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ABSTRACT

Aspergillus nidulans grows by apical extension of multinucleate cells called hyphae that are subdivided by
the insertion of crosswalls called septa. Apical cells vary in length and number of nuclei, whereas subapical
cells are typically 40 wm long with three to four nuclei. Apical cells have active mitotic cycles, whereas sub-
apical cells are arrested for growth and mitosis until branch formation reinitiates tip growth and nuclear
divisions. This multicellular growth pattern requires coordination between localized growth, nuclear divi-
sion, and septation. We searched a temperature-sensitive mutant collection for strains with conditional de-
fects in growth patterning and identified six mutants (designated hyp for hypercellular). The identified hyp
mutations are nonlethal, recessive defects in five unlinked genes (hypA-hypE). Phenotypic analyses showed
that these hyp mutants have aberrant patterns of septation and show defects in polarity establishment and
tip growth, but they have normal nuclear division cycles and can complete the asexual growth cycle at re-
strictive temperature. Temperature shift analysis revealed that hypD and hypE play general roles in hyphal
morphogenesis, since inactivation of these genes resulted in a general widening of apical and subapical
cells. Interestingly, loss of hypA or hypB function lead to a cessation of apical cell growth but activated iso-
tropic growth and mitosis in subapical cells. The inferred functions of hypA and hypB suggest a mechanism

for coordinating apical growth, subapical cell arrest, and mitosis in A. nidulans.

ULTICELLULAR organisms use a variety of mo-
lecular signals to establish patterns of cell
growth, cell cycle arrest, cell differentiation, and cell
death. For example, pattern formation in insect and
animal embryos initially depends on morphological
gradients of positional determinants that are laid down
during oogenesis (Duffy and Perrimon 1996; Ham-
merschmidt et al. 1997). In plants, only a provisional
body plan is established in the embryo, and asymmetric
cell divisions and highly localized patterns of gene ex-
pression continually establish new organs as the plant
grows (Meyerowitz 1997). One of the simplest pat-
terns of multicellular growth occurs in the hyphae of
filamentous fungi.

In filamentous fungi, growth is localized to the tips
of hyphae, which are tubular, uni-, or multinucleate
cells. Cells within hyphae are delimited by the insertion
of crosswalls called septa (Fiddy and Trinci 1976;
Gull 1978; Harris et al. 1994). In some fungi, nuclear
division cycles are synchronous within cell compart-
ments delimited by septa (Rosenberger and Kessel
1967; Robinow and Caten 1969). Septa may play a
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variety of roles, such as preventing loss of cytoplasm
during hyphal damage (Richle and Alexander 1965)
and partitioning cell growth and differentiation (Gull
1978). Although much is known about fungal cell wall
synthesis (Gooday 1994) and cytoskeletal structure
(Heath 1994; Ayscough and Drubin 1996), little is
known about the molecular mechanisms that establish
the apical growth patterns in fungal mycelia.

Cell morphogenesis in fungi is best understood in
the polarized growth processes of budding and mating
projection in the yeast Saccharomyces cerevisiae (Kron
and Gow 1995; Pringle et al. 1995; Drubin and Nel-
son 1996). These processes resemble hyphal growth in
filamentous fungi in that they involve polarization of
the actin cytoskeleton and localized cell wall synthesis.
In filamentous fungi, calcium gradients (Jackson and
Heath 1993; Pierson et al. 1994), pH gradients (Kropf
et al. 1995), cyclic AMP signaling (Kore-eda et al. 1991;
Bruno et al. 1996), calcium signaling (Rasmussen et
al. 1994; Dayton and Means 1996), and ras function
(Som and Kolaparthi 1994) also play roles in tip
growth, and some of these processes are essential for
growth in S. cerevisiae (Cunningham and Fink 1994,
1996; Mosch et al. 1996; Ward et al. 1995).

Aspergillus nidulans forms a multicellular mycelium
with a highly regulated pattern of growth and nuclear
division (Figure 1). In the vegetative mycelium, only tip
growing cells contain actively dividing nuclei, which
have synchronous mitotic cycles. Septa are formed with
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a uniform spacing along vegetative hyphae (Fiddy and
Trinci 1976), and septum formation is dependent on
mitosis, nuclear positioning, and attainment of a criti-
cal cell size (Wolkow et al. 1996). After septation, sub-
apical cells cease growth and nuclei arrest in inter-
phase. This state can continue indefinitely, unless
branching reestablishes polarized growth and active
nuclear division. Nuclear division, however, is not es-
sential for maintaining polarized growth, since many
conditional nuclear division mutants of A. nidulans are
able to produce a polarized growing germ tube at re-
strictive temperature (Morris 1976). Conversely, over-
production of the activated form of the GTPase, A-ras,
results in swollen spores or cells containing abundant
nuclei (Som and Kolaparthi 1994). Thus, the mecha-
nisms that restrict cell growth and mitosis to tip cells in
A. nidulans are unknown.

A large collection of conditional mutants of A. nidu-
lans has been generated (Morris 1976; Harris et al.
1994) and used to identify loci involved in various
growth processes. We screened this mutant collection
for strains with defective patterns of growth and septa-
tion. Here, we describe the characterization of six con-
ditional mutants defining five genes that appear to play
roles in mycelial pattern formation. We call these muta-
tions hypAl-hypE2 for hypercellular because they have
abnormally short subapical cells with abundant nuclei
at restrictive temperature. Phenotypic analyses suggest
that hypC controls the spacing of septa and may be in-
volved in cell size control. Mutations in hypA, hypB,
hypD, and hypE cause the proliferation of nuclei in sub-
apical cells and cause defects in cell polarization. In-
triguingly, hypA and hypB appear to play dual roles as
positive effectors of tip cell growth and negative regula-
tors of subapical cell growth. All hyp mutants are able to
complete the asexual life cycle at restrictive tempera-
ture, suggesting that these mutants mislocalize growth
cues that are required to establish wild-type mycelial
growth patterns.

MATERIALS AND METHODS

The strains used in this study are shown in Table 1. Methods
are described in Harris et al. (1994) and Kafer (1977). For
phenotypic analyses, we used strains grown on complete me-
dium (CM) with supplements as described by Kafer (1977).
Where required, media contained 1 m sucrose or 0.01-0.1%
Calcofluor (a gift of American Cyanamid, Princeton, NJ).

Mutagenesis and screening: Six hundred fifty temperature-
sensitive mutants were generated by 4-nitroquinoline oxide
mutagenesis of strain A28, extending the collection screened
by Harris et al. (1994) to 1800 mutants. Temperature-sensi-
tive strains were screened microscopically after 16 hr growth
at 28° and 42° on thin agar plates (Harris et al. 1994). Strains
were selected for having abnormally short subapical cells
when grown at 42°. These strains were mated with GR5. Cleis-
tothecia were cleaned of Hulle cells by rolling on 4% agar
containing 1% diatomaceous earth (Sigma, St. Louis; Kamin-
skyj and Hamer 1996). Segregation of the temperature-sensi-
tive phenotype was determined for ascospore progeny grown
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Figure 1.—Cartoon summarizing the morphology of cells
in wild-type A. nidulans hyphae grown at 28°. This cartoon is
not to scale. A conidium (a) germinates (b), and nuclei mi-
grate into the germ tube as it grows (c). The first septum is
deposited at the base of the germ tube (d) when the germling
has eight or more nuclei. Hyphae (e) are tubular, ~3 pm in
diameter. Apical cells are variable in length and usually much
longer than 40 um. Apical cells contain many (sometimes ex-
ceeding 50) nuclei (circles) that are evenly spaced along the
length of the cell. Apical cell growth is indeterminate and oc-
curs only at the hyphal tip. Subapical cells are defined by
septa averaging 40 pm apart. Subapical cells contain three to
four evenly spaced nuclei. Subapical cells can branch, and
then the branched cell grows like an apical cell. Apical and
branched subapical cells have ongoing nuclear cycles (filled
circles), while nuclei in unbranched subapical cells are ar-
rested in interphase (empty circles).

on replica plates at 28° and 42°. Six or more temperature-sen-
sitive progeny from each cross were examined after growth on
coverslips at 42° to confirm the mutant phenotype. Mutant
progeny were crossed to strain AH12.

Pairwise crosses between all combinations of mutants were
used to assess allelism. Diploids were generated from het-
erokaryons in these pairwise crosses (Kafer 1977) and used
to test for genetic complementation. Diploids made from
crosses between hyp and wild-type strains were used to test for
dominance/recessivity. Haploid sectors showing segregation
of parental spore colors were generated from these diploids
using benlate-induced instability (Hastie 1970). Gene desig-
nations were assigned after Clutterbuck and Arst (1995).

Microscopy: Conidia were inoculated in liquid and al-
lowed to attach to glass coverslips for microscopic examina-
tion. Conidia were inoculated into liquid media (10° conidia/
ml) with nutritional supplements and 100 wg/ml ampicillin,
and they were incubated at 28° and 42°. Germlings were fixed
and stained for nuclei using Hoechst (Warrington, PA) and
for walls using Calcofluor (Harris et al. 1994). Some germ-
lings were stained with 1 mg/ml FITC-conjugated wheat germ
agglutinin (FITC-WGA; Sigma), which binds to the chitinous
cell wall. Slides were mounted in Citifluor (Ted Pella, Red-
ding, CA) and examined with a BH-2 microscope (Olympus,
Lake Success, NY) using phase contrast and UV or FITC epi-
fluorescence. Germling features were measured with an ocu-
lar micrometer. Statistical analyses used Statview SE+Graphics
(Abacus Concepts, Berkeley, CA).

Subapical cell characteristics: Germlings were grown on
coverslips for 18-24 hr at 28° and 42° and prepared for mi-
croscopy (Harris et al. 1994). Unbranched subapical cells
were chosen for having a complete septum at each end, with
these septa being perpendicular to the long axis of the hypha.
Cell length was defined as the distance between adjacent
septa, measured at the junction between the septa and the lat-
eral hyphal wall. Unlike other hyp strains, hypC4 germlings
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TABLE 1

Genotypes of strains used in this study

Strain Genotype

ASK 302 hypAl; wA3; pyroAd

ASK 39P hypAl biAl pabaA6

ASK 32° biAl pabaA6; hypB5

ASK 802 pabaA6; hypB5; chaAl

ASK 702 biAl pabaA6 pyrG89; hypC4

ASK 158° hypC4; pyroAl

ASK 6520 biAl pabaA6 hypD3

ASK 532 pabaA6; wA3; hypE2

ASK 54b biAl pabaA6; pyroAl; hypE2

A28a.c biAl pabaA6

A104¢ yA2 adE20; AcrAl; phenA2; pyroA4;
lysB5; sB3; nicB8; coAl

A297¢ lysF51 hiAl; sB3

AH12d argB2; chaAl

ASH20¢ SepAl yA2; argB2

GR5* pyrG89; wA3; pyroAd

All strains used in this study were ve~.

@ Strains generated in this study used for microscopic analy-
sis.

b Strains generated in this study used for colony phenotype
analysis.

¢ Available from Fungal Genetics Stock Center, Department
of Microbiology, University of Kansas Medical Center, Kansas
City, KS 66160-7420.

4 Available from John Hamer.

¢ Harris et al. 1994.

grown at 42° often had thick septa, so their cell lengths were
measured from center to center of adjacent septa. At least 50
subapical cells were analyzed for each strain and growth tem-
perature. Hyphal width was measured across septa that were
complete and perpendicular to the long axis of the hypha. At
least 30 width measurements were made for each strain and
growth temperature.

Germling morphogenesis: Germination and growth char-
acteristics were determined microscopically, as described be-
low, for wild-type and hyp germlings grown for up to 16 hr at
28° and 42°. Only germlings growing from isolated spores (at
least one spore diameter from all other spores) were chosen
for this analysis. A. nidulans conidia adhere tightly to glass cov-
erslips after 3—4 hr in complete media (CM) at either temper-
ature, regardless of germination. As a result, ungerminated
conidia were not lost from the original population.

Germination was defined as the production of a germ tube
that was at least half the spore diameter. At least 100 spores
were counted for each data point. Results are shown as per-
centage germination.

Total hyphal lengths were measured with an ocular mi-
crometer and 20X, 40X, or 100X objectives, as appropriate.
Total hyphal length was defined as the distance along the
long axis of all hyphae in each germling plus all branches that
were longer than half the hyphal diameter. At least 50 germ-
lings were measured for each strain and growth temperature.
Total hyphal length per germling is shown as the mean value
+ SE of the mean.

The total number of nuclei in wild-type and hyp strains was
determined by counting them in spores and germlings. Mito-
sis is synchronous in wild-type germlings (Bergen and Mor-
ris 1983), but not in some hyp strains grown at 42°. To com-
pare the number of nuclei between hyp and wild-type germlings,

these values are shown as the population mean = SEM. This
method is not intended to convey that germlings could con-
tain partial nuclei. Data point markers obscured small error
bars when these data were plotted.

Septa were counted in isolated wild-type and hyp germlings
grown at 28°and 42°, using fixed germlings stained with Hoechst
and Calcofluor. Unlike the cell length measurements de-
scribed above, in this analysis, septa were counted whether
they were perpendicular or oblique to the long axis of the hy-
pha, or if they were incomplete. If incomplete, a continuous
ring of Calcofluor-stained material had to extend more than
half of the hyphal circumference. hypAl and hypE2 strains fre-
guently had double septa (morphologically normal septa <1
wm apart). Double septa usually defined anucleate cells, but
some had single nuclei (e.g., Figure 3a), so they were counted
as two septa. The broad septa characteristic of hypC4 strains
were counted as single septa because an intervening space
could not be resolved. Septation is asynchronous in hyp germ-
lings growing at 42°, so the number of septa per germling was
expressed as population mean + SEM, as described above for
nuclei.

RESULTS

Genetic analysis: Six mutant strains with abnormally
short subapical cells in their vegetative hyphae were
found by visually screening 1800 temperature-sensitive
mutants (Harris et al. 1994). hyp mutants did not have
terminal arrest phenotypes, and they grew indefinitely
at restrictive temperature, albeit with abnormal mor-
phologies. Table 2 summarizes the genetic analysis of
the hyp mutants. The mutants defined six single-gene
mutations in five complementation groups. Two alleles
were recovered for hypA, and single alleles were recov-
ered for the remaining mutants. All mutations were re-
cessive to wild type.

hypA and hypE were mapped to chromosomes by for-
tuitous linkages to markers segregating in backcrosses.
hypA is linked to pabaA (4%) on chromosome I. Be-
cause of the proximity of another hyphal morphology
gene in this region (sepA; Harris et al. 1997), we in-
vestigated the linkage between hypA and sepA. hypA is
tightly linked to sepA (2%) but is not allelic with it. The
near-centromere chromosome 1R marker lysF is linked
to both hypA (0.3%) and sepA (2.7%). hypE2 is linked
to chaA (8%) on chromosome VIII. hypC4 and hypD3
were mapped to chromosomes by parasexual genetic
crosses, as described by Kafer (1977), using strain
Al104.

Phenotype analysis: Figure 2 shows typical morphol-
ogies of wild-type and hypAl hyphae grown for 18 hr at
28° and 42°. Wild-type cells grown at 28° are shown in
Figure 2a. hypAl hyphae grown at 28° (Figure 2b) closely
resemble those of the wild-type strain. This is typical of
all hyp strains grown at 28°. Figure 2c shows the dra-
matic difference between hypAl and wild-type cells
grown in mixed culture at 42°. The hypAl germlings
were shorter and wider, and their walls and septa
stained more brightly with Calcofluor. The hypAl germ-
lings had made one or two closely spaced septa despite
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TABLE 2

Summary of the genetic characteristics of hyp strains

Segregation of temperature-
sensitive(ts) phenotype

Dominant (D) Linkage
Mutant ts—:ts+2 ts—:ts+b or recessive (R) group Allele
E8 263:306 19:23 R | hypAl
B47 87:90 6187 R Vil hypB5
B81 18:10 33:46 R i hypC4
D66 21:17 35:21 R Il or VI hypD3
B42 48:66 26:24 R Vil hypE2
8-160° NA NA R | hypA6¢

a Segregation of temperature-sensitive phenotype in single ascospore progeny from crosses between mutant

strains and GR5.

b Segregation of temperature-sensitive phenotype in single ascospore progeny from crosses between tempera-

ture-sensitive progeny from (a) and AH12.

¢ Strain recovered independently by Steve Harris and Michelle Momany from temperature-sensitive col-

lection of Harris et al. (1994).

d hyp designation based on morphological assessment after growth at 42°. Allelic assignment based on crosses
with hypAl-hypE2 strains. hypAl/hypA6 diploids were temperature sensitive and phenocopied hypAl.

NA, not assessed

their limited length, compared to ~10 septa per germ-
ling for the wild-type strain. Despite these abnormali-
ties, septum placement was always asymmetric, produc-
ing a relatively long apical cell. Figure 2d shows older
hypAl germlings that were labeled with FITC-WGA.
The arrows indicate the base of hemispherical hyphal
tips, behind which the apical cells continued to in-
crease substantially in width, distinctly unlike cylindri-
cal wild-type hyphae (Figure 2, a and c) or hyp strains
grown at 28° (Figure 2b). hypAl germlings were pulse
labeled with FITC-WGA and allowed to grow at 42° for
another 3 hr. Walls formed during this interval were
relatively faint (Figure 2e).

Figure 3 shows hyp germlings grown for 24 hr at 42°,
then fixed and stained for walls and nuclei. Quantita-
tive analysis of the hyp phenotypes is summarized in Ta-
ble 3, and subapical cell characteristics are shown
graphically in Figure 4. With the exception of hypC4,
hyp germlings grown at 42° were significantly wider
than wild type (see also Figure 2c¢), and all hyp mutants
had significantly shorter subapical cells. The increased
hyphal width in hyp mutants might compensate for the
decrease in subapical cell length and thus conserve
subapical cell volume. To test this hypothesis, average
subapical cell volumes were calculated using the data in
Table 3, A and C. Average cell volumes for wild-type
and hyp strains varied considerably at 28°, suggesting
that these calculations represent modest approxima-
tions. At 42°, the majority of the hyp mutants showed
only modest changes (=50%) in average cell volume,
with hypD3 and hypE2 increasing and hypB5 and hypC4
decreasing. In contrast, hypAl underwent a dramatic
increase in subapical cell volume. This result suggests

that changes in cell width in hypAl mutants result in in-
creased cell volumes.

Wild-type hyphae typically had three to four nuclei
per cell, regardless of growth temperature, as did hyp
strains grown at 28° (Figure 4; Table 3B). In contrast,
the short subapical cells produced by hypAl, hypB5,
hypD3, and hypE2 strains at 42° had significantly more
nuclei. hypAl produced the most dramatic changes,
with some cell compartments containing up to 20 nu-
clei. hypAl nuclei appeared smaller and more com-
pacted than wild-type nuclei. The dramatic increase in
cell volume in hypAl mutants may activate additional
rounds of nuclear division.

Other defects observed in hyp mutants included a
high frequency of dichotomous apical branches in
hypAl and hypE2 germlings (Figure 3a). hypB5 and
hypD3 germlings had near-apical, lateral branches (Fig-
ure 3, b and d). About 25% of hypAl and hypE2 germ-
lings had double, oblique, or incomplete septa, unlike
wild-type or other hyp strains. About 5% of hypB5 germ-
lings had anucleate subapical compartments. hypC4
germlings had cell compartments that were half the
size of wild-type at 42°, and ~20% of the septa were
thickened or appeared as double septa (Figure 3c, ar-
row). All hyp mutants could be grown indefinitely at
42°, and all mutants were able to complete the asexual
life cycle and produce viable conidia at restrictive tem-
perature (data not shown).

Figure 5 shows plate phenotypes for wild-type and
hyp mutants growing at 28° and 42°. Wild-type and
hypAl-hypD3 colonies grew well at 28°, but growth was
restricted for the hypE2 strain (Figure 6a). All hyp
strains were clearly restricted for growth at 42°, com-
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Figure 2.—Wild-type (a) and hypAl (b) strains growing at
28°. Wild-type and hypA1l strains growing in mixed culture at
42° (c). hypAl germlings grown at 42° (d and e). Germlings
were grown for 20 hr on coverslips, and were then fixed and
stained with Calcofluor/Hoechst (a and b) or Calcofluor (c).
Septa are indicated by arrowheads for wild type and by arrows
for hypALl strains. Germlings were grown for 24 hr at 42° and
stained with FITC-WGA, and were then fixed (d) or rinsed to
remove the unbound FITC-WGA and allowed to grow for an-
other 3 hr at 42° (e). The arrows in d and e indicate the base
of hemispherical hyphal tips, which in wild-type and hyp
strains grown at 28° marks the limit of most hyphal expansion.
In hypAl germlings grown at 42°, however, the hypha contin-
ues to expand in subapical regions (d and e). The hyphal tips
in e are stained less brightly than the lateral wall, likely be-
cause of the incorporation of new wall material. n, nuclei.
Bars, 10 pm.

pared to wild-type (Figure 5b) or to their growth at 28°
(Figure 5a). The hypD3 defect was osmotically remedial
at 42°, shown by increased colony growth on medium
containing 1 m sucrose (Figure 5c). hypD3 germlings
were grown for 18 hr at 42° in CM or CM plus sucrose
and were prepared for microscopy. Figure 5e shows
that the restrictive phenotype of hypD3 germlings
grown in CM at 42° was fully remediated by growth on
CM plus sucrose (Figure 5f). Under these conditions,

Figure 3.—hypAl (a), hypB5 (b), hypC4 (c), hypD3 (d), and
hypE2 (e) germlings grown at 42°. Double septa are indicated
for hypAl and hypE2 germlings by paired arrows (a and e).
The double septa in panel a enclose a cell with a single nu-
cleus. An incomplete septum is indicated by asterisks in panel
a. Septa enclosing an anucleate compartment are indicated
by arrowheads in a hypB5 germling (b). A broad septum typi-
cal of a hypC4 germling is indicated by a broad arrow (c).
Septa in a hypD3 germling are indicated by single arrows (d).
The walls of hypD3 germlings stain brightly with Calcofluor,
obscuring nuclear staining. An unbranched subapical cell
that appears to have mitotic nuclei is identified by a bracket
(e). The nuclei in the bracketed cell are distinctly more con-
densed than those in the compartment to the left that is bor-
dered by pairs of double septa. Bars, 10 um.
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TABLE 3

Characteristics of subapical cells of A. nidulans strains

A28 hypAl hypB5 hypC4 hypD3 hypE2
A. Subapical cell length
(pm) = SE?
28° 39.1+22 253*x12 278*x13 306*x18 248x*12 229x10
42° 274+ 12 4603 6.3+04 12406 81+0.2 8.4+ 0.6
B. Number of nuclei per
subapical cell = SE?
28° 36=*0.2 36=*+02 3.1x0.2 33=*x0.2 3.0=*0.2 35+0.2
42° 3.6=*+0.2 9.1+05 52+05 3.0x0.2 6.2+0.2 4604
C. Hyphal width
(pm) = SE®
28° 30+0.1 3.0+0.1 35+0.1 29+0.1 3.0+0.1 35+0.1
42° 3601 106=*0.2 54 *0.1 40=x01 6.4 0.2 71+x0.2
D. Average subapical cell
volume (um3)d
28° 276 179 267 202 175 220
42° 279 406 144 155 260 332

2 Subapical cell lengths were measured in unbranched cells having complete septa that were perpendicular
to the long axis of the hypha. Fifty cells were measured for each strain and growth temperature. Analysis was by
ANOVA (P = 0.05). For each strain, subapical cell lengths were significantly greater at 28° than at 42°.

b Number of nuclei in subapical cells (nuclei per cell) was counted in the same cells as used to measure sub-
apical cell lengths. Analysis was by ANOVA (P = 0.05). For all but A28 and hypC4, nuclei per cell was signifi-
cantly greater at 42° than at 28°. At 28°, there were no significant differences in nuclei per cell between any

strains.

¢ Hyphal widths were measured at complete septa that were perpendicular to the long axis of the hypha.
Thirty measurements were made for each strain and growth temperature. Analysis was by ANOVA (P = 0.05).
For each strain, hyphal widths were significantly greater at 42° than at 28°.

d Calculated using average hyphal width and length values using the following formula: Average cell volume =

a (average hyphal width/2)? X (average cell length).

the hypD3 hyphae resembled wild-type strains in width,
branching pattern, and nuclei per cell.

hyp strains might be hypersensitive to growing in the
presence of Calcofluor, which binds to cell walls and in-
terferes with crosslinking between chitin and nonfibril-
lar components. Growth of the hyp strains was reduced
in the presence of Calcofluor, but none of the strains
were notably sensitive compared to wild type (Figure 5,
avs. d).

Germling development and morphogenesis: The hyp
mutant defects were examined in detail by growing all
strains on coverslips at 28° and 42° for microscopy and
following the kinetics of germination, nuclear division,
growth, and cell division (septation). At hourly inter-
vals, coverslips were fixed and stained for walls and nu-
clei (Figure 6).

A. nidulans conidia are apolar (Bergen and Morris
1983) and must polarize to form a germ tube. The hyp
phenotypes could result from defects in polarity estab-
lishment. Wild-type strains germinate synchronously af-
ter a short lag (Bergen and Morris 1983), and germi-
nation was faster at 42° than at 28°. In contrast, all hyp
strains had delayed germination compared to wild type,
even at 28° (Figure 6a). Despite delays, spore germina-
tion in hyp strains eventually exceeded 95% at both

temperatures. The delay in germination was exacer-
bated at 42° for all but hypC4 strains. We conclude that
hypAl, hypB5, hypD3, and hypE2 have delayed germ tube
formation, perhaps because of defects in cell polariza-
tion.

hyp morphologies could result from abnormally
rapid mitotic cycles, because nuclei were abundant in
hypA1, hypB5, hypD3, and hypE2 germlings grown at 42°
(Figure 3). Accumulation of nuclei in the wild-type
strain was more rapid at 42° than at 28°, as shown in
Figure 6b. The data for wild-type growth (Figure 6,
open symbols) are plotted with the data for each of the
hyp strains to facilitate comparisons. The nuclear cycle
of hyp germlings was delayed compared to wild type
when grown at 28° and 42° (Figure 6b). The length of
the nuclear cycle was unaffected by growth at 42° for
hypA1, hypB5, and hypE2 germlings, and like the paren-
tal strain, it was shorter at higher temperature for
hypC4 and hypD3 strains. Most notably, the nuclear cycle
of the hyp strains did not accelerate more than the wild
type at 42°.

In the wild-type parental strain, the first nuclear divi-
sion occurred before germination, and most germinat-
ing conidia had two nuclei, as did hyp conidia germinat-
ing at 28°. At 42°, hypC4 strains typically had two nuclei
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Figure 4.—Distributions of subapical cell lengths and corresponding numbers of nuclei in subapical cells of the wild-type
parental and hypAl-hypE2 mutant strains. Strains were grown on coverslips of 18-24 hr at 28° (O) or 42° (@) and prepared for
microscopy. Data are from unbranched subapical cells defined by complete septa that were perpendicular to the long axis of the

hypha.

per spore when they germinated, but the hypAl, hypB5,
hypD3, and hypE2 strains had four to eight nuclei.
Therefore, germination was delayed with respect to ac-
cumulation of nuclei in hypAl, hypB5, hypD3, and hypE2
strains growing at 42°, consistent with a temperature-
sensitive delay in germ tube emergence. These findings
further demonstrate that hypAl, hypB5, hypD3, and
hypE2 mutations affect cell polarization.

The hyp morphologies may also be caused by defects
in the maintenance of cell polarity, that is, by reduced
hyphal extension rates. Maximum hyphal length deter-
mines colony diameter (Figure 5, a-d), but this does
not account for additional hyphal growth through
branching. Hyphal growth was measured for individual
germlings as the total hyphal length, including all
branches longer than half the hyphal diameter. Figure
6¢c shows the average germling lengths for wild-type
and hyp germlings growing at 28° and 42°. For wild-type
strains, the total hyphal length per germling increased
rapidly after germination, with the rate being faster at
the higher temperature. Growth of all hyp strains was
delayed because of slow germination. Growth of hypAl
and hypB2 strains was inhibited at 42° compared to 28°
(Figure 6c¢). The colony growth of hypC4 and hypD3
strains was reduced at 42° (Figure 5, a and b). These
strains, however, branched extensively at 42°, so the cu-
mulative length of all branches increased more rapidly
than at 28° (Figure 6c¢). The growth rate of hypE2 germ-
lings was very slow (Figure 5a) and was relatively unaf-

fected by growth temperature (Figure 6c¢), although
hypE2 germlings were more branched at 42°. There-
fore, hyp strains have a variety of defects in maintaining
tip growth, all of which produce compact colonies at 42°.
Septation in hyp strains growing at 28° was qualita-
tively similar to wild type. All hyp germlings produced
septa at 42° (Figures 2 and 3). For hypAl, hypB5, hypC4,
and hypD3 strains, the onset of septation was delayed at
42° and occurred in short cells that contained =16 nu-
clei. Like wild type, septation in hyp strains appeared to
correlate with mitosis (data not shown). Since tip
growth was reduced in hyp strains at 42°, however, addi-
tional rounds of septation produced significantly
shorter subapical cells (Figures 2-4; Table 3).
Temperature shift analysis: The hyp mutations ap-
pear to perturb aspects of hyphal morphology without
blocking completion of the life cycle. To gain further
insight into how the loss of hyp gene function affects
cell morphogenesis, we grew hyp mutants on coverslips
or agar at permissive temperature for 12-15 hr and
then shifted the cells to restrictive temperature for vary-
ing lengths of time. Little or no change was observed
for hypC mutants. Figure 7 illustrates changes associ-
ated with loss of hypA function. Similar results were
obtained with hypB5 (data not shown). Within 3 hr
of shifting to the restrictive temperature, apical cell
growth ceased and only subapical cells began to en-
large isotropically (Figure 7, a—c). Subapical cells stained
brightly with Calcofluor, indicative of cell wall synthesis
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wildtype hypAl hypB.
hypC4 hypD3 hypE2

Figure 5.—Colony phenotypes of hyp mutations. [Upper
panel (a-d)] Plate phenotypes of wild-type and hyp strains.
Relevant genotypes are listed below the panel. [Top row
(right to left)] Wild-type, hypAl, and hypB5; (bottom row)
hypC4, hypD3, and hypE2. [Lower panel (e and f)] hypD3 strain
grown for 18 hr at 42° on CM or on CM containing 1 m su-
crose, then fixed and stained for microscopy. Plate pheno-
types of colonies that were grown for ~2 d on CM at 28° (a)
and 42° (b), on CM amended with 1 m sucrose at 42° (c), and
on CM containing 0.1% Calcofluor at 28° (d). The hypD3
strain is osmotically remedial at 42° (¢). Wild-type and hyp col-
onies have slightly reduced growth on media containing 0.1%
Calcofluor (d), but none of the hyp strains were notably hy-
persensitive compared to wild type. (e¢) Microscopic examina-
tion of the restrictive phenotype of hypD3 germlings grown at
42°; (f) demonstration that this phenotype was fully remedi-
ated at 42° by growth on 1 m sucrose. Bars, 10 wm.

(Figure 7b). Concomitant with their increased cell size,
subapical cells accumulated abundant nuclei (Figure
7¢). During this time, apical cells (arrows) underwent a
progressive loss of nuclear staining and never resumed
growth. This hypAl defect was readily reversible (Figure
7d). If germlings were grown at restrictive temperature
and then returned to permissive temperature, they
quickly reestablished multiple new apical tip cells.

Loss of hypAl overcomes the growth and nuclear cy-
cle arrest of subapical cells. To test if the loss of hypA
was capable of overriding nuclear cycle blocks, we con-
structed double mutants containing hypAl and temper-
ature-sensitive mutations in a variety of cell cycle genes
(nimA5, nimE6, nimT23, and nimX1) that arrest cells
at the G2-M boundary (Doonan 1992; Osmani et al.

1994). In all cases, the double-mutant phenotypes were
additive. Subapical cell compartments swelled, but nu-
clear division remained blocked (data not shown). Sim-
ilarly, when germinated at restrictive temperature, dou-
ble mutants produced pear-shaped germlings that
contained single nuclei (data not shown). We conclude
that hypA (and hypB) are required for apical cell growth
but are also necessary to suppress growth in subapical
cells until the onset of branch formation.

Temperature shift analysis with hypE2 is shown in
Figure 8. Similar results were obtained with hypD3 (data
not shown). When shifted to restrictive temperature,
the apical and subapical cells widened and accumu-
lated nuclei, suggesting that loss of hypD and hypE func-
tion causes a generalized perturbation in growth polarity.

DISCUSSION

Wild-type A. nidulans hyphae grow indefinitely by
the extension of mitotically active apical cells. Septa-
tion results in the formation of subapical cells that are
quiescent for growth and mitosis unless they branch
(Figure 1). We have identified five genes, mutations in
which cause markedly abnormal cell growth patterns.
The hyp mutations define a class of temperature-sensi-
tive mutations distinct from cell cycle mutants (Morris
1976), septation mutants (Harris et al. 1994), or conid-
iation mutants (Clutterbuck 1969; Champe and Si-
mon 1992; Wieser et al. 1994). At restrictive tempera-
ture, all hyp mutants are able to complete the asexual
life cycle. Cumulative data from phenotypic analyses
suggest that at least some of the hyp genes play novel
roles in controlling the pattern of cell growth in fungal
mycelia.

The hypAl, hypB5, and hypE2 phenotypes are un-
likely to be caused by defects in cell wall synthesis. Five
chitin synthase genes have been cloned in A. nidulans,
and none of the strains disrupted for these genes phe-
nocopy the hyp mutants (Motoyama et al. 1994; Bor-
gia et al. 1996a; Specht et al. 1996). The genes gcnA,
manA, orlA-D, and tsE encode additional components of
the cell wall biosynthetic pathway (Borgia and Dodge
1992; Smith and Payton 1994; Borgia et al. 1996b).
Unlike the hyps, these mutants are chitin deficient
and/or unable to grow without osmotic stabilization,
which suggests that their walls do not mature properly.
Although hyp mutants, particularly hypD3, have pheno-
types suggestive of cell wall structural defects, all hyp
strains were able to grow and complete their asexual
life cycles at 42° without osmotic stabilization. There-
fore, hyp mutants appear to define a class of genes that
is phenotypically distinct from those directly involved
in cell wall biosynthesis.

hypC4 is distinct from the other hyp mutations be-
cause its effect is largely restricted to septation. Like
wild type, but unlike the other mutants, hypC4 germi-
nates faster at 42° than at 28°, and it has normal hyphal
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width and nuclei per cell when grown at restrictive tem-
perature. hypC4 strains branch profusely at 42°, so that
total germling length increases even though colony di-
ameter is restricted compared to growth at 28°. hypC4
has more septa per hyphal length and thus shorter sub-
apical cells than wild-type strains. hypC4 hyphal walls
are not stained abnormally with Calcofluor, and the
defect is not osmotically remedial; however, about one-
third of the septa in hypC4 strains grown at 42° are
unusually thick. In A. nidulans, a threshold cell size
controls the ability of nuclear divisions to activate
septation (Wolkow et al. 1996). Thus, hypC4 may lower
the threshold cell size required to activate septation. Al-
ternatively, loss of hypC may alter nuclear distribution
in a way that septa are formed in closer proximity. Ex-
periments to distinguish between these possibilities are
underway.

In contrast to the hypC4 mutation, hypAl, hypB5,
hypD3, and hypE2 mutations seem to primarily affect hy-
phal morphogenesis and, consequently, affect septa-
tion. Kinetic studies of germ tube polarization and nu-
clear division suggest that these hyp mutations delay

cell polarization. Even more unusual, hyp germlings
continue to get wider behind the growing tip and in
subapical cells. The lateral walls of hypAl, hypB5, hypD3,
and hypE2 germlings stain more brightly with Calcof-
luor than do those of wild type, suggesting that hyp wall
thickness may be excessive. The tips of hyp germlings
stained less brightly with Calcofluor than their lateral
walls, suggesting that hyp cell walls may not be evenly
thick (Figure 3, a, b, and d). This growth pattern im-
plies that wall deposition in hyp mutants may not be re-
stricted to hyphal tips. This is consistent with colony
growth (hyphal extension) rates being reduced com-
pared to wild type at 42°. Thus, at restrictive tempera-
ture, hypAl, hypB5, hypD3, and hypE2 germlings may
grow by both expansion and extension.

A variety of genes affect growth polarity in filamen-
tous fungi. These include components of the actin cy-
toskeleton (McGoldrick et al. 1995), components of
the cAMP signaling pathway (Kore-eda et al. 1991),
and small GTPases of the ras family (Som and Kola-
parthi 1994). In addition, some of these genes also af-
fect patterns of septation. Mutations in the Neurospora
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Figure 7.—Temperature shift analysis of hypAl. hypAl
spores were germinated on agar media (a) or on coverslips (b
and c¢) for 12-15 hr at 28° and then shifted to 42° for 3 hr.
Cells were either visualized directly (a) or fixed and stained
for cell walls (b) or nuclei (c and d). After a shift to the re-
strictive temperature, the apical cells in hypAl germlings (ar-
rows) cease growing, while subapical cells swell (a). Subapical
cells show intense Calcofluor staining (b), indicative for new
cell wall synthesis, and they accumulate numerous nuclei (c).
During reciprocal shifts (42° to 28°; d), hypAl germlings rees-
tablish numerous apical tips. Similar results were obtained
with hypB5 mutants (data not shown). Bars, 10 pm.

crassa regulatory subunit of protein kinase A (mcb-1)
cause major defects in growth polarity, actin localiza-
tion, and septation (Bruno et al. 1997). In particular,
temperature shift experiments with the mcb-1 mutants
resulted in phenotypes similar to hypD3 and hypE2 (Fig-
ure 8). hyp phenotypes also resemble the effects of
moderate overproduction of the constitutively active
Aspergillus ras homolog A-ras. In this case, extension
but not growth was limited, so the germlings were wide
and had thickened walls and septa and abundant nu-
clei compared to wild type. Germination was not af-
fected by moderate A-ras overproduction, but it was

Figure 8.—Temperature shift analysis of hypE2. In con-
trast to hypAl (see Figure 7), hypE1l germlings undergo expan-
sion and accumulate nuclei within both apical and subapical
cells. Temperature shift analysis was performed as described
in Figure 7. (a) Wild-type germling stained for nuclei and cell
walls. (b) hypE2 mutant stained for nuclei and cell walls or
(c) visualized directly on plates after a shift from 28° to 42°.
Similar results were obtained for hypD3 mutants (data not
shown). Bars, 10 pm.

inhibited by high A-ras. Nuclear division and wall depo-
sition were largely unaffected by A-ras activity (Som and
Kolaparthi 1994). Molecular cloning of hyp genes
may provide clues to their function in growth polarity.
Temperature shift analysis revealed that hypA and
hypB have cell-specific functions in hyphal morphogen-
esis. Unlike other mutations affecting growth polarity
in fungi, loss of hypA function resulted in the rapid on-
set of subapical cell growth and nuclear division and a
complete cessation of apical growth. Subapical cell
growth occurred isotropically, with cells becoming swol-
len and rounded. In contrast, the apical cell underwent
vacuolization, and cytoplasmic and nuclear staining
were rapidly lost (data not shown). Thus, the hypA gene
product must play two roles in distinct cell types. In api-
cal cells, hypA is required for continued growth polarity.
After septation, hypA must activate a growth arrest in
subapical cells. It is not currently known how a single
gene product could play contrasting roles in different
cell types; however, the apparent dual function of hypA
(and hypB) provides the mycelium of A. nidulans with a
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simple regulatory mechanism for patterning growth.
We have recently cloned hypA by virtue of its close link-
age to sepA (Harris et al. 1997). hypA encodes a 5.3-kb
gene that has no significant similarity to any gene or ex-
pressed sequence tag in current databases (S. Kamin-
skyj and J. E. Hamer, unpublished data). Thus, hypAl
and perhaps other hyp mutations will define novel
genes involved in cell polarity and cell pattern forma-
tion.
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