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ABSTRACT 
Overexpression of several Aspergillus nidulans developmental regulatory genes has been shown to cause 

growth inhibition and development at  inappropriate times.  We set out to identify  previously unknown 
developmental regulators by constructing a nutritionally inducible A. nidulans expression library con- 
taining small, random genomic DNA fragments inserted next to the alcA promoter [ alcA(p)] in an A. 
nidulans transformation vector. Among 20,000 transformants containing random alcA ( p )  genomic DNA 
fusion constructs, we identified 66 distinct mutant strains in  which alcA ( p )  induction resulted in  growth 
inhibition as  well  as causing other detectable phenotypic changes. These growth inhibited mutants were 
divided into 52 FIG (Forced expression Inhibition of Growth) and 14 FAB (Forced expression Activation 
of 6rlA) mutants based on whether or  not alcA ( p )  induction resulted in accumulation of mm-A for the 
de&opmental regulatory gene brlA. In four FAB mutants, alcA(p) induction not only  activated brlA 
expression but also caused hyphae to differentiate into reduced conidiophores that produced viable 
spores from the tips as is observed after alcA ( p )  :: brki induction. Sequence analyses  of the DNA fragments 
under alcA ( p )  control in  three of these four sporulating strains showed that  in two cases developmental 
activation resulted from overexpression of  previously uncharacterized genes, whereas in  the  third strain, 
the alcA(p) was fused to brlA. The potential uses for this strategy  in identifymg genes whose overex- 
pression results in  specific phenotypic changes like developmental induction are discussed. 

0 UR primary interest is in understanding  the mech- 
anisms regulating the switch from vegetative 

growth to initiation of the pathway controlling asexual 
reproductive development, or conidiation, in Aspergzllus 
nidulans. It was observed previously that overexpression 
of two known  pathway-specific regulators of conidio- 
phore development, hZA and ab&, caused vegetative 
cells to stop growing and initiate development at inap 
propriate times (ADAMS et al.  1988; MIRABITO et al. 
1989) . This developmentally induced growth inhibi- 
tion was shown to result from blocks at  the transcrip- 
tional, translational and posttranslational levels for sev- 
eral  genes  required  during vegetative growth (ADAMS 
and TIMBERLAKE 1990). From these results, we rea- 
soned  that if inappropriate hZA expression caused 
growth cessation, then activation  of genes  functioning 
before hZA in development also should  inhibit growth 
if their expression resulted in hZA activation. With this 
in mind, we set out to identify and characterize genes 
that cause severe growth inhibition when overexpressed 
in A. nidulansvegetative hyphae. This was accomplished 
by transforming A. nidulans  with an inducible A. nidu- 
lans genomic expression library and screening for mu- 
tant transformants having restricted growth on  expres 
sion-inducing medium. 
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This approach is  likely to identify genes  other  than 
regulators of conidiophore development that  inhibit 
vegetative growth when overexpressed. For example, 
overexpression of critical mitotic regulators such as 
nimA and bid has been shown to cause cell  cycle arrest 
in Aspergillus ( OSMANI et al. 1988a,b). It also has been 
observed that overexpression of a diverse group of 
genes in Saccharomyces  cermisiae can result in lethality 
(ROSE and FINK 1987; HURT 1988; BURKE et al.  1989; LIU 
et al. 1992). Many  of these genes  encode cytoskeletal 
components and LIU et al. (1992) used this property 
of overexpression lethality as a screen in attempting  to 
identify additional S. cermisiaegenes needed for proper 
cytoskeletal function. Besides identifying genes  encod- 
ing actin ( ACTl) , ,&tubulin ( TUBB) and actin-binding 
protein I (ABPI) , it was shown that overexpression of 
genes  that  code  for a nuclear sequence recognition 
protein ( NSRl) , a W P d e p e n d e n t  protein kinase  sub- 
unit ( TPKl) , a type 1 protein phosphatase ( GLC7), a 
nonhistone  protein B and several unknown open read- 
ing frames (ORFs) inhibited growth  when  overex- 
pressed ( LIU et al. 1992) . We expect that if overex- 
pression of a gene inhibits growth  in  Aspergillus 
because of developmental induction  rather  than in- 
terfering with some other cellular process, it will cause 
activation of developmentally specific genes such as 
hZA. This hypothesis is supported by the fact that several 
different genes  that we have identified on the basis  of 
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TABLE 1 

A. niduluns strains used in this study 

Strain Genotype Source 

TA046 
FGSC26 
RMSOlO 
TTA292 
TPM 1 
TTAARG 
7TAP714 
TTAP715 
TTAP721 
TTAP71 
TTAP79 
TTAP730 
TTAP85 
TTAP22 
TTAPl7 

biA1; argB2 pryoA4;  ueA1, AbrlA 
biA1; ueA1 
biAl; AargB::trpCAB methG1;  ueA1,  trpC801 
biA1;  argB::alcA(p)::brlA;  methG1; ueAl 
biAl; argB::alcA(p)::abaA; methGl; ueAl 
biA1; methGl; ueAl 
biA1;AargB::trpCAB methG1; ueAl, trpC801 
biA1;AargB::trpCAB; methG1; ueAl, trpC80l 
biA1;AargB::trpCAB; methGl; veA1, trpC80l 
biA1;AargB::trpCAB; methG1;  ueA1, trpC80l 
tnA1;AargB::trpCAB methG1; veA1, trpC80l 
biA1;AargB::trpCAB methGl; ueA1, trpC80l 
biA1;AargB::trpCAB methG1;  ueA1,  trpC801 
biA1;AargB::trpCAB; methG1; ueAl, trpC801 
biA1;AargB::trpCAB; methG1; ueAl, trpC801 

ADAMS and  TIMBERIAKE 1990 
Fungal Genetics Stock Center 
STRINGER et al. 1991 
ADAMS et al. 1988 
MIRABITO et al. 1989 
ADAMS et al. 1988 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 

Strains created  in this study were obtained by transformation of  RMSOlO with the genomic alcA(p) expression 
library. All these strains are argF and have an alcA(p) fusion integrated in the  genome. 

their   requirement  for  conidiophore  develoment and 
normal  activation  of brlA expression,  can  cause  both 
growth  arrest and induction  of blA when  overexpressed 
(LEE and ADAMS 1994; J. WIESER, B. LEE, J. FONDON 
a n d  T. ADAMS, unpublished  results). 

Here we  describe the construction  of  an A. nidulans 
expression  library  with  random 2- to 10-kb genomic 
DNA  fragments  under  the  control  of the nutritionally 
regulated  inducible alcA promoter ( GWYNNE et al. 
1987) .  We analyzed -20,000 primary  transformants 
containing  alcA(p)  fusion  constructs  and  identified 66 
unique  strains  that each displayed a growth  inhibited 
phenotype when  plated  on alcA-inducing medium but 
grew  like  wild type on alcA-repressing  media.  These 
growth  inhibited  mutants  were  categorized  into two dis- 
tinct  groups  designated  FIG  (Forced  expression  Inhibi- 
tion  of  Growth ) and FAI3 (Forced  expression  Activation 
of brlA)on the  basis  of  whether  or  not brlA m G A  accu- 
mulates  after alcA promoter  induction.  We  have  recov- 
ered alcA(p)  fusion  constructs  from five transformed 
strains  including three FAl3 mutants  for  which brlA ex- 
pression  after alcA (p)  induction  resulted  in  inappropri- 
ate sporulation. In one  of  these  mutants,  the aZcA(p) 
was fused  directly  to  the brlA gene indicating  that  this 
approach  can be used  to  identify  developmental  regula- 
tory  genes. 

MATERIALS AND METHODS 

A. niduluns strains and  growth  conditions: All A. nidulans 
strains used  in this study are listed in  Table 1. FGSC26  was 
used for isolation of genomic DNA for  constructing the ex- 
pression library. RMSOlO ( STRINGER et al. 1991 ) was used as 
the expression plasmid recipient  in  transformation  experi- 
ments using standard A. nidulans techniques (YELTON et al. 
1984).  Standard A. nidulans genetic procedures were fol- 

lowed ( PONTECORVO et al. 1953). All strains were grown in 
appropriately supplemented minimal  medium ( KAFER 1977) . 

Expression  vector  and  library  construction  and  identifica- 
tion of growth-inhibited transformants: The alcA(p) expres- 
sion vector pON24 (Figure 1 ) was constructed in three steps. 
First, a 500-bp BamHI- BglII fragment  from pALCAl ( ADAMS 
et al. 1988)  containing  the transcriptional promoter for the 
A. nidulans alcohol  dehydrogenase gene [ alcA(p)] was in- 
serted into  the BamHI site of pBLUESCRIPT I 1  SK- (Stra- 
tagene) to create pON2. Second, pON2 was digested with 
Sal1 and religated to remove part of the polylinker and se- 
quences in the alcA(p) fragment  that include  a XbaI site. 
Finally, a 3.3-kb XbaI fragment  containing  the  entire A. nidu- 
lans argB gene (UPSHALL et al. 1986) was inserted into  the 
unique XbaI site remaining in the pBLUESCRIPT I 1  SK- poly- 
linker present in pON23 to  give pON24. 

Genomic DNA  was prepared from A. nidulans strain 
FGSC26 using conventional  techniques (TIMBERLAKE 1986) 
and was used to construct the expression library. Genomic 
DNA (1 pg) was digested partially with MboI to give a range 
of fragment sizes from  2 to 10 kb and partially filled in with 
dGTP and dATP using the Klenow fragment of  DNA polymer- 
ase I to leave a 2-bp overhang. The  prepared genomic DNA 
then was ligated with 100 ng of pON24 vector DNA that  had 
been restricted with XhoI, dephosphorylated using calf intesti- 
nal alkaline phosphatase and partially filled with dCTP and 
dTTP using Klenow fragment.  The ligation mixture was di- 
vided into  10 aliquots that were used separately to transform 
competent  DH5a Escherichia coli cells by electroporation using 
standard protocols (AUSUBEL et al. 1987). Approximately 
10,000 total transformants  resulted  from  each  aliquot of the 
ligation mixture and these were treated as separate pools. 
Each transformant  pool was suspended  in LB medium con- 
taining 15% glycerol and stored  at -80". 

Conditional  growth-inhibited A. nidulans transformants 
were identified by transferring  spores from primary trans- 
formants  to agar solidified minimal medium containing ei- 
ther 50 mM glucose [ alcA ( p )  repressing] or 100 mM I--three 
nine [ alcA(p) inducing] as the sole carbon  source. Colonies 
were screened visually to identify those with reduced growth 
on L-threonine medium but  normal growth on glucose me- 
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FKXXI- I . - ( A )  Restriction map of the 
genomic library expression vector pON24. 
Sites for enzymes that cleave t h e  vector once 
nr twice or were import;unt in this work are 
shown; unique restriction sites are shown 
in b o l d  letters. The  promoter from the A. 
niduIms  alcohol tlehytlrogenase gene [ nl- 
CA ( p ) ]  is shown as a solid :wow pointing in 
the direction of transcription. Thr  A .  nidw 
Inns nrgI3 gene is shown a s  a gray lmr with 
the arrow depicting the protein coding re- 
gion and direction of transcription. ( R )  
Predicted restriction pattern if the trans- 
forming plasmid integratrd  into  the ge- 
nome by homologous rccomlination at the 
site of the  clonrtl insert. 

Kpnl ? 

4 
I 

Sal1 

dium and  examined microscopically to ohsenre formation of 
abnormal structures. For nIcA(p)  induction  time  course ex- 
periments, spores were inoculated at a density of 1 X 10" 
spores/ml in minimal  medium containing 50 mu glucose 
and shaken at 300 rpm  and 37" for 14 hr. Hyphal cells were 
harvested by pouring  through sterile Miracloth (Calbio- 
chem) , washed twice  with minimal  medium  without  glucose, 
transferred to minimal medium  containing 100 mM I.-threo- 
nine  and  incubated as above. Samples were taken at  the time 
points  indicated for microscopic observation and RNA isola- 
tion. 

Nucleic  acid  manipulations: Genomic DNA  was isolated 
from each A .  nidulnns transformant, individually digested with 
Sd, Kpnl and MIuI, separated electrophoretically on a 1% 
agarose gel and  transferred to Hvbond N' membrane as rec- 
ommended by the  manufacturer  (Amersham).  The resulting 
blot was hybridized to randomly "P-labeled pBL,UESCRIPT 
I1 SK- (Stratagene). If two transformants had  the same hy- 
bridization pattern with all three restriction digests they were 
classified as the same. 

Total RNA was isolated as previously described ( AIMMS P( nl. 
1988), separated by electrophoresis  on formaldehyde-agarose 
gels and  transferred without pretreatment to Hvbond N '  
membrane.  The 2.5-kbp 15nmHI-SnII fragment  from the M A  
gene was randomly ""P-labeled for use as a hU-specific probe 
( BOMAAN PL nl. 1987). 

Recovery of integrated  plasmids  from  Aspergillus: Geno- 
mic DNA ( 5  pg) that  had been  purified from transformants 
using standard protocols (TIMREKLAKE 1986) was digested to 

completion with K p I  and  then allowctl t o  ligate with itself 
in a total volume of 100 p1 incubating  at 1.5" for 48 hr with 1 
unit  T4 DNA ligase. The ligation mixture was precipitated 
and 500 ng o f  the ligated genomic DNA \VAS used to transform 
DH.5a by electroporation. Typically, 10- 100 ampicillin-resis- 
tant colonies containing plasmid were recovered. 

Microscopy and photography: All light microscopy was 
done using an Olympus RI-1-2 microscope using differential 
interference contrast optics. 

RESULTS 

Isolation  and  characterization of conditional 
growth-inhibited  mutants: We had observed  pre- 
viously that  forced  expression o f  the A. nidulnns early 
developmental  regulatory  gene In-lA i n  vegetative hy- 
phae activated inappropriate  sporulation  and caused 
severe  growth  inhibition (ADAMS ~t (11. 1988; ADAMS 
and TIMREKIAKE 1990). This  led u s  to  hypothesize that 
one way to identify genes  controlling activation of In-A 
expression was to identify genes  that  caused growth 
inhibition (and  perhaps In-A induction) when overex- 
pressed in vegetative hyphae. Because we were not cer- 
tain when mRNAs for  developmental  inducers most 
likely would be  expressed and we assumed that mRNAs 
for many regulatory genes would be  present  at low 
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TABLE 2 

Forced expression mutant phenotypes 

&-IA Xcti\;ltion 

Ikscription Total Strains + - Sporulation 

4 x 
0 2 
3 2 

Descriptions are of growth  phenotype ohsenred on solid  nlcA(j~)-inducing medium.  The relative level of In&\ 
mRNA accumulation: + high levels, or - n o  detectahle M A  mkVA  accumulation after 9 hr  growth in induction 
media. Spores were ohsetved forming  from  hyphal tips under nlr~~(l,)-inducirlg  conditions. 

levels relative to other  genes, we concluded  that  the 
best way to  assure  randomness in our expression li- 
brary would be  to fuse genomic DNA fragments,  rather 
than cDNAs, to  the  inducible o/rA promoter  (see SIXTI.:- 

RIALS AND ME-rr-lons) . 
Strain RMS010 ( AcyqIj) was transformed  separately 

using DNA obtained  from  each of the 10 distinct plas- 
mid pools (each  containing 10,000 plasmids)  and se- 
lected  for  arginine  prototrophy on media  that  caused 
repression of the o/cA promoter  (e.g.. glacose; PhTI:.blI:.S 
d nl. 1983). Resulting  transformants were replicated 
to media with olrA (/))-repressing or -inducing  (e.g., 1.- 

threonine)  carbon sources and  screened  for strains  that 
grew like wild type on oh-\-repressing media  but  had 
inhibited growth on d r A  (/))-inducing  media. In this 
way  we have examined 20,000 total transformants 
( 1000-3000 from  each  pool ) and recovered 101 condi- 
tional growth inhibited  mutants. We described this phe- 
notype as FIG. 

Because each of the FIG mutants was generated by 
transformation with a pool of plasmids, i t  was necessary 
to determine if these  transformants  had  different plas- 
mids inserted in their  genomes.  Genomic DNA  was pre- 
pared  from  each  transformant,  digested with SnlI, M u 1  
or K/mI and  Southern blots were probed will1 radioac- 
tively labeled plasmid DNA. By comparing hybridiza- 
tion  patterns, we determined  that 66 of the 101 initial 
FIG mutants  contained  unique  clones  (Table 2 ) .  This 
analysis also allowed 11s to determine if more  than one 
plasmid had  been  inserted in the  genome of a  particu- 
lar  transformant. Because the  portion of pON24 recog- 
nized by the  probe has a single Sol1 site, a single K/mI 
site and  no MlzrI sites, strains  containing  a  single plas- 
mid  integrated  into  the  genome  should have a  single 
hybridizing plasmid band of variable size for  each  geno- 
mic digest. As shown in Figure 2, while several mutants 
had a single  vector  band (33 of 66) in the  genome, 
others  had  more  than  one  and  some  had several. 

We further subdivided the 66 different FIG mutants 

into  four  groups  on  the basis  of the morphological  phe- 
notypes obsened on agar plates containing n/ rA( / ) ) -  
inducing  medium  (Table 2 ) .  Twelve strains were de- 
scribed as “spore- or hyphal-swelling” mutants  because 
spores from each of these  mutants swelled to form  large 
spheres when plated on induction media. “hen  these 
spore swelling mutants  formed  germ  tubes,  the  hyphae 

1 2 3 4 5  6 7 8  

23.1 
9.4 
0.6 

4.4 

3 1 
2.0 
-.. 

0.6 

FI(;L‘KE I!.”Southcrn  hlot analysis of  A. nidzrlnns trans- 
fornmants. Genomic DNA from mutant  strains TTAPI.5 ( 1 ) , 
TTAP17 ( 2 )  TTAPi1 ( 3 ) ,  TTAP714 ( 4 ) ,  TTAP7l.5 ( 5 ) ,  
TTAP721 ((i), TTAPi30 ( 7 )  ;unci TTAP8.5 (8)  was digested 
with Snll, scparatetl clcctr~~pl~oretically  on  a 1 %  agarose  grl, 
hlottetl and probed with raclioacti\dy lahelcd plasmid DNA. 
A single hvhridiz;Ition hand  rrprcscnts a unique  integration 
event. 



produced were swollcn and  made  bulbous  structures. 
Two mutants were categorizcd as “nongerminating” 
because  their  spores  ncvcr  germinated on induction 
medium. However, the defects in these  mutants were 
not  germination specific becausc when mutant spores 
were allowed t o  gcrrninate on drA-rcpressing  media 
and  then  transferred to &A-inducing media, growth 
stopped  immediately. Five mutants were described as 
“curly hyphal-growth” mutants  because the hyphae 
produced  after  gcrmination  on  inducing  media grew 
in a curly wandering  pattern. Finally, 47 mutants  did  not 
form novel structures and were classified as generally 
growth inhibited. The  degree of growth inhibition var- 
ied from moderate to severe. 

As shown in Figure 3, abnormal growth phenotypes 
also were obscnwl for FIG mutants grown in sub- 

merged  culture when spores were first allowed t o  germi- 
nate  under  nonindwing  conditions  and  then growing 
hyphae were transferred to &A (/))-inducing  mcdia. 
TTAP714 (Figure 3, F) , TTAP715 (Figure 3, G)  and 
TTAP721 ( Figure 3, I ) all produced  spores from hyphal 
tips much as was observed after nlrA (/>)-induced  expres- 
sion of M A  in vegetative hyphae ( ADAMS pt d .  1988; 
Figure 3, R) . TTAP85 (Figure 3, H) also produced 
some  spores from hyphal tips (not  shown), but  the 
predominant  phenotype involved formation of curled, 
vacuolated hyphae. Finally, TTAPI 7 (Figure 3, D )  and 
TTAP‘22 (Figure 3, E )  did  not  produce spores  but went 
through  distinct  morphological  changes. Hyphae of 
strain TTAP17 were strongly growth inhibited  and be- 
came highly vacuolated as was also obscrved after 
nlrA (/))-induced  expression of the developmental regu- 
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0 3 6 9 1 2   0 3 6 9 1 2  

lTAARG 

lTA292 

TPMl 

lTAP17 

FIGURE 4 . " A  mRNA accumulation i n  ovcrcxpression mutant strains. Strains TTA292 [ nlcA(p)::DrlA],  TPMl [ alcA(f i j : :  
a b d ] ,  TTAARG (wild-type),  TTAPli  (swollen spore mutant),  TTAPi14 (growth-inhibited mutant), TTAF'715 (growth-inhih 
ited mutant), TTAPT'Ll (growth-inhibited mutant) and 1TAP8.5 (curly hypha mutant) were grown in liquid nlcA-repressing 
media for 14 hr and then transferred to liquid dcA-inducing media. Total RNA (10 pg/lane) was isolated from samples taken 
0, 3, 6, 9 and 12 hr after transfer to dcA-inducing  media and fractionated on formaldehyde-agarose gels. The resultant blots 
were probed with a radioactively labeled M A  gene fragment. 

latory gene abaA ( MIRARITO Pf nl. 1989; Figure 3, C )  . 
Hyphae of strain TTAP22 (Figure 3, E)  were highly 
branched  and somewhat swollen. 

Characterization of hrlA expression in  growth-inhib- 
ited mutants: Conidiophore  development  and hrlA ex- 
pression are normally suppressed when wild-type A. ni- 
dulans is grown in submerged  culture. M'e measured 
brlA mRNA accumulation  in  each of the 66 strains dur- 
ing growth in submerged  culture after &A (11)  induc- 
tion to determine if induced  expression of sequences 
fused to the alcA ( p )  could activate inappropriate devel- 
opment-specific gene expression. Each of the strains 
was grown for 14 hr  under alcA(p)-repressing  condi- 
tions, then  transferred to alcA (p)-inducing  medium 
and grown for 9 hr before  samples were taken for RNA 
isolation. As described in Table 2, we found  that brlA 
mRNA accumulated to high levels in 14  strains,  includ- 
ing all 4 of the strains that  sporulated inappropriately. 
These  mutants were classified as having a FAR pheno- 
type. brlA mRNA  was not  detected  at significant levels 
in any of the  other 52  strains classified as FIG mutants. 

Figure 4 shows the  patterns  and levels  of brlA  mRNA 
accumulation for several representative FAR mutant 
strains and for strains containing nlcA (p)::IjrU (TTA292; 
ADAMS et al. 1988)  or alcA(p)::abnA ( T P M I ;  M I K ~ \ R I ~ I O  
et al. 1989) fusions. brlA mRNA  was not detectable in  any 
of the strains grown for 14  hr in liquid medium containing 
glucose as a carbon source (Figure 4,0  hr)  . However, IniA 
message was easily detectable in strains TT'A292 [&A- 
( p ) : : l n l A } ,  T P M 1  [ nlrA(,h)::nbaA], TTAPli, TTAP71.5 
and TTAPi21 by 3 hr  after  transfer  to nZrA (p)-inducing 
media. brlA mRNA also was detected in strains TTAP714 
and TTAP85 but  not until 6 and 9 hr  after nlcA(11) 

induction respectively. N o  brZA mRNA  was detected in 
mAARG, a wild-type control  strain, even 12 hr after 
transfer to 1-threonine  medium. 

Linkage  analysis: Because the phenotypes of each of 
the  mutants described were observed only if the strains 
were grown on olcA(p)-induction medium, we pre- 
dicted  that  each mutant arose  through  integration of 
the transforming plasmid DNA into  the  genome  rather 
than by spontaneous  mutation.  The obselved  pheno- 
type should  therefore  be  linked to the argB' gene in 
pON24. To test this hypothesis, and to determine if 
growth inhibition observed for each of the FAB mutants 
was dependent  on  the presence of a wild-type brlA gene, 
we crossed each of the 14 FAB mutants with an argK 
AhlA strain (TAO46) and examined  meiotic  progeny. 
In each  case, all FAB mutant progeny were argB' and, 
for  strains having a single plasmid integrated in the 
genome, all nrgB+ progeny  had the FAB phenotype. 
However, in strains with multiple plasmid integration 
events, some argB' progeny behaved like wild-type on 
&-A-inducing medium. For all 14 FAB mutant strains, 
the growth inhibition  phenotype  caused by the akA ( p )  
gene fusion was brZA independent because the effect 
was ohserved on nlcA-inducing medium in both brlA+ 
and I d A -  strains. The nlcA(p) gene fusion in one of 
the  four  sporulating FAR mutants (TAP721 ) also 
caused  In"-independent  sporulation. 

Recovery and characterization of jig genes: A. nidu- 
lnns transformation typically requires  integration of the 
transforming DNA into  the  chromosome,  necessitating 
a strategy for  recovering the transforming plasmid to 
allow characterization of sequences  under a1A ( p )  con- 
trol (TIMIEKIAKE and MARSHALL. 1989). Because the 
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entire argB gene has been  deleted from RMS010, inte- 
gration of transforming DNA into  the  genome of 
RMSOlO could occur  at  a  heterologous site or through 
homologous recombination at the site  of the cloned 
genomic fragment  (Figure 1B) or  at the alcA(p). In 
the  second two cases, this would result in a duplication 
of the target region separated by plasmid sequences as 
shown  in Figure 1B. Because we knew that  the transfor- 
mation vector (pON24)  had a single e n 1  site, we pre- 
dicted that  the plasmid vector and some unknown 
amount of the genomic DNA placed under alcA (p) con- 
trol could be recovered intact by restricting genomic 
DNA from a  transformant with e n 1  followed by ligation 
and bacterial transformation, selecting for  the presence 
of the ampicillin resistance marker  present in pON24. 
We tested this by isolating genomic DNA from two FIG 
mutant strains, TTAP22 and TTAP79 and recovered 
related plasmids (pTAP22 and pTAP79 respectively) 
from each strain that  corresponded to pON24 with 
unique genomic sequences next to the alcA(p). Each 
isolated plasmid was used to transform RMSOlO to argi- 
nine  prototrophy and in both cases, >90% of the trans- 
formants displayed the same aZcA-inducible  FIG pheno- 
type  as the original A. nidulans mutant from which the 
plasmid was recovered. This result confirmed that  the 
FIG phenotype resulted from overexpression of geno- 
mic sequences recovered in the plasmid. 

To begin to  examine  the mechanism of growth in- 
hibition, we have determined  the DNA sequences for 
the  entire insert in pTAP22 (Figure 5 )  and for - 1 kb 
of  DNA inserted  next to the alcA(p) in pTAP79. A 
long ORF was identified in the pTAP22 insert that be- 
gan with an AUG just downstream of the alcA transcrip- 
tion start site and extended for 980 codons before 
reaching  a  termination  codon  (Figure 5 ) .  When the 
predicted  amino acid sequence  for this ORF was used 
to search various databases using the BLAST algorithm 
(ALTSCHUL et al. 1990), we found it had several regions 
of identity to the C-terminal half  of the  predicted  prod- 
uct of a s. cermisiae gene ( BNIl) isolated in a screen 
for  mutants  that were  synthetically lethal in a cdcl2 
mutant strain (Figure 6; J. PRINGLE and  H. FARES, per- 
sonal communication). No significant identities were 
observed between sequences cloned next to the alcA (p) 
in  pTAP79 and any  known genes. 

Because the ORF in  pTAP22 was located directly 
downstream of the alcA (p), we predicted  that  the FIG 
phenotype resulted from overexpression of this region 
and  the  gene was tentatively designated jigA. To deter- 
mine if alcA(p)-induction in  TTAP22 resulted in jigA 
overexpression, total RNA  was isolated from a wild-type 
strain and from TTAP22  grown under alcA-repressing 
or -inducing conditions and RNA blots were probed 
with labeled fragments corresponding to the  predicted 
jigA coding sequences. This probe hybridized to a large 
(>7  kb)  RNA present in both wild  type and TTAP22 

under all growth conditions and also hybridized to an 
abundant 3.5-kb  RNA present only  in  TTAP22 after 
alcA-induction (data  not  shown). These results support 
the hypothesis that  the observed ORF corresponds to 
jigA and raise the possibility that growth inhibition re- 
sults from overexpression of a partial gene  product. 

Recovery and characterization of f i b  genes: We re- 
covered the  integrated plasmids from genomic DNA 
for three of the  four strains (TTAP715, TTAP721 and 
TTAP85) for which alcA (p) induction resulted in inap 
propriate sporulation from hyphal tips during growth 
in submerged culture  (Figure 3)  . Each isolated plasmid 
was used to transform RMSOlO to arginine  prototrophy 
and in all three cases, transformants were isolated that 
displayed the same FAB phenotype as the original A. 
nidulans mutants from which the plasmids  were  recov- 
ered.  The sequences of the DNAs directly adjacent to 
the alcA (p) in each plasmid  were determined to see if 
the fragments were derived from known A. nidulans 
developmental regulatory genes. We found  that plas- 
mids recovered from two strains (TTAP715 and 
TTAP85) contained  unique, previously uncharacter- 
ized DNA fragments. However,  in the  third strain, 
TTAP721, the brlA coding region was inserted just 
downstream of the aZcA (p) suggesting that growth inhi- 
bition and sporulation in strain TTAP721 resulted from 
forced induction of brZA as described previously ( ADAMS 

et al. 1988). This result demonstrates that this approach 
can identify developmental regulators. 

DISCUSSION 

Induced expression of  several well-characterized A. 
nidulans developmental regulators, including a b d  and 
hZA, in  vegetative  cells  activates development and blocks 
growth (ADAMS et al. 1988; MIMITO et al. 1989; ADAMS 

and TIMBERLAKE 1990; LEE and ADAMS 1994). We have 
taken  advantage  of  this  observation  in  devising a scheme 
for identifylng additional genes that regulate A. nidulans 
asexual sporulation. We constructed a genomic DNA ex- 
pression  library for A. nidulans that contains -100,000 
plasmid clones with  2-10 kbp fragments inserted next 
to the alcohol inducible alcA (p) in a transformation vec- 
tor that contains the argB+ gene for use as a selectable 
marker. This library was used to transform an  AaTB A. 
nidulans strain, and transformants selected on alcA(p)- 
repressing medium lacking arginine were screened on 
alcA (p)-inducing medium to identify conditionally 
growth inhibited strains. Through this approach, we 
identified 66 different mutant strains that were  severely 
growth inhibited after induction of alcA expression. 
These 66 mutants included 14 strains called FAB mu- 
tants in which alcA(p)-induced growth inhibition was 
coupled to greatly increased accumulation of the devel- 
opment-specific brZA transcript under conditions that 
normally block hZA expression (Figure 4 ) .  Although 
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Position  Codons %Identity % Similarity 

7 6 -  109 33 32  47 

454-498 44  46  48 

621 - 641 20 38 76 

650- 728 78 35 58 

737 - 977 240  42  64 

FKX'KE: 6.-FigA is related t o  RNII. Rrgions consetycd he- 
tween  FigA and  the  (;terminal  half o f  RNII are illustrated 
(filled hoxcs) . The most  highlv  conserved region extends 
from codons 737 IO 977 of FigX and is 42% identical t o  BNll 
sequence. The I-egion from 434 t o  498 is 60% proline. 

growth was inhibited severely in the  other 52 mutant 
strains (designated  FIG) when grown under  the same 
conditions, little or  no 1rlA mRNA was detected.  This 
result  supports  the  idea  that OrlA activation is not a 
consequence of nonspecific growth inhibition  but in- 
stead  results  from specific activation of development. 

This  screen  for  potential  developmental  regulators 
differs  from other,  more traditional  genetic  studies of 
A.  nidulnns development in at least two important ways. 
First, it lacks the usual assumptions about  the null phe- 
notype.  Genes  such as h l A  and nl)nA, and various fluffy 
mutant loci were all identified by screening  for  mutants 
that  did  not develop  normally and had little or  no vege- 
tative growth defects ( CI.UTTEKRU(:K 1969; DOKN 1970; 
M r ~ ~ ~ ~ ~ ~ ~ . ~ . ~  and CI.LITI-ERBU(:K 1971; YM;I.:K rt (11. 1982; 
WII.:SEK Pt (11. 1994). In many cases, genes  identified as 
being  required  for  conidiophore  development have 
had  the  opposite  effect when overexpressed-they 
caused inappropriate developmental activation and 
growth inhibition (ADAMS 1988; MIRADITO ~t nl. 1989; 
LEE and AIMMS 1994; B. LEE, J. M'IESER, J. FONDON  and 
T. AIMMS, unpublished data) .  This  has  been taken as 
evidence  that the  gene in question  encodes  a develop 
mental  regulator  because its expression is both neces- 
sary and sufficient  for  normal conidiophore develop- 
ment. Because isolation of the FAR genes was based on 
their  overexpression  phenotypes, it will be particularly 
interesting to observe the loss of function  phenotype. 
This  has the  potential  to identify new mutant  pheno- 
types that would have been  ignored in pre!' ~ ~ 1 s  screens. 
For instance,  genes  regulating  aspects of both growth 
and  development would likely be  culled in a  screen  for 
loss of function  mutants  that specifically alter develop 
ment. I t  is also possible that FAB mutants  could identi9 
genes  encoding  redundant developmental activators. 
In this case, loss of function  mutations would have no 

obsetwhle  phenotype.  Thus,  redundant developmental 
regulators would never be  identified by conventional 
genetic  approaches  but  might  turn up in our overex- 
pression screen  because activating mutations in redun- 
dant  regulatoy  genes could  cause  development. 

The second  difference between the  approach de- 
scribed here  and  more traditional  genetic  screens is 
that because generation o f  a mutant  phenotype re- 
quires  integration of a plasmid containing  the nlcA (/)) 
into  the  genome,  the DNA region associated with the 
phenotype of interest is "tagged" by plasmid sequences 
and easily recovered. We have recovered plasmids from 
three of the  four FAB mutants in which nlcA (/j)-induc- 
tion not only resulted i n  growth inhibition and accumu- 
lation of lrlA mRNA but also caused  sporulation from 
hyphal tips (Figure 3 )  under  conditions  that normally 
suppress  conidial  development. W e  then  determined 
the partial DNA sequence of the region placed under 
crlrA(/l) control  and  found  that in one of the sporulat- 
ing FAD mutant strains  ("TAP721 ) the  sequence cor- 
responded to the M A  gene itself. This result confirms 
the potential value for this approach in identifying de- 
velopmental  regulators. Because the sequences fused 
to the n l A ( / ) )  in the  other  sporulating FAB mutants 
are  not related  to any known Aspergillus developmental 
regulators, we predict  that  these  regions likely encode 
previously unidentified early developmental  regulators 
that  function  before IwlA in activating development. 

Although hyphal abnormalities  including swelling 
and vacuolation accompanied growth inhibition and 
lrlA mRNA accumulation in each of the  other 10 FAR 
mutants, no spores were produced  (Figure 3; data  not 
shown). This  result is reminiscent of the  changes o h  
served after nlrA (/))-induced expression of n h A  in  vege- 
tative hyphae (MIwwro Pt d .  1989). nbnA normally 
functions  after 1rlA in development  and is activated in 
response t o  brlA expression ( MARTINEI,I.I 1979; ADAMS 
pt (11. 1988). Induced expression of nlmA in vegetative 
hyphae, however, results in lrlA transcript  accumulation 
to levels similar to those observed after nkA (p)-induced 
1 r A  expression but  does  not cause  sporulation.  This 
has been  interpreted  to  mean  that IrlA and nbnA encode 
reciprocal  inducers with the nbnA product  functioning 
as a positive feedback activator of h l A  expression ( M I -  
MRITO Kt nl. 1989; TIMDERIAKE  1990).  The  order of 
expression is important  and IrLA activation must pre- 
cede nhnA activation for  development to conclude in 
spore  formation.  Thus,  nonsporulating FAB mutants 
could  result from regulated  overexpression of develop- 
mental  regulators  that normally function  after IrlA in 
development  but, like n h A ,  contribute  to positive feed- 
back maintenance of lrlA expression as development 
proceeds. 

Although our main  interest is to identify genes con- 
trolling  entry  into the asexual sporulation pathway, the 
regulated overexpression o f  random DNA fragments 
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has the potential to identify genes involved in other 
processes. Many different genes with  known and  un- 
known functions have been  demonstrated to block 
growth  in  Aspergillus or in S. cerevisiae when expressed 
at high levels (ROSE and FINK 1987; A D A M S  et al. 1988; 
HURT 1988; BURKE et al. 1989; MIRABITO et al. 1989; 
OSMANI et al. 1988a,b; LIU et al. 1992) . Along  with  devel- 
opmental activators, these include genes encoding cy- 
toskeletal components like actin and  tubulin, kinases 
and phosphatases and  proteins involved in movement 
of other  proteins  into  the nucleus. It is likely that some 
of the FIG mutants we have identified result from over- 
expression of analogous genes  but  others may identify 
distinct functions. In addition, because our library was 
constructed using randomly cloned genomic DNA frag- 
ments rather  than directionally cloned cDNAs, growth 
inhibition might result from antisense expression caus- 
ing repression of required genes rather  than overex- 
pression of a  protein. 

We recovered plasmids from two different FIG mu- 
tants (TTAP22 and TTAP79) having distinct pheno- 
types and characterized the genomic DNA fragments 
inserted next to the alcA (p) . TTAP22 produced highly 
branched,  deformed  and thickened hyphae when 
grown under alcA (p)-inducing  conditions  (Figure 3) . 
We found  that  the DNA fragment  next to the alcA(p) 
in  TTAP22 hybridized to a large ( >7 kb) RNA in wild- 
type  cells but alcA(p)-induction resulted in overex- 
pression of a 3.5-kb transcript corresponding to the 
3 ' half of the wild-type  RNA (data  not shown) . DNA 
sequence analysis of this region showed the  shortened 
transcript is predicted to encode  a 980 amino acid poly- 
peptide with significant similarity to the C-terminal half 
of the  predicted 1953 amino acid S. cerevisiae BNIl gene 
product  (Figure  5 ) . BNII was isolated based on the 
synthetic lethality of bnil mutations in a cdcl2 mutant 
strain ( HAARER and PRINGLE 1987) suggesting that it is 
in some way involved  in  yeast bud neck formation (H. 
FARES and J. PRINGLE, personal communication). Both 
haploid and homozygous diploid bnil deletion  mutant 
strains form wider than  normal  bud necks, and  the 
diploid bnil mutants exhibit a  random  budding pat- 
tern. We tentatively  have called the  gene identified by 
the A. nidulans overexpression mutation jigA and pro- 
pose that alcA (p)-directed transcription results in  over- 
expression of an N-terminal deleted form of the A.  nidu- 
lans BNZl homolog. In this respect, the increased 
branching  and swollen hyphae observed  in  TTAP22 
could be  viewed  as analogous morphological changes 
to those observed for Saccharomyces h i 1  mutants. This 
raises the possibility that  the overexpression phenotype 
observed in TTAP22 results from expression of a partial 
protein  that interferes with the activity  of the wild-type 
protein in a  dominant negative fashion ( HERSKOWITZ 
1987). We have attempted to test this hypothesis by 
disrupting  the wild-type  figA gene  but to date have been 

unable to recover  viable homokaryotic transformants 
having the  predicted integration event injigA. The sec- 
ond FIG mutant analyzed, TTAP79, had  a nongerminat- 
ing phenotype  on alcA(p)-inducing media. No  signifi- 
cant similarities  were  observed  between sequences 
overexpressed in this strain and any  known genes. 

The potential uses for the strategy of overexpressing 
random genomic sequences by integration of a tightly 
regulated promoter  [such as  alcA (p)] into  the genomes 
of filamentous fungi should not be limited to identifi- 
cation of conditional growth-inhibition mutants. For 
instance, in S. cereuisiaeit has been observed that overex- 
pressing unique  gene  products often can substitute for, 
or bypass, the  function of a  mutant  gene  product. This 
was the case  in  analyzing sst2- S. cerevisiae mutants, for 
example, where it was demonstrated  that overex- 
pressing genes encoding  components of the mating 
pheromone signaling pathway, including SCGI, which 
encodes the a subunit of a trimeric Gprotein required 
for mating, suppress the sst2- mutant defect (DIETZEL 
and KURJAN 1987). Such overexpression suppressors in 
S. cerevisiae often can be identified by simply trans- 
forming the  mutant of interest with a multicopy  plasmid 
library and screening for strains with the desired pheno- 
type.  However, the lack of replicating plasmid  vectors 
necessitates an alternate strategy  in filamentous fungi. 
This type  of  analysis could be facilitated in filamentous 
fungi through  random integration of an inducible pro- 
moter  into the genome. 
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