 80
solution (0.01% v/v) in glass tubes. The suspensions
were adjusted to a concentration of 105 conidia ml−1

and then stirred.
The conidial suspensions (40 μl) were inoculated in

the center of the polyethylene Petri dishes (35 × 10 mm
Greiner Bio-One) containing 6 ml of PDA. After inoc-
ulation, the plates were kept at 26 °C in the treatments:
dark (control), white, blue, green or red light. Germina-
tion ofC. acutatum and F. fujikuroiwas evaluated for 2,
4, 6, 8, 10, 12, 14, and 16 h according to Rangel et al.
(2004). After the incubation period, the conidia were
stained withmethylene blue solution (Braga et al. 2002),
and germination was evaluated with 400 ×magnifica-
tion. Conidia were considered germinated when a
projected germ tube from the conidia was visible
(Milner et al. 1991). At least 300 conidia per plate were
counted and the germination percentage was calculated.
Conidia from both isolates and from all treatments were
tested at the same time for each repetition. Three repe-
titions were done.

Mycelial radial growth

From the colonies ofC. acutatum andF. fujikuroi grown
on PDA medium in Petri dishes (90 × 15 mm), one disk
of 5 mm diameter was removed with a cork borer and
placed in the center of Petri dish containing 23 ml of
PDA. The plates were kept at 26 °C for the treatments:
dark (control), and white, blue, green or red light. The
fungi C. acutatum and F. fujikuroi were grown for
5 days. Colony diameter of mycelial growth was mea-
sured on the fifth day horizontally and vertically (at a
perpendicular axis). For each treatment, three Petri dish
replicates were prepared, and three repetitions were
performed on different days.

Measurement of conidial production

To measure conidial production under different treat-
ment conditions, three agar plugs (per plate) were re-
moved with a cork borer (5 mm diam) at different places
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on the medium surface with an even coverage of co-
nidia, and the conidia were suspended in 1 ml sterile
Tween 80 (0.1%) solution. After the conidial suspen-
sions were vigorously shaken, the conidial concentra-
tions were determined by hemocytometer counts. Each
experiment was performed on three different dates, and
each experiment used a new batch of cultures.

Conidial tolerance to UV radiation

Conidia from PDA medium from all four light treat-
ments and the dark treatment were collected after
14 days of growth with a few passes of a microbiolog-
ical loop (Decon Labs, Inc., PA, USA) and transferred
to 10 ml of sterile Tween 80 (0.01% v/v). The amount of
conidia collected were enough to produce a suspension
of 105 conidia ml−1. The suspensions (1 × 105 conidia
ml−1) were shaken vigorously using a vortex, and 40 μl
were inoculated (dropped, but not spread) on the center
of the medium (polyethylene plates 35 × 10 mm) con-
taining 6 ml of PDA supplemented with benomyl

0.003% with 25% active ingredient (Hi-Yield
Chemical Company, Bonham, TX, USA) (Milner et al.
1991). All suspensions were exposed to UV radiation
(290–400 nm) immediately after preparation (Dias et al.
2018).

The plates were left open in laminar flow for 30 min
to dry the conidial suspensions (Dias et al. 2018). After
drying, the suspensions were exposed in a realistic test
equipment for UV radiation using the Xenon Test
Chamber QSUN XE-3-HC 340S (QLAB® Corpora-
tion, Westlake, OH, USA) with a Daylight-Q filter.
The plates were covered with a diacetate film to avoid
desiccation of the medium. Petri plates containing the
dried suspension of all isolates were exposed for 160,
170, 180, 190, 200, and 210 min, equivalent to the
irradiance of 5.7, 6.0, 6.4, 6.7, 7.1, and 7.5 kJ/m2,
respectively. The exposure time and irradiances were
used following previously published methods (Dias
et al. 2018; Dias et al. 2020). The irradiance and tem-
perature of the equipment was adjusted according to
Dias et al. (2018).
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Fig. 1 a Spectral irradiances of
the lamp setups used. For white
light treatment, the Petri dishes
with cultures on PDA medium
with lids in place, in a single layer
(not stacked) were maintained
under continuous light provided
by two 15 W cool white Philips
(TL-D 15 W/75–650) broad-
spectrum fluorescent light bulbs
suspended at a distance of 25 cm
above the samples. A sheet of
0.13-mm cellulose diacetate cov-
ered the plates to avoid medium
dehydration. The integrated irra-
diance of the lamps that passed
through the diacetate film plus the
Petri dish lid was 4.98Wm−2 and
2230 lx. For blue, green, or red
light treatment, the Petri dishes
with cultures on PDA medium
with lids in place, in a single layer
(not stacked) with LED light pro-
vided by four Color Led LLUM®
E27 5 W (Jinli Lighting Co.,
China) bulbs each in three incu-
bators. No heating effect by the
LEDs was detected. b Incubators
with white, red, green, and blue
light irradiances
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The Quaite weighted irradiance inside the chamber
was 1335mWm−2. Spectral irradiance was measured as
in Dias et al. (2018). The DNA-damage (cyclobutane
pyrimidine dimer formation) action spectrum developed
by Quaite et al. (1992) and normalized to unity at
300 nm was used to calculate weighted UV irradiances
in mW m−2. Cellulose diacetate filters (JCS Industries,
Le Miranda, CA, USA) are employed to exclude UV-C
(230–280 nm) and short wavelength UV-B radiation
(280–290 nm) (Rangel et al. 2006; Dias et al. 2018).

For the control, Petri dishes (one for each isolate and
treatment) with the conidial suspension not exposed to
UV radiation were placed in the chamber for 210 min
covered with aluminum foil (Dias et al. 2018).

The germinations were observed, depending on
the experiment, at 24 h (control plates) or at 48 h
(UV-irradiated plates) after the conidial suspension
was inoculated on the medium. The plates were kept
at 26 °C in the dark for germination. The agar plate
at the point of the inoculation was stained with 40
μl of methyl blue solution (Braga et al. 2002) and
then covered with a circular glass coverslip (15 mm
diameter) to avoid air between the medium and the
coverslip. The germination was examined under light
microscope at 400× magnification. Conidia were
considered germinated when the germ tube showed
a visible projection from the conidium. At least 300
conidia per plate were evaluated, and the percent of
germination was calculated. All germinating or non-
germinating conidia were counted on a single cover-
slip. The scanning pattern for counting was around
the margin of the conidial suspension drop, which is
an area commonly less populated by conidia. Each
treatment was repeated at least four times with a
fresh batch of conidia produced for each repetition.

Statistical analyses

The effect of white, blue, green or red wavelengths
of radiation on germination, mycelial growth, conid-
ial production, and conidial tolerance to UV irradia-
tion was assessed with analysis of variance of a one-
way factorial. Significance levels of pair-wise mean
comparisons among treatments were controlled for
experiment-wise type I error using the Tukey method
with overall α = 0.05. All analyses were carried out
with the statistical program Sisvar (Ferreira 1999;
Ferreira 2011).

Results

Conidial germination

Continuous white, blue, green or red light did not affect
the germination speed, compared to darkness for
C. acutatum and F. fujikuroi conidia germinated on
potato dextrose agar medium (Fig. 2).

Mycelial radial growth

No statistical differences in mycelial growth were found
for C. acutatum and F. fujikuroi grown on potato dex-
trose agar medium in the dark or under continuous
white, blue, green or red light (Fig. 3).

Conidial production

C. acutatum produced more conidia when the fungus
was grown under white and red light (Fig. 4a). Howev-
er, growth under the blue and green light produced 76.2
and 64.7% fewer conidia than the white light treatment,
respectively. Mycelial growth in the dark produced
42.1% fewer conidia than white light treatment (Fig.
4a).

F. fujikuroi produced more conidia when grown in
the dark than all light treatments. Growth under blue and
green light produced 45.2 and 45.8%, respectively, few-
er conidia than growth in the dark (Fig. 4b). Growth
under red light produced 57.9% fewer conidia than
growth in the dark. Growth under white light produced
77.7% fewer conidia than growth in the dark (Fig. 4b).

Conidial tolerance to UV radiation

For C. acutatum, conidia produced under white light
were at least 30% more tolerant to UV radiation than
conidia produced under blue, green, and red light and at
least 20%more tolerant than conidia produced in the dark
(Fig. 5a). Conidia produced under white light and in the
dark had similar tolerance to UV radiation. However, at
the higher exposure time of 220 min, conidia produced
under white light were more tolerant than conidia pro-
duced in the dark. Conidia produced under red light
displayed the least tolerance to UV radiation (Fig. 5a).

F. fujikuroi conidia produced under blue light were
most tolerant to UV radiation, and statistically similar to
the tolerance of conidia produced under white light. On
the other hand, growth under green and red light
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produced less tolerant conidia and similar tolerance as
conidia produced in the dark (Fig. 5b).

Discussion

The plant-pathogenic fungi Colletotrichum acutatum
and Fusarium fujikuroi control several aspects of their
physiology in response to light. Light did not affect the
germination and mycelial growth of these fungi. It has
long been recognized, with few exceptions, e.g. in Bo-
trytis cinerea that grows less under light (Canessa et al.
2013), that the effect of light on Fungal Kingdon is more
important for reproduction than vegetative growth
(Gottlieb 1950; Lilly and Barnett 1951; Cochrane
1958). Conversely, the conidial production as well as

the conidial stress tolerance differs according to the
different light treatments during mycelial growth.

C. acutatum produced more conidia under white and
red light than in darkness, and blue and green light
generated the least conidia (Fig. 4a), as also observed
by de Menezes et al. (2015). Fusarium fujikuroi pro-
duced more conidia in the dark (Fig. 4b); however,
F. verticillioides cultures grown under white, blue, yel-
low, green, and red wavelengths produce more conidia
than the cultures grown in the dark (Fanelli et al. 2012).
Conidiation is also stimulated by light in the wild type
strain IMI58289 of F. fujikuroi (Avalos et al. 1985;
Avalos and Estrada 2010), but in a different wild type
strain of the same species mycelial growth in the dark
produced more conidia than under light (Prado et al.
2004; Estrada and Avalos 2008; Estrada and Avalos
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Bar errors represent the standard
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Eur J Plant Pathol (2021) 159:105–115110



2009; Avalos and Estrada 2010). Estrada and Avalos
(2008, 2009) found that growth in the dark of the same
F. fujikuroi isolate which we used (FKMC 1995) generat-
ed more conidia than growth in the light. The results of our
study agreedwith Estrada andAvalos, in which this isolate
also produced abundant conidia in the dark (Fig. 4b).

Growth under white light also improved conidial UV
radiation tolerance of C. acutatum (Fig. 5a) and
F. fujikuroi (Fig. 5b). Although C. acutatum conidia pro-
duced in the light were similarly tolerant toUV radiation as
conidia produced in the dark in the lowest UV irradiances,
at the highest UV irradiances, conidia produced under light
were more tolerant than conidia produced in the dark.
Mycelial growth under blue, green or red light generated
conidia less tolerant than conidia produced in the dark (Fig.
5b). Similar to our results, growth of C. acutatum colonies
under low irradiance of white light increased conidia and
mucilage production, and conidia produced under the light

were two-timesmore tolerant to UV radiation (deMenezes
et al. 2015). C. acutatum is more pigmented under white
and blue light, while the least pigmentation was observed
inmycelia incubated in the dark (Yu et al. 2013). Blue light
also enhances melanin production, enhancing virulence of
C. acutatum (Yu et al. 2013), because appressorial wall
melanin permits very high turgor pressure that the melanin
deposition pattern directs into the penetration peg. Inhibi-
tion of melanin synthesis by tricyclazole is shown to
prevent plant infection by fungal pathogens, and this pro-
cess is usually attributed to inhibition of appressorial pen-
etration (Butler et al. 2005). Moreover, the effect of green
and red light stimulates less melanin production than blue
light, leading to reduced disease severity (Yu et al. 2013).
For F. fujikuroi, growth under white and blue light pro-
duces conidia two-fold more tolerant to UV radiation than
conidia produced in the dark and under green and red light.
Growth under illumination up-regulates many stress genes
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that are important for producing conidia with increased
stress tolerance (Wu et al. 2014; Brancini et al. 2019; Dias
et al. 2020). Light also promotes higher resistance of
Aspergillus fumigatus against exogenous oxidative stress
and enhances resistance to acute ultraviolet radiation
(Fuller et al. 2013). M. robertsii conidia produced under
white light exhibit higher tolerance to osmotic stress (Dias
et al. 2020), heat (Rangel et al. 2011; Rangel et al. 2015),
and UV radiation (Rangel et al. 2011; Rangel et al. 2015;
Dias et al. 2020).

F. fujikuroi and C. acutatum grown under red light
produced conidia very susceptible to UV radiation com-
pared to conidia of these fungi produced under white
and blue light. Similar results were found for
M. robertsii, in which conidia produced under red light
were less tolerant to osmotic stress caused by potassium
chloride and UV radiation than conidia produced in the
dark (Dias et al. 2020). In addition, exposure of fast-

growing mycelia ofM. acridum to white, blue or UV-A
wavelengths induces tolerance to subsequent UV-B ir-
radiation. However, red light induced lower mycelial
tolerance to subsequent UV-B irradiation (Brancini
et al. 2016). This observation may indicate that red-
light represses genes for tolerance to stress. Therefore,
pathogenic fungi use environmental cues to prepare
their conidial offspring against challenges in the envi-
ronment (Rangel et al. 2008; Rangel 2011; Rangel et al.
2012; Rangel et al. 2018; Rangel and Roberts 2018;
Medina et al. 2020). Producing offspring more tolerant
to the same or other stress conditions (Rangel et al.
2004; Rangel et al. 2011; Rangel et al. 2018) as well
as enhancing their virulence (Oliveira et al. 2018;
Oliveira and Rangel Oliveira and Rangel 2018) will
support greater dispersal distances under daytime con-
ditions, consequently, conidia which are more resistant
to damage due to UV radiation exposure could also be
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an advantage in dispersal and infection, which could be
a factor in the epidemiology of the diseases caused by
these two pathogens.

Conclusion

In this study, the different wavelengths of blue, green,
red and white light did not significantly affect the ger-
mination and mycelial radial growth ofC. acutatum and
F. fujikuroi, compared to germination or growth in the
dark (control).

The conidial production of these fungi has different
reactions to light. F. fujikuroi produced more conidia in
the dark, while C. acutatum produced more conidia in
white and red light.

White light induced higher tolerance to UV radiation
in C. acutatum and F. fujikuroi. Blue light induced
higher tolerance to UV radiation in F. fujikuroi only.
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