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ABSTRACT

Somatic cell fusion is common during organogenesis in multicellular eukaryotes, although the molecular
mechanism of cell fusion is poorly understood. In filamentous fungi, somatic cell fusion occurs during
vegetative growth. Filamentous fungi grow as multinucleate hyphal tubes that undergo frequent hyphal
fusion (anastomosis) during colony expansion, resulting in the formation of a hyphal network. The
molecular mechanism of the hyphal fusion process and the role of networked hyphae in the growth and
development of these organisms are unexplored questions. We use the filamentous fungus Neurospora
crassa as a model to study the molecular mechanism of hyphal fusion. In this study, we identified a deletion
mutant that was restricted in its ability to undergo both self-hyphal fusion and fusion with a different
individual to form a heterokaryon. This deletion mutant displayed pleiotropic defects, including shortened
aerial hyphae, altered conidiation pattern, female sterility, slow growth rate, lack of hyphal fusion, and
suppression of vegetative incompatibility. Complementation with a single open reading frame (ORF)
within the deletion region in this mutant restored near wild-type growth rates, female fertility, aerial
hyphae formation, and hyphal fusion, but not vegetative incompatibility and wild-type conidiation pattern.
This ORF, which we named ham-2 (for hyphal anastomosis), encodes a putative transmembrane protein

that is highly conserved, but of unknown function among eukaryotes.

ILAMENTOUS fungi grow by tip extension,

branching, and hyphal fusion (anastomosis) to form
a hyphal network that makes up a fungal individual
(BULLER 1933; X1ANG and MoRrris 1999). Although tip
growth and branching have been extensively studied in
filamentous fungi (RIQUELME et al. 1998), essentially
nothing is known about the mechanism or function
of hyphal fusion in the growth and development of
filamentous fungi. Hyphal fusion is presumably a way
to increase cytoplasmic flow and interconnectedness of
hypha. Further, intrahyphal communication may influ-
ence hyphal pattern formation and developmental pro-
cesses (RAYNER 1996).

Hyphal anastomosis in filamentous fungi has been
described in the literature (BUuLLER 1933). The initia-
tion of hyphal anastomosis most likely involves the pro-
duction of a diffusible signal(s) (Goopay 1975) that
mediates positive autotropism and polarized hyphal tip
growth (BULLER 1933; McCABE et al. 1999). Once partic-
ipating hyphae physically contact each other, a break-
down of the cell wall ensues, followed by fusion of the
plasma membrane and cytoplasmic mixing. Major alter-
ations in cytoplasmic flow between hyphae can be ob-
served upon completion of the fusion process (P. Hick-
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EY, D. JacoBsoNn, N. REap and L. Grass, unpublished
observations).

Hyphal fusion takes place not only between hyphae
within a fungal colony; it can also occur between hyphae
from different colonies. In the latter case, hyphal anasto-
mosis results in the formation of a heterokaryon in
which genetically different nuclei coexist in a common
cytoplasm (Grass et al. 2000; SaAure 2000). Formation of
viable heterokaryons can be restricted by heterokaryon
incompatibility (ket) loci. The presence of alternative
alleles at a ket locus in a common cytoplasm (by the
formation of partial diploids, heterokaryon formation,
or transformation) results in growth inhibition, suppres-
sion of conidiation, and hyphal compartmentation and
death.

Hyphal fusion in filamentous fungi is comparable to
cell fusion events in other organisms. Examples include
fertilization events between egg and sperm and somatic
cell fusion events that result in a syncytium, such as
myoblast fusion during muscle differentiation (TAYLOR
2000). Although somatic cell fusion events have been
studied intensively in more complex eukaryotes, the
molecular mechanism of cell and membrane fusion is
still poorly understood. Our goal is to understand the
molecular mechanism of formation of the hyphal net-
work. Identification and characterization of mutants
that fail to undergo hyphal fusion may reveal the func-
tion of a process that is ubiquitous and probably univer-
sal in this group of organisms. Understanding the mo-



170 Q. Xiang, C. Rasmussen and N. L. Glass

lecular mechanism of the hyphal fusion process in
filamentous fungi may provide a paradigm for somatic
cell fusion events in other eukaryotic organisms.

In this study, we isolated a deletion mutant in the
filamentous fungus Neurospora crassa that had a reduced
capacity to undergo both self- and non-self-hyphal fu-
sion during vegetative growth. This mutant displayed a
slow growth rate, female sterility, shortened aerial hy-
phae, altered conidiation pattern, and also suppressed
het-cmediated vegetative incompatibility. We deter-
mined that a single open reading frame (ORF) within
the deletion region in the mutant was required for hy-
phal fusion and wild-type aerial hypha formation, but
not vegetative incompatibility or wild-type conidiation
patterns. We named this locus ham-2, for hyphal anasto-
mosis, because of the similarity in phenotype between
mutants that contain mutations in this ORF and another
hyphal fusion mutant, ham-I (WIiLSON and DEMPSEY
1999). The ham-2 gene product is predicted to encode
a plasma membrane protein that is highly conserved,
but of unknown function, in other eukaryotic organ-
isms.

MATERIALS AND METHODS

N. crassa strains and growth media: The strains used in this
study are listed in Table 1. Strains were maintained on Vogel’s
medium (VOGEL 1964) with required supplements. Crosses
were performed on 1X Westergaard’s medium (WESTERGAARD
and MrTcHELL 1947) with one-tenth to one-twentieth of the
concentration of supplements normally provided in vegetative
growth medium, as required. Complementation of female fer-
tility defects in mutants can be obtained by forming a hetero-
karyon between protoperithecial defective strains (such as
ham-2) and Fungal Genetics Stock Center (FGSC) 4564. The
strain FGSC 4564 (Table 1) has a mutation in the mating-type
locus and cannot participate in a cross, but forms female
reproductive structures (protoperithecia; GRIFFITHS and
DELANGE 1978; PERKINS 1984; STABEN and YANOFSKY 1990).
Such heterokaryons were used as females in crosses. Mating
type of progeny was determined by crosses with mating-type
testers fl A (FGSC 4317) and fl a (FGSC 4347; Table 1).

Heterokaryon tests: Strains with auxotrophic markers were
cultured in Vogel’s medium (VOGEL 1964) with supplements.
To assess the capacity of mutant strains to undergo hyphal
fusion, we used three assays. In the first assay, 1 ul each from
conidial suspensions (~107 conidia/ml in water) from two
strains containing complementing auxotrophic markers were
co-inoculated onto Vogel’s medium either in a petri dish or
in arace tube. Growth of the heterokaryons was recorded every
24 hr. A second, modified heterokaryon test was developed to
assess whether mutants retained any capacity to undergo hy-
phal fusion. In this case, conidial suspensions from two auxo-
trophic strains were inoculated onto a plate in two separate
spots, 1 cm apart. The plates contained limited amounts of
required nutrients: 8 pm uridine for pyr-4 mutants, 1.5 um
adenine for ad-3A or ad-3B mutants, 3 uM L-arginine for arg-
5 mutants, and 7 uM L-threonine for thr-2 mutants. Conidial
germination and growth occurred, but growth was sparse.
In the region of mycelial contact between the two strains, a
successful heterokaryon was visualized by rapid growth from
the contact area, caused by complementation of auxotrophic
markers after hyphal fusion. If a heterokaryon was not formed,

the growth of the strains eventually stopped due to nutritional
limitation. In the third assay, we determined hyphal fusion
frequency. A conidial suspension of a heterokaryon tester
strain (a strain with auxotrophic markers) of known amount
of viable conidia (10° conidia/plate) was mixed with varying
amounts of a conidial suspension from a hyphal fusion mutant
or wild type (with complementing auxotrophic markers; 10
10% 10% and 10° conidia). Conidial suspensions were plated
onto media that cause N. crassa to grow as compact colonies
(BdeS; Davis and DE SERRES 1970). After 3 days of growth,
the number of colonies on each plate was recorded.

Nucleic acid isolation and Southern hybridization: Genomic
DNA was isolated from mycelia ground in liquid nitrogen or
dried mycelia as described in LEE and TAyrLor (1990).
A [*P-dCTP]-labeled probe was generated using the T7
QuickPrime kit (Amersham Pharmacia Biotech) and South-
ern hybridization was performed as described in SAMBROOK
et al. (1989). Probes used in this study were Xbal6.5, BamHI9-4
(Figures 3 and 4), and Apal-Nod (AN3-2; Figure 3). Probes
were made from restriction fragments from cosmid H57:G1.

Cloning strategy: A linkage group (LG) V-specific genomic
cosmid library constructed in vector pLoristbxh (conferring
hygromycin resistance) was obtained from Fungal Genetics
Stock Center (Department of Microbiology, University of Kan-
sas Medical Center, http:/www.kumc.edu/research/fgsc/).
DNA was isolated from the library by using a Midiprep kit
(QIAGEN, Valencia, CA). Transformation was performed as
described in SCHWEIZER ef al. (1981). Introduced DNA (via
transformation protocols) usually integrates randomly at ec-
topic positions in the genome of N. c¢rassa. Various pools of
cosmid DNA from the LGV library were introduced into N.
crassa until a single cosmid that complemented the aerial
hyphae defect in strain 8-88 (Table 1) was identified by sib
selection (AKINS and LaMBowITz 1985). The DNA sequence
at one end of the N. crassa insert in H57:G1 was determined
using a primer to the SP6 site within the pLoristxh vector.
DNA sequence determinations were performed using the ABI
automated DNA sequencing procedure at the DNA Sequenc-
ing Facility (Berkeley, CA; http:/idrive.berkeley.edu/dnaseq/
web). Contig searches were performed by using the BLAST
programs provided at the Munich Information Center for
Protein Sequences (MIPS; http:/www.mips.biochem.mpg.de/
proj/neurospora/). Subcloning was performed using DNA
sequence, predicted ORFs, and restriction sites in contig 9a36
(http:/www.mips.biochem.mpg.de/proj/neurospora/) and
cosmid H57:G1. DNA fragments from H57:G1 (Figures 3 and
4) were cloned into a plasmid conferring hygromycin resis-
tance, pCB1004 (CARROLL et al. 1994), for transformation into
N. crassa.

Computational analyses: Transmembrane prediction pro-
grams used were TOP-PRED (http://bioweb.pasteur.fr/seqanal /
interfaces/toppred.html), TMAP (http:/130.237.130.31/tmap/
single.html), and Split 35 (http:/pref.etfosa.hr.split/). These
three programs correctly predicted the number of transmem-
brane regions in a benchmark protein, a Ca’* ATPase from
rabbit; the number of transmembrane domains in this Ca**
ATPase has been experimentally determined (ToyosHIMA el
al. 2000). Signal peptide predictions for putative proteins used
SignalP (http:/www.cbs.dtu.dk/service/SignalP). BLAST da-
tabase searches were conducted at the National Center for
Biotechnology Information (NCBI) site (http:/www.ncbi.nlm.
nih.gov/BLAST/).

Light microscopy: Sterile pieces of cellophane (Fisher Scien-
tific, Pittsburgh) were spread onto the surface of solid medium
and inoculated with conidia. After 24 hr, the pieces of cello-
phane bearing the mycelia were peeled off from the surface
of the medium and placed onto slides. The hyphae were exam-
ined under bright field or differential interference contrast
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using either an Olympus BH-2 or a Zeiss Axioskop II micro-
scope. Samples were also prepared by inoculating conidia
directly onto solid media (without cellophane) and culturing
for 24 or 48 hr. Photographs of perithecial contents and hy-
phae were taken by a Hamamatsu digital CCD camera (Hama-
matsu, Japan) and images were analyzed using Open/lab from
Improvision (Coventry, United Kingdom). Photographs of
perithecial contents (X100 and X400) were taken after stain-
ing with lactophenol cotton blue.

RESULTS

Identification of a pleiotropic mutant: We identified
a mutant that displayed multiple phenotypic defects
during a screen for suppressors of het-cmediated vegeta-
tive incompatibility in N. ¢rassa. Transformants con-
taining hel-calleles of alternative specificity display inhib-
ited growth, lack aerial hyphae and conidia, and show
hyphal compartmentation and death (SAUPE et al. 1996;
Saupk and Grass 1997; Wu and Grass 2001). We intro-
duced a plasmid that confers hygromycin resistance and
that contained a het-c°% allele (SAUPE et al. 1996) into a
strain of alternative het-c specificity (C9-2 het-c™; Table
1). Transformation methods most often resultin ectopic
integration of introduced DNA in N. ¢rassa and thus
most of these transformants were heterozygous for het-c
(het-c”® and het-c™). We picked 90 hygromycin-resistant
transformants that displayed het-c vegetative incompati-
bility to agar slants (referred to as “incompatible” trans-
formants). Sixty of these incompatible transformants
escaped from het-c-mediated vegetative incompatibility,
which was associated with an abrupt increase in conid-
iation. Escape from vegetative incompatibility in hetero-
karyons and partial diploids that were heterozygous for
a hetlocus has previously been correlated with deletions
of one of the duplicated het loci or mutations at un-
linked suppressor loci (NEWMEYER 1970; DELANGE and
GRIFFITHS 1975; VELLANT et al. 1994; SMITH et al. 1996).
These previously described escape events were also asso-
ciated with an abrupt increase in growth rate and conid-
iation.

One of the escape transformants, b-11-1 (Table 1),
displayed short aerial hyphae and copious conidiation.
b-11-1 was crossed with the wild-type strain RLM 57-30
(pyr-4 het-c°* A; Table 1) and 106 progeny were examined
from the cross. Sixty-two progeny had a wild-type pheno-
type, while 44 progeny showed shortened aerial hyphae
and copious conidiation, a ratio compatible with 1:1 by
a x? test. The mutant progeny also showed a slower
growth rate than wild-type isolates, ~3 cm/day, as com-
pared to the 6- to 7-cm/day growth rate of a wild-type
strain and occasionally produced orange-colored bodies
throughout the colony. We refer to this segregating
mutation as ahc, for aerial hyphae and conidiation (Fig-
ure 1).

To determine whether het-c specificity cosegregated
with the aerial hyphae and conidiation defects in the ahc
progeny, we performed heterokaryon tests with conidial

suspensions from the ahc phenotypic class of progeny
and wild-type het-c tester strains (OR-type, I-1-83 and I-1-
51; PA-type, Xa-2 and Xa-3; Table 1). Of the 32 tested
ahc progeny, 14 were classified as het-c? and 18 typed
as het-c™, indicating that the ahe mutation was unlinked
to the het-c locus. Four of the ahc het-c™ progeny were
hygromycin resistant, indicating that the ectopic copy
of het-c™® (and pCB1004) was linked to the het-c locus
in the original b-11-1 transformant. We did not identify
any het-c null strains from the 32 ahc progeny character-
ized from this cross. In N. c¢rassa, duplicated sequences
(such as the alternative het-csequences in the C9-2 trans-
formants) suffer GC to AT transition mutations in both
resident and ectopic copies of these sequences when
such strains are taken through a cross (SELKER 1997).
This mutagenic phenomenon has been termed repeat
induced point (RIP) mutation; het-c null strains have
been isolated previously by using this method (SAUPE
et al. 1996). Four ahc progeny showed partial het-c™ func-
tion (fully compatible with a hei-c™ tester and partially
incompatible with a het-c?® tester; heterokaryons grew
atafaster rate than typical het-cincompatible heterokary-
ons but showed a similar phenotype), suggesting that
these strains may contain mutations in het-c that result
in partial function of HET-C™. The partial loss of the
het-c function class presumably resulted from mutations
in het-c™ induced by RIP mutation.

The (ahc + wild type) heterokaryons of identical het-c
specificity displayed a near wild-type growth rate, normal
conidiation, and aerial hyphae formation, indicating
that the ahcmutation was recessive. However, heterokar-
yon formation between the ahc progeny and the wild-
type het-c testers was delayed; heterokaryons between
ahc strains and wild-type strains were observed after 2-3
days, rather than the normal time of 1 day or less for
heterokaryons to form between two wild-type strains.

The ahc mutation suppresses het-c vegetative incom-
patibility: The ahc progeny displayed vegetative incom-
patibility in heterokaryons with wild-type strains that
contained alleles that conferred alternative het-c speci-
ficity. To determine if the ahc mutation also suppressed
het-c vegetative incompatibility in a recessive manner,
we attempted to force heterokaryons between ahe; pyr-4
het-¢™ and ahc; thr-2 het-c™ progeny (Table 1) using
conidial suspensions. However, prototrophic heterokar-
yons were not observed after 5 days of incubation. To
determine if the ability to form a heterokaryon was
affected in ahc strains of identical fhet-c specificity, we
crossed strain 8-88 (het-c™ pyr-4; ahc A) with FGSC 4070
(het-c?; Iys-1 a) and recovered het-c™; lys-1; ahc and
het-c®"; pyr-4; ahc progeny (Table 1). The lys-1; ahc prog-
eny were tested for heterokaryon formation with pyr-4;
ahc progeny using conidial suspensions. No visible het-
erokaryotic growth was observed after 5 days of incuba-
tion.

We developed a modified heterokaryon test whereby
(pyr-4 het-c®; ahc + thr-2 het-c™; ahc) and (pyr-4 het-c’%;
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TABLE 1

N. crassa strains

Strain Genotype’ Origin/cross
C9-2 het-c™* thr-2 a SMITH et al. (1996)

RLM 57-26 pyr-4 arg-5; inl; pan-2 a Gift from R. L. Metzenberg
RLM 57-30 oyh-1; pyr-4 A Gift from R. L. Metzenberg
I-1-83 ad-3A his-3 A Gift from A. J. F. Griffiths
I-1-51 ad-3A nic-2 a Gift from A. J. F. Griffiths
C9-15 het-c™ thr-2 A SMITH et al. (1996)

Xa-2 het-c™ arg-5; pan-2 a C9-15 X RLM 57-26

Xa-3 het-c™ arg-5; pan-2 A C9-15 X RLM 57-26

FGSC 997 T al-I; T(IV-V) cot-I; T(III-VI) ylo T A FGSC’

FGSC 1144 -2 a FGSC

FGSC 7168 oyh-2 leu-5 a FGSC

FGSC 2164 lys-2 a FGSC

FGSC 4070 lys-1 a FGSC

FGSC 4317 STA FGSC

FGSC 4347 fla FGSC

FGSC 4564 ad-3B oyh-1 a" FGSC

b-11-1 het-c™ thr-2; ahc (het-c"®) a Escape transformant

8-88 pyr4; ahe A b-11-1 X RLM 57-30

8-56 pyr-4; ahe a b-11-1 X RLM 57-30

39-8 lys-1 ahc A 8-88 X FGSC 4070

39-12 lys-1 ahc a 8-88 X FGSC 4070

8-16 thr-2 het-c™; ahc A b-11-1 X RLM 57-30

8-17 thr-2 het-c™; ahc a b-11-1 X RLM 57-30

9-1-5 pyr-4 A b-19-5 (an escape transformant) X RLM57-30
Crl-10 pyr-4; ham-2 A RIP progeny from C9-2 (AN3-2) X 9-1-5
Cr3-3 pyr-4; ham-2; pan-2 A Crl-10 X R5-47

Cr3-6 ham-2; pan-2 A Crl-10 X R5-47

Cr3-12 ham-2 A Crl-10 X Rb5-47

Cr3-17 pyr-4; ham-2 a Crl-10 X R5-47

Cr3-20 pyr-4; ham-2 A Crl-10 X Rb5-47

R5-47 his-5 tol trp-4; pan-2 a Suru and Grass (1999)
R1-08 a (ORS 8-1) Gift of R. L. Metzenberg

“All strains are Oak Ridge compatible (including /et-¢) unless otherwise noted.
"FGSC, Fungal Genetics Stock Center (http:/www.fgsc.net/).

ahe + lys-1 het-c®*; ahc) heterokaryons could be recovered
(see MATERIALS AND METHODS). Conidial suspensions
from two auxotrophic ahcstrains were inoculated in two
separate spots 1 cm apart onto a plate that contained
limiting amounts of required nutrients. Successful het-
erokaryotic growth was visualized by rapid growth from
the contact area between the two sparsely growing colo-
nies, caused by complementation of auxotrophic mark-
ers after hyphal fusion. Heterokaryons between ahc strains
that contained /et alleles of alternative specificity (pyr4
het-c?%; ahc + thr-2 het-c™; ahc) were phenotypically simi-
lar to heterokaryons between ahc strains of identical
het-c specificity (pyr-4 het-c®; ahc + lys-1 het-c™*; ahc),
indicating that the ahc¢ mutation also suppressed het-c
vegetative incompatibility.

The frequency of heterokaryon formation is reduced
in the ahc mutant: We determined the frequency of
heterokaryon formation between an ahc mutant and a
wild-type strain as compared to heterokaryon formation
between two wild-type strains (see MATERIALS AND METH-

ops). Approximately 16 heterokaryotic colonies were
observed when ~60 viable conidia from 9-1-5 (pyr-4; A)
were mixed with 1.3 X 10° viable conidia from FGSC
4564 (ad-3B cyh-1 a"') and spread onto plates (Table 2).
By contrast, the frequency of heterokaryon formation
between an ahc¢ mutant (8-88) and a wild-type strain
(FGSC 4564) was reduced >1000-fold (to 6.2 X 107%
Table 2). We did not observe hyphal fusion bridges in
colonies of the ahc¢ mutant in extensive microscopic
analyses, suggesting that the reduced capacity of 8-838
to form a heterokaryon is due to a defect in the hyphal
fusion process.

The ahc mutant shows sexual defects: Strains con-
taining the ahc mutation failed to make female repro-
ductive structures (protoperithecia) and were thus fe-
male sterile. This defect was also recessive; female
fertility in an ahc mutant could be restored by forcing
a heterokaryon between 8-88 and FGSC 4564 (ad-3B
cyh-1 @™, Table 1; see MATERIALS AND METHODS). Het-
erozygous crosses between 8-83 X wild type produced
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A WT ahc ham-2 ham-2
(orange bodies)

FIGURE 1.—(A) Strains of N. ¢rassa grown in Vogel’s (VOGEL
1964) medium in test tubes. Note the short aerial hyphae in
the ahc and ham-2 mutants as compared to a wild-type strain.
The large orange bodies seen in the akc and ham-2 mutants
are shown in the test tube on the far right (ham-2 mutant is
shown). (B) Strains of N. crassa grown on plates of vegetative
medium for 1 week. Note the copious amount of conidia that
cover the entire plate in the ahc mutant, as compared to a
wild-type strain, which conidiates around the margin of the
plate. The ham-2 mutant is more similar to wild-type in its
conidiation pattern than to the afc¢ mutant.

only 1% viable progeny (Figure 2B). The number of
ascospores was greatly reduced in these crosses and only
a small proportion of these ascospores germinated to
give viable progeny. The ratio between ahc mutant and
wild-type progeny in these crosses was near 1:1. The
ascus dominant phenotype of the ahc mutant occurred
whether the ahc mutant was used as a male or as a fe-
male (in a heterokaryon with FGSC 4564) in crosses with
wild- type strains. Homozygous crosses between ahc mu-

F1GUrE 2.—Perithecial squashes from crosses of N. crassa
strains. (A) Perithecial contents from a ham-2 X wild-type cross
(Cr3-12 X R1-08; Table 1) (bar, 100 wm). Note the numerous
asci containing eight ascospores. Mature asci contain eight
black ascospores. The phenotype of heterozygous crosses with
ham-2 are similar to wild-type crosses, although formation of
the rosettes is delayed by ~1 week. (B) Perithecial squash
from an ahc¢ mutant (8-88; Table 1) crossed with wild type
(I-1-51). In this cross, 8-88 was used as a male. Note the numer-
ous asci that are devoid of ascospores. The few ascospores
that are seen are variable in size and pigmentation (same
magnification as in A). (C) Perithecial squash from a homozy-
gous ham-2 [(Cr3-3 + FGSC 4564) X Cr3-12; Table 1] cross
(same magnification as in A). Note the absence of normal
size and numbers of asci and complete lack of ascospore prog-
eny. (D) Enlargement of perithecial contents from C (bar, 10

pwm).

tants [(8-88 + FGSC 4564) X 8-17; Table 1] were com-
pletely sterile.

The ahc mutation maps to linkage group V: The map-
ping strain ALCOY (FGSC 997; Table 1) was used to map
the ahcmutation in 8-88 by following the morphology of
the shortened aerial hyphae in progeny of the crosses.
The ahc mutation mapped to the right arm of linkage
group V, closely linked to /ys-2. Only 1 recombinant out
of 151 progeny was recovered in a cross between 8-88

TABLE 2

Frequency of heterokaryon formation

Strain Viable conidia Reference strain Viable conidia No. of colonies Frequency
9-1-5 60 FGSC 4564 1.3 X 10° 16 = 1 1

8-88 1.2 X 10° FGSC 4564 1.3 X 10° 2=x1 6.2 X 1071
Crl-10 1 X 10° FGSC 4564 1.3 X 10° 0-1 2.5 X 1071
8-88 (Xhkb5-4) 1 X 10% FGSC 4564 1.3 X 10° 41 £ 8 1.6 X 107°

“Due to the heterokaryotic nature of transformants in V. crassa, the conidial concentration of a 8-88 (Xhkb-4)
transformant was determined by counting the number of conidia under the microscope via a hemacytometer

rather than by assessing viable conidia by plate counts.
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and FGSC 2164 (lys-2; Table 1). Out of 102 progeny, 1
recombinant was identified in a cross between 8-88 and
FGSC 1144 (ilv-2). And out of a total of 182, 18 recombi-
nant progeny were recovered in a cross between 8-88
and a leu-5 strain (FGSC 7168). Since lys-2 lies between
ilv-2 and leu-5, these data indicate that the ahc¢ mutation
maps between lys-2 and ¢/v-2 on linkage group V.

Cosmid H57:G1 complements the ahc mutant pheno-
type: Heterokaryon tests indicated that the aerial hy-
phae defect of the ahc mutant was recessive. Thus, we
hypothesized that it would be possible to complement
the aerial hyphae defect of 8-88 by DNA-mediated trans-
formation with a cosmid library from N. crassa. Pools
from a chromosome V-specific genomic library (ob-
tained from the FGSC; see MATERIALS AND METHODS)
were subdivided successively and introduced into 8-88
until a single cosmid that complemented the aerial hy-
phae defect was identified (H57:G1).

The introduction of the cosmid H57:G1 comple-
mented the vegetative phenotypic defects of 8-88. The
8-88 transformants bearing H57:G1 displayed near wild-
type growth rates (5-6 cm/day), normal aerial hyphal
differentiation, and a normal conidiation pattern and
lacked orange bodies. Heterokaryons between 8-88
transformants bearing H57:G1 and a wild-type strain
(I-1-83; Table 1) were easily formed using conidial sus-
pensions. Heterokaryons between 8-88 (H57:G1) trans-
formants and an ahc strain of alternative het-c allelic
specificity, 8-16 (het-¢™; Table 1), displayed an incompat-
ible phenotype, indicating that Aet-c-mediated vegetative
incompatibility had been restored to 8-88 by the intro-
duction of H57:G1.

Using an SP6 primer, the DNA sequence of the end
of the N. crassainsert in H57:G1 was determined. These
sequences were used to search the V. ¢rassa linkage group
IT and V database (http:/www.mips.biochem.mpg.de/
proj/neurospora/). The H57:G1 cosmid was determined
to be in the middle of contig 9a36 on LGV, as predicted
by genetic analyses. Subsequent restriction site mapping
of H57:G1 and comparison to the predicted restriction
sites indicated that the cosmid lay between nucleotide
position ~47303 and 86174 in contig 9a36, ~39 kbp.
Thirteen ORFs were predicted to be in this region (Fig-
ure 3).

A subclone of H57:G1 containing a single ORF com-
plemented the aerial hyphae, growth rate, and hyphal
fusion defects of the ahc mutant, but not conidiation
pattern defects or vegetative incompatibility: Deletion
analysis of cosmid H57:G1 indicated that the cosmid
lost its ability to complement the aerial hyphae defect
when introduced into strain 8-88 when the C terminus
of the third predicted ORF (170cg) was deleted by Noi
(Figure 3). A subclone containing a 5.2-kbp Kpnl-Hin-
dIII fragment (from position 49735 bp to 55009 bp in
contig 9a36) that contained the entire 170cg ORF was
constructed (Xhkb5-4). The introduction of Xhkb5-4 into
strain 8-88 fully complemented the aerial hyphae defect

Complementation

F1GURE 3.—Map of H57:G1 based on predicted ORFs (our
analysis and http:/www.mips.biochem.mpg.de/proj/neuro-
spora/). Boxes indicate predicted ORFs (not drawn to scale).
From left to right, the ORFs are 150cg to 270wg in contig
9a36 in MIPS Neurospora database (http:/www.mips.biochem.
mpg.de/proj/neurospora/). The direction of the predicted
transcription of 170cg (ham-2 ORF) is depicted in D by an
arrow. The restriction sites in H57:G1 are indicated: N, Notl,
B, BamHI; H, HindIll; K, Kpnl; A, Apal. + indicates that the
introduction of a subclone of H57:G1 into 8-88 (Table 1) can
restore normal aerial hyphae differentiation; — indicates that
the construct does not complement the aerial hyphae defect.
(A) Nod-3, (B) H57:G1, (C) BamHI9-4, (D) Xhk5-4, (E) Xha4,
and (F) AN3-2.

(Figure 3) and restored near normal growth rates of ~5-6
cm/day. However, the 8-88 (Xhk5-4) transformants still
displayed the copious conidiation pattern of the ahc
mutant.

To determine whether or not the introduction of
Xhkb-4 restored heterokaryon formation capacity, Xhk5-4
was introduced into two different ahc strains that con-
tained different auxotrophic markers and were also of
different het-c specificity (8-88 and 8-16; Table 1). Vigor-
ous heterokaryotic growth was observed in 2-3 days
when conidial suspensions from 8-88 (Xhkb-4) and 8-16
(Xhkb5-4) were co-inoculated onto a minimal medium.
These data indicated that the ability to form heterokary-
ons via hyphal fusion was restored in a/c mutants by the
introduction of Xhk5-4, but that vegetative incompati-
bility and a normal conidiation pattern were not. In a
separate study, it has been determined that a different
gene on H57:G1, termed vib-I for vegetative incompati-
bility blocked, encodes a mediator of het-cvegetative incom-
patibility and conidiation (Q. X1aNG and N. L. GLass,
unpublished results).

The ahc mutation is a deletion: In other studies, it
has been shown that escape from vegetative incompati-
bility is associated with deletion of het loci (DELANGE
and GrrrrrTHS 1975; SMITH ef al. 1996). We therefore
used restriction fragment length polymorphism analysis
and Southern blots to determine whether the mutation
in the ahc mutant is due to a deletion within the se-
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F1cure 4.—Southern blot analysis showing that the ahc¢ mu-
tant contains a large deletion that includes the ham-2 ORF.
Restriction fragments in H57:G1 are depicted at the top of
the figure with the predicted ORFs shown as boxes below (our
analysis and from http:/www.mips.biochem.mpg.de/proj/
neurospora/). Probe used is shown at the top of the gel and
enzyme used to digest genomic DNA at the bottom of the gel.
Lanes 1: genomic DNA from wild-type strain C9-2 (Table 1).
Lanes 2: genomic DNA from the ahc mutant (8-88). Sizes of
the hybridizing fragments are, for the Xbal6.5 probe, 8116,
2500, and 794 bp and, for the BamH19-4 probe, 3858, 3360,
and 1885 bp. The ham-2 ORF is within the BamH19-4 fragment.

quences covered by the H57:G1 cosmid. Hybridization
signals were detected in the 8-88 genomic blots probed
by the Xbal6.5 fragment from cosmid H57:G1 (nucleo-
tide position 67410-73921 in 9a36; Figure 4), but were
absent when a 9-kbp BamHI9-4 probe (49405-59272,
containing the entire 170cg ORF) was hybridized to
similar blots. These data indicated that the a/c mutant
contains a deletion that includes 170cg plus other ORFs
in this region.

Isolation of 170cg mutants: Because the aic mutant
contains a deletion of >9 kbp, we sought to isolate
mutants that contained mutations only in the 170cg
OREF. To isolate 170cg mutants, we chose to use RIP muta-
tion (SELKER 1997). A 3-kbp Apal-Noll internal fragment
(AN3-2; Figure 3) of 170cg was cloned into pCB1004 and
introduced into a C9-2. A C9-2 hygromycin-resistant
transformant was crossed with a wild-type strain, 9-1-5
(Table 1). Approximately 10% (15/129) of the progeny
from the cross showed shortened aerial hyphae, a slow
growth rate, and orange bodies. We isolated hygro-

MW1 2 12 12121212

1.6kb - - - .-

- - e

ree® o

0.5kb

C9-2 9-1-5 Crl-10 Cr1-11 Cr3-3 Cr3-6

F1Gure 5.—Southern blot of genomic DNA from parental
and ham-2 RIP progeny. MW, molecular weight standards.
Lanes 1: genomic DNA digested with Sau3A. Lanes 2: genomic
DNA digested with Dpnl. C9-2 (Table 1): parental strain used
for transformation with an internal fragment of ham-2 (AN3-2;
Figure 4). 9-1-5 (Table 1): strain crossed to C9-2 transformant.
Crl-10: progeny from the C9-2 (AN3-2) X 9-1-5 cross that
contains restriction-site alterations in the ham-2 resident se-
quence and displays the ham-2 phenotype. Crl-11: progeny
that displays a ham-2 phenotype, but without restriction site
alterations at the Sau3A/Dpnl sites. Cr3-3 and Cr3-6: progeny
from a Crl-10 X R5-47 (Table 1) cross that displayed the
ham-2 phenotype and inherited the altered ham-2 sequence
from parent Crl-10.

mycin-sensitive progeny to select against the ectopic
copy of 170cg and confirmed the absence of ectopic
copies by Southern blot analysis (data not shown). We
subsequently assessed these progeny for methylation
and restriction-site differences within the resident 170cg
sequence by Southern blot analysis (Figure 5). Genomic
DNA from one of the progeny that displayed the mutant
phenotype contained a restriction-site alteration at nu-
cleotide position 975 in 170cg (Crl-10 lanes) as com-
pared to the parental controls (C9-2 and 9-1-5 lanes).
In a cross of this strain (Crl-10) with a wild-type strain
(R5-47; Table 1), all of the progeny that showed the
mutant phenotype inherited the altered sequence from
Crl1-10 (Cr3-3 and Cr3-6 lanes). These results are consis-
tent with the mutant phenotype of the progeny being
caused by mutations induced by RIP within 170 cg. Be-
cause of the phenotypic similarities between a hyphal
fusion mutant, ham-1 (hyphal anastomosis; WILSON and
DeMPSEY 1999; see below), and mutants with mutations
in 170cg, we name this locus ham-2.

ham-2 mutants showed aerial hyphae, hyphal fusion,
and growth defects: The ham-2 mutant progeny dis-
played a slower growth rate (~3 cm/day), aerial hyphae
defects, and occasional orange bodies (Figure 1). To
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FIGURE 6.—Microscopic analysis of hyphal fusion bridges
in the ham-2 mutant as compared to wild type. (A) Wild-type
strain C9-2 (Table 1). Note hyphal fusion bridge (arrow; bar,
10 pm). (B) Lack of hyphal fusion bridges in the Zam-2mutant.
Note similarity to wild type in hyphal architecture, but com-
plete absence of hyphal fusion bridges (arrows; bar, 10 pwm).

determine whether the ham-2 mutants had a reduced
capacity to form a heterokaryon, heterokaryon tests us-
ing conidial suspensions from Aam-2 mutants containing
different auxotrophic markers (Cr3-6 + Cr3-20; Table
1) were performed. As with heterokaryons between ahc
strains, heterokaryons between ham-2 strains were not
recovered after 5 days of incubation. Heterokaryon for-
mation between ham-2 mutants and wild-type strains
was also delayed by 2 to 3 days. We determined the
heterokaryon formation frequency of the ham-2 mutant
by plating different concentrations of ham-2 conidia
(Cr1-10) with a wild-type strain, FGSC 4564 (Table 2).
The frequency of heterokaryon formation in the ham-2
mutant was reduced 1000-fold over that of a wild-type
strain and was similar to that of the ahc¢ mutant.

The reduced frequency of heterokaryon formation
between ham-2 and wild-type strains and the difficulty
in recovering ham-2 heterokaryons is likely caused by a
reduced capacity to undergo hyphal fusion. By contrast
to wild-type colonies, hyphal fusion bridges were not
observed in colonies of ham-2 mutants (Figure 6), al-
though the microscopic hyphal architecture of the ham-2
mutant is similar to wild type, with wide trunk hyphae
and smaller, meandering hyphae filling in the spaces
between trunk hyphae. These hyphae are involved in hy-
phal fusion events in wild-type colonies (BULLER 1933).

ham-2 mutants are affected in sexual reproduction:
Crosses between wild-type and ahc strains showed an ascus
dominant defect that resulted in only 1% viable meiotic
progeny (see above); homozygous ahc crosses were com-
pletely sterile. To determine whether ham-2 mutants
exhibit the same sexual defects as the ahc mutant, we
crossed ham-2 strains as both a male and a female in
heterozygous and homozygous crosses (Figure 3, A, C,
and D). When used as a female, a ham-2 mutant (Cr3-12;
Table 1) produced a few orange protoperithecial-like
bodies and large orange bodies. Development of peri-
thecia was not observed after fertilization with a wild-

type strain (R1-08; Table 1) or with a different ham-2
mutant (Cr3-17).

The inability of the ham-2 mutants to make functional
protoperithecia was complemented by heterokaryon
formation between ham-2 (Cr3-3) and FGSC 4564 (Ta-
ble 1). In homozygous ham-2 crosses, perithecial devel-
opment was indistinguishable from wild-type crosses up
to ~3—4 days postfertilization; however, further develop-
ment of perithecia was blocked. When the internal con-
tents of these perithecia were inspected, only a few minute
asci were observed (Figure 2, C and D). Heterozygous
crosses using ham-2 mutants (Cr3-12) as a male (with
R1-08; Table 1) were similar to wild-type crosses (Figure
2A). Perithecial, ascus, and ascospore development was
similar to that of wild-type crosses, although full rosette
developmentand ascospore ejection in these crosses was
delayed by ~1 week. Thus, the ascus dominant defect of
the ahc deletion mutant was not exhibited by ham-2 RIP
mutants.

ham-2 encodes a novel putative transmembrane pro-
tein: A single ORF is predicted in the 5.2-kbp Xhk5-4
fragment (http:/www.mips.biochem.mpg.de/proj/
neurospora/ and our analysis). The ORF begins at posi-
tion 54407 bp (start codon) and stops at position 50837
bp (stop codon) in contig 9a36. The ham-2 ORF has four
introns and five exons and encodes a putative protein of
1087 amino acids (Xhk5-4; Figure 7). The protein has
three putative transmembrane domains (http://bioweb.
pasteur.fr/seqanal/interfaces/toppred.html) and is pre-
dicted to reside in the plasma membrane. BLAST searches
(http:/www.ncbi.nlm.nih.gov/blast/blast.cg) of the NCBI
database with the predicted ham-2 ORF revealed a number
of hypothetical proteins of unknown function in a num-
ber of other eukaryotic organisms, especially within the
predicted C-terminal region of HAM-2 (Figure 8). The
C-terminal region of HAM-2 showed ~60% similarity
(~40% identity) to the C-terminal region of hypotheti-
cal proteins in Drosophila melanogaster, Caenorhabditis eleg-
ans, Schizosaccharomyces pombe, Saccharomyces cerevisiae,
and Homo sapiens. A region in the predicted amino ter-
minal region of HAM-2 also shows similarity (although
less than the C terminus) to the amino terminal region
of these same hypothetical proteins in D. melanogaster,
S. pombe, and S. cerevisiae.

DISCUSSION

In this study, we report the isolation and characteriza-
tion of a gene required for hyphal fusion in filamentous
fungi. Initially, we believed that the multiple defects
displayed by the ahc mutant were due to mutations at
a single locus. We subsequently showed that the aerial
hyphae defects, female sterility, growth rate reduction,
and hyphal fusion deficiency were due to the absence
of a single gene, ham-2. The ahc mutant also showed
suppression of vegetative incompatibility and conid-
iation defects. A second gene missing in the ahcdeletion



GGTACCTAGTTCCCAGGTTCATACAGGGGATAATCCGAGCACTCCCGTCAGCGTTTTGGTCATGAATGCCACGGTACTCAGCCCTCATATTATGTACACE 100
TCCTCTCAAGTGAAGCACCCCGAARGGAGTAGTACTGTTACCTACCTAGAGGTATCCATCAAGCTTCTGCAATTGTTGAGCCACAAGCAGETGTCGGTGE 200
AGGCAAAGGTATCAAGGCAATGGCATTGCATTGTAAATTCGACCAATCGCAGGCGGCAGGCAGTACCTAAAACGCGGCAGGGACGACGCGGCAAGCTCTC 300
CGCACCTCATCATTCAGCTCTTCTCACTGTAGCAACTGCATGCCCGCAGT TGAGCATGAGGAAAGAGTATC T TTCTTGGATTGATTTCTTCCATGAAACA 400
TCATCTTGACATGTTTTCTTCTTGATAAGTATTCTCGGTCAGCACCAATCGTACAGTATCATCAACAAACATGAGGTAGCCTTATTGACGAGTTACGACA 500
ARCCTCCAACCCCTGAAAACACCCCGATTTCTTCAGTTTAGCGGTCT TGTCACTGGCCCTCGCAGTTGCAGCCGCCGTCTGCCCCACCATCCACAACCCT 600
CCATGACCATGATGAACGCGCTCTGGTCGAGAAGCACCTCCTCTTCCGGCGACAGCECAGAGAAAAGCGCCAAACCGCCCAGCCATGCAGTGAGCACCAC 700
M T M M NALWSUR ST S S S 6GD SAETZ KT S AT KT PZPSDA AVTVTS T T
TTCCGAACAAGTGGCCGATCTCTCGGACAGGCCAAATGCGCCAGCCCTACCAGCTCGCCCGGCCCTCCACAGAAACCAGCCTTCGGCCCCTCCTCCAGCA 800
S EQ VADULSDI RPN BAPA ATLTPA ARTUPA ATLUBHTERNGT PSS ATPTP P A
GCACCGTCGAACCCTCCGCCGCCGETGCCCTCCEGGTGCTGGCTCCGGCAACGCCGCTAACAATGCGTCGGCGCAACCTCAGGACTCCCTGTCTCTAGCCC 900
A P S NP PPPV P S GA G S GNU AU ANINABAS A Q P Q D S L S L A
AACTACGAAGGATCGTTGCCGAGTTCCCCAAGTCCGAGCCGATCGCCTACGACTATGTCTACACTGATGTGGGCCCCATCGAGGAGCAGGTGGACGAGTG 1000
Q LRR IV AETFUPIEKSEUPTIAYUDTYVYTDVSGTZPTITZETETEUV VTDETW
GTTCCTCTATAACTTCTGGCAATGGGTGCGTCTGAACACGGCCAACCGGGCCTTTGACAGCACATGGGAAAGCATG T TCGGGGAGGACGAGACCTGGGAC 1100
F L YNFWQWVRILNTANZ RAPFDTSTWETSUMT FGTETDTETWD
AGTGTCGGAGACGACGACAGGCAGAGGTTCGTGCGGAACGCCGTCCAACAGTTGCAGACGTCAACCCGACAAGACGGCCCGCGGCGAGGCTATCGGCACGE 1200
S VGG DDD®RUOQRFVRNAVYVQQLO QTS STUDTZ KT ATRTGTET ATITEGT
TCGTGTACATAGTGTTGGGACGTTGGGCCGAGACTGTCARAGCAGCGAGCCTGCCCAATTTTGCGGACCACAAGGTCAGGTCCGCCGCCACCAAGCAGCA 1300
Lvy I VL GRWAMETV VKA AASTLUZPNTFA ATDI HTIZ KU YU RS ATA AT K
GCTGGATGCCATGAAGGCAGGCGTCAAGCTGCTCGCTGAGTGTGGTGGCATTCCTCCCATGTGGGATGCGCTGAGGAGGGCCTTCGAGCCATTCTGGGCE 1400
L DAMIEKAGV YV KLTULAETGCG GG GTIUPPM@WDATLTZ RT RATFTETPTF WA
GACGACGGAGACGTTGGCCAGATAGTACAGGCCTATGCCGAGGAGCTGATGCATTTGATGACCATTTTGTACATCTCTTTGCAAACGACGCTAGACCACC 1500
Db 6DV GQIVQAZYAEETULMEHETLMTTITLZYTIZSTULOQQTTTLTUDOD
TTGAGGATATGGCCTCGGCCCGCAAGGAACTACGTACGAGGTCCCTTTTAACACATGGCGGCGCTCGGTTAAGTTGCTAACATATGGCAGTTGCACTCAA 1600
L EDMA S AR KE L L A L N
CCCGAATCTGGTTCACTTCATGTTGCATGCCACGGCAAAACTTCGATGGGACGATAGGAACATTCTCCCCCAAACCCAGGTCGGTTCAACTACCTTTGGA 1700
P NL VHFMULUHATATZ KTILIRWDUDI RNINITLZPOQTUGQUVGSTTF G
ATCCCGGGCGCGGCCAACCAACATCGAATGCTTATGAGTTCCCAGGTTTTCCTTTTGTTCTGGAAGTCACTTCTCCTTGTTTTCGGCGETTCCAAGCACA 1800
I P G A ANQHIRMILMSSQV FLLFPFWI KT STULULTULVTFGS G S K H
TCGCGGAGGCCAAAAAGGCTACGGCAGAAACACCTTCCGACGTTAAGGACAAGGAAATCATTACTGCTTCCCCGCTCGATTACCATGTGTTCCGGCAAGA 1900
I AE A K KA TAETU?PS DUV XKDZ X ETITITA ASU PTLTUDTVYUHVT FT RQ E
GATCACATCCAAGTATCCGTCATATATCCCGCCCCAATGTGCCATTCCCCTCGAGGCAGAGCAGACGTCAATCCTTCCTCCGCTACCTARCCACCCAACC 2000
I T 8 K Y P S Y I PP Q CATIPILTEATEUG QTS STITULU®PU®PULTZPNTUHTZPT
AGGAACAATGGACAAAACGGTATCCTTCCCGGCCCACCAAACCAGAGCGCCTCCGCCTCGATTCTCCATCAGCCGGTTCACATCGCGACTCCTGCGCCCT 2100
R NNGQNGTITULUPG?®PPNG QS ASA ASTITILHTUGQZPVYVUHTIA ATTZPATP
CCCCTCCTCCGAGCCCGGGTGTCGGTGGTAAAGG TGGTAAGAAGCAAAACTACCAGACTAACCAARATTTTCCGTTTATGTATCCGCCCTTGGACGCCAC 2200
§$ PP PSP GV G G K GG KK QNVYQTWNIGQNTFZPTFMTYU&PZPULTUDA AT
CAGCAACAGCGCTGGCGGAAAGGGAGTTGCCEGACTACAGGACCTGTTGGTAGGCAGEAAGTGGGAGGGAAGCGATGTTCCCGCCTCCATTATCGAAGCT 2300
S NS A GG K GGV AGILQODULULVGRIEKUWETGSDUVU®PASTITIE A
GGCGAACTATTCTCCACGCGCACCAGGATGACACGAGCTACCAGGCAGC TCTGGGAAGAGCCCGAGAGATTCCTCAAGTTTGAGCGTGEATGGGAAGGTE 2400
G EL F S TRTI RMT®RATI®RTIGQTLUWETETZ RTET RTFTILIKTFTETZRTGUWTE G
TCGATGAGGACCTCATTGACGAACTCGATCTCTCAGAACT TACACTTGAGGAGAAGGAGGAGCTGGGCTTACTGAAGGAGAGCGACAAGAAAAAAGATAA 2500
vVDEDULTIDETULDTULSETILTTULTETETZ KTETETULGTULTULZEKTETSTUDTZEKIEKT KD K
GCTCGGCCACGARATTGACTTGGGACCACGGCCTGTGGATGATGATATCAAACATCGTCTTGAGGCCGTCGAGGAGTTCTATGTAAGTCTTGTTGAGTGA 2600
L GHE I DL G PRPV DDUDTII KU HRTLTEA AUVTETETFY
CTTATGCTTCTGTCTTACGGTACTTGCIGACTCTGCTACTCT T TACAGAAAGAGGCTCTCCCTCATCTGCAGTCACTAGTCATTGTGCTGCTGAAGGCGA 2700
K E AL P HL Q § L V I V L L K A
TTGTTGCTATCGCCAGCAGTCTAGTTCAGCCGCAACCTGGACAGCAAAATCCTGGTGCCCCGCAGAACAATGGGCETGTTAGCCGAGGGCCGCCCCAGGS 2800
I vaIASSILVQQPOQPGQQQNUPGATPUONDNGT RV SG G P P O G
TCGGGGTCAAAGTAATGGTAACAATGCTGGTAACGACCCTCCCTCCCCCTCGGATGACAATGTAGATGAGGCTAGGAGCAGAGAAATTGCGGCGAAGGCC 2900
R G Q S N GNNAGNDU®PP S P SDDNUVDE ARSI RETIA AABATKA-A
GTGACAGGTATCATGATCCTATTGTTGAAGTGGCTAAAGCTGTCTGTAAGTAATCATGCGACCAAGATTAGTACGACCGCATCGCTGACGATCGAGTGTT 3000
vV T 6 I M I L L L K WL K L 8§ .
CTAGATATCCTCAAGTTCGAGTACTTCACACAGCTACTCTTGGACTCTAATTATCTTCCTCTAGTGCTGAAGCTGTTTGCTCTGCATGATGTGCAGCAGG 3100
L L L D SN Y L PL VL XKL F AL HUDUV Q Q
TGGTTGAGAGCAAGACCGACAGGATAGAGCACAGGETGAGATTGCTTCGTCTCCTTCGCGAAGTACACTACCTCCGGAAATATCGGTTGCTAACTCATCAT 3200
VVE S KTDU RTIEH S8
GACCAGTTTCTTCTACTTCTGTGGTTCCCGTGCCGGCGCAATTCCCCAGCAGGGTCTTATCAACCCAACCGCGACCGACTTCGAAGACGTTGACGTGAGE 3300
F F Y F CG S RAGATIPQQGULTINU PTA AT®TDTFET DU VDUV S
GAAGACGAAGCCGCGCCTCCCGCCATTAAGAGAAACCGTTCACCTCCTGGCGCAGAAAAGGGAGGACCACCCGACGCTTCATCCCAATTCATATCCTCGS 3400
EDEAAUPPATIXKXKRNU RSU®PUPGAETZKGSGT®PUPDA ASSOQTFTI S S
AACCGCCCCAACAACAACAACAACAGTCAGAARACTCGGGCGTCCCCAGCCGCCCCGAGGTCGACGAGCTCGGCTACCCCGTCAACCCGCTCCCCARAGA 3500
Q PP Q Q Q QQ Q S ENSGUVU?PSRUPEVDETILTGYU®PUVNTZPTLUZPK E
GCCCATCACCGACTTCTCCCGCCGCAACTTCTTCTCTCTGATCAATTACCTGCGCGTGATGCAGAAAATCTGCAAGCACAAGGCCCACCGCAACCTCCTG 3600
P I D F S RURNVF F § L I N Y L RV M Q K I CKH K A HURNILL
CTGGTGCACTACAAGTCCTCCAACATCCTGCGCAAGTCCCTCAAGGTGCCCCAGCAGGAACTCCGCCTATACACGCTCAAGCTCTTCAAGAACCAGGTCC 3700
L vVHY X S s NTIILIRI K STULI XUV®PQQQETULRULJYTTULUEXKULF I XKNOQUV
CCTACTGCGGCCGCAAGTGGCGTCAGTCCAACATGCGTGTCATCACCGCCATCTATCTGCACTGCCGCCCCGAGCTGCGCGACGAGTGGCTATCGGGCTC 3800
P Y C G R KWROQOSNMRBRVYVITTATIUVYULHTC CRUPETLT RUDTEUWTLSG S
GGATGTCGACGCCGAGGTCGAGGAGGCGCTGCCGCTCGAGCAGGCGCTCAGGAGTTTGACGCACTCETTCAACGTGCAGCGGTATCCCGAAAGGATGGGE 3900
D v DAEVEEALUZPLEU QA ATLRSTILTHUWTPFNUVIGQRYUPET RMG
GCCGAGGTGACGGCGGCGATGAGGGAGGAGAGAGAT TTTTTCACGAGAGAGCTGGAGAAGAGTGATTGGATGGGATCGCAGGGGATCATGGCTGGAGGAG 4000
A'EV T AAMURETEW RUDTFT FTR®RETLTEIZXKSDUWMGTWETGTIMABATGEGG
GGATGGGGATGGATGGTGCTGGTGGTGCTGAGCCGATGATGGGGATGCCCGGAATGGGGATGGGCATGGGAATCGGTGGATTGCCCGGCATGGGAGGCAT 4100
G M G M D GAGGAZEUPMMGM?PGMGMGMGTIOGOGIL PG MG G
GGCGGGGATTGAGTATGCGGCTGCTGCTGCGGCGGCGCAGACGGAACATGAGAGCTCGATGGGGTGGAGTTAGGGTTCCTTACTTGACCATGATCTTTCT 4200
A G I E Y A A A A A AAQTEUHTES S MG W 8 X
GCTCTGGGTGAAATTATGATTGAATTGAAGGAATCGGGTATAGGGCTTGATGCTGACGCTATCATGCGTCTCGCTTCGGCACGCATTGGGACGTTGAGGG 4300
CCTTGGAGGCGTTGAGGCACATAGGGGAGGAGAGATGGTTTTGGGTAAGGGGACGAGGATGGCGGACCTTCTCCGTTGAAGATTAAATAATGTTATATAA 4400
TCAGGTAGATGCGATGAGGATGTCATCCATCCCGCAGCGTTCTCCTAACACATTGAGGTCTCCAGCGGAACTACTAATGGGAATTAGTGGTAACATCAGT 4500
CACACTGGTTATTATTGTATTCGCTAACATGAAATGGCGGTCCAGGCTGGCTGGCCCTTTCCAGCARAAAACTCGCTTTCTGTCATTGAGGACAGGAAATA 4600
CACTTCGAATCGCGATCCCTGCTCTCTTGGTTTT TTGAAGAGATATATCTTCAGGACGTTGTTATTGTTTTTCAAAGAAGGGGTATATCGGAGAACATCA 4700
GTAGTAAACAGGCAACGATGACACAAGAAAAGACCAACGGCCCAGTTATCGGTTTGRATCTAGT TTT T TT T T TTTTTCTCATTTCTTTCTTTCTTTCTTT 4800
CTTCTCTGCTGGGGTATCCAAGATATTGATTATTCACCAAGTAATACTCGTTTTCCTCGTCTTCAAATCCATCTGACCGTTTTGCAACCCTCTCGTGCCG 4900
AGCTGGACCGTAGCCGTCCGCTTGTGCAAGTCAAACTCCACCGCCCTCACCATCACGCGCCGTTCCTCCGGAATGATGACCTTTGGCGCCGGCGCCGGLG 5000
CCGGCGCAAACTGCTGCTGCTGCTGCTGTTGCTGTGTTGGCCAAATGTAGTGAGTTCTGCTCCCGGACGCCETCGTGGCAGTGCTGGTGCTGGAAGTGGA 5100
ACTCCCCGTCCGCCTTCCCCATCTCGTTGGCGCAATCCCATTCGCACTCCCGTTACTATCAGACCGGACCACTCCGGATTTGCTTCCACTTGCTGCACCA 5200
TCCATGGTGTCCACCACGGCAGACTCATCCATAGCCATAGACATGGGCATGGACATGGACATCTGCGAAAAGCTT

F1cURE 7.—Nucleotide sequences of the ham-2 ORF obtained from the sequence of LGV from MIPS (}}ttp://www.mips.biochcrp.
mpg.de/proj/neurospora/) and the Whitehead Neurospora genome project (hLLp://www.genome.w1.mlt.edu/ar:notz}tlon/.fungl/
neurospora/). The DNA sequence of the ham-2 was identical in sequence from both sites. The predicted 108'/-an11n()-ac1d. (aa)
ORF of ham-2was determined experimentally (this study) and computationally (our work and MIPS). The predicted translational
start and stop sites are underlined and in boldface type. The predicted intron 5’ splice sites are in boldface and italic type and
underlined, and the 3’ splice sites are underlined and italicized. The consensus lariat structure within the intron is double

underlined. Obvious CAATT and TATA boxes were not observed in the promoter region of the ham-2 gene.
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Frcure 8.—(A.) The predicted nucleotide sequence of the
open reading frame of HAM-2 based on our computational
analysis and that of MIPS (http:/www.mips.biochem.mpg.de/
proj/neurospora/). The positions of four introns are indi-
cated. (B) The predicted 1087-amino-acid sequence of HAM-
2. The positions of the three putative transmembrane domains
in HAM-2 protein based on computational analysis (http:/
bioweb.pasteur.fr/seqanal/interfaces/topred.html and http:/
130.237.130.31 /tmap/single.html). (C) Regions in the hypo-
thetical proteins in other organisms that show similarity to
HAM-2. The putative gene products are CG11526 (AE003477)
from D. melanogaster, hypothetical protein KIAA1170 (AB093
2996) from H. sapiens, hypothetical protein SPBC27B12.04c
from S. pombe, hypothetical protein FIOE7.8 from C. elegans,
and predicted protein YN1127wp from S. cerevisiae. Identity
and similarity, respectively, to a 150-aa C-terminal region of
HAM-2 are 42 and 61% (Drosophila), 42 and 60% (human),
35 and 55% (S. pombe), 34 and 53% (C. elegans), 26 and 55%
(S. cerevisiae). HAM-2 also has a less conserved region near
the N terminus in Drosophila (23% identity/40% similarity
over 250 aa), S. pombe (20% identity/38% similarity over 500
aa), and S. cerevisiae (27% identity/44% similarity over 200
aa) as indicated by the dotted boxes. BLAST searches were
performed at the NCBI site (http:/www.ncbi.nlm.nih.gov/
BLAST/).

mutant, vib-1, encodes a protein required for mediating
het-c vegetative incompatibility and proper conidiation
pattern. The characterization of vib-1 was aided by the
isolation of mutants that do not include the ham-2locus
and were therefore unaffected in hyphal fusion (Q.
XIANG and N. L. Grass, unpublished results).

We named the locus required for hyphal fusion ham-2
because of the similarity in phenotype of Zam-2 mutants
to a previously described mutant in N. crassa, called
ham-1 (WiLsoN and DeEmMPSEY 1999). The ham-I mutant
grows slightly more slowly than wild type (S. HAEDO and
N. L. Grass, unpublished results), is female sterile, has
short aerial hyphae, and fails to undergo both self- and
non-self-hyphal fusion. Hyphal fusion bridges have not
been observed in ham-1 or ham-2 colonies. Although a

few hyphal fusion mutants in filamentous fungi have
been reported in the literature (JAcoBSON and GORDON
1988; CoRRELL et al. 1989; WiLsoN and DEMPSEY 1999),
this is the first report that we know of that describes the
cloning and characterization of a locus required for
hyphal fusion in filamentous fungi.

In addition to hyphal fusion, aerial hyphae formation,
and growth rate defects, the ham-2 mutant is also af-
fected in sexual reproduction. Large orange bodies are
occasionally formed in cultures of both the akc and
ham-2 mutants. It is unclear what the origin of these
bodies is, what conditions trigger their development, and
whether their formation is related to growth and/or re-
productive defects or other requirements. It is possible
that the cause of the pleiotropic phenotype in the ham-2
mutants may be the role that HAM-2 plays in different
biological processes. In this hypothesis, ham-2 mutants
are not competent to undergo hyphal fusion because
of a general biochemical defect. An example of such a
scenario was shown by the isolation of a mutant in S.
cerevisiae that fails to undergo mating cell fusion that
has a defect in a glycerol transporter gene (FPSI) and
thus accumulates high levels of intracellular glycerol
(PaILIPS and HErRskowrTZ 1997). The mating cell fu-
sion defect of the fpsI mutant can be corrected by
growth in 1 M sorbitol. Unlike the fpsI mutant, the
slow growth and hyphal fusion phenotype in the ham-2
mutant cannot be corrected by growth on high osmotic
medium (our unpublished observations) nor does HAM-2
show any sequence similarity to known transporters.
Alternatively, the pleiotropic phenotype associated with
ham-2 mutants may result from the requirement for
hyphal fusion events during various stages of growth
and development in filamentous fungi. Hyphal fusion
during vegetative growth is essential for formation of the
hyphal network (BULLER 1933) and for the formation of
heterokaryons. Microscopically, we have not detected
any hyphal fusion event in a ham-2 colony. A possible
role for hyphal fusion during vegetative growth is to
facilitate the movement of materials from the estab-
lished parts of a mycelium to the growing points. It is
possible that, in a mutant with a severe hyphal fusion
defect, the growth rate of the colony and aerial hyphae
formation (which is also a tip growth process) may be
affected.

The formation of female reproductive structures in
ascomycete fungi may also require hyphal fusion pro-
cesses, explaining why the ham-2 mutant forms only
a few protoperithecial-like structures. Hyphal fusion is
believed to be required for the initiation of primordia
in basidiomycetes (Kuks 2000), the first step toward
formation of a sexual reproductive structure. Hyphal
fusion is also essential for entry into the sexual cycle in
filamentous ascomycetes. During fertilization, repro-
ductive hyphae, called trichogynes, protrude from pro-
toperithecia, which are attracted to, and fuse with, male
cells of the opposite mating type (conidia or hyphae;
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Bistis 1981). The failure of the few protoperithecial-
like structures observed in the zam-2 mutant to develop
following fertilization by conidia from the opposite mat-
ing type may be due to the failure of trichogyne-conid-
ium fusion. If so, fusion competency is a requirement
only for the female reproductive structures, as the ham-2
mutant functions normally as a male.

Following fertilization, opposite mating-type nuclei
proliferate in a common cytoplasm and eventually pair
off and migrate into a hook-shaped structure, called a
crozier (Raju 1980). Caryogamy occurs in the penulti-
mate cell of the crozier, while hyphal fusion occurs
between the terminal cell and the hyphal compartment
subtending the penultimate cell. Homozygous crosses
between ham-2 mutants form only a few minute asci and
no meiotic progeny. It is possible that sexual develop-
ment is blocked in these strains at the time of crozier
development due to a failure in a cell fusion event. We are
currently investigating this hypothesis by more detailed
cytological analysis in homozygous ham-2 crosses.

The ham-2 locus encodes a transmembrane protein.
It is possible that HAM-2 encodes a receptor for hyphal
fusion signals, a cortical tag for polarization of the cy-
toskeleton, or a protein involved in membrane fusion.
Alternatively, HAM-2 could encode a plasma membrane
protein that is involved in a process required for hyphae
to become competent to undergo hyphal fusion. Hetero-
karyon formation between wild-type strains and ham-2
was delayed, while sam-2heterokaryons were unrecover-
able by traditional heterokaryon tests. We are currently
assessing the hyphal fusion defects in the Zam-2 mutants
during self- and non-self-hyphal fusion (between ham-2
and wild-type strains) by examining hyphal fusion be-
havior by live cell microscopy and localizing HAM-2 in
hyphae. These experiments will shed light on the role
of HAM-2 during the hyphal fusion process.

Putative proteins with a high degree of similarity to
HAM-2 have been identified in a wide range of eukaryo-
tic organisms, although the function of these proteins
in the biology of these organisms remains obscure. It
is tempting to speculate that these proteins in other
organisms may also be involved in cell fusion events.
Interestingly, the S. cerevisiae gene (YN1127w; http:/
genome-www.stanford.edu/Saccharomyces/) that en-
codes the protein that shows similarity to HAM-2 is tran-
scriptionally induced by exposure to pheromone, sug-
gesting a possible role for this protein in mating cell
fusion. Hyphal fusion in filamentous fungi may share
features with both mating cell fusion in S. cerevisiae
(Grass et al. 2000) and somatic cell fusion events re-
sulting in syncytia, such as muscles, bones, and placenta
formation in animals (TavyrLor 2000).

A feature that differentiates the ahc mutant from ham-2
is the ascus dominant phenotype of akc X wild-type crosses,
as compared to ham-2 X wild-type crosses. The ahc mu-
tant contains a large deletion, while the ham-2 mutants
contain point mutations. The ascus dominant pheno-

type of ahc X wild-type crosses is reminiscent of Asm-1
mutants (ARAMAYO and METZENBERG 1996). Pairing of
Asm-1 alleles in the diploid cell prior to meiosis is be-
lieved to be essential for productive ascospore forma-
tion, a phenomenon referred to as “meiotic transvec-
tion.” In heterozygous ahc X wild-type crosses, genes
within the deleted region in the ahc mutant lack a part-
ner gene with which to pair and thus meiotic transvection
may be invoked. By contrast, in heterozygous ham-2 X
wild-type crosses, the mutant and wild-type ham-2 se-
quences are capable of pairing and thus do not display
an ascus dominant phenotype. It will be of interest to
determine whether a ham-2 deletion mutant also dis-
plays an ascus dominant phenotype, similar to Asm-1
deletion mutants.

The genetic and molecular dissection of the hyphal
fusion process in N. crassa will reveal the role of this
process in the various life stages of filamentous fungi
as well as reveal common mechanisms in cell fusion
events that are ubiquitous in biology. We believe that
the formation of the hyphal network in filamentous
fungi is necessary to integrate environmental signals,
to undergo certain developmental processes, and for
optimal growth rate. Hyphal fusion is therefore an essen-
tial feature of the filamentous fungal lifestyle.
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