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The gene con-14 of Neurospora crassa is expressed pref-
erentially during conidiation and following illumination of
vegetative mycelia with blue light. In this study we have ex-
amined the segmental locations of the genetic elements
associated with con-I0 that are responsible for light and
developmental expression. A translational fusion was
prepared between the initial segment of con-10 and Esche-
richia coli laeZ. Deletions were then introduced into the
con-10 upstream region associated with this translational
fusion. Each construct was integrated at the his-3 locus of
N. crassa by transformation and homologous recombina-
tion. Photoinduction of mycelia containing the transla-
tional fusion with the intact upstream region revealed a two
phase stimulus-response curve. Exposure to light for as lit-
tle as 5 sec induced a transcriptional response. Following
this initial induction, a period of 15 min in the dark or light
was required for appearance of a second phase response.
Only a brief light treatment was necessary for induction of
the second phase response. Deletions within the upstream
region altered normal light and developmental expression
of constructs containing the con-I10-lacZ translational fu-
sion, The deleted segments appear to contain a mycelial re-
pression site, two conidiation activation sites, and two dark
repression sites. A repeated 17-bp sequence acted as a tran-
scriptional enhancer. One copy of this enhancer is in the
upstream region. The second copy, with the opposite orien-
tation, is located in the first con-10 intron, The enhancer
was required for proper mycelial and conidial expression of
the con-10-lacZ fusion. The initial 10 bp of this enhancer
sequence were sufficient to restore conidial expressiontoa
deletion construct lacking both copies of the L7-bp repeat.
Proteins were detected in extracts of mycelia and conidia
that specifically bound to the enhancer sequence in vitro.
Our findings suggest that conidiation-specific and mycelial-
specific expression of con-10 requires the action of several
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factors acting independently and/or in concert at distinct
sites located in the regulatory regions for con-10. ¢ 1%
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INTRODUCTION

During the vegetative phase of its life cycle the fila-
mentous fungus Neurospory crasse grows as a mycelium
consisting of branched, interconnected hyphal strands.
N. crassa forms three different types of haploid spores:
ascospores, the product of the sexual cycle; uninucleate
microconidia; and multinucleate macroconidia (called
conidia throughout). Of the developmental pathways
leading to formation of the three types of spores, syn-
thesis of conidia has been studied in greatest detail. Ap-
preciable morphological, genetic, and molecular infor-
mation has been gathered in analyses of conidiation (re-
viewed in Springer, 1998). The developmental program
that is responsible for conidia production is influenced
by blue light (Turian, 1977) and the endogenous clock of
the fungus (reviewed in Dunlap, 1993).

Molecular investigations of the process of conidiation
in N. crassa began about a decade ago. Analyses of pro-
tein and mRNA species present in mycelia, aerial hy-
phae, and conidia established that specific changes in
gene expression oceurred throughout ¢onidiation (Ber-
lin and Yanofsky, 1985a). On the basis of these observa-
tions a differential sereening procedure was used to
identify and clone a set of genes that were highly ex-
pressed preferentially during conidiation (Berlin and
Yanofsky, 1985b). One of these conidiation-specific
genes is con-10. con-10 is not expressed in vegetative my-
celium but is highly expressed 8-10 hr following induc-
tion of conidiation (Berlin and Yanofsky, 1985h; Sachs
and Yanofsky, 1991; Springer et al, 1992). Both con-10
mRNA and protein are present in eonidia, and both dis-
appear rapidly upon germination of conidia. The CON10
protein is localized in the conidiophores of conidiating
cultures and is distributed uniformly throughout the ey-
toplasm of mature conidia (Springer et al, 1992). Like
the process of conidiation itself, con-10 mRNA accumu-
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lation was found to be influenced by light (Lauter and
Russo, 1991} and to be controlled by the endogenous
clock of the organism (Lauter and Yanofsky, 1993).
Light, c¢lock, and developmental regulation of con-10 ex-
pression is shared by two other cloned conidiation-spe-
cific N. ¢rassa genes, con-6 (Lauter and Yanofsky, 1993;
White and Yanofsky, 1993) and eas (Lauter ef al, 1992;
Bell-Pedersen et al., 1992), eas encodes the major rodlet
protein that coats the surface of the conidium. The func-
tions of the con-6 and con-10 products are not known,
con-10 has a homolog located immediately following the
trp operon in Escherichia coli (Corrochano and Yanof-
sky, unpublished), a gene of unknown function desig-
nated orf1 (Stoltzfus et al, 1988). con-10 was mapped to
the right arm of linkage group IV; it was isolated in a
clone that also contains a conidiation-specific upstream
gene, con-13 (Roberts et al., 1988). The con- 10 open read-
ing frame, encoding an 86-residue polypeptide, is in-
terrupted by two small introns (Roberts et al,, 1988). The
transcription initiation site of con-10 was mapped ap-
proximately 1.5 bp downstream of con- 13, just before the
con-10 start codon (Roberts et al, 1988). In view of the
relative locations of the con-18 and con-10 coding regions
it is reasonable to assume that the regulatory sites that
control con-10 expression are mostly located in the 1.5-
bp region between con-13 and con-10.

The objective of the present study was to analyze the
effects of different environmental conditions on expres-
sion of con-10 and to identify the genetic segments that
contain elements that are responsible for light and de-
velopmental control. To quantify cox- 10 expression con-
veniently, we constructed a translational fusien of con-
10 with E. coli lacZ. We integrated this fusion at the Ais-
3 loeus of N. crassa and assayed the effects of light and
development (conidiation) on its expression. Fusions
containing the complete upstream region of con-1¢, or
deletions thereof, were examined. These constructs per-
mitted us to identify genetic segments that are required
for normal light and developmental expression of con-
10. We also identified two copies of a 17-bp enhancer se-
quence that is necessary for maximal con-10 expression,
Proteins were detected in extracts of vegetative mycelia
and conidia that bind to this enhancer sequence. We
note several sequences in the con- 1 promoter that are
present in the promoters of other light- and conidiation-
inducible genes of N. crassa.

MATERIALS AND METHODS
Strains

The N. crasse strains used as transformation recipi-
ents had either of the following his-3 alleles: Y155M261
{his-3 A, FGBC 462) or 1-234-1438 (his-2 o, FGSC 6524).
Transformation was performed with plasmids contain-
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ing a 5-truncated segment of wild-type his-8 We se-
lected His* recombinants; these arose by recombina-
tional integration of the plasmid at the Ais-3 locus. In-
tegration resulted in duplicated his-3 genetic material,
including one functional copy of his-8, lanking the plas-
mid sequences containing the con-10-lacZ fusion {Sachs
and Ebbole, 1990). Southern analyses were performed on
transformants to verify that a single copy of the con-10-
lacZ fusion had been integrated at the his-3 locus. Inde-
pendent isolates transformed with the same plasmid
produced similar amounts of §-galactosidase in control
experiments (results not shown). All DNA manipula-
tions were performed by standard procedures (Sam-
brook et al., 1989).

Construction of con-10-lucZ Fusions

All the con-10-lacZ translational fusions contained
the first 40 codons of con-10 fused to the eighth codon of
B, coli lacZ. Plasmids and strains bearing various dele-
tions were designated by the 5 end of the con-10 se-
quence relative to the major transcription start
site, e.g., pDE1559 contains the segment from base
pair —1559 to codon number 40 of con-10. The sequence
of each fusion junction and relevant DNA segment
was verified by sequencing. The parental vector for
pDE1559, pDE155%AI, pDE353, pDE353AI, pDE191, and
pDE191AI was pH303 (Sachs and Ebbole, 1990), a plas-
mid that contains a 5'-truncated N. ecrassa his-8 gene.
The BamHI-Hindl1l DNA fragment containing the 3’
flanking region of trpC of Aspergillus nidulans from
pDH25 (Cullen et al, 1987) was incorporated into
pCON101 (a Kpnl-BamHI subelone of pConl0a (Berlin
and Yanofsky, 1985b) constructed by Dr. Karl Hager
{Stanford University). The BamHI lacZ cartridge from
pMC1871 (Shapira ef al, 1983) was inserted to create fu-
sions to con-10, The con-10/1lacZ/trpC fusions were ex-
cised from this plasmid and inserted into BamHI
{blunt ended by treatment with Klenow fragment and
dNTPs)-HindIll-cut pH303. Plasmids pDE353AI10F
and pDE353AI17F were construeted by inserting dou-
ble-stranded synthetic DNA (Table 1) into the Spel site
of pDE353AI. Plasmids pDE778, pDE265, pDE236, and
pDET78A45 (internal deletion removing base pairs —236
to —192) were constructed by inserting the appropriate
con-10 fragments into vector pDE3 (Ebbole, 1990).

Site-Directed Mutagenesis

Single-stranded DNA of pCON101 was isolated from
the dut— ung™ strain BW3113 by rescue with the M13
helper phage MK07. Site-directed mutagenesis was per-
formed (Kunkel ¢ al, 1987) using the oligonucleotides
in Table 1 to generate deletions. The deletions were
transferred to lacZ fusion plasmids by replacement of
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the Nrul-BamHI {fragment of the con-10 region
(pDE1559AI) or by introducing the EcoRI-BamHI con-
10fragment into the Smal-BamH] sites of pDE3, to gen-
erate pDET78A45.

Light Induction Experiments

Cultures were grown and mycelia were illuminated
for the times indicated, as deseribed (Lauter and Russo,
1991), using Sylvania Energy Saver lamps (6 W/m? in
the blue light region). Cultures were prepared by inoeu-
lating 10° conidia into 75 ml of Vogel’s liquid minimal
medium (Davis and de Serres, 1970) containing 2% su-
crose as carbon source and 0.2% Tween 80 as wetting
agent in 250-m] Erlenmeyer flasks. Log phase cultures
were grown for 24 hr at 34°C, with agitation (200 rpm).
The mycelia in each flask were collected by filtration
through filter paper in a Biichner funnel and the result-
ing mycelial pads were cut in half. The dry weight of
myecelia per flask was typically 200-250 mg. One half pad
was illuminated while the other wag kept in the dark as
a control. All mycelial pads were wetted with 1 ml of
prewarmed (25°C) growth medium initially and at 30-
min intervals thereafter. This treatment prevented ae-
rial hyphae formation and arrested growth in the vege-
tative phase. All manipulations were performed in the
dark under a red safelight, at room temperature. After
illumination, myeetial pads were incubated in the dark
for 30 min (with the exception of the experiments de-
scribed in Fig. 5) and were then frozen in liguid nitrogen
and stored at —80°C. The values obtained with mycelium
incubated for 30 min in the dark were essentially identi-
cal to values obtained with mycelium freshly harvested
in the dark.

Conidial Stocks

Erlenmeyer flasks (125 or 250 ml) containing 50 ml of
Vogel’'s minimal medium with 1.5% sucrose and 1.5%
agar were inoculated with conidia and grown for 3-4
days at 34°C. The flasks were then incubated at room
temperature under fluorescent light for 7 to 10 days. Co-
nidia were harvested on 2.4-cm-diameter glass fiber
disks in a filtration manifold and rinsed with water. Pro-
tein extracts were prepared immediately or the conidia
were wrapped in aluminium foil, frozen in liquid nitro-
gen, and stored at —80°C.

Protein Extracts and 8-Galactosidase Assays

Protein extracts were prepared by adding 10-100 mg
of cell material to 1.5 ml of g-galactosidase assay buffer
(Z buffer) (Miller, 1972) in 1.9-m] screw-cap tubes with
1.5 g of zireonium beads (0.5 mm diameter). Cells were
disrupted by two 1-min pulses, separated by 4 min cool-
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ing on ice, in a mini-beadbeater (Biospec products) at
4°C. The extracts were clarified by successive centrifu-
gations, first in a microfuge (13,000 rpm) for 5 min and
then in a TLA45 rotor in a Beckman ultracentrifuge at
40,000 rpm for 15 min. The protein content of final su-
pernatants was determined using the Bio-Rad protein
assay calibrated with known amounts of bovine serum
albumin. 8-Galactosidase-specific activity was deter-
mined using the following formula: 8-galactoside units
= (A4z X 380)/{min X mg protein), as deseribed (Miller,
1972), Two units of S-galactosidase activity were sub-
tracted fram all values to correct for the B-galactosidase
activity of extracts of wild-type N. erassa.

DNA Binding Assays and DNase I Footprinting

Extracts were prepared from mycelial cultures grown
in the light in Vogel’s liquid minimal medium or from
liquid cultures induced to conidiate by growing them in
the light on low levels of nitrogen (Guignard &t al., 1934;
Ton That and Turian, 1978). Cultures were harvested
onto filter paper as described and resuspended in 2X
binding buffer (1X binding buffer is 50 mM KCl, 10 mM
Hepes, pH 7.9, 2 mM dithiothreitol, and 10% glycerol).
Cells were disrupted by two passes through a French
press cell at 16,000 psi. After centrifugation of extracts
at 10,000 rpm in an Sorval 85-34 rotor for 10 min, super-
natants were frozen in dry ice and stored at -—80°C, Ex-
tracts prepared by sonication or by breakage with beads
vielded similar results in band shift experiments. DNA
binding assays and DNase I footprinting were per-
formed as described (Ebbole et al, 1991). Poly(dI-dC)
was used as nonspecific competitor in all DNA binding
assays (Ebbole ef al, 1991). The DNA binding experi-
ments were performed with oligonueleotides (Table 1)
and the 193-bp con-16 intron DNA fragment flanked by
Hincell and BamHI sites at positions +87 to +280. The
isolated con-10 DNA fragment and oligonucleotides
were end-labeled with [y-PJATP and T4 polynucleotide
kinase. In band shift analyses electrophoresis was car-
ried out in a 4% polyacrylamide (80:1 acrylamide:bis-
acrylamide) gel containing 5% glycerol. In the footprint
analysis, cleavage products were visualized by electro-
phoresis on a 6% sequencing gel, with a sequencing lad-
der used as size standard.

RESULTS
Light Induction aof con- 10 Expression

To examine the locations of elements responsible for
light and developmental expregsion of con-10, a series of
plasmids were constructed, each of which contained the
first 40 codons of con-10 fused in phase to codon 8 of F.
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FIG. 1. Photoinduction of con-10-lacZ expression in vegetative my-
celium. Top left: the “parental” con-10 construct (DE1559) that was
analyzed is diagrammed. DE1559 consists of the intact con-10 up-
stream region and the con- 10-lacZ translational fusion. The transerip-
tion initiation site {+1) and the coding region are indicated. The con-
10-lacZ translational fusion contains the first 40 codons of con- 10 (stip-
pled) fused in phase to the eighth codon of E. coli laeZ (diagonal lines).
Top right: 8-galactosidase values obtained with samples from strain
DE1559 prepared as follows: mycelial samples were grown for 24 hr in
the dark at 34°C, they were then harvested by filtration, and each filter
pad was cut in half. One half pad was illuminated at 25°C for 30 min
and then incubated in the dark for 30 min at 25°C, The other half pad
was incubated in the dark for 60 min at 25°C, as a control. Light and
dark exposures were terminated by quick-freezing half pads in liquid
nitrogen, Protein was extracted from each sample and assayed for g-
galactosidase activity. Conidial f-galactosidase activity was deter-
mined with protein extracts of conidia of strain DE1559 grown for 3-4
days in the dark at 34°C, followed by 7-10 days of incubation in the
light at 25°C. g-Galactosidase units refer to specific activity in nmole/
min/mg protein. Each point in this and subsequent figures represents
the average value obtained in at least three independent experiments;
the standard error of the mean is given. Bottom graph: to obtain the
values presented in this graph the same procedure was followed except
that one half pad was illuminated for 5 sec to 60 min (open eircles)
prior to 30 min incubation in the dark at 25°C. The other half pad was
incubated in the dark for 30 to 90 min at 25°C (filled cireles).

colt lacZ (FFig. 1). The 40-codon segment from con- 10 con-
tained its natural first intron. Various deletions were in-
troduced into the con-10 upstream region, and the corre-
sponding plasmid constructs were integrated at the his-
2 locus of N. erassa by homologous recombination. The
integrants obtained were used to quantify the effects of
imposing different inducing conditions on con-10 expres-
sion. Southern analyses established that each transfor-
mant selected had a single integrated copy of the con- 10-
lacZ fusion (data not shown). 3-Galactosidase activity
was measured with extracts prepared from myeelia kept
in the dark, from mycelia illuminated for various peri-
ods, and from mature conidia.

Before examining the effects of various deletions on
the mycelial response to light and development, expres-
sion was examined in vegetative myecelia from strain
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DE1559, which we believe contains the entire con- 10 up-
stream regulatory region (1559 bp). Expression of the
con-10-lacZ fusion was inducible by conidiation, as
shown by the accamulation of 2900 units of 3-galactosi-
dase in conidia, compared to 6 units in dark-grown my-
celia (Fig. 1). Additionally, expression was observed to
be photoinducible, leading to about a 10-fold increase in
B-galactosidase units after 30 min of illumination (Fig.
1). Thus, this con-10-lacZ fusion behaves much like the

~ endogenous, intact con-10 gene (Roberts ef al, 1988;

Sachs and Yanofsky, 1991; Lauter and Russo, 1991,
Lauter and Yanofsky, 1993). To examine the light re-
sponse in detail, the peried of illumination was varied.
Figure 1 shows that there is a two-phase response. Fol-
lowing exposures of 1-15 min, a finite level of S-galac-
tosidase activity wag detected (Fig. 1). Only upon fur-
ther illumination was an additional response observed;
this response doubled the 8-galactosidase level, Illumi-
nation for as little as 5 sec elicited a first stage response
(Fig. 1). A second stage response was observed only 25-
30 min after initiation of the first stage response, i.e,,
following the initial exposure to light a period of incu-
bation in the dark or light was required to obtain the
second stage response. The second stage response oc-
curred if myeelia were illuminated for more than 30 min,
or if mycelia were exposed for two 1-min periods sepa-
rated by 28 min in the dark (Fig. 2). It appears that veg-
etative mycelia contain components that allow an in-
stantaneous response to light; however, to obtain the
maximurm response to light, an additional 15-20 min of
incubation is required during, or prior to, the second
exposure.

Regulatory Elements Involved in Light and
Developmental Expression of con-10

Strains bearing deletions of segments of the con-10
upstream region were assayed for S-galactosidase activ-

light treatment O tight
@ [} dgrk
1 min Eght
2 min light
SR — —
1 min light
28 min dark D—D ;‘*}——

1 min light 0 10 20 30 40 50 60

f-galactosidase, units

FiG. 2. The effect of the time and period of illumination on con-10
expression. Mycelia of DE1559 were harvested as deseribed in the leg-
end to Fig. 1. Half pads were illuminated according to the light regime
given at the left or kept in the dark as controls. Extracts from each
sample were assayed for §-galactosidase activity. The bar represents
the average activity and the line, the standard deviation.



194

A B-galactesidase, units
con-10 upstream region  con-1¢ - lacZ average (standard error)
intrenl mycella canidia
+1 light dark
E D strain 30 min)
-1559 —A DE1559 53(3} 6{1) 2900(185)
-7 7§ = —CISVHCN) DET 78 62 {8) 16{1) 2000(81}
~35 3 s IS SRST) DEIS3 211(3) 128(1) 1300(6%)
263 —————CO SRS DE26S  221(31) 225{3€) 530(64}
-2 3 G e —{GISSRAT] DE236 217(3) 212(%) 610 (58}
=19} EINSRAS] DE191 201{15} 212{12) 150(42)

" 300 ! strain  light  dark
& _—
g 250 $ &@% DEISSS O @
31’-200 } DE?TH z :
£ 150l a i DE353
‘B i }A DE2E5 [
2 100} +
=1 DEZIE s x
m
W 50°f Fo] man = =
2 crﬁ—o—o—o'e

0 —8 s si-lodl _s.]

0.t 1 10 100

time of ilumination, min

DEVELOPMENTAL BIOLOGY

VOLUME 167, 1995

B p-galactosidase, units
average (standard error)
con-10 upstream region  con-1 - lacZ mycalln conldla
CR5-B intrenl light dark
* ‘ +1 ‘ strain {30 min}
<1559 =it i—4 F.:D.m DE1559 53(3) 6(1) 2900{185)
-77§—————0—ESKSN DET78 62{8) 16(1) 2000(81)
77 e ——— P ESOCSRIDETTBA4S 70(3 15(1 340(4
= on {3} {1y 4)
w 100
] strain light  dark
5 sof ] DEisss O @
& DETO [
n 60} 1
K é ——¢ DE778545 A A
2 40! & g1
- s}
5 Of‘OTO—Q'd
™ 20 o E
o - am o
0.1 1 10 100

time of illumination, min

Fic. 3. Induction of con-10 expression by light and development. (A) Expression of constructs containing different 5’ promoter deletions. (B)
Expression of a construct with an internal deletion removing one copy of CRS-B. Top left, A and B: Schematic representations indicating the
promoter segment retained in each deletion construct. Top right, A and B; 8-galactosidase values for mycelial samples illuminated for 30 min
and then incubated for 30 min in the dark, or maintained in the dark for 60 min. 8-Galactosidase values are also shown for extracts of conidia
prepared and assayed as described. Bottom, A and B: Graphs showing §-galactosidase units formed by each deletion strain as a function of the
period of illumination. Mycelial pads of strains carrying the different deletions were illuminated for the times shown on the abscissa (as
described in Fig. 1) {open symbols) or kept in the dark as controls (filled symbols). Protein was extracted from mycelial samples and conidia and
assayed for 8-galactosidase activity, as described in legend to Fig. 1. Note that the scale of g-galactosidase units differs in A and B. The same
DE1599 and DE778 values are presented in A and B. The ends of the internal deletion in DE778A45 are indieated. This internal deletion, —236
to —192, is designated by the 5 and 3' base pairs that are joined by the deletion. The positions of some overlapping symbols were slightly shifted

horizentally for clarity.

ity following incubation in the dark or in the light, or
following conidiation (Fig. 3). A deletion removing the
segment from —1559 to —778 (strain DE778) increased
the dark mycelial level about threefold (Fig. 3A). This
deletion had little or no effect on the light value and only
slightly reduced the conidial value. The shape of the
stimulus-response curve to light was similar to that of
DE1559. These findings suggest that a weak dark repres-
sion site may be located in the segment from —1559 to
—773. Deletion to nucleotide (nt) —353 (DE353) appreci-
ably increased both the light and dark g-galactosidase
myecelial values (Fig. 3A). This deletion also reduced the
conidial S-galactosidase value. The light-response curve
resembled that of DE1559. These findings locate a pre-
sumed light-independent mycelial repression site in the
segment from —778 to —353. Deletion to nt —265 (DE265)
rendered the construct insensitive to light and resulted
in a further elevation of the dark S-galactosidase level
(Fig. 3A). The eonidial 8-galactosidase level dropped by
a factor of two. This deletion appears to have removed a
DNA segment or segments required for the response to
light, and it also removed a conidiation activation site.
Further deletion to nt —236 (DEZ236), or to nt —191
(DE181), had no effect on the dark or light values (Fig.
3A). However, the —191 deletion reduced the conidial 3-
galactosidase value to the lowest level observed, sug-

gesting that there is a second conidiation activation site
located between nt —236 and —191.

A sequence designated CRS-B (conidiation regulatory
sequence) is present in the upstream region of con-6, a
gene that displays regulatory responses similar to those
of con-10 (White and Yanofsky, 1993). A factor was de-
tected in mycelial extracts of N. crassa that bound to
CRS-B (White and Yanofsky, 1993). Two copies of CRS-
B are present in the upstream region of con-10 (White
and Yanofsky, 1993), The first copy, at —281, was deleted
in DE265 (Fig. 3A). Comparison of the conidial 8-galac-
tosidase values for DE353 vs DE265 indicates that dele-
tion of this segment led to a 60% decrease in conidial
expression. We also deleted a 45-bp segment from the
upstream region of DE7T8 that eontains the second
CRS-B site, at —217 (Fig. 3B). This construct retains the
CRS-B site at —281, The construet obtained was inte-
grated at the Ais-3 locus and con-10-lacZ expression of
the resulting strain, DE778A45, was compared with that
of its homologous control strain, DET78 (Fig. 3B).
DE778A45 and DE778 showed identical light and dark
mycelial @-galactosidase levels but DET78A45 re-
sponded only weakly to conidiation (340 units vs 2000
units). Both copies of CR3-B were deleted in DE191 (Fig.
3A). Conidial expression of con-10-lacZ was at its lowest
in DE191 (Fig. 3A). These findings suggest that deletion
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of either or both CRS-B sites leads to an appreciable re-
duction in conidial expression.

Either Copy of @ Second Repeal Sequence Is Required
Jor Maximal Kxpression of con-10

Two copies of a 17-bp sequence, with opposite orienta-
tions, are present in the con- 10 clone. One copy is located
upstream of the transcription start site, at position
—377, and the other copy is located in the first intron, at
position +166 (Fig. 4, top). We searched for a factor or
factors that bound at this sequence by performing DNA
band shift analyses. We used various extracts and a la-
beled synthetic double-stranded DNA fragment con-
taining the 17-bp repeat sequence (designated 171-172,
Table 1). The extracts employed were from mycelia in-
duced to conidiate in the light for 12 or 24 hr and from
14-hr mycelia grown vegetatively in the light (Fig. 4,
left). A major shifted band was detected with each ex-
tract (Fig. 4 left, arrow D). The extract from vegetative
mycelia gave a second band that migrated slightly
faster than the major band (Fig. 4 left, arrow C). Pre-
sumably mycelia contain a second protein that binds to
some portion of the 17-bp repeat sequence. A third band
was detected with the three extracts (Fig. 4 left, arrow
B), just above the free DNA (Fig. 4 left, arrow A). This
band was not ohserved reproducibly in gels run with the
same extracts. The explanation for this variability was
not investigated.

DNase I protection experiments were performed with
extracts from conidiating mycelia grown in the light and
with the natural 193-bp Hinell-BamHI intron DNA
fragment that contains one copy of the 17-bp sequence.
A conidiating myeelia extract was used since it gave
only a single shifted species (Fig. 4, left, arrow D). Ap-
proximately 10 bp of the 17-bp repeat sequence were
protected from DNase I eleavage by bound protein (Fig.
4, right). The protected nuclectides correspond to the
first 10 nucleotides (5'-TGCCAAGACA-3") of the 17-bp
repeat.

To examine the regulatory significance of the repeat
sequence, we prepared constructs with and without this
sequence, each containing the con-10-lacZ translational
fusion (Fig. 5). Deletion of the intron with one copy of
the repeat sequence (DE1559AI) reduced light induced
expression by a factor of two but did not affect dark ex-
pression or conidial expression appreciably. Deletion of
both copies (compare DE353 with DE353AI) resulted in
a severe reduction in light-induced expression, dark ex-
pression, and conidial expression. To determine if either
the 17-bp sequence or the footprinted 10-bp sequence
was necessary for high-level expression, these two se-
quences were added at the 5 end of deletion DE353A1, to
give constructs DE353AITF and DE353AI10F. Al-
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con-10 upstream region  con-10 coding region
intron1 intronz

-353 +1

-377 TGCCAAGACCCTTTGCT -393

FEEETETTE 1
+166 TGCCAMAGACACTTTCCT +182

17-bp repeat sequence

Protein-DNA

<
=
o
@
aQ
14
LL

12 h conidiation
24 h conidiation
14 h mycelia

no protein

POPOPRPOOO-

FIG. 4. Band shift assay and footprint for protein(s) that bind to the
17-bp repeat sequence. Top: Schematic diagram of the con-10 tran-
scriptional unit. The gene consist of three exons (filled boxes) and two
introns, The transcription start site is marked (+1). The two copies of
the 17-bp repeat sequence have opposite orientations; they are indi-
cated by black rectangles. The sequence and location relative to the
transcription initiation site are also indicated in the alignment. Bot-
tom, left: Band shift of DNA fragment 171-172 containing the 17-bp
repeat sequence. No protein: control, no protein extract; 12 h conid-
iation: extraet from cultures induced to conidiate in the light for 12 hr
(a 12-hr conidiating culture); 24 h conidiation: extract from cultures
induced to conidiate in the light for 24 hr (a 24-hr eonidiating culture);
14 h mycelia: extract from myeelia grown for 14 hr in the light {14 h
mycelia). Arrows indicate the positions of the free DNA fragment {ar-
row A) and protein-DNA complexes (arrows C-D). The 200-bp intron
fragment containing the 17-bp repeat was shown to effectively com-
pete with the 17-bp labeled synthetic DNA (data not shown). The band
marked by arrow B appeared in all lanes with added protein. This band
was hot observed reproducibly using the same extract. The signifi-
cance of band B is unclear. See Materials and Methods for a descrip-
tion of the electrophoresis conditions and other procedures. Bottom
right: DNase [ footprinting of a complex formed between a factor in
crude extracts prepared from conidiating mycelia grown in the light
(conidial erude extracts) and the 193-bp Hincll-BamHI con-10 intron
DNA fragment. Free DNA: DNage [ cleavage pattern of DNA 5-la-
beled at the BamHI end; Protein-DNA: DNase I digestion pattern of
a protein-DNA complex (complex D) isolated from a band shift gel.
Cleavage products were visualized by electrophoresis {see Materials
and Methods). The protected sequence corresponds to nucleotides 1-10
of the 17-bp repeat sequence displayed.

though the 17-bp sequence restored much of the activity
to DE353 (Fig. 5), the 10-bp sequence only inereased co-
nidial expression, It appears from these findings that
multiple factors interact with segments of the 17-bp re-
peat sequence and influence con-10 expression,

As afurther test of the importance of the 17-bp repeat
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TABLE 1
OLIGONUCLEOTIDES USED FOR PLASMID CONSTRUCTION AND BAND SHIFT ANALYSES
Oligonucleotide Sequence 5-3 Purpose
10F CTAGTGCCAAGACA Oligonucleotides used to construct pDE353AI10F
10R CTAGTGTCTTGGCA
17F CTAGTGCCAAGACACTTTGCTA Oligonucleotides used to construct pDE353AI1TF
N 17R CTAGTAGCAAAGTGTCTTGGCA

171 GATCCCACACTGCCAAGACACTTTGCTA Oligonucleotides used in band shift experiments
172 GATCTAGCAAAGTGTCTTGGCAGTGTGG

70 ACCTCTTCCTTGGGGCGGTTGGCGARGTTG Intron deletion mutagenesis primer

45 CCCTTTGCATCTCGCTGCAGAGATCGGA —236 to —192 deletion mutagenesis primer

sequence we deleted the intron bearing the 17-bp repeat
from DE191, to give construct DE191AI (Fig. 5). Re-
moval of the intron reduced the g-galactosidase level in
the light, in the dark, and in conidia. These findings sug-
gest that the 17-bp sequence serves as an enhancer of
eom- 10 expression under the conditions tested.

DISCUSSION

Expression of con-10 is influenced by several events,
ineluding exposure to light and induetion of and pro-
gression through the stages of conidiation, In the pres-
ent study we used a translational fusion of con-10 to E.
colt lacZ to assess the eflects of genetic deletions on con-
10 expression under different environmental and devel-
opmental conditions. A construct with the translational
fusion plus the 1.5-bp segment upstream of con-10, when
integrated at the his-2 locus, responded in a manner en-
tirely consistent with the results of previous transerip-
tional analyses of endogenous con-i10 expression (Rob-
erts et al, 1988; Sachs and Yanofsky, 1991; Lauter and
Russo, 1991; Lauter and Yanofsky, 1993).

It should be noted that potential position effects on
expression of con-10-lacZ fusions were minimized by in-
tegrating each construct at exactly the same location in
the his-3 locus (M. Plamann and C. Yanofsky, unpub-
lished; White and Yanofsky, 1993). In support of the va-
1idity of this procedure, we found that independent iso-
lates bearing each integrated con- 10-lacZ construct gave
virtually identical expression values. Our findings with
con-10-lacZ differ from ohservations with comparable
con-6-lacZ integrated constructs (White and Yanofsky,
1993). In the latter case presumed identical transfor-
mants exhibited very different levels of con-6-lacZ ex-
pression. In N. crassa it has been observed that when
multiple copies of a foreign gene are introduced by
transformation, the introduced copies of the gene can be
meodified in some manner rendering them nonfunctional
(Pandit and Russo, 1992). Similarly, when a gene intro-
duced by transformation contains sequences homolo-
gous to an endogenous gene, expression of both the in-

troduced copy and the endogenous copy is sometimes im-
paired (Romano and Macino, 1992; T. Schmidhauser and
C. Yanofsky, unpublished). This phenotypic inactivation
has been termed “quelling” (Romano and Macino, 1992).
Apparently the DNA segment containing con-6, but not
the segment with con-10, contains one or more modifi-
able sites which can result in quelling. A quelling-like
phenomenon called “cosuppression,” has also been ob-
served in plants (for review see, Flavell, 1994).

In induction experiments with visible light, we found
that there were two stages to the con-10-lacZ response.
Exposure of mycelium to light for a period as short as 5
sec induced expression; exposure for 1 to 15 min elicited
a maximal, first stage response. Exposure to light for 30
min, or administering light for two 1-min periods sepa-
rated by 28 min in the dark, produced a second stage

B 17-bp repest sequence p-galactosidase, units

average (standard etror)

con-10 upstream region  con-10 - lacZ myeelia conidla
intron1 light dark
+1 strain {30 min}
-1559 '} o£1559 43{6} 4(1} 2960(18%)
1559 & ITISSSS1  DE1559al 26{10)  3(1) 2400{81)
3§ 3 e HTESSHES) DE3S3 213{22) 111(4) 1300{6%)
-353 me—TETOpey  DE353aI 36(3)  26(1) 140¢(6)
TELCAAGACACTTTGCT —rmmnem———fTTISSZESY  DEAS3AII7F 140(2)  TG(4) 610{170)
TGCCAAGACA s TTISERACY  DE3534110F 31(3) 23(3) 830{220)
191 ———=LHHEISSEAS) DE191 221(20) 204(20) 190(42)
-9 ——{IETKES pE1914l 69(10) B58(4) 53(6)

F1G, 5. The effect of the 17-bp repeat sequence on mycelial and co-
nidial expression of con-10. Mycelial half pads from strains carrying
different deletions upstream of the con-10-lacZ fusion, with or without
the repeat sequence, or 2 segment thereof, were either illuminated for
30 min, or kept in the dark as controls. Light and dark exposures (30
min) were terminated by quick freezing half pads in liquid nitrogen.
Note that these samples were not incubated in the dark for 30 min
prior to freezing. Protein extracts from mycelia, and from conidia,
were assayed for g-galactosidase activity, Strains in which the con-10
intron was deleted by site-directed mutagenesis are indicated by a
“Al" in their names. Nucleotides added to the end of the con-16 pro-
moter segment in deletion mutant DE353 are indicated in bold letters.
The DE1559, DE353, and DE191 values are those presented in Figs. 3A
and 3B.
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response. Apparently a period of at least 15 min in the
dark or in the light is required before N. crasse can give
a second stage response. One might speculate that the
molecules needed for the first stage response are present
and active in dark-grown mycelium, whereas the mole-
cules needed for the second stage response must be syn-
thesized de novo. It was shown previously that photoin-
duction of con-10 expression becomes progressively less
effective as the period of illumination is increased be-
yond 30 min (Lauter and Yanofsky, 1993). This finding
agrees with the observation reported here that light in-
duction of 8-galactosidase accumulation is saturated af-
ter a 30-min exposure to light. A similar two-step stim-
ulus-response curve has been noted in studies on light-
induced earotenoid biosynthesis {(photocarotenogenesis)
in N. crassa (Schrott, 1980). The accumulation of carot-
enoids upon exposure of mycelium to light for different
times followed a two-step curve with thresholds and sat-
uration times similar to those reported here for photo-
induetion of con-10 expression (Schrott, 1980). Two com-
ponent stimulus-response curves have alse been de-
scribed for many photoresponses in the distantly
related fungus Phycomyces blakesleeanus; these photo-
responses include phototropism (Galland and Lipson,
1987}, photocarotenogenesis (Bejarano et al., 1991), pho-
tomorphogenesis {Corrochano et al., 1988), and light-in-
duced absorbance changes in mycelial extracts (Trad
and Lipson, 1987). The influence of light on con-10 ex-
pression is not evident during conidial development. No
differences in con-10-lacZ expression were observed in
mature conidia of strain DE1559 that were formed in
the light or in constant darkness (¥.-R. Lauter and C.
Yanofsky, unpublished). The stage of development at
which the light effect on con-10 expression is lost is not
known.

To identify the genetic segments involved in control of
con-10 expression by light and development, we intro-
duced various deletions into the con-10 upstream region.
By combining these deletions with the translational fu-
sion reporter gene, we found that photoinduction and
developmental expression of cor-10 are mediated by
different DN A segments. Furthermore, it appeared that
light and developmental responses were mediated by op-
posgite-acting mechanisms. Thus, the effects of light ap-
peared to influence repression while the effects of devel-
opment seemed to affect activation (through the CRS-
B elements) but alse repression (through the mycelial
repressor elements). Interestingly, negative regulatory
elements have been identified that affect light-regulated
plant genes (Li et al,, 1994).

In Fig. 6 we have summarized our conclusions con-
cerning the presumed locations of regulatory elements
that influence con-10 expression. We believe there are
two genetic segments that contain elements that medi-
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con=10 upstream region  con-10 coding region

intren1 intron2
-265-236
-1558 778 353 3&"9‘,,1
| | ;.. Ll
Ecrs-p  E
potential site possible site location
dark repression
mycelial repression A,
conidiation activation
enhancer {activation) [ ] 1

F1G. 6. The locations of genetic segments containing presumed ele-
ments that econtrol light and developmental expression of con-10. The
numnibers at the top or over the con- 10 upstreant sequence refer to the
transcription initiation site (+1)} and the ends of each segment. As
indicated in the figure, the region between —1559 and —778 contains a
mycelial dark repression site; the region between —778 and —353 con-
tains a mycelial repression site (probably between —512 and —353;
L.M.C., preliminary observation) and a copy of the enhancer (E} at
—377; the region between —353 and —265 contains a mycelial dark re-
pression site, a conidiation activation site, and a copy of the CRS-B
element at —281 (these three sites may be identical); the region be-
tween —236 and —191 contains a CRS-B element at —217 which may
function as a conidiation activation site. The first intron contains a
second copy of the enhancer (E) at +166.

ate dark repression. Deletion of one or both of these seg-
ments (Fig. 3A) increases mycelial dark expression. De-
letion of the DNA segment from nt —778 to —353 in-
creases mycelial con-10 expression in the dark and in the
light. This suggests that this DNA segment contains a
site of mycelial repression. In other experiments this
presumed mycelial repression site was localized to the
region between nt —517 and —353 (L. Corrochano and C.
Yanofsky, unpublished), i.e., strains with a deletion of
the region upstream of —517 had B-galactosidase levels
identical to those of strain DE778. The strain that has
lost the mycelial repression site (DE353) was still pho-
toindueible (Fig. 3A), suggesting that the dark repres-
sion sites act independently of the mycelial repression
site.

Figure 6 also shows the locations of the 17-bp repeat
enhancer-like elements. The enhancer appeared to in-
crease expression under all our test conditions (Fig. 5);
thus, they appear to be activation sites. A factor was
detected in extracts of conidiating cultures that bound
to the 17-bp repeat sequence. A second factor that bound
at this sequence was present in mycelia. We have no in-
formation on the activating or repressing functions of
either of these factors. Finally, there are two so-called
CRS-B binding sites {Fig. 6). A factor has been detected
in mycelium but not in conidiating hyphae that binds at
this sequence {White and Yanofsky, 1993). This factor
has not been isclated and studied. Our findings indicate
that deletion of the segment from —353 to —265 (Fig.
3A), containing one CRS-B element, or —236 to —192
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(Fig. 3B), containing the second CRS-B element, mark-
edly reduce conidial expression of the con-10-lacZ fu-
sion, suggesting that CRS-B sites are conidiation activa-
tion sites.

All of the strains that displayed photoinduction of
con-10-lacZ expression showed a two stage stimulus-re-
sponse curve similar to that of strain DE1559. This sug-
gests that the initial response to photoinduction and the
time-dependent stage required for maximum photoin-
duction operate through the same or nearby genetic ele-
ments. Interestingly, .deletion of nt —1498 to —1017 of
the eas upstream region abolishes eas expression (Kal-
denhoff and Russo, 1993) and removes one of the sites we
have identified (Table 2) (Lauter et al., 1992; White and
Yanofsky, 1993).

Expression of many plant genes is light-regulated,
and several conserved sequences important for light
regulation have been identified (reviewed in Gilmartin
et al., 1990). The sequence ACGT, recognized by some
bZIP proteins, is involved in light-regulated expression
of several plant genes (see Izawa et af, 1993, and refer-
ences therein). We have found this sequence at many lo-
cations in the con-10 upstream region (—1544, —1452,
—990, —820 and --227). One ACGT element (—227)isina
copy of CRS-B. Another sequence involved in light-reg-
ulated expression of plant genes is GATA, which often
appears in tandem in plant gene promoters {(Gilmartin
et al, 1990). There are tandem copies of GATA in the
con-10 upstream region {nt —1519, —1513, —1495, —1464,
—1370, and —133). The possible role of these specific se-
quences in expression of con- 10 remains to be tested.

Deletion of the con-10 upstream sequence to nt —353
only reduces conidiation-specific expression twofold,
suggesting that most of the elements involved in devel-
opmental regulation of this gene are located down-
stream of this position. A gradual reduction of expres-
gion upon increasing the size of the upstream deletion
was also noted in deletion analysis with promoters of
other genes of N. crasse (Frederick and Kinsey, 1990a,b)
and with promoters of genes of other filamentous fungi
(Hamer and Timberlake, 1937; Adams and Timberlake,
1990}. We have not determined if there is an inhibitory
effect associated with placing foreign vector sequences
closer to the transcription initiation site.

Since many environmental signals are known to¢ in-
fluence conidiation, it is perhaps not surprising that
many sites, with different functions, appear to mediate
con- 10 expression. The regulatory proteins that act at
these sites may act independently or synergistically. On
the basis of our current results we could view conid-
iation-gpecific expression of con-10 as involving the fol-
lowing: relief from repression at a site that can block
expression in myeelia; a positive response at two conid-
ial activation sites that mediate expression upon conid-
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TABLE 2
SHARED PUTATIVE REGULATORY SEQUENCES

Gene Sequence Matches

vee. Tekdokdkkdok . .
con- 16 ~1434-TGCTTGTTCGATGCTT 15/16
al-2 242-TGAGAGTTCGATGCTG 14/16
cOn-6 —515-GTCOGETTCGATGCAT 13716
Consensus TGCGXGTTCGATGCTT

. Aedodkokd . ek,
con-10 —1004-GACAAGTGCATGAGACGTT 17719
con-6 (R) —116-GBRCAAGT - CATGAAACAGC 17/19
al-1(R) 489-GACRAGTG - ATGATGCGCA 16/19
eas (R) —976-GCCAAGTGCAAGTCAAAGE 15/19
Consensus GACAAGTGCATGAXACRGA

PR 25 2 2 20 5 'S NN U
con-10 —891-CTCATCATCACTTGG - CTTGTCAGGA 25/26
eas —1117-ATGTTCAACACTTGGA - TAGT - AGGA 19/26
al-1 474-CGCATCATCACTTGT - CTTAAARAGT 19/26
con-§ —1077- CPTGGTCTTOT - AGGA 15/16
eas —6-CTCATCATCAG 10/11
Consensus CTCATCATCACTTGG - CTTGT - AGGA

sk dekok . ek kodded e ok
con-10 —515-GGGAGCT - TATTCCCCGCGTG 21/21
ens —752-GGAAGCTGTATTCCC -GC-TG 17/21
con-8 ~447-GGGAGCT - TA 10/10
Consensus GGGAGCT - TATTCCCCGCGTG
Enhancer (E)
con-10 {R) —377-TGCCAAGACCCTTTGCT
con-10 (IVS) +166-TGCCAAGACACTTTGCT
CRS-B R o T *...
com-10 —281-GCTGTCAGAATCTC 11/14
con-10 (R) —217-GATGTCAACGTGAT 10/14
con-6 ~213-GCTGTCAGCATCAT 14/14
al-1 730-ACTGCTGCGCATCAT 11/14
al-2 (IVSR) 1402-GCTGTCAGA - TCTG 10/14
eas (R) —1081-CATGCCAGCATCAT 11/14
Consensus GCTGTCAGCATCAT

Note. Each sequence is numbered relative to the transcription initi-
ation site except those for al-1 and al-2, which are numbered according
to their published sequence. “R” indicates that the sequence was pres-
ent in the reverse orientation. “IV3” indicates that the sequence was
found in an intron. Matches to the consensus sequence are indicated at
the right of each alignment. A star over a nucleotide indieates that it
is shared in all the aligned sequences; a doi over a nucleotide indicates
that it is shared in most of the sequences. The sequences were obtained
from the following references: con-6 (White and Yanofsky, 1993), con-
& {Roberts and Yanofsky, 1989), con-10 (Roberts ef al., 1988), eas (Eb-
erle and Russo, 1992), af-7 (Schmidhauser et al, 1990), al-2 (Schmid-
hauser ¢t al , 1994).

iation; and expression enhancement at either of two cop-
ies of an enhancer sequence that is responsible for over-
all expression of the gene in both mycelia and conidia.
In mycelia, expression of con- 10 would be blocked by re-
pressors binding at one mycelial repression site and two
dark repression sites. It seems likely on the basis of our
results, and previous findings (Lauter and Yanofsky,
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1993), that light acts by relieving dark repression inde-
pendently of relieving myecelial repression.

We have compared the sequences of the genetic seg-
ments containing elements controlling expression of
con-10 with sequences from the presumed regulatory re-
gions of other developmentally and light-regulated
genes of N. crassa, There are many short sequences sug-
gestive of regulatory elements that are present in the
presumed regulatory regions for these genes; putative
shared regulatory elements are presented in Table 2.
Some of these presumed regulatory elements may serve
similar functions in other organisms.
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