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Light is necessary for asexual sporulation in Aspergillus nidulans but will elicit conidiation only if irradiation 

occurs during a critical period of development. We show that conidiation is induced by red light and suppressed 

by an immediate shift to far red light. Conidiation-specific gene functions switch from light-independent to 

light-dependent activities coincident with the expression of brlA, a regulator of conidiophore development. We 

also show that light dependence is abolished by a mutation in the velvet gene, which allows conidiation to 
occur in the absence of light. We propose that the initiation of late gene expression is regulated by velvet and 

controlled by a red light photoreceptor, whose properties are reminiscent of phytochrome-mediated responses 

observed in higher plants. 

[Key Words: Aspergillus nidulans; photoinduced development; conidiation; phytochrome] 

Received April 18, 1990; revised version accepted June 18, 1990. 

Conidiation (asexual sporulation) in the filamentous 
ascomycete Aspergillus nidulans involves the forma- 
tion of multicellular differentiated structures, called 

conidiophores, which produce pigmented, haploid co- 
nidia at precisely scheduled times (Axelrod 1972). The 

extrinsic environmental conditions required for initi- 
ating sporulation in this organism are poorly under- 
stood. It has been shown previously that conidiation is 

strongly inhibited in submerged culture but occurs 
readily when the mycelia are exposed to an air interface 

(Morton 1961; Axelrod et al. 1973). The physiological 
basis for this effect does not appear to involve an os- 
motic change, because conidiation occurs in surface cul- 
tures when the atmosphere is saturated with water 

(Timberlake and Hamer 1986). Nor does it appear to in- 
volve generalized nutrient limitation, because colonies 
grown on filter paper can be transferred to fresh medium 
without inhibiting conidiation. 

Although the effect of light on sporulation has been 
documented in a wide variety of fungal species (Tan 
1978), there are no known reports of any light-mediated 
developmental or physiological response affecting 
asexual development in A. nidulans. In this report we 
show that wild-type A. nidulans requires light to coni- 
diate and demonstrate that light-dependent conidiation 

is determined by the allelic state of the velvet (yeA) 

gene. In addition, we identify a photosensitive period, 
occurring after the initiation of conidiation and demon- 
strate that conidiation-specific functions can be classi- 
fied as light-independent or light-dependent. We also 
show that some of these light-dependent activities are 
regulated at the transcriptional level. Finally, we show 
that conidiation is induced by red light and that this in- 
duction is reversed by an immediate shift to far red light, 

reminiscent of the phytochrome-mediated responses ob- 

served in plants. 

Results 

Light-dependent conidiation is determined by the 

allelic state of the veA gene 

The original Glasgow wild-type isolate of A. nidulans 

produces weakly conidiating colonies that are overshad- 
owed by a profuse growth of aerial hyphae, giving each 
colony a velvety appearance. This phenotype is observed 

when the organism is grown on surface culture in an in- 
cubator in which the colonies are periodically exposed 
to light. Incubation in continuous white light results in 

the prolific formation of conidiophores bearing abun- 
dant, mature conidia. In contrast, incubation in constant 

darkness results in continued vegetative growth, which 
does not lead to the formation of reproductive structures 

(Fig. 1). 
The veAl mutation, which was isolated by K~er 

(1965), was adopted as a laboratory standard due to its 
ability to undergo conidiation without the production of 
aerial hyphae. This phenotype is observed because the 
veal mutat ion abolishes light dependency, allowing co- 
nidiation to occur regardless of the presence or absence 

of light. No difference in phenotype is observed between 
a conidiating veAl colony grown either in the light or in 
the dark and a conidiating veA + colony grown under 

continuous illumination (Fig. 1). 
Genetic linkage of the light-dependent conidiation 

phenotype to the veA locus is demonstrated by cosegre- 
gation of this phenotype with the wild-type veA allele in 
heterozygous crosses. Strain WIM 126 (yA2 pabaA1; 
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Figure 1. Phenotypes of light- and dark-grown veA+ and veAl 

cultures of A. nidulans. Confluent lawns of FGSC 4 (veA +) or 
TU 1 {veAl) were incubated for 2 days at 32~ either in contin- 
uous white light or in complete darkness. Clockwise from 
upper left: veA+ grown in the light; veA + grown in the dark; 
veAl grown in the dark; veAl grown in the light. Conidiation 
is evidenced by the green pigmentation found with mature co- 
nidia. The dark-grown yeA + culture produces only light brown 
vegetative mycelia. 

veA +) was crossed to strain TU 1 (pyroA4; veAl) ,  and 

the meiotic progeny were scored for the ability to re- 

main aconidial in constant darkness and the presence of 

aerial hyphae when the colonies were periodically illu- 

minated. The aerial hyphae phenotype, characteristic of 
the wild-type veA § allele, showed 1" 1 segregation 

from the v e A l  mutant  phenotype (veA§ �9 veA l ;  27 �9 23; 
• = 0.32; df = 1; P = 0.59) and assorted independently 

from yA2,  an unlinked spore color mutation (• = 0.40; 

df = 3; P = 0.94). Every colony that produced aerial hy- 
phae also required light to conidiate, and every colony 

that had the flat, nonvelvety appearance characteristic of 

the v e A l  mutant  conidiated regardless of the presence or 

absence of light. 

The phenotype of a heterozygous diploid, constructed 
from strains WIM 126 and TU 1, showed that the mu- 

tant v e A l  allele is recessive to the wild-type veA+ allele. 

As indicated in Table 1, the heterozygous veA+/veA1 

diploid conidiated in the light but grew only vegeta- 

tively in the dark. A control diploid homozygous for 

veA+ (WIM 126 x TU 72) displayed light-dependent co- 

nidiation, whereas a homozygous v e A l  diploid (TU 

1 x FGSC 406) conidiated regardless of illumination. 
Because Champe et al. (1981) noted that v e a l  abol- 

ishes the formation of sexual spores (ascospores) at high 
temperature (42~ the meiotic progeny from the WIM 

126 x TU 1 cross were tested for their ability to undergo 

sexual differentiation at 42~ As expected, the light-de- 

pendent conidiation phenotype cosegregated with the 

ability to form viable ascospores at 42~ conversely, all 
v e A l  mutant  colonies failed to complete sexual develop- 

ment  at 42~ 

1474 GENES & DEVELOPMENT 

As shown in Table 2, the mutational defect of the veA 

locus does not affect vegetative growth. The submerged 

growth rate, which is indicative of the mass produced, is 

not significantly different. In addition, the presence or 

absence of light has no significant effect on the radial 

colonial growth rate of either the mutant  or the wild 

type. More important, the v e A l  mutation does not affect 

the time of conidiophore vesicle appearance or the time 

of mature conidia formation in spore-originated cultures 

germinated on an agar surface. The v e A l  mutation 

therefore abolishes the requirement that the organism 

be exposed to light to undergo asexual differentiation 

without affecting the kinetics of conidiation. 

A. nidulans responds to light at a specific period 

fo l lowing the in i t ia t ion of conidiat ion 

Colonies do not normally conidiate in submerged cul- 

ture but do if they have acquired competence and are 

subsequently exposed to an air interface (Axelrod et al. 

1973). The transfer of mycelia from liquid to surface cul- 

ture, termed induction, initiates and synchronizes 

asexual development (Timberlake 1980). We have 
shown that competence must be acquired before light 

can elicit conidiation in induced veA + colonies (J. L. 
Mooney and L. N. Yager, data not shown). Even after 
competence, light has no effect on submerged cultures, 

because a veA + strain grown in liquid medium under 
continuous illumination, induced, and immediately 

transferred to the dark will not conidiate. Thus, the pe- 

riod during which veA + colonies must  be exposed to 

light to conidiate can be determined by shifting compe- 

tent mycelia between light and dark conditions immedi- 

ately following induction. 

The critical period during which wild-type A. ni- 

dulans must be exposed to light to elicit conidiation is 

shown in Figure 2. A light pulse given to competent my- 

celia at any time from 0 to 6 hr after induction results in 

conidiation, indicating that light is not continuously 

needed. However, light pulses provided 6 hr or more 

after induction do not elicit conidiation. When exposed 

to continuous illumination, veA § colonies produce con- 

idiophore vesicles at 6 hr, and mature, viable conidia 
produce at 12 hr after induction. Thus, wild-type A. ni- 

dulans  responds to light during the critical period de- 

fined from the initiation of conidiation (induction) until 

the initiation of developmental structures. 

In Figure 2, induced colonies produced conidia if given 

Table 1. Conidial yields in veA diploid strains 

Conidia per colony 

Genotype light dark 

veA§ 4.1 x 108 4.3 x 103 
veA+/veA § 3.4 x 108 3.1 x 10 a 
veAl~veAl 7.1 x 108 4.5 x 108 

Colonies were induced, irradiated with 10 W/m -2 of broad 
spectrum red light (610-720 nm), and assayed for conidial yield 
per colony at 24 hr after induction. 
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Table 2. Growth and developmental properties of the veA alleles 

Time of conidiophore Time of conidial 
Submerged Radial growth rate vesicle appearance maturation 

growth rate (mm/day) (hr) (hr) 

Genotype (mg dry wtVa/hr) light dark light dark light dark 

veA+ 0.048 +_ 0.025 a 8.7 + 0.4 b,c 8.8 +__ 0.3 c,a 30.0 -- 37.5 -- 

veAl 0.088 _+ 0.039 ~ 8.2 ___ 0.2 b,e 8.2 + 0.8 a,e 29.5 29.5 38.0 38.0 

The strains and comple te  genotypes used were WIM 126 (yA2 pabaA1; veA +) and WIM 064 (yA2 pabaA1; veAl). 
The time of conidiophore vesicle appearance and the time of conidial maturation were assayed from noninduced single colonies, as 
described by Axelrod (1972) and Yager et al. {1982). 
n = 3 for the submerged growth rate determination; and n = 5 for the radial growth rate determination ___ SD. The significance of 
differences between means was determined by calculating t (Student's t test, two-tailed). 
a-eNot significantly different from other values with the same superscript (P > 0.05). 

a 1-hr exposure to light during the critical period. To de- 

termine the m i n i m u m  exposure t ime required to elicit 

conidiation, induced colonies were subjected to the dif- 

ferent durations of light shown in Table 3. These data 

indicate that  between 15 and 30 min of continuous illu- 

minat ion is necessary to elicit conidiation. This min- 

i m u m  exposure t ime can be provided at any t ime during 

the critical period and remains constant  during the pe- 

riod of light sensitivity. As described below, conidiation DARK 
LIGHT 

in A. nidulans responds specifically to red light. Al- 

though the m i n i m u m  exposure t ime was deduced by ir- DARK 

radiating induced colonies wi th  broad spectrum red light LIGHT 

(610-720 n m  at a fluence rate of 10 W/m2), no appre- 
DARK 

ciable difference, in comparison to the results shown in LIGHT 

Table 3, was observed if white  light of the same inten- 

sity was substituted. DARK 

The m i n i m u m  intensi ty required to elicit conidiation UGHT 

is 0.15 W/m 2 at 680 nm. Irradiating veA+ colonies wi th  
DAR K 

fluence rates between 0.15 and 35 W/m 2 does not affect LIGHT 

the m i n i m u m  exposure t ime or alter the photosensitive 

period. However, reciprocity is observed if irradiation DARK 

occurs beyond the m i n i m u m  exposure time; wi th  longer UGHT 

light pulses, comparable levels of conidiation are 
DARK 

achieved when the product of the fluence rate and expo- LIGHT 

sure t ime is constant.  This result suggests that  the 

amount  of energy required to trigger the response is not DARK 

related to the t iming of developmental  events. Accord- LIGHT 

ingly, we anticipated exposures of <30 min  duration not 
DARK 

to be cumulative.  As expected, three 10-min light pulses EIGHT 

provided immedia te ly  after induction and separated by 

1-hr intervals do not  elicit conidiation. 

Light-mediated conidiation can be divided into light- 

independent and light-dependent functions 

The results of the foregoing experiments indicate that  

wild-type A. nidulans must  be exposed to light for at 

least 15-30  min  during the critical period, defined from 

the initiation of conidiation (induction) to the initial 

formation of differentiated structures. However, it does 

not  necessarily follow that  veA+ colonies do not initiate 

any conidiation-specific functions unless exposed to 

light. It may  be the case that  induction initiates the ac- 

tivities of certain conidiation-specific genes but that  

later events, which  are involved in the formation of de- 

velopmental  structures, cannot be completed wi thout  a 

light st imulus.  

To test this hypothesis,  we devised the experiment  

DARK 

LIGHT 

Conidia Per Colony 
24 Hrs Post Induction 

3.7xl 03 

3.1x107 

4.0x107 

4.5x107 

4.7xl 07 

6.0xl 07 

[ [ 6.0xl 07 
r , , , 

[ 1.1x106 
i 

6.2x105 

2.1x108 

0 ~ 2 ; 4: ~ & ~ 8 //2:~ 
Time of Shift 

(Hrs. Post Induction) 

Figure 2. Determination of the critical period of light respon- 
siveness. Single colonies of FGSC 4 were induced and shifted 
between dark and light conditions, as indicated. Colonies were 
exposed to white light at an intensity of 10-13 W/m 2 and as- 
sayed for conidial yield per colony at 24 hr after induction. The 
higher than background level of conidia observed with post-6- 
hr shifted colonies is due to conidiation occurring at the cir- 
cumference of older colonies. The development observed on the 
outer rim of these colonies represents new growth that is itself 
responsive to light, whereas the mycelial growth present at the 
time of induction remains aconidial. 
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Table 3. Minimum exposure time required to 
elicit conidiation 

Duration of exposure 
(hr} Conidia per colony 

0.00 3.7 x 10 a 
0.25 8.1 x 10 a 
0.50 4.8 x 106 
0.75 8.4 x 106 
1.00 3.1 x 107 
2.00 3.8 x 107 
3.00 4.5 x 107 
4.00 4.9 x 107 
5.00 6.7 x 107 

6.00 5.8 x 107 
7.00 6.6 x 107 

24.00 2.1 x 10 a 

FGSC 4 (veA +) colonies were induced and irradiated with 10 
W/m -2 of broad spectrum red light (610-720 nm) for the times 
indicated. Conidial yields were determined 24 hr after induc- 
tion. 

shown in Table 4. The t ime of conidiophore vesicle ap- 

pearance was measured after shifting veA + colonies 

from the dark to the light at various t imes after induc- 

tion. Colonies subjected to continuous i l luminat ion  fol- 

lowing induct ion display a t ime of conidiophore vesicle 

appearance at 6 hr. We observe that incubation in the 

dark for as long as 5 hr after induction does not delay the 

t ime of vesicle appearance. At 5 hr postinduction, ves- 

icles take only 1 hr to form after colonies are exposed to 

light. Thus, incubat ion in the dark following induct ion 

does not delay the onset of conidiophore development.  

Furthermore, if light is not provided to the organism 

during the critical period, vesicles will  never form, be- 

cause dark-to-light shifts performed after 6 hr postinduc- 

tion do not result  in the formation of differentiated 

structures or conidia. These results argue that the initia- 

Table 4. Effect of delayed exposure to light on 
developmental kinetics 

Time of shift to light 
(hr postinduction) 

Time of conidiophore 
vesicle appearance 
(hr postinduction) 

0 6 
1 6 

3 6 
5 6 
7 no vesicles 
9 no vesicles 
Not shifted no vesicles 

Single colonies of FGSC 4 were induced, incubated in the dark, 
and then shifted to white light at an intensity of 10-13 W/m -2 
at the times indicated. Following exposure to light, colonies 
were examined microscopically every half hour for the appear- 
ance of conidiophore vesicles. Colonies containing 25 or more 
conidiophores were scored as positive, and the time of conidio- 
phore vesicle appearance was determined by the method and 
criterion of Axelrod et al. (1973). 
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t ion of conidiation and the expression of some early 

functions associated wi th  asexual development do not 

require light but that the expression of those events 

commencing  wi th  the formation of differentiated struc- 

tures is light dependent. 

Light-dependent conidiation-specific genes are 

transcriptionally regulated 

Induction activates the transcription of a large number 

of conidiation-specific genes (Timberlake 1980). Because 

the foregoing analysis suggests that conidiation-specific 

genes can be classified as light independent or light de- 

pendent, one would predict that those genes expressed 

during the critical period should synthesize transcripts 

regardless of the presence or absence of light, whereas 

those genes expressed after the critical period should be 

unable to accumulate  transcripts unless the organism 

has been exposed to light. We tested this assumption by 

examining the developmental  expression of transcripts 

encoded by the clones shown in Figure 3. 

Mutat ions in brlA result  in the inabil i ty to undergo 

the transit ion from conidiophore stalk elongation to ves- 

icle formation and subsequent budding growth (Clutter- 

buck 1969). The brlA transcript is absent from vegeta- 

tive cells but accumulates  during conidiophore develop- 

ment  beginning at about the t ime of vesicle formation 

(Johnstone et al. 1985; Boylan et al. 1987). We show that 

brlA transcripts fail to accumulate  in veA+ colonies that 

are grown in complete darkness but do appear at the ex- 

pected t ime in colonies exposed to light, brlA transcripts 

begin to accumulate  at 6 hr postinduction in i l lumin- 

ated cultures, not only closely coincident wi th  the initi- 

ation of developmental  structures but also wi th  the end 

of the critical period for photoinduction, brlA is there- 

fore the earliest known gene possessing light-dependent 

gene activity. 

abaA mutants  produce normal conidiophores, but the 

phialides branch and proliferate instead of forming co- 

nidia, producing rod-like cells with swellings at in- 

tervals (Clutterbuck 1969, I977). abaA transcripts are 

absent from vegetative cells but accumulate  during con- 

idiophore development beginning at about the t ime of 

phialide formation (Boylan et al. 1987). We observe abaA 

transcription beginning at 6 hr postinduction in i l lumin- 

ated cultures but lagging behind brlA synthesis in terms 

of quanti tat ive accumulation,  in agreement with the 

demonstrat ion of Boylan et al. (1987) that brlA precedes 

abaA in the developmental  pathway. The absence of 

abaA transcription in the dark is also consistent with 

abaA m R N A  accumulat ion requiring wild-type brlA ex- 

pression. 

Boylan et al. (1987) isolated a series of cDNA clones, 

designated pCAN, which  showed hybridizat ion to co- 

nidiat ion but not hyphal  probes. Transcripts hybridizing 

to pCAN41 begin to accumulate  at the same t ime as 

brlA expression but are not expressed in a brlA1 mutant  

strain. As expected, CAN41 transcription is also light 

dependent. In contrast, CAN44, CAN65, and CAN77 all 

accumulate  transcripts irrespective of i l lumination.  
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Figure 3. Expression of developmentally regulated transcripts 
in veA § colonies incubated with and without illumination. 
Total RNA was isolated from wild-type FGSC 4 colonies at 2-hr 
intervals following induction. Twenty micrograms of total 
RNA per lane was fractionated by gel electrophoresis, blotted, 
and hybridized with the 32P-labeled probes as indicated. The 
argB gene, which is expressed at a constant level throughout 
development (Yelton et al. 1983), was used as a control. If colo- 
nies are exposed to continuous illumination, the following phe- 
notypes are observed with respect to conidiophore develop- 
ment: at 0 hr, noninduced undifferentiated hyphae; at 2 hr, un- 
differentiated hyphae; at 4 hr, aerial stalks; at 6 hr, 
conidiophore vesicles; at 8 hr, metulae and phialides; at 10 hr, 
immature conidia; at 12 hr, viable, lightly pigmented conidia. 
Cultures grown in the dark do not exhibit conidiophore devel- 
opment. 

CAN44 and CAN65 init iate transcription just after in- 

duction, but barely detectable levels of CAN77 are not 

observed unt i l  the ini t ia t ion of brlA transcription. All 

three genes, however, are transcribed in a brlA1 mutan t  

strain (Boylan et al. 1987), suggesting that their activi- 

ties either precede or funct ion independently of brlA. 

The transcriptional analysis of CAN65 and CAN77 pro- 

duced an unexpected result. Both genes show a low level 

of m R N A  accumulat ion in the light, but a sharp increase 

in transcription is observed in the dark commencing  at 

- 8  hr after induct ion for CAN65 and between 10 and 12 

hr after induct ion for CAN77. Because certain conidia- 

tion-specific genes funct ion both in asexual and sexual 

development (Yager et al. 1982; Jurgenson and Champe 

1990) and the ini t iat ion of sexual development is preco- 

cious in dark-grown veA + colonies, occurring - 1 5  hr 

earlier than in light-grown colonies (J.L. Mooney and 

L.N. Yager, unpubl.), the late increase in dark-specific 

Light-mediated development in Aspergillus 

transcription of CAN65 and CAN77 may  be indicative 

of different functions uti l ized during sexual develop- 

ment.  

Conidiation in A. nidulans  is elicited specifically by 

red light and reversed by exposure to far red light 

The identi ty of the photoreceptor involved in a light- 

mediated response may  be deduced from an action spec- 

t rum of that response. Only  those specific wavelengths 

of light absorbed by the photoreceptor can cause the 

photochemical  change that wil l  elicit  a response. An ac- 

tion spectrum shows the relative effectiveness of dif- 

ferent wavelengths in elicit ing a response and usually 

corresponds to the absorption spectrum of the photore- 

ceptor (Shropshire 1972). To generate an action spec- 

t rum for the l ight-dependent conidiation response in A. 

nidulans, it was first necessary to obtain a dose-response 

curve for each tested wavelength. The action spectrum 

was then calculated by plotting the relative intensi ty  of 

normalized light necessary to elicit  the m i n i m u m  re- 

sponse against each tested wavelength. To ensure the 

validity of the action spectrum, the level of the response, 

in this case the conidial yield per colony, was shown to 

be a function of total dose (Tan 1978). 

The action spectrum for elicit ing conidiation in veA+ 

colonies is shown in Figure 4. Asexual development is 

max ima l ly  sensitive to red light, wi th  a major peak of 

activity at 680 nm. No conidiation response is observed 

at wavelengths <500 nm, even if colonies are subjected 

to four orders of magni tude more energy than that re- 

quired to bring about a response at 680 n m  (0.15 W/m2). 

Similarly, wavelengths >710 n m  do not elicit conidia- 

tion. 
Thus, the action spectrum indicates that light-me- 

diated conidiation in A. nidulans is due to activity of a 

red light photoreceptor. The best characterized regula- 

tory photoreceptor that responds to red light is phy- 

tochrome, which  is found in higher plants (Pratt 1982; 
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Figure 4. Action spectrum for light-mediated conidiation. The 
action spectrum, deduced as described in the text, was plotted 
as the log of the relative intensity of normalized light necessary 
to elicit the minimum conidial response versus wavelength. 
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Silverthorne and Tobin 1987). A major characteristic of 

phytochrome is its ability to undergo reversible photo- 

chemical interconversion between the biologically inac- 
tive red light-absorbing form (Pr) and the active far red 

light-absorbing form (Pfr). The photoconversion of Pr to 

Pfr by red light induces many developmental and mor- 
phogenic responses, including stem elongation and flow- 

ering, but exposure to far red light reverses the induction 
of these responses. The reversal of a red light-induced 

effect by far red light is therefore a significant and distin- 

guishing feature of the phytochrome photoreceptor. 

Table 5 demonstrates that red light-induced conidia- 
tion in veA+ colonies is reversed by immediate and con- 

tinuous exposure to far red light (730 nm). In contrast, 

colonies given a 1-hr incubation in the dark between a 

red light to far red light irradiation program do not show 

reversal of light-induced conidiation. The reversal of red 

light-induced conidiation by far red light is wavelength 
specific. Exposure of colonies to green light (520-570 

nm at 35 W/m 2) does not reverse the effect of red light. 

Other wavelengths, from 350 to 500 nm, also show no 

effect. Moreover, exposure of colonies to red light after 

irradiation with far red light results in conidiation, and 
return of a far red light-reversed culture to red light also 
yields conidial colonies. 

D i s c u s s i o n  

We have shown that light is required for the formation 

of conidiophores and viable conidia in A. nidulans. 

While doing the experiments that demonstrated this, we 

were careful to exclude the possibility that light-depen- 

dent conidiation was due to other environmental vari- 

ables, such as nutrient limitation, changes in oxygen or 

carbon dioxide levels, gravity, humidity, or temperature. 

With regard to temperature, we verified that incubation 

in the light was not altering the temperature of the me- 

Table 5. Effect of red and far red irradiation on conidiation 

Irradiation schedule Conidiation (%)a 

Red (0.5 h r )~  dark (24 hr) 
Dark (24 hr) 
Far red (24 hr) 
Red (0.5 h r ) ~  far red (24 hr) 
Far red (1-4 hr) ~ red (0.5 hr)--* 

dark (24 hr) 
Red (0.5 h r )~  far red (1-4 hr) 

red (0.5 hr)--~ dark (24 hr) 

100 
0.5 +0.1 
1.2 _ 0.2 
3.6 _+ 0.8 

51-91 b 

73-83 b 

FGSC 4 (veA § colonies were induced and irradiated either with 
0.5 W/m -2 of red light (610-720 nm) or 18 W/m -2 of far red 
light (730 nm) for the times indicated. Percent conidiation was 
measured at the end of the irradiation schedule by assaying for 
conidial yield per colony. 
aEach assay was normalized to the conidial yield of the 30-min 
red light to 24-hr dark control. Each value is the mean of three 
separate trials ___ SD. 
bThe variation in response is due to the time when colonies are 
exposed to red light following irradiation with far red light. 

dium or the surface temperature of the colonies as com- 

pared to incubation in the dark. However, convincing 

proof of true light dependency was the demonstration 

that only red light can trigger the conidiation response. 
Other wavelengths, including far red, do not elicit 

asexual development. 

The most striking feature of light-mediated conidia- 

tion is the similarity of its spectral properties to plant 

phytochrome. In other fungi, a variety of light-mediated 

responses have been reported (Tan 1978), but few red 

light-mediated responses have been shown both to affect 

sporulation and to display the far red reversibility effect 

characteristic of phytochrome found in higher plants. 

Phytochrome-like responses have been reported in Can- 

dida guilliermondii (Fraikin et al. 1973), in Puccinia 

graminis (Lucas et al. 1975, Schneider and Murray 1979), 

in Verticillium agaricinum (Valadon et al. 1979), and in 

Botrytis cinerea (Tan 1974), but only in the first case 

have red/far red reversible absorbance changes been de- 
tected by in vivo spectrophotometry. 

The spectral characteristics of the light-mediated co- 

nidiation response in A. nidulans bear marked similarity 

to phytochrome. Conidiation is induced by exposure to 
red light and suppressed by immediate exposure to far 

red light. In higher plants the reversal of the red light-in- 

duced effect requires immediate irradiation with far red 

light (Mitrakos and Shropshire 1972). We observe the 

same effect in A. nidulans. Interruption of a red-to-far 
red irradiation scheme with a period of dark incubation 

will cancel the effect of far red light and result in conid- 

iation. We have also shown that the biological effect of 

red light is not manifested unless the duration of expo- 

sure is between 15 and 30 min. 

Although light-dependent conidiation is highly remi- 

niscent of a phytochrome-mediated response, several of 

its spectral characteristics are unlike those observed in 

higher plants. The red light-absorbing form of purified 

plant phytochrome (Pr) absorbs maximally at 667 nm 

(Pratt 1982), whereas the action spectrum for conidia- 

tion in A. nidulans shows a maximum at 680 nm. More- 

over, purified plant phytochrome also has a lesser ab- 

sorption maximum at blue wavelengths (300-400 nm; 

Butler et al. 1964), which is absent in Aspergillus. It 

must  be noted, however, that the 680-nm maximum 

was obtained by assaying for a biological response from 

the organism. Thus, it is unclear whether the variation 

in maximum absorbance is indicative of different red 

light photoreceptors or whether the higher wavelength 

and absence of blue response in A. nidulans is due to 
interference from other light-absorbing pigments. On 

the other hand, both the far red light-absorbing form of 

purified plant phytochrome (Pfr) and the wavelength of 

light necessary to reverse red light-induced conidiation 

show maximum absorbance values at 730 nm. 
Most plant phytochromes are characterized by a high 

irradiance response (Hartmann 1966; Shropshire 1972). 

Exposure to high-intensity far red light elicits the same 

response observed with a pulse of red light. We do not 

observe a high irradiance response in A. nidulans, be- 
cause irradiating induced colonies with 18 W/m 2 of far 
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red light for 24 hr does not result in the formation of 

conidiophores or conidia. 
The photoconversion of the Pr form of phytochrome 

to the Pfr form is extremely rapid and occurs within mil- 
liseconds following exposure to red light (Pratt 1982). 
Colbert et al. (1983)have shown that the levels of trans- 
latable phytochrome mRNA decline rapidly after expo- 
sure to red light. This decline was detectable within 
15-30 min following irradiation and was presumably 
due to autoregulation of phytochrome gene expression. 
However, they only needed to expose Avena seedlings to 

5 sec of red light to provoke the response. In contrast, 
between 15 and 30 min of uninterrupted illumination 
are necessary to elicit conidiation in A. nidulans. A cu- 
mulative dosage effect is not observed, because an expo- 
sure between 15 and 30 min is still required even if pre- 
ceded by exposures of < 15 min. Furthermore, the dura- 
tion of the minimum exposure time is independent of 
dose. This period is constant and invariant for colonies 
exposed to intensities as high as 200-fold over the lowest 
dose necessary for conidiation. Following this period, co- 
nidial yield becomes a function of dose and reciprocity is 
observed. However, analogous to the situation observed 
by Colbert et al. (1983), the minimum exposure time in 
A. nidulans is immediately followed by a short period of 

sensitivity to reversal by far red light, after which the 
organism is irreversibly committed to proceeding with 

conidiation. 
The implications of these results are complex but sug- 

gest a situation similar to plant phytochrome. The 15- to 
30-min period may be required either to regulate the 
synthesis of the photoreceptor or to control the level of 
some regulatory factor. Unlike the situation in plants, 
however, light is continuously required during this pe- 
riod. One possibility is that continuous light may be 
needed to establish a certain amount of active photore- 

ceptor. Alternatively, specific gene products may not be 
synthesized until the organism is exposed to light and, 
thus, are not immediately available for interaction with 
the photoreceptor. This latter possibility may also ex- 
plain the period of far red light reversibility that imme- 
diately follows the 30-min exposure to red light. Fur- 
thermore, it may be necessary to establish certain regu- 
latory gene interactions to coordinate and control the 
function of the active photoreceptor. Such interactions 
are not uncommon in A. nidulans. Mirabito et al. (1989) 
have proposed a developmental cascade, whereby coni- 
diophore development is regulated by the interactions of 

brlA, abaA, and wetA. 

Regardless of the identity of the photoreceptor, an im- 

portant feature of light-mediated conidiation is that A. 
nidulans is responsive to photoinduction only during a 
specific interval following the initiation of asexual de- 
velopment. To elicit the light-mediated response, the or- 
ganism must  first acquire competence and then be ex- 
posed to an inducing stimulus (growth against an air in- 
terface). The critical period of light responsiveness 
begins at the initiation of conidiation, which occurs at 
induction, and continues until the initial formation of 
differentiated structures. 

Light-mediated development in Aspergillns 

Induction initiates a large number of early conidia- 
tion-specific gene functions, whose activities are a 
normal prerequisite for conidiophore development 
within the organism. The existence of these functions is 
inferred from the isolation and genetic analysis of aconi- 
dial mutants, which are blocked in the formation of de- 
velopmental structures (Martinelli and Clutterbuck 
1971; Yager et al. 1982) and from the molecular analysis 
of developmental gene regulation (Timberlake 1980). 
These early functions are followed by late conidiation- 
specific gene functions, which are involved in the direct 
formation and regulation of differentiated structures. 
Several of these late functions have been well character- 
ized (Clutterbuck 1977; Boylan et al. 1987; Adams et al. 

1988; Mirabito et al. 1989). 
The temporal separation of conidiation-specific genes 

into early and late functions parallels the division of co- 

nidiation-specific genes into light-independent and 
light-dependent functions deduced from the light/dark 
shifting analysis. Light is not required for the initiation 
and function of early conidiation-specific genes but is 
required for the action of late events that direct conidio- 
phore development. The end of the critical period for 
light responsiveness agrees closely with the time of the 
initial appearance of differentiated structures. It is inter- 
esting that the switch to light-dependent functions is al- 
most coincident with the expression of brlA. We have 
shown that the transcription of brlA will not occur un- 
less the organism has been exposed to light sometime 
during the critical period. Although the repertoire of de- 

velopmental clones examined is small, we observe light- 
dependent transcription only for those genes expressed 

after brlA. 

brlA is the earliest known gene defined by mutat ion 
that is involved in the direct formation of conidiophores 

(Clutterbuck 1977). Adams et al. (1988) have demon- 
strated that brlA regulates the expression of conidio- 

phore development by showing that the forced missche- 
duled expression of brlA bypasses all prior conidiation- 
specific events and is both necessary and sufficient to 
induce conidiation in vegetative cells, brlA therefore ap- 
pears to be a possible candidate for controlling the 
switch to light-dependent functions. The expression of 
brlA requires both the function of certain light-indepen- 
dent early genes and the completion of light-driven 

events, which operate through the photoreceptor v ia  a 
signal transduction pathway. 

We have also shown that light-mediated conidiation is 
determined by the allelic state of the veA gene. The na- 
ture and function of the veA gene are not yet known. 
However, one possible interpretation that explains the 
phenotype of the veAl mutation and is consistent with 
our observations is that the veA gene product is a nega- 
tive regulator or affects the activity of a negative regu- 
lator, which controls the function of conidiation-specific 
genes. It is feasible that this regulator may act directly 
on brlA or may control the activity of a conidiation-spe- 
cific gene, which precedes brlA within the asexual re- 

productive pathway. 
The properties and possible function of the veA gene 
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are analogous  to the  character is t ics  of the  detl m u t a t i o n  

in Arabidopsis thaliana (Chory et al. 1989). This  muta-  

t ion  al lows the  l ight -dependent  character is t ics  of wild- 

type seedlings to be cons t i tu t ive ly  displayed, regardless 

of the  presence or absence of l ight.  M a n y  of these light- 

dependent  traits,  such as the  suppress ion of hypoco ty l  

g rowth  and the  expression of the  cab genes, are k n o w n  

to be regulated par t ly  by phy tochrome .  Chory  et al. 

(1989) propose tha t  the  wi ld- type detl  gene product  acts 

as a negat ive  regulator  or affects the  expression of a neg- 

a t ive factor, w h i c h  operates in the  signal t r ansduc t ion  

pa thway  tha t  couples leaf and chloroplas t  deve lopmen t  

to l ight  percept ion.  

We have shown  tha t  con id ia t ion  in A. nidulans is in- 

duced by l ight  only  if the  myce l i a  are in contac t  w i th  an 

air in terface and then  only  for a specific period during 

early conidia l  development .  In nature,  successful  spore 

d i s semina t ion  requires exposure of the  organism to ad- 

vantageous  e n v i r o n m e n t a l  condi t ions .  It is therefore not  

surpris ing tha t  exposure to air and l ight  are two impor- 

t an t  prerequis i tes  for the i nduc t ion  of asexual  develop- 

ment .  We have also shown  tha t  con id ia t ion  is media ted  

by a red l ight  photoreceptor ,  whose  propert ies are not  

un l ike  p h y t o c h r o m e  found in h igher  plants.  A l though  

def ini t ive  iden t i f ica t ion  of the  photoreceptor  wil l  re- 

quire molecu la r  and b iochemica l  analyses,  the resul ts  of 

th is  s tudy serve as a f r amework  for the e luc ida t ion  of the 

complex  regulatory pathway,  wh ich  involves the pho- 

t o induc t ion  of conidia t ion-speci f ic  gene expression. 

M e t h o d s  

Aspergillus strains, growth conditions, and genetic techniques 

The Glasgow wild-type isolate of A. nidulans, FGSC 4 (veA +), 
and strain FGSC 406 (luAl yA2; veAl) were obtained from the 
Fungal Genetics Stock Center. Strains WIM 064 (yA2 pabaA1; 
veal), WIM 065 {wA3; pyroA4; veal), and WIM 126 (yA2 
pabaA1; veA +) were obtained from S.P. Champe. Strain TU 1 
(pyroA4; veAl) was constructed in this laboratory from a 
meiotic cross of FGSC 4 x WIM 065. Strain TU 72 (luA1; 
veA+ ) was selected from the meiotic progeny of a cross of FGSC 
4 x FGSC 406. Standard A. nidulans genetic techniques were 
used throughout this study (Pontecorvo et al. 1953; Clutter- 

buck 1974). 
The complete growth medium and general culture tech- 

niques described by Yager et al. {1982) and Butnick et al. (1984) 
were used throughout this study. Surface-grown colonies re- 
quiring illumination were incubated in Percival incubators 
(model 1-35LL or 1-30BL) equipped with GE 20-W broad spec- 
trum fluorescent light bulbs positioned at a distance of 20 cm 
from the agar surface {average illumination was between 10 and 
13 W/m2). Dark conditions were obtained by wrapping single 
plates loosely in aluminum foil. Specific wavelengths were 
generated as described below. All incubations were performed 
at 32~ 

Submerged growth rates were determined by harvesting my- 
celia at timed intervals from 250-ml liquid cultures inoculated 
with 0.5 conidia/ml. Mycelia were collected by filtration onto 
washed and desiccated Whatman No. 1 filter paper, which was 

brought to constant weight. The mycelia were washed twice 
with 500 ml of deionized water and baked in a vacuum oven at 
80~ until constant weight was reached (-6 hr). The growth of 
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fungi in submerged culture may obey either a cube-root or ex- 
ponential relationship {Cocker and Greenshields 1977). Using 
the growth conditions described, cube-root growth was ob- 
served and submerged growth rates were presented as milli- 
grams dry weight l/a/hr {Emerson 1950; Marshall and Alexander 
1960). Radial colonial growth rates, which obey a linear growth 
relationship, were determined as described in Yager et al. 
(1982). 

Unless otherwise indicated, an induction stimulus (transfer 
from submerged to surface growth), performed 36 hr after inoc- 
ulation of spores, was used to initiate conidiation. All conidial 
yield determinations were performed on single colonies grown 
to a density of 20-30 colonies per plate. The induction proce- 
dure and the method for assaying conidial yield were performed 
as described by Yager et al. (1982). The time of competence was 
determined by the methods of Axelrod et al. (1973) and Butnick 
et al. {1984). 

Light~dark shifting experiments 

The light/dark shifting experiments were performed by using 
the same assay procedure as the temperature-shift experiments 
described by Yager et al. {1982), except that the incubation tem- 
perature was maintained at 32~ Colonies were grown sub- 
merged for 36 hr before being induced to an air interface and 
then shifted between light and dark conditions as determined 
by the experiment. (Thirty-six hours is well past the time of 
competence, which occurs at 25 hr after inoculation under our 
experimental conditions.) Conidial yields were determined at 
24 hr following induction by harvesting five colonies from each 
plate and assaying for viable conidia as described above. The 
appearance of conidiophore vesicles was scored by microscopic 
examination of colonies by using the method of Axelrod et al. 
{1973). 

RNA preparation, blotting, and hybridization 

Total RNA was isolated from induced single colonies as de- 
tailed by Timberlake and Hamer (1986), except that harvested 
colonies were first lyophilized and then disrupted by grinding. 

RNA was separated by electrophoresis in formaldehyde- 
agarose gels and transferred without pretreatment to nylon 
membranes (Duralon-UV, Stratagene) by vacuum blotting. 
RNA was bound to membranes by UV cross-linking with a 
Stratagene Stratalinker. Hybridization to a2p-labeled probes was 
according to the procedures recommended by the membrane 
manufacturer. Plasmids pTA39 (Adams et al. 1988) and pPM11 
(Boylan et al. 1987) were used as the brlA and abaA gene-spe- 
cific probes, respectively. The pCAN plasmids have been de- 
scribed (Boylan et al. 1987). Plasmid pMOO6 {Upshall 1986) 
was used as the argB gene-specific probe, which served as a 
control for all RNA blots. All plasmids were generously pro- 
vided by W.E. Timberlake. 

Action spectrum and far red reversal 

All experiments were performed in a constant temperature 
room at 32 _+ I~ Conidial yield assays were performed on 
single colonies, which were exposed to light for 24 hr following 
induction. 

Monochromatic light was generated from a Bausch and Lomb 
monochrometer (500 mm focal length) equipped with a Phillips 
2500 CL tungsten-halogen lamp or GE 1000-W tungsten lamp 
as a light source. Lenses were used to focus the beam at the 
entrance slit. Water and/or a heat filter (Balzer Calflex C) inter- 
cepted the light beam in front of the entrance slit to reduce 
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thermal radiation. Either Kliegal plastic filters, with broad 

transmission characteristics, or Rosco Laboratories color gel- 
atin filters were used at the exit slit to eliminate second or third 
order wavelengths. High-intensity illumination conditions 
were obtained by irradiating the colonies directly with either 

the tungsten or the tungsten-halogen lamp and using either 
GAMCOLOR sharp cutoff gelatin filters or Kopp glass filters 

singly or in combination to intercept the light beam and pro- 
duce the desired wavelength. Neutral density filters were uti- 
lized throughout the experiment to regulate intensity. Intensity 
was measured by using a Li-Cor Quantum/Radiometer/Pho- 

tometer equipped with the appropriate sensors. 

To determine the effective wavelength of light that elicits a 

conidial response, all wavelengths were first normalized to an 
initial quanta of 316.5 ~E/m 2 per sec. Each wavelength was 

then tested for its ability to induce the minimum conidial re- 
sponse (at least 5 x 10 a conidia/colony). Those wavelengths 

able to elicit this response were then checked to ensure that the 
law of reciprocity held by checking that the response was a 

function of total dose (time x dose rate). Neutral density filters 
were used to intercept the light beam and to determine the in- 

tensity of normalized light that would no longer induce the 
minimal conidiation response. To produce the action spectrum, 

the minimum energy required at each wavelength that elicits 
the desired conidiation response (relative to the initial quanta 

value) was plotted against wavelength. 
The red/far red light reversal experiments were performed on 

single colonies that were incubated for an additional 2 hr 
without illumination following induction. At the end of this 
period, the irradiation program described in Table 5 was per- 

formed. Percent conidiation was determined by assaying for co- 

nidial yield per colony, as described above. 
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