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Loss of growth polarity and mislocalization of septa
in a Neurospora mutant altered in the regulatory
subunit of cAMP-dependent protein kinase
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In filamentous fungi, growth polarity (i.e. hyphal
extension) and formation of septa require polarized
deposition of new cell wall material. To explore this
process, we analyzed a conditional Neurospora crassa
mutant, mcb, which showed a complete loss of growth
polarity when incubated at the restrictive temperature.
Cloning and DNA sequence analysis of the mcb gene
revealed that it encodes a regulatory subunit of cAMP-
dependent protein kinase (PKA). Unexpectedly, the
mcb mutant still formed septa when grown at the
restrictive temperature, indicating that polarized
deposition of wall material during septation is a process
that is, at least in part, independent of polarized
deposition during hyphal tip extension. However, septa
formed in the mcb mutant growing at the restrictive
temperature are mislocalized. Both polarized growth
and septation are actin-dependent processes, and a
concentration of actin patches is observed at growing
hyphal tips and sites where septa are being formed. In
the mcb mutant growing at the restrictive temperature,
actin patches are uniformly distributed over the cell
cortex; however, actin patches are still concentrated at
sites of septation. Our results suggest that the PKA
pathway regulates hyphal growth polarity, possibly
through organizing actin patches at the cell cortex.
Keywords: actin/adenylate cyclase/growth polarity/
protein kinase A/septation

Introduction
Polarity of cell growth is fundamental to morphogenesis
of most, if not all, unicellular and multicellular organisms
(Harold, 1990). One of the most extreme examples of
growth polarity is found in the filamentous fungi. The
basic growth unit of filamentous fungi, the hypha, results
from continuous deposition of new cell wall material at a
specific site, the hyphal apex. In the ascomycete Neuro-
spora crassa, hyphae are typically 4-12 gm in diameter,
extend exclusively from tips, and branch at irregular
intervals to produce a radially spreading colony (McLean
and Prosser, 1987). While the bulk of new cell wall growth
occurs at hyphal apices, polarized deposition of wall
material also occurs during septation, a process akin to
cytokinesis in animal cells (Patton and Marchant, 1978;

Girbardt, 1979; Gabriel, 1984). During septation in
N.crassa, internal cell walls (septa) are laid down and
cellularize hyphal filaments into multinucleate com-
partments.

Ultrastructural studies have revealed that the hyphal
apex lacks nuclei and mitochondria, but is rich in cyto-
plasmic vesicles (Grove and Bracker, 1970). These have
been proposed to contain enzymes and precursors neces-
sary for the production of new cell membrane and wall
(Gooday, 1971; Gooday and Trinci, 1980). The most
studied components of the cytoskeleton of filamentous
fungi are actin and microtubules, which are thought to be
involved in cytoplasmic migration and organelle move-
ment (McKerracher and Heath, 1987). The majority of
filamentous actin is localized to the hyphal tips, and in
some fungi it occurs as an apical cap composed of patches
and fine filaments (McKerracher and Heath, 1987; Barja
et al., 1990; Heath, 1990). Proper actin organization is
required for polarized growth at hyphal tips (Grove and
Sweigard, 1980), whereas proper microtubule organization
is required for tip extension in N.crassa, but not for hyphal
tip formation (That et al., 1988).

Genetic approaches have been used in the unicellular
fungi Saccharomyces cerevisiae and Schizosaccharomyces
pombe to identify genes required for morphogenesis
(Chant, 1994; Nurse, 1994; Cid et al., 1995). Among
the morphological mutants isolated in S.cerevisiae and
S.pombe are conditional mutants lacking growth polarity
at the restrictive temperature (Chant, 1994; Verde et al.,
1995). Extensive analysis of genes controlling bud site
selection and polarized growth during bud formation has
led to elucidation of a molecular pathway for cell polarity
in S.cerevisiae (Cid et al., 1995; Drubin and Nelson,
1996). Rsrlp, Bud2-5p and Axllp have been identified as
proteins required for selecting the site on the cortex of
the mother cell at which the bud will emerge. Cdc42p, a
Ras-like GTP binding protein, controls the establishment
of a polarized actin cytoskeleton at the site of bud
emergence. In S.cerevisiae, as in other eukaryotes, actin
is the major cytoskeletal component that provides the
structural basis for growth polarity (Bretscher et al., 1994).
During polarized growth, actin filaments are oriented
toward the site at which the new bud will emerge and
there is a concentration of actin patches at the bud site
(Adams and Pringle, 1984). In conditional CDC42 mutants,
or in other conditional mutants defining genes required
for regulating Cdc42p activity, growth at the restrictive
temperature results in formation of unbudded multi-
nucleate cells with a uniform distribution of actin patches
and delocalized deposition of chitin, a component of the
cell wall (Adams et al., 1990).

In contrast to the situation in S.cerevisiae, little is
known regarding the molecular mechanisms controlling
growth polarity of filamentous fungi. Unlike S.cerevisiae,
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growth polarity in filamentous fungi is not restricted to a
specific phase of the cell cycle (i.e. bud emergence), but
is continuous throughout the fungal colony. Hyphal growth
is a dynamic process that is responsive to extracellular
cues such as mating pheromone and light (Bistis, 1981;
Bistis, 1983; Degli-Innocenti et al., 1983; Harding and
Melles, 1983). In addition, coordinated growth of
numerous hyphal tips is required for formation of complex
multicellular structures associated with sexual and asexual
reproduction (Turian and Bianchi, 1972; Johnson, 1976;
Raju, 1980; Read, 1983; Springer and Yanofsky, 1989).
Filamentous fungi are also major pathogens of plants
and animals, and hyphal growth is modulated by host
recognition and by penetration of host tissue (Cole and
Hoch, 1991).
Many N.crassa mutants have been identified that display

altered colony morphology; however, the biochemical
basis for the majority of these mutants is still unknown
(Garnjobst and Tatum, 1967; Perkins et al., 1982). We
initiated studies aimed at understanding the molecular basis
of growth polarity by cloning N.crassa genes identified as
being required for normal hyphal growth (Yarden et al.,
1992). Here we report the analysis of mcb (microcycle
blastoconidiation), the first N.crassa conditional mutant
examined that is defective in growth polarity when grown
at the restrictive temperature. Our results indicate that
mcb codes for a regulatory subunit of cAMP-dependent
protein kinase (PKA), and suggests that the PKA pathway
regulates polarized deposition of wall material for hyphal
growth. Unexpectedly, we found that polarized deposition
of wall material for septation is not disrupted in the mcb
mutant grown at the restrictive temperature; however, the
septa are abnormally located.

Results
mcb, a temperature-sensitive mutation that affects
growth polarity in N.crassa
The N.crassa mcb mutation was identified in a screen of
otherwise wild-type strains that produce precociously
either blastoconidia and/or microconidia in liquid medium
(Maheshwari, 1991). The mcb mutation, which was one
of at least two mutant genes in the original strain, was
introgressed into an Oak Ridge wild-type background
and shown to result in highly distended hyphal growth
(Maheshwari, 1991). We examined the introgressed mcb
mutant in greater detail and found it to be a conditional
mutant that is capable of forming defined hyphae at 25°C;
however, when shifted to 37°C (restrictive temperature),
it shows apolar hyphal growth which is no longer restricted
to the apical cell of the hyphal filament (Figure 1). When
conidia (asexually derived spores) of mcb are inoculated
onto a sucrose minimal agar medium and incubated at
25°C, they germinate and give rise to hyphae with swollen
tips (Figure 2A). These give rise to a number of bulbous
cellular compartments delineated by septa, which in turn
generate smaller hyphal tips that develop into typical
fungal hyphae (Figures IA and 2A). When mcb hyphae
formed at 25°C are shifted to 37°C, or if conidia are
germinated at 37°C, growth polarity is lost and all regions
of pre-existing hyphae and all germinating conidia grow
isotropically until they ultimately burst (Figures 1D and
2B). The tips of mcb hyphae shifted to 37°C are the first
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Fig. 1. Loss of growth polarity in the mcb mutant shifted to the
restrictive temperature (37°C). Conidia from the mcb mutant were
inoculated onto dialysis membrane overlying sucrose minimal agar
medium and incubated overnight (18 h) at 25°C. Hyphae of the mcb
mutant subsequently were incubated at 37°C by transferring the
dialysis membrane to pre-warmed sucrose minimal agar medium.
(A) Hyphae of the mcb mutant after overnight incubation at 25'C. The
same hyphae shown in (A) were shifted to 37'C and photographed
after 1.5 h (B), 3 h (C) and 9 h (D). Note the loss of growth polarity
in all regions of mcb hyphae grown for 9 h, and that apolar growth
continues until hyphal compartments burst (D). Bar indicates 100 ,um.

regions of hyphae exhibiting a loss of growth polarity,
followed quickly by initiation of apolar growth by all
distal regions of hyphae (Figure IC-D). Apolar growth
of mcb hyphae shifted to 37°C results in an increase in
hyphal length as well as in hyphal diameter (Figure ID).

Three observations support our hypothesis that the
distended cellular units observed in the mcb mutant grown
at the restrictive temperature arise from isotropic wall
growth as opposed to uniform weakening of cell wall
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Fig. 3. Structure of the mcb gene. The mcb gene consists of two
overlapping transcription units (a and [B, indicated by arrows). The
longest transcript (j) is interrupted by three introns [IVI (288 bp), IV2
(73 bp) and IV3 (67 bp)]. The first two introns (IVI and 1V2) are
located within the non-translated 5' leader sequences of the ,B
transcript. The third intron is located inside the coding region of the
gene (filled box). The short transcript (a) is initiated within the IV2 of
the ,B transcript and is interrupted by only one intron (IV3). The
predicted mcb structural gene consists of a 385 codon open reading
frame (hatched box). The nucleotide sequence data reported in this
paper will appear in the EMBL, GenBank, and DDBJ Nucleotide
Sequence Databases under the accession number L78009.

Fig. 2. cr-i, a mutant defective in adenylate cyclase, is epistatic to
mcb. Conidia of the mcb and cr-i mutants and the mcb; cr-i double
mutant were inoculated onto dialysis membranes overlying sucrose
minimal agar medium and incubated for 8 h at either 25 or 37C.
(A) An mcb germling growing at 25°C. (B) T\vo mcb conidia
germinated at 37°C. Note the absence of growth polarity. (C) A cr-i
germling growing at 37°C. cr-i germlings are indistinguishable from
wild-type at this stage of growth. (D) An mcb; cr-i double mutant
germling growing at 37°C. Note that the cr-i mutation is completely
epistatic to the mcb mutation (D versus B and C). Bar indicates 5 gim.

followed by extension of the plasma membrane by turgor
pressure. First, the walls of cellular units of mcb that burst
after prolonged growth at 37°C can be seen as thick shells
on the dialysis membrane (Figure ID). The wall can
be as thick as 1 ,um; this is readily observed during
immunolocalization of actin (Figure 6G). Second, as part
of our indirect immunofluorescence protocol, a mixture
of hydrolytic enzymes (Novozyme 234 LP) is used to
digest the cell wall prior to incubation with primary and
secondary antibodies (see Materials and methods). Hyphae
of the mcb mutant transferred to the restrictive temperature
must be digested >8-fold longer to allow antibodies to
penetrate the wall. Finally, fungal mutants have been
isolated that are defective in wall integrity, and the
morphological defects and lysis of these mutants can be
prevented by osmotic stabilization of the growth medium
(Cid et al., 1995). The addition of 1 M sorbitol to the
growth medium of an mcb mutant incubated at 37°C does
not restore a wild-type growth phenotype, nor does it
prevent or delay lysis, suggesting that there is not a
general loss of cell wall integrity in the mcb mutant
incubated at 37°C.

Cloning, mapping and structural organization of
the N.crassa mcb gene
A sib selection protocol was used to identify cosmid
clones capable of complementing the recessive mcb defect.
Complementation was defined as restoration of polar
growth (i.e. formation of straight, rapidly extending
hyphae) of the mcb mutant, grown at the restrictive
temperature. One cosmid, X13C10, was identified and its
map position was determined by restriction fragment
length polymorphism (RFLP) analysis to be between two
markers (cyh-2 and vma-J) that are closely linked to the
known position of the mcb mutation. This suggests that
complementation resulted from introduction of a wild-
type copy of the mcb gene and not from introduction of
an unlinked gene capable of suppressing mcb by virtue of
an increased dosage or an ectopic location.
The location of the mcb-complementing activity within

cosmid X13C1O was determined by digesting the cosmid
with various restriction endonucleases and transforming
the mcb strain with the resulting fragments. (N.crassa
is transformed efficiently with linear DNA.) Restriction
endonucleases that cut within the insert DNA of cosmid
X13C10, but did not eliminate complementing activity,
were used to subclone the mcb gene. mcb-complementing
activity was localized to a 3.5 kbp XbaI-SacI fragment,
and the DNA sequence of 3.3 kbp of this fragment was
determined (Sanger et al., 1977). Examination of the DNA
sequence of this fragment revealed a 385 codon open
reading frame (ORF) interrupted by a 67 bp intron (IV3;
Figure 3). Restriction endonucleases that cut within the 385
codon ORF inactivated complementing activity, including
endonucleases that cut exclusively within this region.

Northern analysis showed two distinct mcb mRNAs
(Figure 4), indicating two apparent transcription start sites
for the mcb gene (Figure 3). This was consistent with the
analysis of mcb cDNAs. The 5' end of the longer mcb
mRNA (3) was located -950 bp upstream of the putative
translation initiation codon of the mcb structural gene.
Two introns were identified within this long leader region
(IV1 and IV2; Figure 3). The 5' end of the shorter mcb
mRNA (a) was within sequences comprising the second
intron (IV2; Figure 3). Stop codons were located in all
reading frames of the leader regions of the 13 and a
transcripts, indicating that both mRNAs probably encode
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Fig. 4. Analysis of mcb transcript levels. mcb transcript levels were

examined in mcb+ (wild-type), in mcb and cr-i mutants and in the
mcb; cr-i double mutant grown in sucrose minimal liquid medium at

25°C for 8 h or at 25°C for 6 h and then shifted to 37°C for an

additional 2 h. Total RNA was isolated from each culture and a

Northern blot of gel-fractionated RNA (30 tg per lane) was

hybridized with an mcb+-specific probe (1.3 kbp BamHI fragment).
Equal loading and transfer of RNA was examined by stripping the
mcb+-probed blot and reprobing it with a cDNA clone corresponding
to the Ncrassa actin gene.

identical protein products. In addition, the only ATG
sequences located immediately upstream of the putative
translation initiation codon of the mcb structural gene

were within the first intron (Figure 3) and, therefore, were

not present even in the longer of the two mcb mRNAs.
To investigate transcriptional regulation of the mcb

gene, we examined mcb transcript levels in wild-type
(mcb+) and mcb strains and found that mcb transcripts
are more abundant in the mcb mutant than in the wild-
type strain (Figure 4). In addition, wild-type and mcb
strains, shifted from a growth temperature of 25 to 37°C,
showed a decrease in the level of the longer transcript (a)
and a slight increase in the amount of the shorter transcript
(a) (Figure 4). This indicates that the mcb phenotype is
not due to a reduction in the levels of mcb transcript and
also suggests that the levels of the two mcb transcripts
are not coordinately regulated.

mcb encodes a regulatory subunit of
cAMP-dependent protein kinase
mcb is predicted to encode a 385 amino acid polypeptide
with a calculated mass of 42 kDa. A comparison of the
predicted amino acid sequence of MCB with sequences
in the database revealed that MCB has similarity to PKA
regulatory subunits (Altschul et al., 1990). MCB is 45
and 39% identical, and 62 and 57% similar, to the PKA
regulatory subunits of S.cerevisiae (Bcylp) and S.pombe
(Cgslp), respectively, and ~35% identical to various
vertebrate regulatory subunits (Figure 5). Low stringency
Southern and Northern analyses identified only mcb
sequences, suggesting that N.crassa has only one gene
encoding a PKA regulatory subunit.

Extensive work has been done on PKA in a variety of
experimental systems (for review, see Taylor et al., 1990).
PKA consists of two regulatory subunits that bind to and
inhibit the activity of two catalytic subunits. In the presence
of cAMP, the regulatory subunits dissociate from the
catalytic subunits, resulting in free catalytic subunits which
are the active kinase. Three major structural features are

1 60
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Fig. 5. Comparison of the predicted amino acid sequence of Ncrassa
MCB with the PKA regulatory subunits of S.cerevisiae (Bcylp; Toda
et al., 1987) and Spombe (Cgslp; DeVoti et al., 1991). The alignment
was made using the UWGCG program PILEUP. Gaps (indicated by
dots) were introduced to maximize the alignment. Lower and upper
case letters under the sequence alignment indicate residues that are
either identical in two of the three (lower case) or in all three proteins
(upper case). Three conserved domains within the aligned PKA
regulatory subunits are boxed. The first domain is a six residue
sequence (RRtSVS) that acts as the kinase inhibitor domain, and the
two distal highlighted sequences represent cAMP binding domains
(Taylor et al., 1990).

present within the regulatory subunit. A dimerization
domain is located in the N-terminal one-third of the
protein and has been shown to mediate dimer formation
between two regulatory subunits and interaction with other
cellular proteins. This region is not highly conserved
between various regulatory subunits, including MCB
(Figure 5). The kinase inhibitor domain is a highly
conserved six residue sequence (RRtSVS) that acts as an
inhibitor of catalytic subunit kinase activity and also
mediates interaction between the regulatory and catalytic
subunits. This domain is conserved in MCB (Figure 5).
Two near-duplicate cAMP binding domains are also found
in typical regulatory subunits, and both cAMP binding
domains are present in MCB (Figure 5). From the sequence
similarity and conservation of domains found in previously
studied regulatory subunits, we conclude that MCB is a
Neurospora regulatory subunit of PKA.

An adenylate cyclase mutation, crisp-1 (cr-1), is
epistatic to the mcb mutation
A preliminary indication of the nature of the mcb mutation
came from selection of suppressors that allowed polar
growth at the restrictive temperature. Conidia of mcb inl
were irradiated with UV light (258 nm) to ~40% killing,
plated to agar medium with inositol, and incubated at
40°C for 3 days. Among 65 suppressed or reverted
strains picked, two showed a very distinctive morphology
characteristic of the long recognized mutant cr-I (Perkins
et al., 1982). Outcrosses of these showed that the original
mcb mutation segregated among the progeny, and thus
polarized growth of the mcb-derived parent at 40°C was
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due to a suppressor mutation, not to reversion of mcb. A
cross of one of the two suppressed strains to cr-i (allele
B123 from the FGSC) gave only crisp progeny among
>700 colonies from germinated ascospores. The lack
of progeny with an mcb phenotype suggests that the
suppression of mcb was due to a newly arisen mutation
at the cr-i locus. A forced heterokaryon between the
suppressed mcb inl strain and cr-i; pan-2 was made by
mixing conidia of the two strains on minimal medium
at the permissive temperature. The morphology of the
heterokaryon was typical of cr-i, and was indistinguishable
from that of either component growing on nutritionally
permissive medium. Thus the suppressed mcb strain carries
a suppressor mutation of the cr-I locus that is also
functionally identical with cr-i; the new cr-i mutation
was designated as allele 28.
The cr-i locus encodes adenylate cyclase (Terenzi et al.,

1976; Kore-eda et al., 1991). In cr-i mutants, cAMP
levels are reduced or are below detection (Terenzi et al.,
1976). A comparison of the growth of mcb and cr-I
mutants, and the mcb; cr-i double mutant is shown in
Figure 2. mcb germlings grown from conidia at 25°C
exhibit polar growth, though hyphal tips are swollen
during the initial stages (Figure 2A). At 37°C, mcb conidia
grow into spheres that enlarge in an apolar fashion and
ultimately burst (Figure 2B). cr-i and mcb; cr-I germlings,
by contrast, form hyphae that are indistinguishable from
those of wild-type (Figure 2C and D).

Northern analysis was used to examine the effect of
the cr-i mutation on mcb transcript levels (Figure 4). In
the cr-i mutant, both mcb transcripts (a and I8) were
observed at approximately the same levels as seen in the
wild-type strain. In the mcb; cr-I double mutant, mcb
transcript levels were similar to those observed in the mcb
mutant (Figure 4). Therefore, even though cr-i is epistatic
to mcb, it does not lead to a reduction in mcb transcript
levels to those seen in wild-type.

Analysis of cytoskeleton organization and
septation in mcb+ and mcb strains
Actin is the major cytoskeletal component functioning in
polarization of cell growth (Bretscher et al., 1994; Drubin
and Nelson, 1996). In filamentous fungi, new cell wall
growth occurs primarily at hyphal tips, and visualization
of actin in hyphae of a wild-type strain showed that there
is a concentration of actin patches at hyphal tips (Figure
6A). Adjustment of the focal plane of the microscope so
that it bisected hyphae revealed that actin patches localized
to hyphal tips were associated with the cell cortex (Figure
6B). The distribution of actin patches in the mcb mutant
growing at the permissive temperature (25°C) was similar
to that of the wild-type strain, although there was a 3-fold
increase in the diameter of mcb mutant hyphae (Figure
6D and E). When mcb hyphae were shifted to the restrictive
temperature (37°C), growth became apolar and actin
patches were uniformly distributed over the surface of
hyphae (Figure 6G). Introduction of a cr-i mutation into
the mcb strain restored polar growth at 37°C, and actin
patches were again concentrated at hyphal tips (Figure 61
and J).

Cellularization of fungal hyphae occurs by septation,
an actin-dependent process (Patton and Marchant, 1978;
Girbardt, 1979; Harris et al., 1994). In wild-type N.crassa

and in the mcb mutant grown at 25°C, actin localized to
sites of septum formation is organized as a collection of
patches or as a dense band (Figure 6C and F). Over half
of the septa being formed in the mcb mutant were observed
to have a double ring of actin patches (Figure 6F);
however, these structures were seen <10% of the time in
the wild-type. [Double rings of actin patches have also
been observed at sites of septation in other filamentous
fungi (Salo et al., 1989; Harris et al., 1994).] When mcb
was shifted from 25 to 37°C, septation was not blocked
(Figure 6G; see below). Large spheres, resulting from
apolar growth, were often spanned by a septum, indicating
that initiation of septation and deposition of materials
required for septum formation had continued even in the
absence of polar growth (Figure 6G and H). Actin rings
associated with septation were observed in mcb growing
at 37°C; however, the relative positions of actin rings with
respect to each other and to the hyphae were altered
(Figure 6H).
We examined septation more closely by staining with

calcofluor, which identifies chitin and other ,-linked
polysaccharides found in mature septa (Darken, 1961;
Maeda and Ishida, 1967). In mcb grown at 25°C, and in
cr-i and mcb; cr-i grown at 37°C, calcofluor staining
revealed that septa were distributed throughout hyphae in
approximately the same manner as in a wild-type strain
(Figure 7A versus B, C and D). In mature hyphae, septa
were located at intervals of 55 ± 25 ,um and, typically,
septal formation began 100-180 ,um behind the hyphal
apex (Hunsley and Gooday, 1974). The septa shown in
Figure 7A-D were exceptional in that they were located
only 30-40 ,um behind their respective hyphal tips. These
hyphae were chosen to illustrate chitin distribution over
the entire distance from a hyphal tip to a septum. mcb
shifted to 37°C was able to form septa; however, the
placement of the septa was abnormal (Figure 7E-H). Two
to three septa could be observed immediately adjacent to
each other (Figure 7E, G and H), and septa occasionally
were formed at oblique angles with respect to the long
axis of a hypha (Figure 7G). Many of the spherical cells
that result from apolar growth of the mcb mutant incubated
at 37°C were completely spanned by a septum (Figure
7F). Septa located within spherical cells bisected spheres
only occasionally; most septa traversing spherical cells
did so in an asymmetrical fashion.

Cytoplasmic microtubules have been proposed to be
required for long-range transport of vesicular cargo
required for the formation of cell wall and hyphal tip
extension (Howard, 1981). In wild-type, cytoplasmic
microtubule tracks were seen to be located in all regions
of hyphae (Figure 8B). Some of the microtubule tracks
were >50 jm in length and extended from distal regions
of hyphae to the hyphal apices. The organization of
cytoplasmic microtubules in the mcb, cr-i, and in the
mcb; cr-i double mutant did not differ from that of wild-
type, although hyphae of the mcb mutant grown at 25°C
were considerably thicker than those of the other strains
(Figure 7D, H and J). The organization of cytoplasmic
microtubules in mcb shifted to 37°C differed significantly
from that of other strains examined (Figure 8F). In
mcb shifted to the restrictive temperature, cytoplasmic
microtubule tracks were generally shorter than those
observed in distinct hyphae, and they were organized as
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Fig. 6. Actin organization in mcb+ (wild-type), in mcb and cr-I mutants and in the mcb; cr-i double mutant. Conidia were inoculated onto filters
placed on sucrose minimal agar medium and the plates were either incubated for 24 h at 25°C or for 18 h at 25°C followed by an additional 6 h at
37°C. The samples were processed for indirect immunofluorescence using an anti-actin antibody as described in Materials and methods. (A), (B) and
(C) mcb+ (wild-type) at 25°C; (D), (E) and (F) mcb at 25°C; (G) and (H) mcb shifted to 37°C; (I) cr-i shifted to 37°C; and (J) mcb; cr-i shifted to
37°C. A concentration of actin patches at tips of hyphae is visible in (A), (D), (I) and (J). Association of actin patches with the cortex, observed by
adjusting the focal plane of the microscope so that it bisects hyphae, is seen in (B) and (E). Actin organization associated with septation is shown in
(C), (F), (G) and (H). Note the presence of two rings of actin at or near the point of septation (F), the uniform distribution of cortical actin patches
and the large septum spanning a distended hypha (G) and the presence of an actin ring that spans a hypha at an oblique angle and is localized near a
septum that was formed earlier in the mcb strain (arrow, H). Bar indicates 10 ,um.

extensive, overlapping networks. Careful adjustment of
the focal plane of the microscope revealed that most of
the cytoplasmic microtubules were associated with the
cell cortex. Occasionally, a spherical cell had a high
concentration of microtubules at one site of the cell cortex
(Figure 8F). Nuclei were relatively evenly distributed in
all strains examined; however, as with microtubules, nuclei
were associated primarily with the cell cortex in the large
spherical cells of the mcb mutant incubated at 37°C
(Figure 8). There are many more nuclei per unit length
of hypha in the mcb mutant growing at the permissive
temperature compared with the wild-type control (Figure

8C versus A); however, these nuclei are distributed evenly
and also excluded from hyphal tips, which is typical of
most fungi (McKerracher and Heath, 1987).

Discussion
More than 100 N.crassa mutants with altered colonial
morphology have been isolated by simple visual screens
(Garnjobst and Tatum, 1967; Perkins et al., 1982). mcb is
the first N.crassa mutant to be analyzed that is defective
in growth polarity. Transfer of mcb hyphae from 25 to
37°C resulted in loss of growth polarity at hyphal tips
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Fig. 7. Chitin localization in mcb+ (wild-type), in mcb and cr-i mutants and in the mcb; cr-i double mutant. Strains were grown as described for
immunolocalization of actin (Figure 6) and stained with calcofluor to reveal chitin organization. (A) mcb+ (wild-type) at 25°C; (B) mcb at 25°C;
(C) cr-i at 37°C; (D) mcb; cr-i at 37°C; and (E), (F), (G) and (H) mcb shifted to 37°C. Hyphae presented in (A-D) were chosen to show calcofluor
staining of septa and hyphal tips. (E-H) Calcofluor staining of chitinous structures in mcb hyphae and tip cells after a 6 h shift to 37°C. Note the
patches of chitinous material on the surfaces of spherical cells (G and H) the close positioning of multiple septa (E, G and H), the oblique
positioning of septa with respect to the long axis of a hypha (G) and the presence of septa spanning large spherical cells formed by apolar growth
(F). Bar indicates 10 gm.

and initiation of isotropic growth in distal segments of
hyphae (Figure 1). In contrast, polarized deposition of
wall material in regions of septation was not blocked in
the mcb mutant incubated at 37°C (Figures 6 and 7).
These findings indicate that, while both polarized growth
and septation require organized actin and synthesis of new
cell wall, these two processes are subject to independent
regulatory mechanisms. Numerous mutants that have lost
the ability to form septa have been identified in filamentous
fungi; however these mutants still grow in a polarized
fashion (Morris, 1976; Harris et al., 1994). mcb is unique
in that it represents a mutant defective in polarized hyphal
growth, but one still capable of forming septa. Septation
occurred in all regions of hyphae of the mcb mutant that
were growing isotropically; however, the placement of
these septa was clearly abnormal (Figures 6 and 7). Our
finding that the mcb gene encodes a regulatory subunit of

PKA implicates the PKA pathway as a regulator of
polarized hyphal growth and perhaps localization of septa.

Unlike N.crassa, S.cerevisiae PKA regulatory mutants
(bcyl) are relatively unaffected in growth morphology.
Hyperactivation of S.cerevisiae PKA by a bcyl mutation
results in an increase in cell size prior to commitment to
a new round of cell division, stimulation of pseudohyphal
growth and a variety of physiological changes (Gimeno
et al., 1992; Mitsuzawa, 1994); however, it does not lead
to a loss of growth polarity as seen in the N.crassa mcb
mutant. The reason for this discrepancy is unknown, but
it may result from the very different ways in which these
two fungi grow and form septa. In S.cerevisiae, polarized
growth is restricted to a short phase of the cell cycle and
is intimately associated with the formation of the septum
(for review, see Cid et al., 1995). In filamentous fungi
like N.crassa, septation and polarized growth are not
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Fig. 8. Microtubule organization and distribution of nuclei in mcb+ (wild-type), in mcb and cr-i mutants and in the mcb; cr-I double mutant. Strains
were grown as described in Figure 6, processed for indirect immunofluorescence using an anti-a-tubulin antibody to visualize microtubules, and
stained with DAPI to visualize nuclei (see Materials and methods). (A) and (B) mcb+ (wild-type) at 25°C; (C) and (D) mncb at 25°C; (E) and
(F) cr-i shifted to 37C; and (G) and (H) mcb; cr-i shifted to 37°C. Nuclear distribution is presented in (A), (C), (G) and (I). The corresponding
view of microtubules in shown in (B), (D), (H) and (J). Bar indicates 10 Mm.

coupled processes, and septation does not formally divide
hyphae into independent growth units as it does in S.cere-
visiae (Hunsley and Gooday, 1974; Harris et al., 1994).
It is possible that the gross morphological changes
observed in the N.crassa PKA regulatory subunit mutant,
but not in the corresponding S.cerevisiae mutant, result
from these differences. We propose that increased PKA
activity results in failure to organize actin at the hyphal
apex, but not at sites of septation, with the result that
actin patches are uniformly distributed around the cortex.
Therefore, filamentous fungi lacking PKA regulatory sub-
unit function grow until they lyse because either they fail
to increase the surface area of the cellular unit to keep

pace with their increase in volume or because they cannot
utilize the process of septation to adequately control the
size of the cellular unit. In contrast, budding fungi like
S.cerevisiae survive hyperactivation of PKA because
coupling of septation and bud emergence (PKA-
independent events) prevents cells from exceeding a
critical volume.

Recent work on dimorphic switching in the corn patho-
gen Ustilago maydis and appressorium formation in the
rice pathogen Magnaporthe grisea also suggests that
cAMP and the PKA pathway play a general role in
controlling polarized versus isotropic cell wall growth in
filamentous fungi (Gold et al., 1994; Mitchell and Dean,
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1995). In U.maydis, activated PKA results in a constitutive
budding (yeast-like) mode of growth, while loss of cAMP
production by disruption of the adenylate cyclase gene
results in constitutive filamentous growth (Gold et al.,
1994). In M.grisea, a spore germinates on the surface of
a rice leaf and forms a germ tube which then undergoes
delocalized growth to form a spherical structure, the
appressorium, that is required for penetration of plant
tissue (Cole and Hoch, 1991). Disruption of the gene
encoding the catalytic subunit of the PKA of M.grisea
does not interfere with normal polarized growth; however,
appressorium formation is eliminated or severely reduced
(Mitchell and Dean, 1995). These results are consistent
with our proposal that increased PKA activity results in
delocalized cell wall growth, and is perhaps required for it.

Ustilago maydis and M. grisea are fungi which activate
the PKA pathway as a means of enacting a developmental
switch which affects growth polarity in a very controlled
and consistent manner. Neurospora crassa is neither a
dimorphic fungus nor a plant pathogen; however, there is
evidence that the PKA pathway does control asexual
reproduction (conidiation) in Neurospora. Because
conidiation can be viewed as an alteration of growth
polarity resulting in the formation of chains of conidia
(Springer and Yanofsky, 1989), one possible interpretation
of the mcb phenotype is that a defect in the regulatory
subunit of PKA results in induction of the conidiation
pathway leading to a loss of growth polarity. There are
two reasons why we believe this is not the case. First, the
Neurospora cr-i gene encodes adenylate cyclase and cr-i
mutants produce an abundance of conidia once exposed
to air. In contrast, the mcb mutation, growing at permissive
temperatures, shows delayed conidiation, and it is only
when the cr-I mutation is introduced into the mcb strain
that one observes hyperconidiation. Second, genes have
been identified that are expressed exclusively during
conidiation (Berlin and Yanofsky, 1985; Lauter et al.,
1992), and we have determined that the expression of two
of these genes, eas and con-10, is not induced when the
mcb mutant is transferred to the restrictive temperature
(data not shown).
One of the most remarkable phenotypic changes that

occurs in the mcb mutant is the mislocalization of septa
(Figures 6 and 7). In N.crassa, septa are typically formed
perpendicular to the long axis of the hypha and are spaced
at intervals of 55 ± 25 gm during vegetative growth
(Hunsley and Gooday, 1974). However, in the mcb mutant
shifted to 37°C, septa are observed at oblique angles to
what was formerly the long axis of the hypha, and two to
three septa are occasionally formed next to each other as
if there were multiple rounds of septation at one site. In
S.cerevisiae and S.pombe, cortical cues are thought to
mark the site at which septation will occur (Chang and
Nurse, 1996; Chant, 1996). It is possible that isotropic
cell wall growth observed in the mcb mutant disrupts a
cortical marker such that septation becomes random with
respect to the axis of hyphal growth and position of
adjacent septa. Alternatively, the PKA pathway may play
a direct role in establishing sites for septation in N.crassa.
Actin patches are uniformly distributed over the cell cortex
when the mcb mutant is incubated at the restrictive
temperature, suggesting that the PKA pathway regulates
cortical actin organization. If the marker establishing sites

for septation is dependent on properly organized cortical
actin, then placement of septa, as well as polarity of
growth, would be lost in the mcb mutant grown at 37°C.

Given the importance of growth polarity, one might
expect intricate regulation of mcb gene expression. The
presence of two distinct mcb transcripts suggests that mcb
has two promoters and is subject to complex transcriptional
control (Figures 3 and 4). The levels of both mcb transcripts
are elevated in the mcb mutant relative to wild-type. This
increase indicates that there is a feedback mechanism
controlling the level of PKA regulatory subunit, probably
in response to the levels of active PKA catalytic subunit.
It is likely that the increased mcb transcript levels observed
in the mcb mutant result from an effort to control the
activity of the PKA catalytic subunit by increasing produc-
tion of the partially active regulatory subunit. Similar
regulatory responses have been observed in S.cerevisiae
and S.pombe (Zoller et al., 1988; DeVoti et al., 1991).
When mcb or wild-type is transferred from an incubation
temperature of 25°C to 37°C, there is an increase in the
level of the shorter message (a) and a decrease in the
longer message (,B). This result suggests that the two
promoters are regulated, at least in part, independently.
Introduction of a cr-I mutation into the mcb mutant
restores growth polarity, but does not reduce the levels of
mcb transcripts. One interpretation of these results is that
the mcb mutation severely reduces the effectiveness of
the PKA regulatory subunit to inhibit PKA catalytic
subunit activity, and it is only through increasing produc-
tion of mutant regulatory protein and reduction in cAMP
levels that the mutant protein is able to regulate PKA
activity adequately and allow polarized growth.
The striking morphological effects of mutations in

the N.crassa PKA regulatory subunit relative to the
corresponding mutations in S.cerevisiae and S.pombe
(Toda et al., 1987; DeVoti et al., 1991) makes N.crassa a
productive system for exploring the mechanisms by which
the PKA pathway regulates growth polarity and placement
of septa. Suppressor mutations that restore growth polarity
to the mcb mutant when it is incubated at 37°C, but do
not directly affect the PKA pathway (e.g. cr-i mutations),
may lead to the identification of genes that are responsive
to PKA activity and regulate actin organization at the
cell cortex.

Materials and methods
Strains and media
The following N.crassa strains were obtained from the FGSC (Fungal
Genetics Stock Center, Department of Microbiology, University of
Kansas Medical Center, Kansas City, KS): FGSC 987 [wild-type (mcb+)
74-OR23-1A], FGSC 7094 (mcb) and FGSC 4008 [cr-i (B123)]. The
cr-i (28); mcb, inl (89601) strain was constructed during this study.
Media, growth conditions, sexual crosses and formation of heterokaryons
were done using standard procedures (Davis and de Serres, 1970). DNA-
mediated transformations were performed as described (Vollmer and
Yanofsky, 1986).

Cloning and sequencing of mcb genomic and cDNA clones
Sib selection was used to identify cosmid clones from the Orbach/Sachs
cosmid library (FGSC) capable of complementing the growth defect of
mcb incubated at 37°C (Vollmer and Yanofsky, 1986). The map location
of the identified cosmid (X13C10) was determined by RFLP analysis
(Metzenberg et al., 1985).
DNA sequencing was performed by the dideoxy chain termination

method (Sanger et al., 1977), using Sequenase version 2.0 (United
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States Biochemical, Cleveland, OH) and custom oligonucleotide primers
synthesized by the Gene Technologies Laboratory at Texas A&M
University. DNA sequences were analyzed using programs of The
University of Wisconsin Genetics Computer Group (Devereux et al.,
1984). GenBank searches were performed at the National Center for
Biotechnology Information (Bethesda, MD), using the BLAST network
service (Altschul et al., 1990).
cDNA clones of mcb+ were isolated by screening _lx 106 plaques

from two k ZAP® II Ncrassa (nitrate-induced and glutamine-repressed)
cDNA libraries constructed by R.H.Garrett (University of Virginia,
Charlottesville, VA) and available through the FGSC. For a probe, we
used a 0.9 kbp gel-isolated fragment (BamHI-EcoRI fragment). Twenty
five phage clones carrying positive cDNAs were identified and purified
using described procedures (Sambrook et al., 1989). Phagemids were
rescued using ExAssist® helper phage following procedures recom-
mended by the manufacturer (Stratagene, La Jolla, CA). Six cDNAs
isolated from the nitrate-induced library were selected for further analysis
and their sequences determined as described above.

Standard procedures for Southern and Northern analyses, restriction
endonuclease digestions, agarose gel electrophoresis, purification of
DNA from agarose gels, DNA ligations and other cloning-related
techniques were performed as described (Sambrook et al., 1989).
Genomic DNA was isolated from Ncrassa as described (Yarden et al.,
1992). Total RNA was isolated from powdered, freeze-dried mycelia
using TRIzol®Reagent according to the manufacturer's instructions
(GibcoBRL, Grand Island, NY).

Microscopy
Hyphal morphologies were examined by inoculating the surface of a
dialysis membrane overlying sucrose minimal agar medium with conidia
of the appropriate strain and incubating plates at designated temperatures
and times. Pictures were taken with Kodak Technical Pan film (ASA100)
(Rochester, NY) through either an Olympus binocular dissection micro-
scope at 1lOx magnification with transmitted light or with an Olympus
microscope using a SPlan Apo 40X objective and differential interference
contrast optics.

Actin and microtubule organization was determined using indirect
immunofluorescence as described (Tinsley et al., 1996). In brief, hyphae
of the appropriate strain were grown on small pieces (0.5 cmXO.5 cm)
of cellulose filter (GN-6 membrane filter, Gelman Sciences, Ann Arbor,
MI), quick-frozen in liquid propane and subjected to low temperature
fixation. The hyphae were permeablized by treatment with Novozyme
234 LP (Novo Nordisk Biotech, Inc., Davis, CA) and incubated with
respective primary antibodies followed by incubation with appropriate
secondary antibodies. Primary antibodies used in this study were: DM 1-A
monoclonal anti-ax-tubulin mouse IgG antibody (used at a 1:100 dilution);
and C4 monoclonal anti-actin mouse IgG antibody (used at a 1:400
dilution; both from ICN Biochemicals, Inc., Costa Mesa, CA). Secondary
antibody was sheep anti-mouse IgG conjugated to Cy3 (used at a 1:1000
dilution; Sigma, St Louis, MO). Cy3 was observed using a rhodamine
filter set.

Examination of nuclei and organization of chitin was conducted by
staining quick-frozen, low temperature-fixed hyphae with 1 .g/ml 4',6-
diamidino-2-phenylindole (DAPI) or 1 gg/ml calcofluor (Fluorescent
Brightener 28; both from Sigma, St Louis, MO), respectively, as
described (Tinsley et al., 1996). Indirect immunofluorescence, DAPI-
and calcofluor-stained samples were observed on an Olympus BH-2
microscope with the appropriate epi-illumination filter cube using a 1.3
N.A. IOOX oil immersion. Pictures were taken with Kodak Technical
Pan film (ASAIOO).
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