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The Aspergillus nidulans CAN41 transcription unit is activated by the brlA regulatory gene early during 
development of the asexual reproductive apparatus, the conidiophore. Disruption of CAN41 results in a novel 

mutant phenotype in which conidiophore cells and spores lack an external wall layer, the rodlet layer, making 

them less hydrophobic than in the wild type and leading to inefficient spore dispersal. The rodletless 
mutation defines a new locus on chromosome III, rodA. rodA encodes a small, moderately hydrophobic 

polypeptide containing 8 cysteines arranged in a pattern similar to that observed in three hydrophobic cell 

wall proteins from the Holobasidiomycete Schizophyllum commune. We propose that the Aspergillus and 

Schizophyllum 8-cysteine polypeptides define a class of secreted, hydrophobic, fungal cell wall proteins that 

are important in the formation and function of aerial structures such as conidiophores and mushrooms. 
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The production of asexual spores (conidia) by the fila- 
mentous fungus Aspergillus nidulans provides an exam- 
ple of programmed development that has been charac- 
terized by both genetic and molecular methods (for re- 
view, see Timberlake 1990). Conidiation initiates in 
vegetative colonies following the achievement of devel- 
opmental competence when environmental conditions 
are favorable (Axelrod et al. 1973) and is marked by the 
differentiation of specialized foot cells that give rise to 
aerial, multicellular, spore-bearing conidiophores (Oliver 
1972; Mims et al. 1988). Martinelli and Clutterbuck 
(1971) estimated that 45-150 loci contribute specifically 
to spore production by comparing the frequency of de- 
velopmental mutations with the frequency of selected, 
nondevelopmental mutations. Approximately 30 devel- 
opmental mutants have been described in some detail 
(Clutterbuck 1987). About one-third of these are defec- 
tive in the initiation of sporulation, one-third produce 
abnormally pigmented or nonmaturing spores, and one- 
third are altered in conidiophore morphology. 

In contrast to genetic estimates, molecular analyses 
suggest the involvement of a much larger number of 
genes. Approximately 1200 unique mRNAs accumulate 
preferentially during conidiation, -200 of which occur 
in mature spores (Timberlake 1980; Zimmermann et al. 
1980; Orr and Timberlake 1982). A large collection of 
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cDNA and genomic clones corresponding to develop- 
mentally regulated transcripts has been made (Zimmer- 
mann et al. 1980; Boylan et al. 1987). These clones have 
been characterized by the compilation of RNA accumu- 
lation profiles in wild-type and conidiation-defective 
mutants and in strains where developmental regulatory 
genes have been artificially activated in vegetative cells 
(Boylan et al. 1987; Adams et al. 1988; Mirabito et al. 
1989; Timberlake 1990; Marshall and Timberlake 1991). 

The disparity between the number of genes known to 
be specifically activated during conidiation and the num- 
ber of developmental mutants leads to the question of 
what role, if any, conidiation-specific genes have in de- 
velopment. To begin addressing this question, we have 
chosen one cDNA clone, pCAN41, for detailed analysis: 
The transcript appears early during development, and its 
accumulation requires the early regulatory gene brlA but 
not the later regulatory genes abaA and wetA (Boylan et 
al. 1987; Adams et al. 1988; Mirabito et al. 1989; Mar- 
shall and Timberlake 1991). In this study we have used 
DNA sequence comparisons and directed mutagenesis to 
determine the role in sporulation of the gene correspond- 
ing to pCAN41. Our results show that CAN41 identifies 
a new developmental locus that is essential for the for- 
mation of the outer hydrophobic wall layer of conidio- 
phore cells and spores, the rodlet layer. We have named 
this gene rodA, for rodletless, and propose that it is a 
member of a class of genes encoding secreted fungal cell 
wall proteins that are important in the morphogenesis of 
hydrophobic, aerial hyphae and reproductive structures. 
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R e s u l t s  

Developmental regulation of CAN4I 

pCAN41 was selected in a screen for developmental ly 

regulated A. nidulans cDNA clones (Boylan et al. 1987). 

The pattern of CAN41 transcript accumulat ion is shown 

in Figure 1. The transcript was present at low or unde- 

tectable levels in vegetative cells (hyphae) and mature 

conidia but at readily detectable levels in developmen- 

tally induced cultures, which  contain hyphae, conidio- 

phores, and conidia. These results imply that the CAN41 

transcript accumulates  preferentially in conidiophores. 

The CAN41 transcript failed to accumulate  in a devel- 

opmental ly  induced culture of a mutan t  strain lacking 

an active brlA early regulatory gene (see Timberlake 

1990). In contrast, the transcript accumulated to appar- 

ently wild-type levels in developmental ly induced cul- 

tures of mutan t  strains lacking the later-acting abaA and 

wetA regulatory genes. Thus, in the normal sequence of 

development,  CAN41 expression is brlA dependent, but 

abaA and wetA independent. Finally, the CAN41 tran- 

script accumulated in hyphae of a strain containing the 

brlA gene fused to the promoter from the alcohol dehy- 

drogenase I gene alcA (Adams et al. 1988) when the 

strain was grown on an inducing carbon source (threo- 

nine) but not when  the strain was grown on a repressive 

carbon source (glucose). Transcript accumulat ion under 

these conditions was also independent of the action of 

abaA and wetA and any regulatory genes acting up- 

stream of brlA, demonstrat ing that brIA expression is 

sufficient for the induction of CAN41 transcript accu- 
mulat ion.  

Transcriptional organization and sequence of CAN41 

pCAN41 was used to identify a genomic clone, and the 

CAN41-coding region was localized to the 3.5-kb EcoRI- 

XhoI fragment shown in Figure 2A. The sequences of the 

cDNA and corresponding gene and flanking regions were 

determined and are given in Figure 2B. The CAN41 gene 

consists of three exons predicted to encode a 157-amino- 

acid residue, moderately hydrophobic (44% hydrophobic 

residues: A, F, I, L, M, P, and V) polypeptide. This  poly- 

peptide contains 8 cysteine residues, a single potential  

N-glycosylation site (Devereux et al. 1984), a highly hy- 

drophobic amino- terminal  sequence (see Fig. 8B, below), 

and has a net charge of - 3  at pH 7. RodA has significant 

sequence s imilar i ty  to three extracellular polypeptides 

fror~ the wood-rotting fungus Schizophyllum commune 

(see Discussion; Schuren and Wessels 1990). No other 

significant sequence similari t ies were identified in com- 

puter-assisted searches of the GenBank, EMBL, and 

NBRF data bases. 

Inactivation of CAN41 leads to loss of the rodlet layer 

To investigate the function of CAN41, we uti l ized the 

strategy outl ined in Figure 3A to inactivate the gene 

(Timberlake and Marshall  1989). Both haploid and dip- 

loid strains were transformed, as a heterozygous diploid 

would enable muta t ion  recovery if CAN41 inactivation 

were recessively lethal. A screen of transformants by 

Southern blot analysis identified CAN41 deletion events 

among both haploids and diploids. Thus, CAN41 inacti- 

vation is not lethal. Transformants  TMS015 (haploid) 

and TMS017 (diploid) were chosen for further study. Fig- 

ure 3B shows that CAN41 had been replaced by the argB 

selective marker in the haploid. In the diploid, one copy 

of CAN41 had been replaced by the selective marker  and 

one copy remained wild type. 

Haploid CAN41 disruptants displayed a consistent 

mutan t  phenotype. As shown in Figure 4, A and B, after 

2 days of growth on solid medium,  a t ime when colonies 

were conidiating profusely, the centers of the mutan t  

colonies became darker than the centers of wild-type col- 

onies. The expression of the mutan t  phenotype did not 

affect nor was it affected by conidial pigmentation,  as 

yellow-spored (yA2) or white-spored (wA3), C A N 4 1 -  

double mutants  produced conidia of the expected colors 

in dark-centered colonies (data not shown). The CAN41 

Figure 1. Developmental regulation of 
the CAN41 transcription unit. For the 
relevant wild type (FGSC26; for strain 
genotypes, see Table 1), RNA was ex- 
tracted from hyphae grown in submerged 
culture (lane 1); developmentally in- 
duced cultures, containing hyphae, 
conidiophores, and mature conidia (lane 
2); and purified conidia (lane 3). For the 

CAN41 

rDNA 

wetA6 WILD-TYPE b r l A  1 abaA 14 a l cA(p ) : :b r lA ;abaAJ~  ~ 

" HYPHAE INDUCED CONIDIA' ~iNDUCED ' ' ~ D  ' "INDLGED" 'GLUCOSE THREONiNEI 
CULTURE CULTURE CULTURE CULTURE 

1 2 3 4 5 6 7 8 

mutants brlA1 (lane 4), abaA14 (lane 5), and wetA6 (lane 6), developmentally induced cultures contained hyphae and conidiophores 
that were arrested at successive stages of development. For ectopic expression of brlA in the absence of abaA and wetA products, the 
strain TTA021, which contains the brlA structural gene fused to the A. nidulans alcohol dehydrogenase I gene (alcA) promoter, was 
grown for 12 hr in liquid medium containing glucose as a carbon source, harvested by filtration, and resuspended and incubated in 
liquid medium containing either glucose, an alcA-repressive carbon source, or threonine, an alcA-inductive carbon source. Cultures 
were grown at 37°C to inactivate the temperature-sensitive abaAI4 product and thus the wetA gene (see Mirabito et al. 1989). RNA 
was harvested after 6 hr of growth in either the alcA-repressive (lane 7) or alcA-inductive (lane 8) carbon source. Duplicate RNA 
samples (2 ~g) were spotted onto positively charged nylon membranes; the membranes were then dried, hybridized with a radiolabeled 
CAN41 or rDNA fragment, washed in 0.1 x SSC, 0.1% SDS, at 68°C, and subjected to autoradiography. Exposure times were 44 hr for 
the CAN41-hybridized membrane and 45 min for the rDNA-hybridized membrane. 
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GAATT•T•TGAACAAGGACGTGGTTTGGGAGAGCTTGAGAGAACAAAACACCCAT•CGGCAGTCTATATAAGGATGCTATATTCACCACCTGTTCAATTC 

CTCATCACGCTCT~TCTACAAG~CT~TCATAGACAGTCCAGTCCCTCATTCTCAAGCCTCTTCTCCAAAAACCAAAAAAACCAACTTCCA~CTCTTCA~A 

ATG AAG TTC TCC ATT GCT GCC GCT GTC GTT GCT TTC GCC GCC TCC GTC GCG GCC CTC CCT CCT GCC CAT GAT TCC 

M K F S I A A A V V A F A A S V A A L P P A H D S 

CAG TTC GCT GGC AAT SST GTT GGC AAC AAG GGC AAC AGC AAC GTC AAG TTC CCT GTC CCC GAA AAC GTG ACC GTC 

Q F A S N G V S N K S N S N V K F P V P E N~ V T V 

AAG CAG GCC TCC GAC AAG TGC GGT GAC CAG GCC CAG CTC TCT TGC TGC AAC AAG GCC ACG TAC GCC GGT SAC ACC 

K O A S D K C G D Q A e n S e c N K A T Y A G D T 

ACA ACC GTT GAY GAG GGT CTT CTG TCT G~T GCC CTC AGe GGC CTC ATC GGC GCC GGG TCT GGT GCC GAA GGT CTT 

T T V D E G n L S S A L S S L I G A G S G A E G L 

GGT CTC TTC GAT CAG TGC TCC AAG CTT SAT GTT GCT IG GTCAGTT~TTCGAAA~TCACTTTCGTGATGCCCCA;4TGcT'AAC~ATTA 

G L F D O C S K L D V A 

CTC ATT GGC ATC CAA GaY CTT GTC AAC CAG AAG TGC AAG CAA AAC ATT GCC TGC TGC CAG AAC TCC CCC 

V L I G I Q D L V N Q K C K Q N I A C C Q N S P 

TCC AGC GC~ GTATGTT~CCTTGTTTTACAGCTTATTCACTTAAACCGATT/IATCTAAC~ACGCTCIACAG ~T GGC AAC CTT ATT GGT 

S S A D G N L I G 

GTC GGT CTC CCT TGC GTT GCC CTT GGC TCC ATC CTC TAA GCTTATCTCCGAATACTGGGCCTTGTCCATCGGGGCTTTCATACAGC 

V G L P C V A L G S I L - 

TTGCAGTTGCTGTGTACGGGACTTGGCATGGT•TTTGAACTGCTGTTGA•TATTTTATATTTTTTTCTG••ATGGCATTTC•CTAAGAAAGGCTTcTATG 

GACTGTCGTCGTGTATATGTCATGGCATTCATCTTTAATTAGACTTGATTGCTTCATTA•TGC•TAAAAGTCCGTATGCAGTG•GTCGTAGTTTCTGGTT 

GTAGGTTCTTGT•CATTTTCATACTATAACATTGTTACCGTTTGAGT•CAAATGCGATATTcTGGTAGGTCATGTTTATTATCTTTTACTT•G 

Figure 2. Transcriptional organization and sequence of the CAN41 locus. The pCAN41 cDNA clone was used to select a corre- 
sponding genomic clone, cosW16L5, from a cosmid library. An EcoRI-XhoI fragment encompassing the CAN41 transcription unit (A) 
was restriction mapped, and the region encoding CAN41 mRNA was sequenced on both strands, as was the cloned eDNA insert (B). 
Comparison of the eDNA and genomic sequences revealed the existence of two introns (underlined) containing consensus A. nidutans 

splice signals (boxed) (Ballance 1986). The transcription start site (arrow; + 1) and the mRNA sequence upstream of the end of the 
cDNA insert (black dot) were determined by RNA sequence analysis with a primer corresponding to positions 375-392. The start site 
is preceded by two potential TATA boxes (overlined). The poly(A) addition site (*1 was deduced from the cDNA sequence. The 
cDNA/mRNA sequence possesses an open translation reading flame beginning with the 5'-proximal methionine codon, which is 
taken to specify the RodA polypeptide and is given in one-letter code below the DNA sequence. A single potential N-glycosylation site 
exists at residue 47 (circled) (Devereux et al. 1984). The GenBank accession number is M61113. 

heterozygous diploid (TMS017) appeared completely 

normal.  Haploidization of this strain yielded approxi- 

mate ly  equal numbers  of segregants wi th  wild-type or 

C A N 4 1 -  phenotypes. Thus, the induced CAN41 muta-  

tion is fully recessive. Essentially identical results were 

obtained when the CAN41 gene was disrupted by ho- 

mologous integration of a circular plasmid containing an 

internal restriction fragment of CAN41 (data not 

shown), confirming that  loss of CAN41, and not adjacent 

D N A  sequences, results in the mu tan t  phenotype. 

Microscopic examinat ion of TMS015 revealed that the 

darkening of the colony was caused by the abnormal  ac- 

cumulat ion of liquid on the conidiophores. No cell lysis 

was apparent. Comparison of conidia from RMS011 and 

TMS015 demonstrated that  the spores of the transfor- 

mant  were less hydrophobic. Figure 4C shows that  when 

mutan t  conidia were gently suspended in water  they ad- 

hered to one another, remaining in columnar  spore 

masses similar to those atop conidiophores. In contrast, 

as shown in Figure 4D, wild-type spores dispersed as in- 

dividual spores or spore chains when suspended in water. 

Whereas C A N 4 1 -  conidia were readily wettable, wild- 
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Figure 3. Inactivation of CAN41. (A) The CAN41 locus (1) includes two BglII fragments 
(map position 5.4-7.3 kb) corresponding to the 5' half of the CAN41 transcription unit and 9.. 
1.5 kb of nontranscribed upstream sequence. These fragments were removed from a 9.5-kb 
BamHI-ClaI subclone and replaced with a BamHI fragment bearing the A. nidulans argB 6.~ 

gene {2). The linear BamHI-ClaI fragment of the resulting construct was used to transform 
haploid (RMS011) and diploid {RMS012) strains from which the argB locus had been 
deleted. The diagramed double crossover event produces the desired CAN41 mutation (3). 4.. 
{B) Haploid and diploid transformants (20 of each) were screened by Southern blot analysis 
for the desired integration event. Four haploids and one diploid (TMS017) appeared to 
contain the desired deletion/substitution mutation. One haploid (TMS015) was selected 
for further study. DNA from the recipients [RMS011 (n) and RMS012 (2n)] and transfor- 
mants [TMS015 (n) and TMS017 (2n)] was digested with BgtII or BamHI and EcoRI, frac- 
tionated in a 1% agarose gel, transferred to a nylon membrane, and hybridized with the 
CAN41 9.5-kb BamHI-ClaI fragment. The smallest BgllI restriction fragment from the 
wild-type locus is too small to be seen here. Sizes of bacteriophage ?~ HindIII fragments are 
given in kb. 

type conidia resisted suspension in water, often forming 

dry layers on the outer surfaces of water  droplets. Com- 

parison of the wild-type and C A N 4 1 -  mu tan t  by trans- 

mission electron microscopy {TEM), shown in Figure 4, 

E and F, revealed that  the mu tan t  lacked the thin, pro- 

teinaceous, outer spore-wall layer, called the rodlet 

layer. Cole et al. (1979) observed an amorphous layer 

external to the rodlets in wild-type Aspergillus niger 

spores. However, we failed to detect such a layer in A. 

nidulans conidia (Fig. 4F and H). The absence of the 

rodlet layer in the mutan t  was especially apparent in 

replicas of freeze-fractured specimens, as shown in Fig- 

ure 4, G and H. The abundant,  parallel rodlets were ar- 

ranged in irregularly oriented bundles that  covered the 

surfaces of wild-type conidia and of two conidiophore 

cell types, the primary (metulae) and secondary (phial- 

ides) sterigmata of the conidiophore (Fig. 4H). These 

were absent in the mutan t  (Fig. 4G). 
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Figure 4. Phenotype of the CAN41 deletion strain. Photo- 
graphs A, C, E, and G are of CAN41 - strain TMS015, and B, D, 
F, and H are of CAN41 + strain RMS011. (A and B) Individual 
colonies of RMS011 and TMS015 photographed after 2 days of 
growth at 37°C. The CAN41- colony has a darkened central 
region (arrow) where water-soaked conidiophores have coa- 
lesced. (C and D) Free conidia suspended in water. CAN41 + 
conidia disperse readily, whereas mutant conidia adhere to one 
another, forming cylindrical spore masses. (E and F) Cross sec- 
tions of outer wall layers of conidia viewed by TEM. Rodlets, 
the dark-staining, regular structures indicated by arrows on the 
CAN41 + conidium, are absent from the CAN41 - conidium. (G 
and H) Replicas of freeze-fracture surfaces of conidia. Parallel 
bundles of rodlets are apparent in the CAN41 ~ conidium but 
absent from the mutant conidium. 

Linkage of the CAN41 mutation and the rodletless 
phenotype 

To determine whether  the mutan t  phenotype described 

in the previous section and the CAN41 disruption were 

linked, we crossed TMS015 wi th  RMS010 (Table 1). As 

rodA, a new Aspergillus developmental gene 

demonstrated in Figure 5, both of these strains are de- 

leted for the argB locus on chromosome III. TMS015 con- 

tains a single copy of argB + integrated into the genome 

at the CAN41 locus. Thus, all arginine-independent 

progeny from this cross must  contain a copy of argB 

integrated at CAN41, and all arginine-dependent prog- 

eny mus t  contain an intact  copy of CAN41. Of the 503 

progeny scored, 257 were argB + and had dark-centered 

colonies, and 246 were argB- and had wild-type colo- 

nies; no recombinants  were detected. Thus, the intro- 

duced muta t ion  and the mutan t  phenotype are separated 

by ~0.5 cM. 

CAN41 is a new gene: rodA 

We refer to the phenotype of the CAN41 mutan ts  as 

rodtetless. To our knowledge, this phenotype had not 

been identified previously in A. nidulans. To confirm 

that the site-directed muta t ions  identified a new locus, 

we mapped the mutat ion.  We first established the chro- 

mosomal  location of CAN41 by Southern blot analysis 

of CHEF-resolved chromosomes from the wild type and 

from a strain containing a reciprocal translocation be- 

tween chromosomes V and VI (K~ifer 1977; Brody and 

Carbon 1989). As shown in Figure 6, a CAN41-specific 

probe hybridized wi th  the chromosome III + VI doublet 

in the wild type and wi th  the chromosome III singlet in 

the transIocation strain, permit t ing unambiguous as- 

s ignment  of the locus to chromosome III. 

We crossed TMS015 wi th  chromosome III mapping 

strain FGSC441 and detected linkage between rodletless 

and ActA and phenA, confirming the chromosome III 

assignment.  The three separate crosses shown in Figure 

7A were then used to map rodletless relative to the galA, 

carC, and ActA genes. As shown in Figure 7B, rodletless 

mapped between phenA and carC, a region containing no 

previously identified genes. We designated this new lo- 

cus rodA. 

D i s c u s s i o n  

We generated a new A. nidulans developmental  mutan t  

by targeting disruption of a transcription unit, desig- 

nated CAN41, that was chosen for investigation s imply 

because it showed strong developmental  regulation. 

CAN41 transcript begins to accumulate  during develop- 

ment  at about the t ime sterigmata appear and remains at 

high levels throughout the final stages of conidiphore 

formation and during spore differentiation and matura- 

tion (Boylan et al. 1987). The observation that CAN41 

transcript is present in conidiating cultures, but not in 

hyphae or mature  conidia, implies that it accumulates  

specifically in conidiophore cells. This  site of transcript 

accumulat ion is consistent wi th  the observation that 

CAN41 is activated by the brlA early regulatory gene 

(Adams et al. 1988}, which  is expressed only in conidio- 

phores (Aguirre et al. 1990). Disruption of CAN41 re- 

sulted in the loss of an outer cell wall  layer, the rodlet 

layer, from three types of cells: metulae, phialides, and 

conidia. The rodletless phenotype had not been de- 
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Table 1. A. nidulans strains 

Strain Genotype Source 

AJC472.1 
FGSC4 
FGSC26 
FGSC40 
FGSC288 

FGSC441 

JA015 
MH 1179 
RMS010 
RMS011 
RMS012 

RMS023 
RMS024 
TMS015 
TMS017 

TTA021 

yA2, biA1; wetA6; veAl, trpC399 
Glasgow wild type 
biA 1; yeA I 
biAl; sAI; veAl TI(V;VI) 
suAladE20, yA2, adE20; wA3; galA1; pyroA4; facA303; 

sB3; nicB8; veAl, nboB2 
riboAI, proA1, biA1; wA3; sC12, galAl, ActA1, phenA2, 

suB4pro; veal 
pabaA1, biA1; veAl, abaAl4 
wA3; carC17; pyroA4; veAl 

biA1; AargB::trpCAB; methG1; veAl, trpC801 
pabaA1, yA2; AargB::trpCAB; veAl, trpC801 
diploid: 
biAI; AargB::trpCAB; methG1; veAl, trpC80I 
pabaA1, yA2; A argB::trpCAB; veAl, trpC801 
pabaA1, yA2; wA3; AargB::trpCAB; veAl a 
riboA1, pabaA1, yA2; ActA1, ArodA::argB; veAl b 

pabaAl, yA2; AargB::trpCAB, &rodA::argB; veAl trpC801 
diploid: 
biAl; AargB::trpCAB; methG1; veAl, trpC801 

p'abaA1, yA2; AargB::trpCAB; ArodA::argB; veAl trpC801 
pabaAl, biAI; alcA(p)::brlA; abaA14, veAl 

A.J. Clutterbuck 
Fungal Genetics Stock Center 
Fungal Genetics Stock Center 
Fungal Genetics Stock Center 

Fungal Genetics Stock Center 

Fungal Genetics Stock Center 
J. Aguirre 
M.J. Hynes 
M.A. Stringer 
M.A. Stringer 

M.A. Stringer 

this study 
this study 
this study 

this study 

Adams et al. 11988) 

apartial genotype. May also contain galA1, trpC801, and proA1 and/or suB4pro. 
bpartial genotype. May also contain galA1, AargB::trpCAB; trpC80I, and proA1 and/or suB4pro. 

scribed for A. nidulans prior to this study, and mapping 

of the mutant locus, here designated rodA, confirmed 

that this gene had not been identified previously. 

Fairly large (>1 cm) colonies of rodA- mutants were 

easily distinguished from wild-type colonies due to the 

darkening of their centers where conidiophores had be- 

come water-soaked. However, smaller colonies were es- 

sentially indistinguishable from the wild type by direct 

visual examination. The failure of this aspect of the mu- 

tant phenotype to be expressed in small colonies proba- 

bly explains why rodletless mutants were not identified 

in previous extensive screens for developmental mutants 

(Clutterbuck 1969, 1977). In these screens, colonies were 

plated at high densities under conditions that restricted 

colony growth to several millimeters, so the mutant phe- 

notype would probably not have been apparent. The high 

density of colonies used in mutagenic screens can also 

lead to mutant remediation by "cross-feeding" of diffus- 

ible products produced by nearby nonmutants, as was 

observed for the Streptomyces mutant bld221 (Willey et 

al. 1991), which lacks a secreted peptide needed for aerial 

mycelium formation. However, cross-feeding is not 

likely to explain why rodA mutants were not identified 

previously, as rodA +/rodA- heterokaryons produced 

rodletless and normal conidiophores in close proximity 
to one another (M.A. Stringer and W.E. Timberlake, un- 

publ.). Our results and those from the study of the Strep- 

tomyces bld221 mutant reveal weaknesses in traditional 

screens for developmental mutants in micro-organisms. 
Not only are some mutants not easily identified in tra- 

ditional screens, but some genes may not be susceptible 
to mutagenesis by classical techniques. For example, in 

Saccharomyces cerevisiae, extensive screens for temper- 

ature-sensitive lethal mutations after the use of several 

mutagens detected only six essential genes on chromo- 

some I. Subsequent deletion analysis of six transcription 

units within a small segment of the same chromosome 

identified three new essential genes (Diehl and Pringle 

1991; Harris and Pringle 1991). These studies may, in 
part, explain the discrepancy between estimates ob- 

tained from classical and molecular techniques for the 

number of genes involved in development. These results 

also suggest that reverse mutagenesis will add substan- 

tially to the number and types of developmental mu- 

tants, providing novel insights into the mechanisms con- 

trolling microbial morphogenesis. 
The observation that rodA is required for formation of 

the rodlet layer of conidia, even though the rodA tran- 

script does not accumulate in conidia, places this gene in 

a growing class of genes, including the conidial pigmen- 

tation genes yA (O'Hara and Timberlake 1989} and wA 

(Mayorga and Timberlake 1990}, that begin to be tran- 

scribed in the sporogenous phialides prior to spore for- 

mation, and whose products contribute directly to the 

formation of the specialized spore wall. Thus, the phial- 

ide, like the Bacillus spore mother cell (Losick et al. 

1986), has a critical role in spore wall formation. We 
have observed that conidia produced in submerged cul- 

ture (Adams et al. 1988) lack the rodlet layer and conidial 

laccase (T.C. Sewall, T.H. Adams, and W.E. Timberlake, 

unpubl.), the product of the yA gene, even though both 

yA and rodA transcripts accumulate (Adams et al. 1988). 
These results suggest that outer spore wall components 

are secreted onto the surface of the nascent spore by the 
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Figure 5. Linkage of argB + to CAN41 . DNA from a wild-type 
strain (FGSC4), the argB deletion, transformation recipient 
strain (RMS011), the CAN41 deletion strain (TMS015), and the 
argB deletion strain to which TMS015 was crossed (RMS010) 
was digested with BglII and subjected to Southern blot analysis. 
(A) The blot was hybridized with a DNA fragment containing 
the complete argB gene. (B) The blot in A was stripped and 
rehybridized with the CAN41 9.5-kb BamHI-ClaI DNA frag- 
ment {see Fig. 3). Sizes of bacteriophage ~, HindIII fragments are 
given in kb. 

phialide. When spores are formed in the air, these com- 

ponents remain in place and become part of the cell wall 

matrix. In contrast, when spores are formed in an abnor- 

mal, aqueous environment, these components diffuse 

away and are lost from the wall. 

Rodlet structures are a common feature of the aerial 

cells of filamentous bacteria and fungi (Cole et al. 1979). 

Beever and Dempsey (1978) reported that a rodletless 

(easily wettable) mutant  of Neurospora crassa, an asco- 

mycetous relative of A. nidulans, was deficient in the 

ability to disperse its conidia. The A. nidulans rodA mu- 

tant is also defective in spore dispersal, primarily due to 

adherence of the conidia to one another (see Fig. 4C) and 

liquid entrapment of conidia in the water-soaked centers 

of colonies. In A. nidulans, however, metulae and phial- 

ides, two nondispersed cell types that are not formed by 

Neurospora, normally possess rodlet layers that are ab- 
sent in the mutant. It is possible that the rodlet layer on 

these cells contributes to spore dispersal by preventing 

water entrapment by the conidiophore or protects the 

cells from desiccation under conditions of low humidity, 

or both. We also observed rodlets on the surfaces of the 

conidiophore stalk and vesicle (T.C. Sewall and W.E. 
Timberlake, unpubl.). However, the stalk/vesicle rodlets 

were not arranged in a continuous layer but, instead, 

occurred singly, embedded in an amorphous matrix, and 

were not altered by rodA mutations. This result suggests 

that additional rodlet genes exist whose products are uti- 

lized in other aerial cell types. 
Multiple genes encoding low-molecular-weight, hy- 

drophobic, extracellular polypeptides, called hydro- 

phobins, have been identified in the Holobasidiomycete 

S. commune. Schuren and Wessels (1990) described one 

gene, designated Sc3, that is expressed abundantly in 

both fruiting and nonfruiting cultures. Two related 

genes, Scl and Sc4, are expressed primarily during fruit- 

ing body development. The polypeptides encoded by 

these genes are secreted into the growth medium by sub- 

merged hyphae and accumulate in the cell walls of 

emerged hyphae. Wessels (1991) proposed that these pro- 

teins play a role in development of the aerial mycelium 

and formation of the fruiting bodies. One possibility is 

that these proteins diffuse away from submerged cells 

but polymerize in the walls of aerial cells, contributing 

to their hydrophobicity and structural rigidity. As shown 

in Figure 8A, there is significant sequence similarity be- 

tween the Sc polypeptides and the predicted RodA poly- 

peptide. Three shared features are particularly promi- 

nent. First, their amino termini resemble signal se- 

quences, each with hydrophobic cores flanked by 

positively charged residues (Boyd and Beckwith 1990). 

This observation is in accord with the observed external 

Figure 6. A s s i g n m e n t  of C A N 4 1  to  c h r o m o s o m e  III. A. nidu- 

lans chromosomes were isolated from FGSC4 and translocation 
strain FGSC40 IT1 (V;V1)], fractionated by CHEF gel electropho- 
resis, and transferred to a nylon membrane. (A) The blot was 
hybridized with a mixture of radiolabeled FGSC26 DNA and a 
CAN41-specific DNA fragment. (B) It was then stripped and 
rehybridized with a CAN41-specific DNA fragment alone. 
Chromosomes are identified by Roman numerals. 

GENES & DEVELOPMENT 1167 

 Cold Spring Harbor Laboratory Press on August 24, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Stringer et al. 

Cross 

FGSC288 x 
TMS015 

MH1179 x 
TMS015 

RMS023 x 
RMS024 

Parental I Recombinant 

# of # of 
Genotype Progeny Genot~pe Progeny 

C A N 4 1 + , g a l A  - 40 C A N 4 1 + , g a l A  + 26 
CAN41-, galA+ 1 21 CAN41-, ga lA-  1 5 

CAN41 +, c a r C  78 CAN41 +, carC + 7 

CAN41-, carC + 1 81 CAN41 ", carC" 7 

CAN41 +, ActA + 118 CAN41+, A c t A  23 
CAN41 -, ActA-  147 CAN41 -, AcIA  + 16 

Total Percentage 
Progen~ Recombinant 

202 20 

273 5 

304 13 

B 

~ 5 c M - - ~ J I 4 - - 7 c M  #I~ 5cM ~ 

galA smA ActA phenA 
I I I Q I 

CHROMOSOME III 

i.. 13cM I "  

20cM i T M  

14cM ,.~l 

rodA carC 
I I 

,,~L,, 5 c M - - ~  

Figure 7. Mapping CAN41 on chromosome III. (A) Linkage of CAN41 to chromosome III markers galA, carC, and ActA was tested 
in the crosses given in the first column. Progeny from all crosses were scored visually for the CAN41 phenotype. Additionally, prog- 

eny from the cross FGSC288 × TMS015 were tested for ability to utilize galactose as a sole carbon source; progeny from 
MHl179 x TMS015 were tested for carboxin resistance; and progeny from RMS023 x RMS024 were tested for resistance to cyclo- 

heximide. The number of parental and recombinant progeny for each cross is shown. (B) The position of CAN41 relative to galA, carC, 

and ActA is shown. Previously established map distances (uncorrected recombination percentages; Clutterbuck 1987) between rele- 
vant loci are given at top. (0) The centromere. 

loca t ion  of the Sc polypept ides  and indicates  tha t  RodA 

is also secreted. Given  tha t  the  Aspergillus conidial  

rodlet  layer  is composed largely of prote in  (Cole et al. 

1979; Claver ie -Mar t in  et al. 1986), i t  is probable that  

RodA is a rodlet  component .  The  second p r o m i n e n t  fea- 

ture of these  polypept ides  is conservat ion  of in te rna l  hy- 

drophobic  domains ,  as shown  for RodA and Sc4 in Figure 

8B. If RodA is a c o m p o n e n t  of the rodlet  layer, these 

domains  m a y  cont r ibu te  direct ly  to the hydrophob ic i ty  

of the spore surface. The  final  c o m m o n  feature of these  

polypept ides  is tha t  t hey  conta in  8 cys te ine  residues ar- 

ranged in  the same pat tern,  inc lud ing  the conserved 

t r ipept ide  C C N .  The  conserva t ion  of these  cys te ines  

m a y  be ind ica t ive  of an impor t an t  role in the func t ions  

of these  secreted, hydrophobic  polypeptides.  Th is  could 

be the cross- l inking of the polypept ides  to form rodlets. 

Site-specific m u t a t i o n s  in the rodA gene and biochemi-  

cal and cy tochemica l  ana lyses  of the RodA polypept ide  

should  help to re la te  polypept ide  s t ruc ture  to funct ion.  

Materials and methods 

Aspergillus strains, growth conditions, and genetics 

The genotypes of the A. nidulans strains used in this study are 
given in Table 1. RMS023 and RMS024 are meiotic progeny of 

TMS015 and FGSC441. Standard A. nidulans genetic tech- 
niques were used (Pontecorvo et al. 1953; Clutterbuck 1974). To 
score for the rodletless mutation, strains were grown on agar- 

solidified medium for 2 days at 37°C in a humid incubator. 

Haploidization of the diploid TMS017 was aided by streaking 

spores onto a benomyl concentration gradient generated by cov- 
ering a sloped layer of fully supplemented solid medium con- 

taining 1.5 ~g/ml of benomyl (a gift from Dupont) with an equal 
amount of medium without benomyl. 

All strains were grown in appropriately supplemented mini- 

mal medium with NO 3- as nitrogen source (Kafer 1977). For 
RNA isolations, wild-type and developmental mutant strains 

were grown as described previously (Timberlake 1980; Adams 
and Timberlake 1990). The vegetative culture of FGSC26 was 
harvested after 22 hr of submerged growth. For developmental 
RNA samples, strains were grown in submerged culture for 24 
hr and harvested 25 hr after developmental induction. For in- 

duction of the alcA(p):: brlA gene, the procedures of Adams et al. 
(1988) were followed, abaA 14 and wetA6 temperature-sensitive 

developmental mutants were grown at restrictive temperature 
(37oc1. 

Nucleic acid sequencing and protein sequence comparisons 

The eDNA clone pCAN41 and corresponding subclones of the 

genomic cosmid cosW16L5 were sequenced on both strands by 
using oligonucleotide primers in standard dideoxynucleotide 

chain-termination reactions (Sanger et al. 1977). The transcrip- 

tion start site was determined by RNA sequencing (Geliebter et 

al. 1986). lntron positions and a poly(A) addition site were in- 
ferred by comparison of the eDNA and mRNA sequences with 

the genomic sequence. 
The predicted RodA protein sequence was compared with 

translated sequences from GenBank (release 66.0) and EMBL 

(release 25.0) and with protein sequences in the NBRF data base 

(release 21.0) by using the University of Wisconsin Genetics 

Computer Group programs TFASTA and FASTA (Devereux et 

al. 1984) 

Clone construction and A. nidulans transformation 

Plasmids were constructed by using standard techniques (Sam- 

brook et al. 1989). Cloning and selection of pCAN41 have been 

described (Boylan et al. 1987). cosW16L5 was isolated from an 

ordered A. nidulans genomic library in pWE15 (Wahl et al. 
1987; Brody et al. 1991), which is available from the Fungal 
Genetics Stock Center. pTA51 contains the EcoRI-XhoI frag- 

ment shown in Figure 2 cloned into pBluescript(M13)KS- 

(Stratagene, La Jolla, CA). The plasmid used for deletion of 

rodA, pMS18, was constructed from pMS14, a 9.5-kb BamHI- 

ClaI subctone from cosW16L5. Two adjacent BglII fragments 

containing the 5' half of rodA and 1.5 kb of 5'-flanking sequence 
were replaced with a 1.8-kb BamHI fragment of pSalargB (K. 
Miller and W.E. Timberlake, unpubl.), which contains the A. 
nidulans argB gene. RMS011 and RMS012 were transformed 

with a linearized 9.5-kb BamHI-EcoRV fragment from pMS18 

by using standard techniques (Yelton et al. 1984). 

Nucleic acid isolation, blotting, and hybridization 

RNA and DNA were isolated as described by Timberlake (1986). 
DNA samples were digested with restriction enzymes, fraction- 
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Figure 8. Comparison of the polypeptide sequences of roctA, Scl, Sc3, and Sc4. In A, the inferred rodA polypeptide sequence and those 

of S. commune Scl, Sc3, and Sc4 polypeptides (Schuren and Wessels 1990) were first aligned at the 8 cysteine residues {boxed). The 

flanking and intervening residues were then aligned by using the GCG Gap program (Devereux et al. 1984). Amino acid identities are 

indicated by vertical bars, highly conserved substitutions by double dots, and less conserved substitutions by single dots between lines. 
Hydrophobicity plots (B) of RodA and Sc4 were generated with the GCG Peptidestructure program (Devereux et al. 1984). The 

Kyte-Doolittle algorithm was used with a window size of 7. Points above the x-axis represent hydrophobic regions. 

ated in agarose gels, and transferred to nylon membrane by stan- 

dard procedures (Sambrook et al. 1989). RNA denatured in 50 

mM NaOH was applied directly to charged nylon membrane. 
Hybridization to 32p-labeled probes was performed according to 

procedures recommended by the membrane manufacturer. The 

EcoRI-NcoI fragment of pTA51 was used as a rodA-specific 

probe {Figs. 1 and 6). A BamHI-SstII fragment from the A. nid- 

ulans rDNA repeat was used as an rDNA probe. The BamHI- 

ClaI insert of pMS14 was used as a probe for the rodA locus and 

flanking sequences. A BamHI-XbaI fragment from pMS12 

(M.A. Stringer and W.E. Timberlake unpubl.) was used as an 
argB-specific probe. 

Chromosomes were isolated, resolved by CHEF gel electro- 

phoresis, and transferred to nylon membrane as described by 

Brody and Carbon {1989). For the mixed probe analysis of the 
CHEF gel blot, 1 ~g of FGSC26 total DNA and -0.1 ~g of 

rodA-specific DNA fragment were nick-translated separately by 
the high-specific activity protocol recommended by BRL {Grand 

Island, NY). The blot was hybridized with l0 s cpm/ml of rodA 

DNA and 2 x l0 s cpm/ml of total DNA. 

Microscopy 

Light micrographs of colonies were taken with a Nikon SMZ 2T 
stereoscopic microscope. Light micrographs of conidia sus- 

pended in a water droplet were photographed without a cover- 

slip with a Nikon Optiphot photomicroscope. Conidia were pre- 

pared and examined by electron microscopy as described by 
Sewall et al. (1990). 

For freeze-fracture, plates were flooded with 0.5% Triton X- 
100, and conidia and conidiophores were scraped from the col- 

ony surface with the edge of a microscope slide. Samples were 

filtered through 10 ~m of Nitex to separate conidia from conid- 
iophores and centrifuged at 1000g. Concentrated conidia or 

conidiophores were fixed in 2.5% gluteraldehyde in 100 mM 

potassium phosphate buffer (pH 7.0) for 1 hr and washed three 
times in buffer. Samples were cryoprotected by sequential in- 

filtration with 10% (1 hr), 20% (1 hr), and 30% {overnight) glyc- 

erol. Small droplets of conidia or conidiophores were placed on 

Balzer's specimen holders, frozen in liquid propane, and trans- 

ferred to liquid nitrogen. Samples were fractured in a Baher's 
BA360M unit, etched for 3 min, and coated with platinum fol- 

lowed by carbon. Replicas were floated on a 50% glycerol solu- 

tion (15 min) and transferred first to distilled water and then to 

100% Clorox {overnight) to remove any remaining tissue. To 

avoid dispersing replicas, Clorox was diluted by removing half 

of the volume and replacing it with water three times. Replicas 

were then transferred to distilled water for 30-60 min and 

picked up on uncoated 300 mesh grids. 
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