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Although yeasts have been intensively investigated in photobiology, directional response 
of yeast growth to light has never been observed. The present data demonstrate for the first 
time phototropism in yeast, the basidiomycetous yeast Sporobolomyces salmonicolor. The 
effective spectral band is blue light -  suggesting that a blue-light receptor similar to that in 
other plants is involved in yeast photophysiology. Further studies on yeast phototropism 
could help identification of the photoreceptor and throw new light on the mechanisms of 
signal transduction and response.

Introduction

G rowth and developm ent in plants is pro­
foundly affected by blue light (Briggs, 1993; 
Senger and Schmidt, 1994). The diverse effects 
triggered by blue light are generally classified as 
m etabolic, m orphological and directional. The 
physiological significance of these effects chal­
lenges m any researchers to unravel the identity of 
the photoreceptors and the signal transduction 
m echanism s causing the response (Ahm ad and 
Cashm ore, 1993; Q uinones and Zeiger, 1994).

A m ong the m ost intensively studied responses 
to light is phototropism  -  orientation of a growing 
part o f a plant toward or away from light. The 
p henom enon is typical in many green plants and 
w idely known in lower plants including fungi as 
w ell (Firn, 1994). The phototropic response is 
initiated after detection  o f light intensity spatial 
gradient by photoreceptors, in m ost cases not 
identified.

Investigations on light effects in yeast have been  
perform ed covering the w hole range of visible and 
ultraviolet spectra (W oodward et al., 1978; Ula- 
szewski et al., 1979; Edmunds, 1980; Q uiekenden  
et al., 1989; Tada et al., 1990; G il-H wan and John­
son, 1990), but to our know ledge the above m en­
tioned studies involve only symmetrical, uniform
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irradiation and there are no data on phototropic 
response in yeast under unilateral irradiation.

The present study shows for the first time 
phototropism  in yeast, using the basidiom ycetous 
Sporobolom yces. The finding of a new  organism  
displaying phototropic response opens the way for 
com parative investigations based on the infor­
m ation available for other fungi and green plants 
aiming elucidation o f photoperception -  signal 
transduction -  response systems.

Materials and Methods

The strain S porobo lom yces sa lm onicolor  A K U  
4428 used in this study was a kind gift o f Prof. 
Sakayu Shimizu (Lab. Ferm entation Physiology, 
Agricultural D epartm ent, Kyoto University, 
Kyoto, Japan). It originates from Sporobolom yces  
salm onicolor  IFO 0375 (C ollection  o f the Institute 
of Ferm entation, Osaka, Japan). E ven though we 
found som e slight m orphological d ifferences b e­
tween these two strains, light elicited phototropic 
response in strain IFO 0375 as well. S porobo lo ­
m yces sa lm onicolor  A K U  4428 was m aintained on  
agar slants with the m edium  com posed of 5 g/1 
yeast extract (D ifco  Lab., D etroit, U .S .A .), 10 g/1 
bactopeptone (D ifco), 10 g/1 dextrose (Nacalai 
Tesque, Inc., Kyoto, Japan), 20 g/1 agar (Koso 
Chemical Co., Ltd., Tokyo, Japan). D ue to the 
highly branched, sticky m ycelial structure of the 
colonies grown on solid m edium  it was m ore con­
venient for inoculation to use liquid culture. The
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liquid culture was perform ed with the same 
m edium  as stated above without agar, at 28 °C, on 
a rotary shaker in the dark.

In the m orphogenesis experim ents the cultures 
were incubated for 3 days at 20 °C on agar plates 
with 50 g/1 malt extract (D ifco), 3 g/1 yeast extract 
(D ifco), 20 g/1 agar (K oso Chem ical Co., Ltd.).

In the experim ents with unilateral irradiation in­
oculation was perform ed by dipping sterile, m icro­
scope cover slips (1 8 x 1 8  m m) coated with solid  
growth m edium  into diluted yeast suspension. The 
m edium  was designed to ensure nutrient depri­
vation resulting in form ation o f flat colonies with 
extended surface hyphae. The m edium  consisted  
of 5 g/1 Yeast N itrogen Base (D ifco), 1 g/1 dextrose 
(Nacalai Tesque, Inc.), 20 g/1 agar (K oso Chem ical 
Co., Ltd.). The concentration o f yeast suspension  
was adjusted to allow  the growth o f individual col­
onies on the cover slip surfaces or edges (Fig. 1). 
The cover slips w ere placed vertically in trans­
parent containers by inserting them  partially into 
agar medium. The containers were placed laterally  
into black boxes. The cover slips were adjusted  
parallel to the incident light: in Fig. 2 the x-axis is 
parallel to the light beam.

4->.c(71

aerial hypha synnema

Fig. 1. Scheme of the experimental set up and bending 
angle determination used in the estimation of photo­
tropism. Yeast was inoculated on microscope cover slips 
coated with medium under conditions favoring spread­
ing pattern of colony growth and subjected to unilat­
eral irradiation.

Irradiation conditions were as follows: The light 
from a white fluorescent lamp (cool white, Toshiba 
F L 40S D /38 , Toshiba, Japan) was passed through  
heat-absorbing filters. Irradiation was initiated im ­
m ediately after yeast inoculation. Equilateral 
irradiation was delivered from above. U nilateral 
irradiation was achieved by using black boxes 
(1 3 x 2 1 x 1 3  cm) with a window left open  in the 
case of white light and U V -A  light or closed by 
plexiglas filter (Rohm  and Haas, Philadelphia, 
U.S.A.) where the light passed through. In the case 
of blue light irradiation a broad-band pass filter 
#2264 with transmittance peak at 453 nm and half­
band width 132 nm was used. For the red light the 
filter was #2444, cutting the light with w avelength  
shorter than 584 nm. U V -A  light was obtained  
from a 20 W black light lamp (FL 203 BLB lamp, 
Toshiba) with maximum em ission at 360 nm. Dark  
controls were grown in closed black boxes.

Light intensities were m easured at the level o f 
the irradiated sam ples with a calibrated custom - 
m ade therm opile radiom eter (therm opile m odules 
M IR 100 Q, Mitsubishi Yuka, Tokyo, Japan).

The curvature of hyphae and synnem ata [syn­
nem a (pi. synnemata) is a group of hyphae joined  
together], due to phototropic response was m eas­
ured on photomicrographs after appropriate m ag­
nification. The deviation of the filam ents from the 
corresponding axis was determ ined as shown in 
Fig. 1. W here surface hyphae were considered, the 
curvature was estim ated based on the deviation of  
the hyphal tip from the colony diam eter drawn on  
the photoprints perpendicularly to the incident 
light. It is evident that the maximum theoretical 
response is proportional to the initial angle b e­
tween the hypha and the incident beam . Since 
som e shading effects could prevent correct esti­
m ations in the sector 90 °-2 7 0 °  (angle 0° m eans 
parallel to the incident light) we have chosen to 
consider only hyphae in the vicinity (within 10°) 
of the diam eter perpendicular to the incident light. 
The close correlation between the bending angle 
found in surface hyphae using this m ethod and the 
bending angle m easured in aerial hyphae proves 
the validity of our approach. In the case o f dark 
control the m easurem ents were taken in the vicin­
ity o f the diameter parallel to the closed window.

For scanning electron m icroscopy sam ples have 
been fixed with 3% glutaraldehyde in 0.1 m caco- 
dylate buffer (pH 7.2) follow ed by fixation with
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1.5% osm ium  tetroxide in cacodylate buffer. A fter  
dehydration through a graded ethanol series and 
critical point drying in liquid carbon dioxide, the 
sam ples have been  sputter coated with palladium.

Results and Discussion

E xperim ents were performed with Sporobolo-  
m yces sa lm onico lor  A K U  4428. The reason to 
choose this particular strain was its m orphology  
with predom inating hyphae which is an advantage 
when directional response is sought. The surface 
hyphae often  protruded single hyphae in the air. 
Light-grown colonies exhibited bright salm on  
color and form ation of specific structures causing 
a rough appearance of the colony surface 
(Fig. 2 A ). Scanning electron m icroscopy revealed  
that these structures comprise many hyphae stuck 
together in parallel (Fig. 2C ), and we designated  
them  as “synnem ata” -  a term generally used for

similar structures in other low er fungi. Dark- 
grown colonies were less pigm ented, with sm ooth  
and shiny surface (Fig. 2 B ), without synnem ata  
(Fig. 2 D )  at least during the first three days o f in­
cubation. In older cultures synnem ata were 
form ed in the dark, but obviously few  and less 
developed  as com pared with these of the light- 
grown colonies.

W hen exposed to unilateral irradiation (Fig. 1), 
a positive phototropism  was exhibited in all three 
kinds o f filaments: w ell-developed  aerial synne­
mata (Fig. 3 A - B ) ,  aerial single hyphae (Fig. 3C )  
and surface hyphae (Fig. 4). U sually the response 
was obvious in colonies grown m ore than three 
days suggesting dependency on the developm ental 
stage. W hen the light direction was switched and 
already bent synnem ata were subjected to light 
com ing from the opposite side, we observed in­
itiation o f new synnem ata stem m ing from the pri­
mary ones and growing toward the newly estab-

Fig. 2. Morphogenesis in colonies of Sporobolomyces salmonicolor AKU 4428 grown under different light conditions. 
A -B )  Stereomicroscopic photographs. Light-grown colony under overhead white fluorescent light at the intensity 
of 1 W/m2  (A) and control dark-grown colony (B). The scale bars represent 0.5 mm. C -D ) SEM micrographs. Light- 
grown colony with the fine structure of a synnema (C) and random-scattered hyphae on the surface of dark-grown 
colony (D). The scale bars represent 10 ^m.
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Fig. 3. Positive phototropism in Sporobolomyces salmo- 
nicolor. A -B )  Orientation of synnemata toward the in­
cident white light coming from right side (arrow-heads). 
Observation using stereomicroscope. Top view of the 
colony (A) and side view of the same colony (B). The 
scale bars represent 0.5 mm for (A) and 0.25 mm for 
(B). C) Orientation of aerial hyphae toward the light 
(arrow-head). Observation using transmission light 
microscopy. The scale bar represents 25 (j,m.

lished light direction. If still elongating, the tips of 
the primary synnem ata bent toward the new direc­
tion (data not shown).

Experim ents to check the active bands o f the 
light spectrum showed that all hyphal structures 
are sensitive to blue and U V -A  bands, but not to 
red light (Fig. 5). The statistical analysis of the 
bending data showed significant directional orien­

tation in the sam ples irradiated with white, blue or 
U V -A  light but not in red light sample or dark 
control.

The present results dem onstrate unequivocally  
that Sporobolom yces salm onicolor  belongs to the 
group of so-called blue light-sensitive organisms. 
The correlation in the phototropic response d is­
played by the different filam ents (surface hyphae, 
aerial single hyphae and synnemata) of the culture 
suggests that there is no principal difference in the 
photoreceptor and signal transduction m echa­
nisms involved in their bending.

In lower fungi the m odel system widely used for 
studies in phototropism  is Phycom yces  (G alland  
and Lipson, 1987; O otaki et al., 1988, 1991). H ow ­
ever, because o f the sensitivity to gravity, in exper­
iments on photoinduced directional responses in 
P hycom yces the interference between both stim uli 
(gravity and light) has to be considered (Firn, 
1990, 1994). We performed experim ents with in­
verted, non-inverted and vertically positioned agar 
plates in the dark, using different m edia and tem ­
peratures. There was no evidence in any o f the 
filam ents produced for bending or length change 
in response to gravity (data not shown). The lack 
of gravitropic behavior in S porobolom yces  is an 
advantage since “single stim ulus” experim ents can 
be easily performed.

Phototropic behavior in yeast may not be in­
herent only to S porobolom yces salm onicolor. The 
strategy for search of strains com petent in p ho­
totropism  can be designed using the know ledge on  
the response m echanism in other plants and fungi. 
Thus, in m any cases differential growth underlying  
phototropic response is achieved by light-induced  
growth inhibition (Elliott and Shen-M iller, 1976; 
Firn, 1990). Since the growth of many yeasts (e.g. 
Saccharomyces, Candida, Rhodotorula, Pfaffia) 
has been shown to be inhibited by light (W ood­
ward et al., 1978; U laszewski et al., 1979; Edm unds, 
1980; Q uiekenden et al., 1989; G il-H wan and 
Johnson, 1990), it is plausible that under certain  
conditions such photosensitive strains show p h oto­
tropic response.

The present study is the first report on p h oto­
tropism in yeast. Together with the findings that 
the dimorphic yeast Candida albicans can show  
thigm otropism  (Sherwood et al., 1992) and electro- 
tropism (Crom bie et al., 1990), the phototropism  
shown here is a new evidence supporting the ap-
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Fig. 4. Phototropism in surface 
hyphae of Sporobolomyces sal- 
monicolor as influenced by the 
region of light spectrum. Arrows 
show the direction of the light. 
White light, UV-A and blue light 
are effective for hyphal orien­
tation. The scale bar represents 
0.5 mm.
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Fig. 5. Phototropic bending angle of hyphae and 
synnemata of Sporobolomyces salmonicolor in de­
pendency of the light band. Numerals in brackets 
are numbers of filaments measured. Bars represent 
the standard errors.

plicability o f yeasts in studies on the receptor(s) 
and signal transduction mechanisms o f growth  
guided by external factors.
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