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To better understand how Ras controls development of multicellular organisms, we have chosen Aspergillus
nidulans as a model system. When grown on solid medium, this fungus follows a well-defined program of
development, sequentially giving rise to several cell types which produce three distinct structures: vegetative
hyphae, aerial hyphae, and the conidiophore structure. Here we describe a ras homolog found in this fungus
(Aras) and demonstrate that it is an essential gene that regulates the ordered program of development. We
created dominant alleles of this gene and expressed them to different levels in order to vary the ratio of
GTP-bound (active) to GDP-bound (inactive) A-Ras protein. When the amount of active Ras is large, nuclear
division proceeds, but further development is inhibited at the early step of germ tube formation. At an
intermediate level of active Ras, aerial hypha formation is inhibited, while at a low level, conidiophore
formation is inhibited. Maintenance of an even lower level of the active Ras is essential for initiation and
progression of conidiophore formation, the final stage of development. When the level of active Ras is
artificially lowered, each stage of development is initiated prematurely except germination, the initial stage of
development. Therefore, the progression of the ordered developmental pathway of 4. nidulans is dependent
upon an initial high level of active Ras followed by its gradual decrease. We propose that several concentration
thresholds exist, each of which allows development to proceed to a certain point, producing the proper cell type

while inhibiting further development.

The importance of ras was first shown when a particular
series of mutations in this gene were found to be associated
with human malignancy (3). The wild-type gene product exists
in two different forms in the cell membrane. In response to a
variety of signals, the inactive GDP-bound form exchanges
GDP for GTP and becomes active. In this active state it
associates with cytoplasmic target proteins and transduces
external signals across the cell membrane (26). The binding of
these cytoplasmic proteins initiates a series of reactions leading
to growth and differentiation. The mutations associated with
malignancy lock the Ras protein in the active state, resulting in
constitutive production of signals.

Ras has been found in all eukaryotes tested. In the yeast
Saccharomyces cerevisiae, a signal from this gene product is
essential for growth, while constitutive expression of this signal
inhibits both growth and sporulation (19). In mammalian cells,
the Ras protein is involved in transducing a variety of signals in
different types of cells. For example, platelet-derived growth
factor, epidermal growth factor, and other growth factor-
mediated signals are transduced through Ras protein (15, 32).
p21ras is necessary for the nerve growth factor-, fibroblast
growth factor-, and v-Src-induced PC12 cell differentiation (20,
42). Ras is also involved in signaling through a T-cell receptor
CD3 complex (11). In Drosophila melanogaster, Ras is involved
in adult eye development (38) and also in the development of
the terminal structures of the embryo (30). It is also involved in
the development of the vulva in Caenorhabditis elegans (17).
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However, in both D. melanogaster and C. elegans, null muta-
tions are lethal to larvae, suggesting that the gene products are
involved in many other processes early in the life cycle.

The fungus Aspergillus nidulans is a multicellular organism
that differentiates into various well-defined cell types. Genet-
ically, this organism has been studied extensively and is ideal
for the study of differentiation. This fungus has several modes
of growth: asexual, parasexual, and sexual. Normally, A. nidu-
lans reproduces asexually (Fig. 1). When the spores are grown
in liquid, the nucleus replicates while the spore swells and
germinates, giving rise to germ tubes. New cells arise by apical
growth from the tip of the germ tube and produce mycelia
(vegetative growth). Each mycelium consists of a linear array
of cells separated by septa. When grown on solid medium, the
spores initially germinate to produce vegetative hyphae. At a
definite point in the life cycle, some cells in the hyphae
differentiate into a foot cell that gives rise to a stalk that
extends in the air vertically from the solid surface. A stalk
grows to a definite length when its tip swells and forms a
vesicle. Three different types of cells appear sequentially on the
vesicle: metulae, phialides, and a chain of conidia (spores)
(43). The entire structure is called a conidiophore. Besides
conidiophores, vegetative hyphae also produce aerial hyphae
which grow to an indefinite length and finally cover the entire
colony. For a detailed description of the A. nidulans life cycle,
see references 7 and 43.

An approach was initiated to determine if there is a Ras
homolog in A. nidulans and if so, whether it has any role in the
developmental processes. We found that there is one ras
homolog (Aras) in A. nidulans. Our results indicate that Aras
regulates the developmental decisions in this organism; at
different stages of development, the level of active A-Ras
determines the progression through the next stage of develop-
ment.
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FIG. 1. Asexual cycle of A. nidulans.

MATERIALS AND METHODS

Aspergillus strains, growth conditions, and genetics. The A.
nidulans strains used in this study are described in Table 1. YG
(0.5% yeast extract, 2% glucose, trace elements) and MMG
(minimal salt, 2% glucose, trace elements) were used for
growth in liquid (18). When required, glucose was replaced by
2% fructose (YF or MMF), 200 mM ethanol (YE or MME), or
50 mM threonine (YT or MMT) (9). For growth on a solid
surface, these media were supplemented with 1.5% agar. The
compositions of other media and general growth conditions
were as described previously (18). In certain experiments, cells
were first grown on cellophane-overlaid medium and then
transferred to a second medium by a published procedure (27).

TABLE 1. A. nidulans strains used in this study

Strain Genotype f:f'; '::]ger
FGSC4 Glasgow wild type (ve4™) FGSC*
FGSC89 biAl, argB2, veAl FGSC
AST27 biAl, argB* P, :ArasS'V, veAl This study
AST29 biAl, argB* ::P,. ;:ArasS?™, veAl This study
AST30 biAl, argB* ::P,, ;:Aras, veAl This study
AST32 biAl, argB™ ::Aras:lacZ, veAl This study
AST33 bidl, veAl This study
RMS010 biA1, AargB::trpCAB methGl, veAl, 41

trpC801
RMS011 pabaAl, yA2, AargB::trpCAB, veAl, 41
trpC801
RMS012 bidl, AargB::trpCAB, methGl, veAl, 41
(diploid) trpC801 pabaAl, yA2, AargB::trpCAB,
veAl, trpC801

“ FGSC, Fungal Genetics Stock Center.
b trpCAB, the single BamHI site in the #pC gene is inactivated by in vitro
mutagenesis (23).

Standard A. nidulans molecular genetic procedures were
used (7, 8, 31). A. nidulans protoplasts were used for transfor-
mation according to a method described previously (28).
Diploids were haploidized by a published procedure (41).
Benomyl was a gift from E. I. DuPont. Growth rates in liquid
were determined by inoculating 50 ml of medium with 1.5 X
10° spores per ml and measuring the dry weights of samples
collected at different time points. Three samples were taken
for each time point, and the dry weights were averaged. The
growth rates on solid medium were determined by the diam-
eters of single colonies at different time points. The relative
rates of nuclear division during sporulation were determined
by comparing the average number of nuclei in spores of AST27
with that of the control strains, AST30 and AST33, at a time
just before germ tube formation in the control strains. Simi-
larly, the relative rate of nuclear division in AST27 mycelia was
determined by counting the number of nuclei in mycelial cells
5 h after germination and comparing the average number with
that of the control strains. The number of nuclei per cell should
reflect the rate of nuclear division for each of these strains at
this time in development, since the overall growth rates are
similar (as determined by dry weight [see above]) and the sizes
of cells are also similar up to about 12 h of development (see
Fig. 7).

Aspergillus extracts were prepared according to the following
procedure. The strains were grown in liquid culture, the
mycelia were collected on a filter and washed with water, and
the excess liquid was squeezed out between filter papers. The
cells were frozen immediately in liquid nitrogen and ground in
a mortar with a pestle. The powdered cells were extracted with
phenol and used for isolation of DNA or total RNA. For a
protein extract, the powdered cells were suspended in extrac-
tion buffer (50 mM Tris-HCl [pH 7.4], 50 mM NaCl, 50 mM
NaF, 20 mM sodium PP;, 5 mM EDTA, 1 mM phenylmethyl-
sulfonyl fluoride, 10 pg of aprotinin per ml, 10 pg of leupeptin
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per ml, and 10 pg of pepstatin A per ml). B-Galactosidase was
assayed as described before (39). Southern blot and Western
blot (immunoblot) analyses and other general molecular biol-
ogy methods were performed as described previously (34). In
vitro mutagenesis was done by a Fublished procedure (36).

Wild-type A-Ras and A-Ras®'7V proteins (see below for
explanation of designations) were expressed in Escherichia coli
JM101 containing plasmid pAST31 or pAST18, respectively, in
the presence of isopropyl-B-p-thiogalactopyranoside (IPTG)
and were purified to homogeneity by a published procedure
(16).

Cloning. The cDNA library was obtained from Ronald
Morris (29). The library was screened with an 1,110-bp 3?P-
labeled Hpal fragment as a probe; this probe contained the
entire yeast RAS2 gene (from the yeast RAS2 clone pRAS2,
provided by Jim Broach [19]). The filters were washed with
0.1x SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium
citrate) at 55°C. Several positive clones were obtained. Be-
cause all the clones appeared to contain parts of the same
mRNA, the largest clone (both strands of a 1,457-bp EcoRI
fragment) was sequenced by the dideoxy method (35). This
fragment was then used as a probe to screen an A. nidulans
genomic library (obtained from the Fungal Genetics Stock
Center, Kansas City, Kans. [6]). A 4.3-kb EcoRI fragment
containing the ras homology region was subcloned (pAST33)
and sequenced as described above.

Plasmids. Two vectors containing either an Xbal or an
EcoRI site were constructed from pBR322. For this purpose,
pBR322 was digested with EcoRI and Pvull, an Xbal linker
was added, and the resulting fragment was ligated. A Tagl
fragment containing the single PstI site was then replaced by a
corresponding fragment from pUCI109, resulting in the vector
pST80. pST82 is a derivative of pST80 that contains one EcoRI
site in place of Xbal.

The Aras clone from the genomic library was digested with
EcoRI, and a 4.3-kb fragment was subcloned into pST82 to
produce pAST33. For chromosomal disruption of Aras, the
two BamHI fragments containing most of the Aras open
reading frame were replaced by a BamHI-linked Xbal frag-
ment from pM006 (obtained from Peter Mirabito) (23) con-
taining the promoter and all of the open reading frame of argB,
producing plasmid pAST47 (with the AAras:argB construct).

For mutagenesis, the 1.4-kb EcoRI fragment containing the
cDNA sequence of Aras was first cloned into M13mp18 to
generate AM1. Mutations in three different places in the Aras
sequence were introduced by in vitro mutagenesis (36). pAMS
contains an Ncol site at the translation initiation site (codes for
wild-type A-Ras). AMS3 is a derivative of $AMS that codes
for A-Ras®'”V (a Gly at position 17 is replaced by Val).
$AM12 is another derivative of $AMS5 that codes for A-
RasS??N (a Ser at position 22 is replaced by Asn). The
Ncol-EcoRI fragment of AMS was then used to replace the
Ncol-EcoRI region of pUC12N (pUCI12 with an Ncol site at
the initiating ATG of lacZ; provided by Steve Huge) to obtain
pAST31. A similar plasmid, pAST18, in which the Ncol-EcoRI
fragment was obtained from $AM3, was constructed. These
constructs, pAST31 and pAST18, were put into E. coli IM101
and when induced with IPTG produced A-Ras and A-Ras®'",
respectively, without additional amino acids.

An Ncol site was introduced at the initiating ATG of alcA4 in
pALBI1 (the clone containing the promoter region of the
alcohol dehydrogenase gene, P,,.,, of A. nidulans [45]), and
the corresponding plasmid was called pAST30. Three plasmids
were made by replacing an Ncol-HindIII fragment of pAST30
with Ncol-HindIIl fragments containing the Aras regions of
bAMS, bAM3, and $AMI12. The plasmids obtained were
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pAST40, EAST39, and pAST62, containing Aras, ArasS'"Y,
and ArasS??N| respectively. In these clones the different Aras
genes are under control of P, and when induced would
produce proteins without additional amino acids.

As a first step to introduce the P, :Aras constructs stably
into A. nidulans, these hybrids were excised as EcoRI frag-
ments and introduced in the middle of an argB clone such that
the gene is inactivated. For this purpose the Xbal fragment
containing argB, as mentioned above, was cloned in pST80,
and then the single Bg/II site in the middle of argB was
converted to an EcoRI site (pAST22). The EcoRI cassettes
were introduced into this site, and the resulting clones
pAST43, pAST41, and pAST64 contained P, :Aras, P, ,:
ArasC'7V, and P, ,:ArasS?®™, respectively. These constructs
were used to transform FGSC89, and the arginine prototrophs
obtained were tested for proper integration events at the argB
locus by Southern blot analysis.

An Aras:lacZ hybrid was constructed in the following way.
The untranslated upstream region in the Aras cDNA clone,
PAST2 (1.4-kb EcoRI fragment in pST82), was replaced with a
1.3-kb upstream region containing the promoter of the
genomic clone (pAST33) to produce pAST66. The lacZ gene
from pYST173 was excised as an EcoRI-HindIII fragment, the
ends were filled, and the product was ligated into the (filled)
single BamHI site of the Aras gene such that the lacZ open
reading frame was in frame with that of Aras after amino acid
181. The resulting plasmid was called pAST70. The Aras:lacZ
construct was excised from pAST70 as an EcoRI fragment and
cloned into the EcoRI site of pAST22 to generate pAST72.
FGSCB89 was transformed, and the arginine prototrophs ob-
tained were tested for proper integration of pAST72 at the
argB locus as mentioned above. pYST173 was constructed by
replacing the single Ball site with a HindIII site downstream of
the lacZ gene in pMLB1034 (37).

RNase protection. RNase protection was performed as
described previously (22, 39). The RNA probes used were
prepared in the following way. For determination of the
transcription initiation site, first an Ncol site was created at the
first ATG of the Aras open reading frame (position 325 [see
Fig. 3]) in the Aras genomic clone. A 0.9-kb filled Ncol
fragment containing the Aras promoter region was cloned into
the Hincll site of pGEMS3, such that transcription from the T7
promoter synthesized an antisense RNA, resulting in clone
pAST74. A 325-base fragment was protected. For determina-
tion of the transcription termination sites, a 711-bp BamHI
fragment from coordinate 1115 to 1826 (see Fig. 3) was cloned
into pGEM4 such that transcription from the T7 promoter
synthesized an antisense RNA. Four fragments of 261, 397,
489, and 514 bases were protected. In order to determine the
expression of P,,_,:Aras transcripts, a 219-bp Sau3Al fragment
encompassing the hybrid junction from pAST40 was cloned
into pPGEM3. When linearized with HindIII, transcription from
the T7 promoter yielded a 284-base antisense RNA. A series of
fragments ranging from 63 to 78 nucleotides in length were
protected by the endogenous alcA transcripts, an 88-nucleotide
fragment was protected by the endogenous Aras transcript, and
a series of fragments of 153 to 168 nucleotides in length were
protected by the hybrid transcripts.

In vitro assays. Bovine GTPase-activating protein (GAP)
was obtained from Jay Gibbs. The GTPase assay was per-
formed as described previously (14). For B-galactosidase as-
says, the extracts were prepared by grinding quickly frozen
mycelia grown overnight in YG under liquid nitrogen. Assays
were performed with CPRG as a substrate (39). Under the
assay conditions used, 0.15 U of B-galactosidase gave 1.0
optical density unit per min.
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GTP/GDP binding GAP cffector binding
A-Ras MASKFLRBYKLWVGGGGVGKSCLTIQLIQSHFVDEYDPTIEDSYRKQCVIDDEVA 56
cHRas Me=——- TEYKLVWGAGGVGKSALTIQLIQNHFVDBYDPTIEDSYRKQWIDGETC 51

GTP/GDP phosphate
A-Ras LLDVLDTAGQEEYSAMREQYDRTGEGFILVYS ITSRQSFEEIMTFQQQILRVKDKD 112
cHRas LLDILDTAGQEEYSAMRDQMTGEGFLCVFAINNTKSFEDIHQYREQIKRVKDSD 107
GTP/GDP purine
A-Ras YFPIIWGNKCDLDKERVVSEQEGESLARQFGCKFIETSAKSRINVENAFYDLVRE 168
cHRas DVPMVLVGNKCDL-PARTVETRQAQDLARSYGIPYIETSAKTRQGVEDAFY TLVRE 162
CAAX box

A-RAS IRRYN-KEMSNPSGSGAFGAPRPDSKMDVSEPGESAGCCG-KCIVM 212
cHRas IRQHKLRKLNPPDESGP GCMNCKCVIS 189

FIG. 2. Comparison of the protein sequence of A-Ras with that of cHRas. Identical sequences are indicated by colons, and conservative
changes are indicated by dots. Gaps are denoted by dashes. Several conserved domains important for Ras activity are indicated (3).

Microscopy and photography. Light microscopy was done
with a Nikon Optiphot-2. Conidiophores were viewed in situ
on agar medium. Samples of submerged cultures were viewed
and photographed without fixation. Septa were stained by
incubating hyphal samples in 20 pg of Calcofluor White M2R
(chitin specific; from Sigma) for 5 min at room temperature,
and fluorescence microscopy was conducted by using epifluo-
rescence optics. Staining of nuclei with the DNA-specific dye
2,4-diamidino-2-phenylindole (DAPI) was performed as de-
scribed previously (27). Immunofluorescence was conducted
by a published procedure (27). Briefly, FGSC4 was grown on
MMG agar plates. A piece of agar containing conidiophores
was placed on a microscope slide, fixed, washed, and treated
with antibodies as described previously (27). The primary and
secondary antibodies used were Y13-259 (13) and fluorescein
isothiocyanate-conjugated goat anti-rat, respectively.

Nucleotide sequence accession number. The GenBank ac-
cession numbers for the cDNA and genomic sequences of Aras
reported in this paper are U03023 and U03025, respectively.

RESULTS

Identification and cloning of the single ras gene homolog in
A. nidulans. In order to determine if there is a ras homolog in
A. nidulans, Southern blot analysis was performed with a yeast
RAS2 probe. One strong and several weak bands were de-
tected, indicating the presence of at least one ras gene homolog
(data not shown). The same probe was used to search a cDNA
library (29), and several positive clones were found. Because
all of these clones appeared to represent the same mRNA, the
longest clone was sequenced and was found to contain an open
reading frame. The corresponding Aspergillus gene (Aras)
codes for a 212-amino-acid protein (A-Ras) with extensive
homology to the chicken H-Ras (cHRas) protein (Fig. 2). All
the known domains conserved in other Ras proteins are
included. The A-Ras protein has 5 extra amino acids near the
amino terminus and 19 extra amino acids in the nonconserved
region near the carboxyl terminus, relative to the cHRas
protein. The Aras cDNA was used to probe an A. nidulans
genomic library (6), and a corresponding genomic clone was
identified. A 4.3-kb EcoRI fragment was subcloned and se-
quenced. The genomic and cDNA sequences are shown in Fig.

3. Aras has three introns. The genomic clone containing Aras
had already been assigned to chromosome 8 by the laboratory
of W. E. Timberlake, in which the library was made. The
chromosomal location of Aras was confirmed by probing
chromosomes separated by pulsed-field gel electrophoresis
(data not shown). The initiation site of the transcript and
poly(A) addition sites as determined by RNase protection
experiments are indicated in Fig. 3. Using the Aras cDNA as a
probe, we found that A. nidulans has a single copy of the ras
gene homolog (data not shown).

Biochemical properties of the A-Ras protein. The A-Ras
protein was expressed in E. coli and purified to homogeneity as
described previously (16). In vitro studies indicate that, as with
the H-Ras protein, A-Ras has a GAP-susceptible GTPase
activity that hydrolyzes bound GTP to GDP, thereby convert-
ing the active A-Ras to an inactive form. Also like H-Ras,
A-Ras is always present in the active form in the presence of
Mn?" (Table 2). A mutant, Aras®'”Y, with a Gly—>Val muta-
tion in position 17, which corresponds to position 12 in H-Ras,
was constructed in vitro, expressed in E. coli, and purified.
Such a mutation is expected to lock Ras in the activated state,
and we have shown that A-Ras®!7V is not susceptible to the
action of bovine GAP (Table 2), similar to the case with v-Ras.
These data suggest that A-Ras is biochemically similar to the
H-Ras protein.

Aras is an essential gene. Ras has been shown to be involved
in signal transduction in many organisms. To test the impor-

TABLE 2. GTPase assay with purified Ras proteins in the presence
and absence of bovine GAP

% GTP—GDP conversion with:

Protein Mg“ Mn?*
Without With Without With
GAP GAP GAP GAP
A-Ras 0.0 97.0 0.0 1.0
A-Ras®'7v 0.0 04 0.0 0.2
H-Ras 0.0 92.0 0.0 1.0
v-Ras 0.0 20 0.0 2.0
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FIG. 3. Genomic sequence of Aras. The cDNA sequence is shown
in uppercase. The transcription initiation site (—) and the poly(A)
addition sites (| ) determined by RNase protection (22, 39) are
indicated. Splice acceptor and donor sites are indicated by a line above
the sequence.
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tance of such signals in the life cycle of A. nidulans, we studied
the effects of disruption of the gene.

Because of the possibility that a null Aras mutation might
prove lethal in a haploid, we used a diploid (RMS012) to
disrupt the Aras gene. This diploid has both copies of the argB
locus deleted, resulting in an Arg~ phenotype (41), and
produces spores with the wild-type green color. This strain was
made from two haploids, RMS010, which also produces green
spores, and RMSO011, which produces yellow spores because of
a recessive mutation (y42). Most of the open reading frame in
the cloned Aras gene was replaced in vitro by the argB™ gene
(44). The structure of the resulting construct, AAras:argB,
contained in the plasmid pAST47, is shown in Fig. 4A. The
diploid strain was transformed with either a 6.2-kb EcoRI
fragment or a 5.9-kb BstEII-EcoRI fragment, both containing
the AAras:argB construct isolated from pAST47, and Arg*
transformants were selected. A recombination event that re-
places the wild-type gene with the disrupted construct will
result in a null Aras genotype (Fig. 4B). Arg* diploid trans-
formants in which one copy of the Aras gene had been replaced
by the disrupted allele were obtained. Twenty such transfor-
mants were obtained by using the EcoRI fragment, and six
were obtained by using the BstEII-EcoRI fragment. Results of
Southern blot analyses of five of the transformants obtained by
using the EcoRI fragment are shown in Fig. 4C. Similar results
were obtained with the EcoRI-BstEII fragment. All 26 diploids
were independently made haploid on benomyl plates as de-
scribed previously (41), and 80 yellow colonies (presumably
haploids) were purified and scored. Of these, 35 were Arg™
and 45 were Arg*. Several of these were analyzed further for
both the presence of the disrupted allele and the absence of
the endogenous Aras gene. All the Arg™ strains produced only
one band on Southern blot analysis, namely, the expected
endogenous 4.3-kb band corresponding to the uninterrupted
Aras gene (data not shown). The markers segregated as
expected. All the isolates carried pabaAl and were prototro-
phic for biotin, while half were methionine requiring. How-
ever, all the Arg™ yellow colonies produced two bands, one
corresponding to endogenous Aras and the other correspond-
ing to the disrupted AAras:argB fragment. We did not find any
yellow Arg* colonies that produced only one band correspond-
ing to the 6.2-kb disrupted fragment. The fact that we obtained
20 haploids containing only the endogenous Aras gene but no
haploids with only the disrupted AAdras:argB gene suggests that
Aras is an essential gene at some point in the life cycle (see
Discussion). Although all the isolates carried paba41, none of
them were auxotrophic for methionine, suggesting that they
might be diploids. In order to confirm that these yellow Arg*
strains were in fact diploids, we determined the sizes of the
spores of both the parental haploid and diploid strains and the
yellow progeny (diploid spores are bigger than haploid spores).
For accuracy, the sizes were measured on a television screen
with the microscopic image enlarged. The diameters of both of
the parental haploid strains and all of the Arg™ yellow strains
were between 10 and 11 mm, while those of the parental
diploids and all of the yellow Arg™* strains were between 13 and
15 mm (10 spores of each strain were measured). This indi-
cates that all of the yellow Arg™ strains were probably diploids.

Expression of Aras under alcohol dehydrogenase promoter
control can be varied to different levels by different inducers.
Two different types of Ras mutants have been described for
yeast and mammalian systems: constitutively active mutants
and dominant-negative mutants. When expressed, these Ras
mutants exert effects that are dependent on the particular cell
type. In order to determine the role of A-Ras, we expressed the
Aras gene in A. nidulans under control of the promoter of the



5338 SOM AND KOLAPARTHI

A

Rl Ell P Aras HI HI Poly A HI RI

Aras ORF

HI HI
l o il |
E S a
RI Ell P Aras argB ORF RI
b l |
RIEIl PAras HI HI PolyA  HI RI
shesp stk | | | | | |
Aras ORF
HI * HI
l it Lt |
= S =
RI Ell P Aras argB ORF RI
it e £ s ] |
e
C s S
= &
© £ N ™
c B Bl ke
Diploid transformants o arg* isolates QL
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

MoL. CELL. BioL.

IT

siagiag - . |

- 6.2Kb
|— 4.3 Kb

FIG. 4. Disruption of the Aras gene. (A) In vitro construct used to replace the Aras open reading frame with the selectable marker argB. I, A
4.3-kb EcoRI fragment containing genomic Aras; 11, two BamHI fragments containing most of Aras were replaced by a BamHI fragment containing
argB (AAras:argB in pASTA47). (B) In vivo replacement of the Aras gene with AAdras:argB converts an arginine auxotroph to a prototroph. I, Aras
in chromosome 8; IV, structure of the disrupted genome. (C) Southern blot analysis of Adras:argB diploids and haploids. When probed with Aras,
the EcoRI-digested chromosomal DNA from the parental haploid (RMS011) and diploid (RMS012) strains produced the 4.3-kb endogenous Aras
band. The Arg* diploid transformants and the Arg* isolates produced both 4.3-kb endogenous and 6.2-kb disrupted Ras bands. RI, EcoRI; EII,
BstEIL; HI, BamHI; P Aras, Aras transcription start site; Poly A, poly(A) addition signal. The Aras open reading frame depicted here contains four

exons (see Fig. 3).
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Strain that contains
A 1'7 2'2 the construct under Py c4
A-Ras MASKFLREYKLVVVGGGGVGKSCLTIQL........ AST 30
A-RasG?V  MASKFLREYKLVVVGGVGVGKSCLTIQL........ AST 27
A-RasS22N MASKFLREYKLVVVGGGGVGKNCLTIQL..c..... AST 29
X argB::PalcA:Aras
_______ — o gh_romosome ]
argB2
chromosome il
i I | e—— rr----
argB2  argB:PalcA:Aras Vector argB*

FIG. 5. Integration of P, :Aras constructs at the argB2 locus. (A) Sequences of the wild-type A-Ras and A-Ras mutants and the strains
containing the corresponding constructs under alc4 promoter control. (B) Generation of arginine prototrophs (argB™) by integration of pAST43,
containing the P,,_,:Aras construct in the argB gene, at the argB2 locus in chromosome 3.

alcohol dehydrogenase gene (P,,.,) of A. nidulans (21). This
inducible promoter has been used in A. nidulans to express
several heterologous genes (25, 45). One of the useful proper-
ties of this promoter is that it can be induced to different levels
by different inducers (9). We first made a P,,_,:cAras hybrid
and introduced it into A. nidulans at the argB locus. For this
purpose the hybrid gene was cloned in vitro into the middle of
the argB open reading frame (Fig. 5B). The entire construct
was used to transform an argB2 strain, and non-arginine-
requiring strains were selected and tested for the integration
event. An arginine prototroph can be generated by integration
of the in vitro construct at a specific region in the argB2 locus
(Fig. 5B). Southern blot analysis of these transformants iden-
tified several strains in which such an event had occurred. All
these strains behaved similarly upon further analysis; one of
the strains, AST30 (Fig. 5A), is described here.

With different growth conditions in liquid culture, the level
of expression of the alcA:Aras hybrid message from the P,
promoter in strain AST30 was first estimated by using an
RNase protection assay (22, 39). The RNA probe was made
from the junction of the alcA:cAras hybrid gene. This probe
detected the hybrid alcA:Aras message as well as the endoge-

nous Aras and alcA messages, producing different lengths of
protected fragments (Fig. 6A). When mycelia were grown in
medium containing yeast extract and glucose (YG) or fructose
(YF), no expression from the alcA promoter was observed
(repressing conditions; Fig. 6B, lanes 4 and 5). Expression also
was not detected when the cultures were first grown in YG and
then induced for 3 h in medium containing yeast extract and
ethanol (YE) or threonine (YT) (Fig. 6B, lanes 6 and 7).
However, an increased level of expression was observed in
mycelia induced overnight in similar media (intermediate
inducing conditions; Fig. 6B, lanes 8 and 9). In minimal
medium containing glucose (MMG) or fructose (MMF), a very
low level of expression was observed (low inducing conditions;
Fig. 6B, lanes 12 and 13). In contrast, a very high level of
expression was observed in cultures that were first grown in
MMG and then induced for 3 h in minimal medium containing
either ethanol (MME) or threonine (MMT) (high inducing
conditions; Fig. 6B, lanes 14 and 15). An increased level of the
corresponding protein was detected by Western blot analysis of
cultures grown under high inducing conditions (data not
shown).
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Overexpression of wild-type A-Ras has no apparent pheno-
typic effect. The effects of overexpression of wild-type A-Ras
on cell growth and morphology were determined in liquid and
on solid medium. No changes in cellular morphology or growth
rate were observed when AST30 (containing P, ,:4ras, which
overexpresses wild-type A-Ras upon induction) was grown
either in liquid or on solid medium under either repressing or
inducing conditions, compared with the control strain AST33,
an arginine prototroph of the recipient strain FGSC89 (not
containing a P,,_, construct). The times required for spores to
germinate and to induce different cell types were similar in the
two strains in several different media, although these times
varied from one medium to another. This suggests that the
amount of A-Ras present is not limiting at any stage of the A4.
nidulans life cycle, indicating that Aras activity is not regulated
at the level of expression, at least with regard to its role in
regulating the developmental pathway (also see below).

Development is inhibited by expression of active A-Ras. Ras
is a small G protein that can bind either GDP or GTP. It has
been shown that the GTP-bound form of Ras is the active form
in signal transduction. In order to determine the role of Aras in
the life cycle of A. nidulans, a constitutively active mutant of
A-Ras that is locked in the GTP-bound form was expressed in
vivo. A mutation which changes a Gly to Val at position 17 was
introduced in vitro in the Aras gene (Aras®'”V; Fig. 5A). Such
a mutation in the corresponding position (amino acid 12 from
the N terminus) of v-Hras abolishes its internal GTPase activity
and confers dominant effects through constitutive activitz. The
lack of GAP-sensitive GTPase activity of A-Ras®'”Y was
confirmed in vitro (Table 2).

When AST27 (containing P, ,:Aras®'"Y) was grown in
liquid medium under either repressing conditions or low
inducing conditions, no change in growth rate was observed
(data not shown). In addition, the appearance of cells in these
cultures was similar to that of the control cells (AST30 and
AST33). However, under intermediate inducing conditions,
the rate of growth of AST27 was inhibited after 12 h compared
with that of the control cells under similar growth conditions
(Fig. 7). Before 12 h, both growth rates and rates of nuclear
division were normal (see Materials and Methods). Although
the spores swelled to the same extent as those of the control
strains and the time of germination was unaltered, most of the
AST?27 mycelia, while normal up to 12 h, subsequently became
much wider and shorter, with large vacuoles (Fig. 8a and c).
The cell walls also appeared thicker, and the septa between
cells were prominent. These cells stained more heavily than
normal for chitin, indicating either an increased presence of
chitin in the cell wall or a decreased presence of glucan, which
is known to cause increased chitin staining (Fig. 8b) (4). Most
of these cells had up to 5 to 10 times as many nuclei as the
control strains after 30 h, as determined by staining with DAPI
(Fig. 8c and d). The control strains have the normal number of
two (in some cells up to eight nuclei [33]) per hyphal cell
throughout mycelial growth. This suggests that an intermediate
level of active A-Ras hinders cell division but does not inhibit
nuclear division. Only a few such cells arose when AST27 was
grown under low inducing conditions or repressing conditions
or when the control cells were grown under any conditions.

When AST27 was grown under high inducing conditions, the
spores swelled excessively and, depending upon the length of
growth, become about 5- to 20-fold larger than a swollen
wild-type spore (we call such spores giant swollen spores) (Fig.
8e). None of the giant swollen spores were found to produce
germ tubes even after 48 h. During the swelling stage, the
nucleus of a wild-type spore divides to produce two or three
nuclei. When the germ tube appears, continuing nuclear
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FIG. 6. Levels of induction of the alcA promoter as estimated by
RNase protection. (A) Structure of the probe used and the expected
protected fragment lengths. (B) Protected fragments separated on a
5% sequencing gel. Lane 1, probe only; lane, 16, full-length probe.
Spores were grown for 19 h on yeast extract containing glucose (G)
(lanes 2 and 4), fructose (F) (lane 5), ethanol (E) (lane 8), or threonine
(T) (lane 9) or for 16 h on glucose and then for 3 h on ethanol (lane
6) or threonine (lanes 3 and 7). Cells were grown for 40 h on minimal
medium containing glucose (lanes 10 and 12) or fructose (lane 13) or
for 37 h on minimal glucose and then for 3 h on minimal ethanol (lane
14) or minimal threonine (lanes 11 and 15). RNA was extracted, and
RNase protection was performed as described in Materials and
Methods. The presence of several bands indicates multiple initiation
sites of alcA transcripts. The four lanes on the right are longer
exposures of the indicated lanes on the left. n, nucleotides.
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FIG. 7. Intermediate levels of expression of A-Ras®'”V inhibit
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were taken at the indicated times, and dry weight was determined.
AST33 contains no P, , construct, AST30 contains P, :Aras, and
AST27 contains P,,_,:ArasC'"™.
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division produces more nuclei, which become distributed into
the newly formed cells produced by apical growth of the germ
tube (Fig. 8f and g). In giant swollen spores, nuclear division
continues without germ tube formation, giving rise to cells with
at least 16 nuclei after 48 h, as determined by DAPI staining
(Fig. 8h and i). The rate of nuclear division appeared to be
normal, at least until 12 h (see Materials and Methods). Thus,
a high level of active A-Ras inhibits the first step of develop-
ment, the initiation of apical growth (germ tube formation),
without inhibiting nuclear division. These giant swollen spores
stain heavily for chitin, and the staining occurs all around the
periphery. A wild-type swollen spore stains very lightly for
chitin (data not shown).

The effects of overexpression of active A-Ras on develop-
ment were further assessed by growing AST27 on solid me-
dium under different inducing conditions. Wild-type spores
grown on solid medium swell and sequentially produce germ
tubes, vegetative hyphae, aerial hyphae, and conidiophore
structures (Fig. 1). When spores from control strains were
plated on agar medium and grown under either repressing or
inducing conditions, their developmental programs were nor-
mal. However, when plated on ethanol plates, they produced
larger quantities of aerial hyphae, which is characteristic of
growth on ethanol plates. Even with these larger quantities of
aerial hyphae, many conidiophore structures were visible mi-
croscopically after 36 h, buried under the aerial hyphae. When
AST?27 was plated under repressing conditions, both its growth
rate and developmental program were indistinguishable from
those of control strains. However, when AST27 was grown on

FIG. 8. Phenotypes resulting from expression of constitutively active A-Ras. (a to d) AST33 (mse) and AST27 mycelia grown under
intermediate inducing conditions (YT) and mixed for comparison: a and ¢, Nomarski; b, Calcofluor; d, DAPI. (¢) AST33 and AST27 grown under
high inducing conditions (MMT) and mixed for comparison, producing normal swollen spores (=) and giant swollen spores, respectively. (f and
8) AST33 spores with germ tubes: f, Nomarski; g, DAPI. (h and i) Giant swollen spores: h, Nomarski; i, DAPI. (j) AST33 cells swollen under high
inducing conditions (MMT) and transferred to repressing conditions (YG) produce a second germ tube when the first one is relatively long. Similar
results were obtained with AST30. (k) Giant swollen spores produce multiple germ tubes when transferred to repressing conditions (YG). Bar:

a through d, 6 um; e, j, and k, 12 um; f through i, 1.25 pm.
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MMG plates (low inducing conditions), only aerial hyphae
were produced (Fig. 9; the strain AST29 presented in this
figure is described below). No conidiophore structures were
found even after 3 days of incubation. In contrast, only
vegetative growth was observed when AST27 was grown on YE
or YT plates (intermediate inducing conditions; Fig. 9). Only a
few aerial hyphae appeared after 3 days. Under all of these
conditions, the germination time and growth rate of AST27
remained unchanged, as did those of both of the control
strains, as determined by the diameters of single colonies (data
not shown), although the growth appeared thinner under
intermediate inducing conditions (Fig. 9). When observed
under the microscope, the AST27 cells grown under interme-
diate inducing conditions looked similar to ones grown in
liquid under intermediate inducing conditions. Compared with
the control cells, these cells were shorter and wider with thick
cell walls, were highly septate, and contained large vacuoles.

On MME or MMT agar plates (high inducing conditions),
giant swollen spores that failed to germinate were produced,
similar to the phenotype observed when AST27 is grown in
liquid under high inducing conditions, except that the swollen
spores were much larger on the agar plates. These spores also
contained a large number of nuclei as visualized by DAPI
staining. No change in phenotype was observed in the control
strains (AST30 and AST33) under these growth conditions
(Fig. 9).

Expression of active A-Ras at any stage of the life cycle
blocks further development. In order to test the effect of
overexpression of active A-Ras at different stages of the life
cycle, AST27 was grown on YG agar (repressing conditions),
and cells were allowed to grow to different stages of develop-
ment. Upon transfer (27) to YT agar (intermediate inducing
conditions), these cells failed to differentiate further, although
mycelial growth continued. This indicates that induction of
higher levels of active A-Ras at any stage of the life cycle
blocks further differentiation.

Cells blocked at different stages of development can resume
normal development if synthesis of active A-Ras is turned off.
In order to determine if the block induced by A-Ras hyperac-
tivity at different stages of development is reversible, blocked
cells were transferred to YG agar (repressing conditions). In
every instance the blocked cells were able to reinitiate and
traverse the normal subsequent developmental stages to pro-
duce conidiophore structures. For example, when AST27 cells
grown under intermediate inducing conditions were blocked at
a stage before production of aerial hyphae, only vegetative
hyphae were produced. When such hyphal cells were trans-
ferred to repressing conditions, both aerial hyphae and conid-
iophore structures appeared, producing a colony with a normal
appearance. An early block can also be replaced by a later
block. For example, when giant swollen spores formed under
high inducing conditions were transferred to intermediate
inducing conditions, germ tubes and lateral hyphal cells were
produced, but still no aerial hyphae or conidiophore structures
appeared. Similarly, when these giant swollen spores were
transferred to low inducing conditions, development resumed
but only up to formation of aerial hyphae. Finally, when these
giant swollen spores were transferred to repressing conditions,
the cells went through all the normal developmental stages,
producing conidiophore structures.

The time taken to initiate formation of hyphae in a giant
swollen spore was compared with that for the control strains.
When the control strains AST30 and AST33 were grown in
liquid medium under high inducing conditions, germ tubes
appeared in about 11 h. Spores of the control strains and of
AST27 were grown under high inducing conditions for 10 h
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and then transferred to YG medium (repressing conditions).
In the control strains, germ tubes appeared in about 1 h, while
AST27 took about 5 h to produce germ tubes. This suggests
that the inability to produce a germ tube from a giant swollen
spore is not a block that can be reversed immediately. Rather,
additional time is necessary either to deplete the repressor
(lower the level of active A-Ras) or to synthesize a positive
factor(s) necessary for germ tube formation, synthesis of which
was inhibited under such growth conditions. During germina-
tion, most of the spores of the control strains initially produced
only one germ tube. Only after the first germ tube had grown
to at least 10 times the diameter of the spore did a second germ
tube appear, this one directly across the spore from the first
germ tube (Fig. 8i). However, the giant swollen spores of
AST?27 produced multiple germ tubes simultaneously (Fig. 8j).
During germination, a wild-type spore retains most of its cell
wall components and produces one germ tube at the pole. The
giant swollen spores of AST27 probably have altered amounts
of some cell wall components, as discussed above, judging by
the intensity of chitin-specific staining, possibly resulting in a
loss of polarity that causes the simultaneous initiation of
multiple germ tubes.

The phenotype caused by high-level expression of active
A-Ras is different from that caused by defects in other genes.
Several mutations that affect cell wall biosynthesis also cause
production of giant swollen spores. Conditional mutations in
four different genes, tsE, orlA, orlB, and gcnA, cause produc-
tion of low levels of chitin and giant swollen spores at an
elevated temperature (5). As mentioned above, we have found
that the giant swollen spores produced by high-level expression
of active A-Ras in fact show a higher level of chitin in
immunofluorescence studies. On the other hand, or/C and oriD
mutants produce giant swollen spores that are deficient in
B-1,3-glucan, another cell wall component (5). However, this
defect can be overcome by growing the spores in an osmotically
balanced medium. AST27, when grown in an osmotically
balanced medium under high inducing conditions, produced
giant swollen spores and still did not germinate.

A conditional mutation in the bimG gene also produces
giant swollen spores at an elevated temperature. The bimG
gene product is a cell cycle-dependent phosphatase that be-
comes active during the G,/M transition (10). However, in
bimG mutants, although DNA replication proceeds, the nuclei
do not separate as they do in the giant swollen spores produced
by high-level expression of active A-Ras (Fig. 8h). These
results indicate that the apparently similar phenotypes induced
by high-level expression of active A-Ras and mutations in
several other genes are produced by somewhat distinct mech-
anisms, although elevated A-Ras activity may offset some of
the processes in which these genes are involved.

Formation of conidiophore structures is induced by expres-
sion of a derivative of A-Ras that preferentially binds GDP.
Mutants of p21ras have been isolated that have preferential
affinity for GDP (12), locking the protein constitutively in the
inactive state. Expression of these mutants has been shown to
dominantly inhibit cell proliferation (40). In order to deter-
mine the effect of inhibition of A-Ras activity, a similar
mutation was introduced in vitro into the Aras gene in the
corresponding position. Ser was replaced by Asn at position 22,
corresponding to position 17 of p21 (Fig. 5A). The mutant
gene was put under control of P, , and introduced into A.
nidulans at the argB locus by using the strategy described above
(Fig. 5B). Two strains were obtained, both of which behaved
similarly; strain AST29 is discussed.

When grown in liquid for 30 h, AST29 and the control
strains (AST30 and AST33) were indistinguishable regardless
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FIG. 9. Growth of Aspergillus strains on agar under different inducing conditions. (A) YG (repressing conditions); (B) MMG (low inducing
conditions); (C and D) YE and YT, respectively (intermediate inducing conditions); (E and F) MME and MMT, respectively (high inducing
conditions). On each plate the strains streaked are as follows: top, AST27 (containing P,,.,:ArasS'7V); left, AST29 (containing P, ,:ArasS?*N);
bottom, AST30 (containing P, 4:Aras); right, AST33 (an arginine prototroph of the host strain, FGSC89). A close-up of each patch is shown at
the corresponding position at the bottom of the plate. The green color is produced by conidia. Bar, 40 um.



FIG. 10. Phenotype due to expression of dominant-negative A-Ras. Growth was on MMT (high inducing conditions). (A and B) Colony size:
A, AST30; B, AST29. (C and D) Edge of the colony: C, AST30; D, AST29. (E ) Conidiophore of AST30. (F and G) Stem, vesicle, and conidiophore
of AST29. Bar, C and D, 50 pm; E through G, 12 pm.
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of growth conditions, except that AST29 took longer to
germinate (14 h under high inducing conditions as opposed to
11 h for AST30 and AST33 under similar growth conditions).
To assess the effects of overexpression of GDP-bound mutant
A-Ras on development beyond formation of vegetative hy-
phae, AST29 was grown on solid agar medium. When AST29
was grown under repressing conditions, its program of devel-
opment was identical to that of the control strains (Fig. 9A).
However, when grown under either low or intermediate induc-
ing conditions, this strain produced more conidiophores than
normal, with a conspicuous absence of aerial hyphae (Fig. 9B
and C). The number of conidiophore structures was increased
about three- to fourfold under intermediate inducing condi-
tions. This was determined by counting the conidiophores in a
microscopic field and comparing this number with the number
of conidiophores appearing when the same strain was grown
under repressing conditions. This result was even more pro-
nounced when AST29 was grown on MME agar (high inducing
conditions) (Fig. 9E). The two control strains produced large
amounts of aerial hyphae, characteristic of a wild-type strain
on ethanol plates. In contrast, AST29 produced very few if any
aerial hyphae on such a plate (see enlarged picture in Fig. 9).
Thus, this dominant-negative phenotype is the opposite of that
produced by the constitutively active mutant. This result
suggests that the formations of these structures are mutually
exclusive and that aerial hyphae probably are the precursors of
conidiophores. An aerial hypha normally initiates from a
vegetative hypha and grows to a definite length. At that point
it may either continue growth as an aerial hypha or differen-
tiate into a vesicle. Our results suggest that this is determined
by the level of active A-Ras protein. When this level is higher
than a critical value, protruding hyphae continue growth as
aerial hyphae (as in the case of low-level expression of
constitutively active A-Ras protein [Fig. 9B]). Conversely,
when this level falls below a critical value, the dividing cell at
the tip of the hypha differentiates into a vesicle and follows the
pathway toward conidiophore formation (as in the case of low-
or medium-level expression of dominant-negative A-Ras pro-
tein [Fig. 9B, C, and D]).

An increased number of conidiophore structures appeared
with only a small increase in expression of the dominant-
negative mutant. This suggests that small changes in the level
of active A-Ras at the aerial hyphal tip are sufficient to control
the decision to differentiate.

Expression of dominant-negative A-Ras protein alters the
timing but not the sequence of the program of development.
The program of development in A. nidulans is stringently
controlled, so that in a wild-type cell, different cell types appear
at specific times of the life cycle. When the control strains
(AST30 and AST33) were grown on minimal agar under high
inducing conditions, germ tubes appeared in about 11 h, aerial
hyphae appeared after an additional 4 h (in about 15 h), and
vesicles appeared after another 8 h (in about 23 h). New spores
appeared in about 30 h. Although strain AST29 grown under
the same conditions (capable of overproducing the dominant-
negative mutant) produced all the cell types except undiffer-
entiated aerial hyphae, the times of appearance of each cell
type differed. Germ tubes appeared later than usual, in 14 h.
Once the germ tubes were formed, most other cell types
appeared sooner than in the control cells. Aerial hyphae (all of
which differentiated into conidiophores) appeared within 2 h
(total, 16 h). The vesicles appeared in another 4 h (total, 20 h),
4 h earlier than usual. The spores appeared in 24 h. In addition,
aerial hyphae formed on shorter vegetative hyphae and at a
higher density along the hyphae. Similarly, vesicles appeared
on shorter aerial hyphae (Fig. 10; compare panel E with panels
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F and G). As a result, AST29 colonies are much smaller than
those of the control strains (e.g., 6 mm in diameter at 36 h on
an MMT plate [high inducing conditions] compared with 18 to
20 mm for AST30 [Fig. 10; compare panels A and B]). The
edge of a control colony consists of mycelium and aerial
hyphae, while that of AST29 contains conidiophores but no
aerial hyphae (Fig. 10; compare panels C and D). This suggests
that in the presence of excess dominant-negative A-Ras pro-
tein, germination is inhibited, while further differentiation is
accelerated, but the sequence of appearance of cell types is not
altered. The delay in germ tube formation without the inhibi-
tion of growth observed with the dominant-negative mutant
indicates that this mutant does not completely block formation
and function of active A-Ras from the endogenous Aras gene.
Nevertheless, the delay in germ tube formation indicates that
during germination, the concentration of active A-Ras nor-
mally reaches a threshold level that triggers germ tube forma-
tion. After germination, expression of the dominant-negative
mutant reduces the time required for subsequent differentia-
tion, suggesting that the concentration of active A-Ras must
fall before further differentiation (germ tube formation) can
occur. It should be noted that since the concentration of
inducer in the conidiophore cannot be independently deter-
mined, we have assumed that these compounds can freely
move throughout the reproductive structures and therefore are
present at concentrations similar to those in vegetative hyphae.

As previously mentioned, AST29 does not produce conidio-
phores or spores in liquid cultures even under high inducing
conditions. This contrasts with results with brl4 (the “master
control gene” for conidiophore formation), which, when over-
expressed, causes spore production even in liquid culture (1).
Since bri4 affects only the final stages of development, it
appears to be a downstream factor that implements one of the
determinations affected by A-Ras activity. These results sug-
gest that other factors specific for each cell type are involved
downstream of A-Ras and are responsible for the ordered
appearance of the cell types.

A-Ras is expressed in all cell types. We have shown that
expression of dominant-negative A-Ras protein, which causes
a reduction in the levels of active A-Ras, induces development.
For example, it accelerates the timing of conidiophore forma-
tion. Since GDP-bound Ras has generally been found to be
functionally inactive, a sequential reduction in the level of
active A-Ras probably occurs during the normal life cycle of
the fungus. This could result from a reduction in the level of
expression of the Aras gene or from subsequent regulatory
steps or both. As a first step in testing these possibilities, we
determined whether the Aras gene is expressed at all stages of
the life cycle, particularly in the conidiophore structure, where
the lowest level of active Aras is required.

In order to determine whether the level of expression of the
gene is regulated during development, we placed the bacterial
lacZ gene under control of the Aras promoter, introduced the
construct into A. nidulans, and examined the levels of B-galac-
tosidase protein in different cell types. For these studies, the
bacterial lacZ gene was fused in frame to the Aras open
reading frame. The resulting hybrid contains about 1.3 kb of
Aras upstream region (from the transcription start site, as
shown in Fig. 3). This region should contain the complete Aras
promoter, because Aspergillus promoters are normally con-
tained within several hundred bases of the transcription start
site. This hybrid construct was then cloned into the middle of
the argB gene and integrated at the argB locus by using the
strategy described in Fig. 5B. The resulting strain (AST32) was
tested for the expression of B-galactosidase in different cell
types during development. Expression of B-galactosidase was
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FIG. 11. In vivo expression of Aras. Cultures were grown and color was developed on solid medium. (A and B) Aras expression monitored in
an Aras:lacZ hybrid. Color was developed as described previously (2, 24). (A) AST33; (B) AST32. (C and D) Aras expression monitored by
immunofluorescence in FGSC4 without (C) and with (D) Ras antibody Y13-259.

first determined by assaying the enzyme activity (39) in extracts
of mycelia grown in liquid culture (where A. nidulans grows
only vegetatively). A high level of B-galactosidase activity in
AST32 (0.0025 U/min/pg of protein) compared with that in the
control strain AST33 (0 U) indicated successful expression of
B-galactosidase driven by Aras in mycelia. Expression from the
Aras promoter in conidiophores was determined by spraying
5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal) on
colonies grown on agar plates as described previously (2, 24).
As shown in Fig. 11B, development of a deep blue color in all
parts of conidiophores of AST32 indicated expression of Aras
in every cell type. Similar results were obtained when the Ras
antibody Y13-259 (13) was used to stain wild-type A. nidulans
FGSC4 (Fig. 11). We have shown above that overexpression of
wild-type A-Ras has no phenotypic effect. These results, taken
together, suggest that A-Ras activity is not regulated by the
level of A-Ras expression but is probably regulated solely at
the posttranslational level, as in other systems.

DISCUSSION

Ras has been shown to be involved in many different
signaling pathways in different mammalian cell types. In S.
cerevisiae, it is essential for growth (19); in D. melanogaster, it
is involved in the development of the adult eye (38), as well as

of terminal structures of the embryo (30); while in C. elegans
(17), it is involved in vulval development. However, little is
known about its role in determining the progression through
different developmental stages in an organism. For this pur-
pose, we have used 4. nidulans as a model system. In this paper
we have shown that A-Ras has two different roles in the life
cycle of this organism: an essential role and a regulatory role.
In the absence of a functional gene, the organism fails to
propagate, while the decision to differentiate at each stage of
development is affected by the level of active A-Ras. With a
progressive increase in the level of constitutively active A-Ras,
Aspergillus cells go through progressively fewer steps of their
normal developmental program. At the highest level of expres-
sion, cells fail to initiate the first morphological step in
development, production of a germ tube. Instead, the cells
swell and continue nuclear division, producing giant swollen
spores. However, when this high level of active A-Ras is
allowed to fall to the normal level (maintained by the endog-
enous Aras) by transfer of the giant swollen spores to an
appropriate medium, normal growth and development resume.
Similarly, when active A-Ras is expressed at an intermediate
level, cells are blocked in vegetative growth, but they can
resume further development when transferred to repressing
conditions. This suggests that particular levels of active A-Ras
allow development to proceed to certain points while inhibiting
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further development. This led us to the following model. The
spores are in G, of the cell cycle. When placed in a growth
medium, the concentration of the active A-Ras increases to a
high level, which is necessary for nuclear division, nuclear
migration, and swelling but which keeps a check on cell
division. During this time, germ tube formation and subse-
quent steps are inhibited while all the components necessary
for germination are synthesized. As the concentration of active
A-Ras falls below a critical level, inhibition of germ tube
formation is relieved. At this intermediate concentration,
active A-Ras still inhibits formation of aerial hyphae, but
vegetative growth can continue. In certain mycelial cells the
concentration of active A-Ras drops further, below another
critical level, allowing foot cell and aerial hypha formation but
inhibiting vesicle formation. Thus, the concentration of active
A-Ras continues to drop until spores are formed.

This model is further supported by the phenotype observed
with expression of a dominant-negative A-Ras mutant. By
analogy with a similar mutant of p21"*, expression of this
protein inhibits the activation of wild-type A-Ras. Expression
of this dominant-negative mutant results in a delay in germi-
nation, consistent with our proposal that the highest level of
active A-Ras is essential to turn on germination-specific pro-
cesses. These processes might include either nuclear division
or the synthesis of components necessary for apical extension,
or both. However, since nuclear division occurs normally at
much lower levels of active A-Ras later in development, other
processes that are germination specific are more likely to be
those driven by a high Ras signal. This notion is consistent with
the fact that a high level of constitutively active A-Ras, while
preventing germination, does not accelerate nuclear division.
Thus, it seems likely that an early process other than nuclear
division requires a very strong Ras signal, but the signal must
also drop to some extent to allow the completion of germina-
tion. Once germination is complete, one of functions of the
Ras signal is to act as a brake on developmental progression,
since expression of the dominant-negative mutant accelerates
subsequent steps of differentiation.

Our disruption experiment shows that Aras is essential at
some stage of the life cycle, while overexpression of the
dominant-negative protein only delays germination. This sug-
gests that this mutant protein does not block A-Ras function
completely and that a complete block might prevent germina-
tion entirely. Following germination, a complete block might
have one of three distinct consequences. It might simply
accelerate developmental progression more than the domi-
nant-negative mutant. Alternatively, a complete loss of Aras
function at later stages might disrupt the normal ordered
appearance of cell types or stop growth completely. We are
currently testing these possibilities.

We have shown that Aras is expressed in every cell type,
including the spores. This suggests that it is the fraction of the
active A-Ras that controls differentiation, rather than differ-
ential expression of the gene at different stages.

Our results also indicate that the level of the active A-Ras is
not the only factor regulating development. When cells are
grown in liquid culture, reducing A-Ras activity by overexpres-
sion of dominant-negative A-Ras does not initiate conidio-
phore formation. This indicates that other factors not present
in a submerged culture are necessary for differentiation beyond
vegetative growth. Adams et al. (1) have shown that overex-
pression of brlA can initiate spore formation even in liquid
culture, suggesting that additional factors are necessary in
conjunction with an appropriately low level of active A-Ras for
synthesis of a sufficient amount of BrlA protein.

For a stalk to differentiate and form a vesicle, it must switch
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from growth by apical extension to growth by budding (43).
When the level of active A-Ras is increased modestly, the
formation of conidiophore structures is suppressed, with a
concomitant increase in aerial hyphae. However, when this
level is lowered experimentally, no aerial hyphae are found,
but conidiophore formation is enhanced. These results indicate
that the formation of conidiophores and the formation of
aerial hyphae are mutually exclusive and suggest that they have
a common antecedent. The fate of a stalk is determined by the
level of active A-Ras. Below a critical level, the apical growth
mode is switched to the budding mode, allowing the cell at the
growing tip to differentiate into a conidiophore. When higher
levels are artificially maintained, apical growth continues in-
definitely to form aerial hyphae. The decision to differentiate
into a vesicle, the first step of conidiophore formation, may be
made either in the cell at the growing tip of the stalk or in the
foot cell (Fig. 1).

Low-level expression of either the constitutively active or the
dominant-negative mutants alters the fate of conidiophore
formation without affecting any other steps in the developmen-
tal program. This indicates that either the absence of or a
relatively low level of active A-Ras is necessary during conid-
iophore formation. However, we have shown that A-Ras is
expressed in this structure. Because no function has been
attributed to GDP-bound Ras, different levels of active A-Ras
probably regulate the various decisions between continued
growth and further differentiation that we have described here.
The level of active A-Ras, and therefore the timing of devel-
opmental decisions, may respond to either growth conditions,
composition of the medium, or other environmental factors.
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