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ABSTRACT

Microtubules and cytoplasmic dynein, a microtubule-dependent motor, are required for nuclei to
move along the hyphae of filamentous fungi. Nuclear migration in Aspergillus nidulans is blocked by
heatsensitive (hs™) mutations in the nudA gene, which encodes dynein heavy chain, and the nudF gene,
which encodes a G protein S-subunitlike protein. Hs™ mutations in the nudC and nudG genes also
prevent nuclear migration. We have isolated extragenic suppressor mutations that reverse the hs™ pheno-
types caused by these mutations. Here we show that one nudF suppressor also suppresses hs™ mutations
in nudA, nudC, and nudG and deletions in nudA and nudF. This suppressor mutation is in the tubA
alpha tubulin gene, and its characteristics suggest that it destabilizes microtubules. The mutation alters
microtubule staining and confers sensitivity to cold and benomyl, two treatments that destabilize microtu-
bules. Treatment with low concentrations of benomyl also suppresses the hs™ nudA, nudC, nudF, and
nudG mutations and the nudA and nudF deletions. Suppression of the hs™ nudA mutation and the nudA
deletion is especially interesting because these strains lack active dynein heavy chain. Together, these
results suggest that microtubule destabilization allows nuclei to migrate even in the absence of cyto-

plasmic dynein motor function.

UCLEAR migration is ubiquitous among eukary-
otes, with roles in development and other biologi-
cal phenomena. Nuclear movement brings together pa-
rental nuclei before fertilization in yeast and in sea
urchin eggs (SCHATTEN 1982; Rosk 1991). In Drosoph-
ila embryos, nuclei move from random positions to a
single layer under the cortex just prior to cellularization
(ZALOKAR and ERK 1976). Nuclear position determines
the location of the mitotic cleavage in sea urchin and
mouse embryos and, therefore, whether daughter cells
are equal or unequal in size (Dan 1979; REEVE and
KELLY 1983). In Saccharomyces cerevisiae, the nucleus
moves toward the bud before mitosis, allowing proper
segregation of the daughter nucleus into the bud (Hur-
FAKER et al. 1988). The position of the nucleus in neuro-
epithelial cells may determine their shape and their
ability to form a folding cell layer (SMITH and SCHOEN-
WOLF 1988). Finally, nuclear migration may be required
for cell movement during brain development (BOOK et
al. 1991) and tumor cell metastasis (KLOMINEK ef al.
1991). Despite its importance, the details of nuclear
migration are not well known. We anticipate that many
of the proteins involved in nuclear migration will be
conserved between Aspergillus nidulans and other eu-
karyotes.
In filamentous fungi, spore germination is accompa-
nied by multiple divisions of the nucleus and migration
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of the daughter nuclei into the growing hyphae. Micro-
tubules and the microtubule motor cytoplasmic dynein
are required for distribution of nuclei along the multi-
nucleate hyphae of A. nidulans and Neurospora crassa
(OAKLEY and MORRIS 1980; PLAMANN et al. 1994; XIANG
et al. 1994). Heatsensitive mutations that prevent nu-
clear distribution in A. nidulans, designated nud muta-
tions, were isolated by MoORRris (1976). nud mutants
grown at the restrictive temperature show normal ger-
mination and nuclear division, but the nuclei remain
at their origin in the spore body. At the restrictive tem-
perature, nud mutants grow poorly, are defective in
asexual spore development, and show excessive hyphal
branching. Finally, the nud defect is independent of
nuclear division because A. nidulans mutants blocked
in nuclear division still demonstrate nuclear migration
(OAKLEY and MORRIS 1980; OSMANI et al. 1990). PLA-
MANN et al. (1994) characterized similar mutations in
N. crassa affecting nuclear migration, hyphal branching,
and sexual reproduction, designated ropy mutations for
their morphological phenotype.

Four nud genes of A. nidulans (nudA, nudC, nudF,
and nudG) have been identified. Cloning of nudG is in
progress (S. BECKWITH and N. R. MORR1S, unpublished
results), and the other three genes have been cloned.
nudA encodes the heavy chain of cytoplasmic dynein
(XIANG et al. 1994), an ATP-dependent minus-end di-
rected microtubule motor (VALLEE 1993). Deletion and
disruption studies show that the heavy chain is essential
for nuclear migration in A. nidulans and S. cerevisiae
(ESHEL ef al. 1993; L1 et al. 1993; XiANG et al. 1995b).
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nudC encodes an evolutionarily conserved 22 kDa pro-
tein, and a mutation in nudC affects the level of the
nudF product (OSMANI ¢f al. 1990; XIANG et al. 1995a).
The nudF gene was isolated as an extra-copy suppressor
of nudC that also complemented two hs™ nudF muta-
tions (XIANG et al. 1995a). nudF encodes a protein with
WD repeats also found in the beta subunit of trans-
ducin, a heterotrimeric G protein involved in signal
transduction. Among the proteins in the WD-repeat
family, the nudF product is most similar to human LIS-
1, with 42% identity overall (X1ANG ¢t al. 1995a). Het-
erozygous LIS-1 deletions cause Miller-Dieker lis-
sencephaly, a disease characterized by defective neu-
ronal cell migration and abnormal brain development
(BARTH 1987; REINER et al. 1993).

Eight ropy genes that mediate nuclear migration in
N. crassa have been identified, and three have been
cloned (ro0-1, r0-3, and ro-4). The ro-1 gene encodes cyto-
plasmic dynein heavy chain (PLAMANN et al. 1994). The
r0-3 gene encodes a protein homologous to p150%™<
(cited in PLAMANN et al. 1994). The p150°"**“ protein is a
component of the dynactin complex, which participates
with dynein in moving organelles (VALLEE 1993;
SCHROER 1994). The r0-4 gene encodes the actin-related
protein Arpl (centractin), a major component of the
dynactin complex (PLAMANN et al. 1994; ROBB et al.
1995).

To identify additional genes affecting nuclear migra-
tion in A. nidulans or to uncover interactions among
known genes, we isolated extragenic suppressors of
nudF. One of these has a mutation in tubA alpha tubulin
that partially suppresses nudF and the other nud muta-
tions, apparently by destabilizing microtubules.

MATERIALS AND METHODS

Strains and growth conditions: Table 1 lists the A. nidulans
strains used. Solid medium was YAG (0.5% yeast extract, 2%
glucose, trace elements, 2% agar) (KAFER 1977). Liquid me-
dium was YAG without agar. YAG was supplemented with 5
mM uridine and 10 mM uracil for growth of pyrG89 strains
and 6.6 uM riboflavin for riboA1 strains (KAFER 1977). Growth
on YAG supplemented with 0.7 M KCl increased the yield of
conidia (asexual spores) from nud mutants, but all colony
growth experiments were done in the absence of KCI. Beno-
myl (50% benomyl from Bonide Chemical Co., Yorkville, NY,
or 98% benomyl from DuPont) was added to medium from
a 1 mg/ml stock in 95% ethanol. Growth on solid medium
was generally for 6-7 days at 18°, 3 days at 32°, and 2 days
at 43°.

General A. nidulans techniques: A. nidulans techniques
were as previously described (PONTECORVO et al. 1953; CLUT-
TERBUCK 1974; KAFER 1977). Standard molecular biology tech-
niques were used for construction and purification of plas-
mids (SAMBROOK et al. 1989). A. nidulans genomic DNA was
prepared by a modification of the procedure of OAKLEY et al.
(1987b). Pulverized freeze-dried hyphal material was ex-
tracted with 50 mm EDTA, pH 8, 0.2% SDS, 0.1% (v/v) DEPC
at 65° for 20 min and centrifuged at low speed to remove cell
debris. The extract was mixed with one-half volume of 5 M
potassium acetate, incubated on ice for 15 min, and centri-

fuged, and the nucleic acid in the supernatant was precipi-
tated with isopropanol. The resulting nucleic acid was puri-
fied further by LiCl-ethanol precipitation. Southern blotting
was performed with Zeta-Probe GT Blotting Membrane (Bio-
Rad) and probe labeled by the Random Primers DNA Label-
ing System (Life Technologies), both according to the manu-
facturers’ instructions.

Mutagenesis: A suspension of 10" conidia (asexual spores)
in 10 ml sterile water was irradiated with UV light at a distance
of 23 cm for 15 sec with gentle agitation. Spores were from
strain XX20 (nudl6, pyrG89). At the dosage used, 8000 erg/
sec/cm’, about 15% of the mutagenized spores were viable.
To recover hs* revertants, mutagenized spores were plated
at 43°. An overlay of agar was added after 1 day to reduce
background hs™ growth (hs* revertants grow through the
overlay but hs™ cells do not). About 1000 hs” revertants re-
mained after rescreening.

Construction of pDW1: The tubA plasmid pDP485, which
contains a 4.9-kb Sad genomic DNA fragment cloned into
pUCI19 (DosHI et al. 1991), was cut with BamHI and Dral. The
2.4-kb BamH]I-BamHI fragment carrying tubA was inserted into
the BamHI site of pUC19 to generate pDWI1. This fragment
includes the sequence from 20 bp upstream of the tubA ATG
start codon to about 600 bp downstream of the stop codon.
The A. nidulans DNA insert in pDW1 is not likely to contain
the tubA promoter and does not contain any long open read-
ing frames other than tubA. Linearized pDW1 was prepared
by digestion with Aadl, Xbal, and Dral (which cut only in
the vector), followed by alkaline phosphatase treatment and
purification by agarose gel electrophoresis.

nudF and nudA deletion strains: The AnudF strain AF54
was constructed by using the plasmid pXX10 to replace the
wild-type genomic nudF sequence with the N. crassa pyrd
marker gene (Figure 1A). The plasmid pXX10 contains pyr4
with nudF flanking sequences but lacks the nudF coding se-
quence (except for 12 N-terminal amino acids). It was con-
structed from four DNA fragments, as follows. For the 5
flanking sequence of nudF, the 3.9-kb EcoRI fragment of the
genomic clone A3 (XIANG et al. 1995a) was subcloned into
pBluescript KS(+) and a 2.1-kb HindIII-Xbal fragment (frag-
ment A) was excised. For the 3’ flanking sequence of nudF,
the 3.8-kb EcoRI-EcoRI* fragment of A5 (XIANG et al. 1995a)
was cloned into pBluescript KS(+), a 1.6-kb HindIII fragment
was excised and subcloned into pBluescript KS(+), and the
HindIII fragment was excised as a Clal-EcoRI fragment (frag-
ment B). The orientation of the insert in the HindIII subclone
(verified by sequencing) is such that the Cldl site is a few
nucleotides away from the HindlIII site in the 3" untranslated
region of nudF. For the marker gene, a 2.1-kb Psf-Smal pyrd
fragment derived from a 2.1-kb EcoRI fragment (O’CONNELL
et al. 1993) was cloned into pBluescript KS(+). Pyr4 was ex-
cised as a Xbal-Clal fragment (fragment C), which comple-
ments the A. nidulans pyrG89 mutation. To make plasmid
pXX10, pBluescript KS(+) cut with HindIll and EcoRI was
ligated to a mixture of fragments A, B, and C. Sequencing
analysis confirmed that the pXX10 clone was constructed cor-
rectly except for a single base mutation destroying the Xbal
site. A. nidulansstrain GR5 was transformed with pXX10 DNA,
which was linearized by digestion with Noid (which cuts in
the vector). Transformants that had a nud phenotype were
analyzed by Southern blotting to identify ones with pXX10
DNA integrated only at the nudF locus (e.g., strain AF54)
(Figure 1B). The AnudF strain AF54 exhibited a nuclear mi-
gration defect (Figure 1C). In AnudA strain XX60, the four
putative ATP binding sites of dynein heavy chain (amino acids
1929-2965) were deleted and replaced with the A. nidulans
pyrG marker (XIANG et al. 1995b). The AnudA deletion also
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TABLE 1

A. nmidulans strains

Strain Genotype Source
SJ002 pyrG89 S. JAMES
FGSC154 adE20, biAl, wA2, cnxE16, sC12, methGl, nicA2, Fungal Genetics Stock Center

lacAl, choAl, chaAl

GRb5 pyrG89, wA2, pyroA4 G. MAy
R21 pabaAl, yA2 C. F. ROBERTS
R153 wA3, pyroA4 C. F. ROBERTS
XX20 nudF6, pyrG89 XIANG et al. (1995a)
DW7 wA3, nudF6, pyroA4 This work, from XX20 X R153
DWI15 PyrG89, nudFé6, tubA22 (snfA890) This work, from UV mut. of XX20
DW16 wA3, pyroA4, nudF6, tubA22 (snfA890) This work, from DW15 X R153
DW17 wA3, pyroA4, tubA22 (snfA890) This work, from DW15 X R153
DW26 wA3, pyroA4, pyrG89, nudF6, tubA22 (snfA890) This work, from DW15 X R153
DwW27 wA3, pyrG8Y, tubA22 (snfA890) This work, from DW15 X R153
LO12 AcrAl, sD85, tubAl (possibly other markers) C.E. OakLEY and B. R. OAKLEY
LO14 tubAl, suAl-adE20, proAl, pabaAl, yA2, adE20, AcrAl GAMBINO ¢t al. (1984)
Dw29 JwAl, twbAl, pyrG89, pabaAl, (AcrAl?) This work, progeny of LO12
XX3 nudAl, pyrG89, chaAl XIANG et al. (1994)
YH1 nudC3, riboAl, yA2 Y. CHiu, N. R. MORRIS lab
XX21 nudF7, pyrG89, yA2 XIANG et al. (1995a)
SB05.10 nudG8, yA2, pabaAl S. BECKWITH, N. R. MORRIs lab
AFbH4 AnudF:pyrd”, pyrG89, wA2, pyroA4 This work
XX60 AnudA::pyrG" (partial deletion), pyrG89 XIANG et al. (1995b)
DW30 nudAl, tubA22 (snfA890), pyrG89 This work, from DW17 X XX3
DW31 nudAl, tubA22 (snfA890), pyrG89, wA3 This work, from DW17 X XX3
DW32 nudC3, tubA22 (snfA890), yA2, riboAl This work, from DW17 X YH1
DW33 nudF7, tubA22 (snfA890), pyrG89, yA2 This work, from DW17 X XX21
DW34 nudG8, tubA22 (snfA890), yA2, pabaAl This work, from DW17 X SB05.10

disrupts the reading frame for the C-terminal portion of the
protein.

Transformation: Transformation was performed as de-
scribed previously (OsMANI ¢f al. 1987) with the exception
that the lytic solution contained 1 mg/ml Novozyme 234 (lot
PPM3944, InterSpex Products, Inc., Foster City, CA), which
was not precipitated with ammonium sulfate. Also, 0.25% -
glucuronidase (Sigma Chemical Co.) and 10 mg/ml BSA
(fraction V, Boehringer Mannheim Biochemicals) were
added to the lytic solution. Transformed protoplasts were
plated in YAG + 0.6 M KCl solid medium. Cotransformation
experiments for Table 2 were done with equimolar amounts
of the two DNAs, 0.18 pmol.

DAPI staining and immunofluorescence: Conidia were in-
oculated into liquid YAG medium at a density of 10*~10°
spores/ml in petri dishes containing sterile coverslips. The
coverslips with adherent germlings were removed after 66 hr
of growth at 18°, 8 hr at 32°, or 7.5 hr at 43°. For DAPI staining
of nuclei, germlings were fixed and stained for 15 min in a
solution of 50 mM potassium phosphate, pH 6.6, 0.2% Triton
X-100, 5% glutaraldehyde, and 0.25 ug/ml DAPI (4,6-diamid-
ino-2-phenylindole), and then washed several times in dis-
tilled water. Immunofluorescence staining was performed as
described previously (OAKLEY ef al. 1990), with the following
modifications (C. RoGHr and N. R. MORRIS, unpublished re-
sults). Cell wall digestion was in a solution of 50% v/v egg
white, 2 mM EGTA, 2.5% driselase (Sigma Chemical Co.), 1%
Trichoderma harzianum lysing enzymes (a crude preparation
of novozyme used without ammonium sulfate precipitation,
Sigma Chemical Co.), and a cocktail of protease inhibitors
(10 pg/ml aprotinin, 15.7 ug/ml benzamidine, 10 pg/ml
leupeptin, 10 ug/ml pepstatin, 17.4 pg/ml phenylmethylsul-

fonyl fluoride, 0.1 mg/ml soybean trypsin inhibitor, 10 ug/
ml Na-p-tosyl-L-arginine methyl ester, and 10 ug/ml N-tosyl-L-
phenylalanine chloromethyl ketone). The protease inhibitors
greatly improved microtubule staining (C. ROGHI and N. R.
MoRRIs, unpublished results). A digestion time of about 75
min was optimal for microtubule staining. Coverslips were
extracted in a solution of 50 mmM PIPES, pH 6.7, 25 mM EGTA,
5 mM MgSO,, 10% DMSO, 0.2% NP-40 for 1 min. Incubation
with primary antibody was at 28° for 1 hr with mouse anti-
alpha-tubulin monoclonal antibody DM 1A (Sigma Chemical
Co.) diluted 1:500 in PEM + 3% BSA. Incubation with second-
ary antibody was at 28° for 1 hr in the dark with goat anti-
mouse-IgG conjugated to CY3 (Jackson ImmunoResearch
Laboratories) diluted 1:500 in PEM + 3% BSA. Slides were
photographed on a Zeiss Axioplan microscope with a 100X
Neofluar objective and TMax ASA 100 or 400 film (Kodak).

RESULTS

The snfA890 mutation confers sensitivity to cold and
benomyl: Following UV mutagenesis, we identified
1000 revertants of the nudF6 heat-sensitive growth phe-
notype. The revertants were screened for the presence
of extragenic suppressors (as described below). They
were also screened for the presence of a conditional-
lethal phenotype (sensitivity to cold, DMSO, or salt) to
facilitate future cloning of the suppressor genes. This
article focuses on one extragenic suppressor mutation,
designated snfA890 for suppressor of nudF, which also



1290

A

D. A. Willins, X. Xiang and N. R. Morris

EcoRI nuak EcoRI
co c
A3 —1 L M——1 oke EcoRI*
EcoRl EcoRl FIGURE 1.—Construction of
AS Py 1 3.9kb afkb EcoRI* AnudF strain - AF54. (A) Dia-
" Hi{!dlll Xbal Hindlll  Hindill gll';un (l('])li(‘lilng rvlll('.\".ml. nmll":
clones and the nudF region o
. pyrd the genome in Anudl and wild-
pXX10 plasmid e =% type strains. The A3 and A5 geno-
Hindlll Xbal BamHl Hindlll/Clal ~Hindlll/EcoRlI mic clones were used in con-
structing  plasmid pXXI10. The
Hindil ra HindW/Clal  pind AnudlF strain - AF54 was gene-
AnudF genome " | lpy_____ll | . ,, rated by integration of linearized
e [ 83 kb i I L |)\\I()l)\\mlnlh( wild-type ge-
BamHI ’ BamHI nomic nudF locus. Thin black
lines represent genomic DNA,
dotted lines indicate vector DNA,
idt H/"’ld'" udF I H”’dm y and double wavy lines are breaks
wildtype genome 4 —g—rl in the DNA sequence for diagram-
75kb matic pm'posvls. The shaded box
Gt BamHl represents the nudl” coding se-
quence (the arrow indicates the
Probes: BEH — direction of transcription), and

EcoRI-Hindlll

B C
wt AnudF wt AnudF

Probe: Hindll1-Hindlll  EcoRI1-HindIll

23.0 -

94 -
65-

44 =

23=
2.0~

confers cold-sensitivity. The remaining suppressors will
be described elsewhere.

At restrictive temperature for nudl'6 (43°), nudl'6
snfA890 strains produced colonies intermediate in size
between wild-type colonies and the minute hs  nudl'6
colonies (Figure 2A). We nudl'6
snfA890 strain DW15 carried an extragenic suppressor
snfA890" strain R153. About
25% of the progeny had a heat-sensitive recombinant
snfA"), indicating that the
nudl. nudl’o

showed that the
by crossing it to nudF"’

phenotype (i.e., were nudl’

suppressor mutation was unlinked to

Hindlli-Hindlll

AnudF in Kk §
and B4 (
grown at 43°.

the white box represents the pyr4
coding sequence. Restriction sites
used for cloning and the BamHI
sites and probes used for South-
ern blotting are indicated. (B)
Southern blotting to verify that
AnudFhas replaced nudlin strain
AF54. Genomic DNA from A nudlF
strain AF54 or wild-type strain
R153 was digested with BamHI,
transferred to a membrane, and
probed with a nudF flanking
probe (HindlIll-HindIIl) or an in-
ternal nudl’ probe (LcoRI-Hin-
dIIl). Sizes of marker DNA frag-
ments are indicated on the left,
in kb. (C) The nuclear migration
defect of AF54. DAPI staining to
visualize nuclei of GRS (wild type)

AF54  (AnudF) germlings

snfA890 strains are sensitive to cold (18°) and to the
microtubule-destabilizing drug benomyl at concentra-
tions of 0.2 pg/ml and higher (Figures 2A, B).
Progeny of the DWI15 (nudlF6 snfA890) X R153 cross
were analyzed to determine whether the nudF suppres-
sor mutation (snfA890) was also responsible for the ob-
(cs) and
(ben®). If the snfA890 suppressor mutation also caused

served cold-sensitivity benomyl-sensitivity

cold-sensitivity and benomyl-sensitivity, one would not
expect to find any recombinant hs™ ¢s= (i.e., nudl
snfA" ¢s ) or hs ben® progeny. Of 200-400 progeny
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TABLE 2
Wild-type tubA DNA repairs the cold-sensitivity of snfA890

Recipient Relevant Transforming Total no. of No. of ¢s’
strain genotype DNA transformants transformants
DW26 snfA890, pyrGGS89 G’ 200 0
pyrGT L lin. pDWI 245 59
DW29 tubAl, pyrG89 G’ 200 0
prGT L ling pDWI 200 30

A. nidulans protoplasts were incubated with DNA in a cotransformation experiment. pyrG" plasmid DNA
(circular) provided a selectable marker. The second plasmid, linearized pDWI, contained only the coding

sequence of tubA (with no promoter).

tested in different experiments, none exhibited the hs
c¢s or hs ben’ phenotypes. Similarly, all ¢s™ progeny
were also ben®. Thus, the mutations causing cold- and
benomyl-sensitivity are tightly linked to the snfA890 sup-
pressor mutation and to each other. Presumably, the
same mutation causes all three phenotypes (suppres-
sion of nudl'6, cold-sensitivity, and benomyl-sensitivity).

About 25% of the progeny from the DWI5 (nudl6
snfA890) X RI153 cross generated colonies that were
larger at 43° than the intermediate-sized nudlFF6 snfA890
colonies and slightly smaller than wild-type colonies
(Figure 2A). This class did not sporulate (conidiate) as
well as the wild type at 43°. These progeny were also
sensitive to cold and benomyl (Figure 2, A and B),
suggesting that they might carry snfA890without nudl6.
This was verified by crosses of 3 putative nudl™ snfA890
progeny to a nudl strain, each of which yielded about
25% hs~ progeny.

To test whether snfA890 is dominant or recessive,

diploids were constructed between snfA890 and snfA”
strains. Heterozygous snfA890/snfA” strains were cs’
compared to homozygous controls at 18° (Figure 2C),
indicating that the c¢s phenotype associated with
snfA890 is recessive. By contrast, the benomyl-sensitive
phenotype appeared to be semidominant. We were un-
able to make diploid strains homozygous for nudl6 and
heterozygous for snfA. Therefore, we could not deter-
mine whether the suppressor phenotype itself is reces-
sive or dominant.

The snfA890 mutation is in the tubA gene: The
snfA890 mutation was mapped to chromosome VIII by
standard parasexual genetic methods (CLUTTERBUCK
1974; TIMBERLAKE and MARSHALL 1988). A diploid was
constructed between strains DWI15  (snfA890) and
FGSC154 (snfA"), which has marker mutations on each
A. nidulans chromosome. The diploid was treated with
benomyl to produce haploid sectors and the chromo-
somal location of snfA890 determined by its segregation

FIGURE 2.—The snfA890 muta-
tion suppresses the growth defect of
nudl'6 and confers sensitivity to
cold and benomyl. (A) Growth of
nudF6 and snfA890 strains at 18°
32° and 43°. Strains used were: (1)
DW7 (nudl6), (2) DWI6 (nudlFé6
snfA890), (3) DWI17 (snfA890), (4)
R153 (nudF" snfA"), and (5) LOI2
(tubAl). Strains 1 through 4 form
an isogenic set. The nudl™ snfA890
strain exhibited a slight growth de-
fect at 43° and did not sporulate as
well as wild type (as seen here by
the lack of white spore color). (B)
Growth of nudlF6and snfA890strains
at 32° on benomyl plates. Strains
used are as in part A. (C) The cold
sensitivity associated with snfA890 is
recessive. Diploids heterozygous for
snfA890 (—/+) were compared with
homozygous snfA890 (—/—) and
homozygous snfA" diploids (+/+)
for growth at 18° and 32°. Strains
used were: DWI15 FGSC154 and
DWI17 / R21 (—/+), two indepen-
dent isolates of DWI5 / DWI17 (

), and XX20 / R153 and RI153 ,
R21 (+/+).

o ol Wl
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from the marker mutations. This method suggested
that the mutation mapped to chromosome VIII. This
location was confirmed by conventional mapping with
sexual crosses, which demonstrated that snfA was loosely
linked to the chaA gene on chromosome VIII

Several genes in this region of chromosome VIII af-
fect nuclear migration, including nudA, nudG, and tubA
(which encodes the major alpha tubulin of A. nidulans)
(DosHI et al. 1991; XIANG et al. 1994) (S. BECKWITH and
N. R. MORR1s, unpublished results). We determined by
crosses that snfA was not tightly linked to nudA or nudG
but was very tightly linked to (ubA. DWI17 (nudF"
snfA890) was crossed to tubAl strain LOI14. Both
snfA890 and tubAl mutations confer sensitivity to cold
and benomyl, so recovery of any substantial number of
¢s” ben* recombinant progeny would indicate that
these mutations are in different genes. Of 600 progeny
analyzed, none were ¢s” ben”. Tight linkage between
the snfA890 and tubAl mutations in addition to the
similar phenotypes of the two mutations suggested that
snfA890 might in fact be an allele of tubA.

To test whether the cold sensitivity associated with
snfA890 is due to a mutation in tubA, we used DNA-
mediated transformation to introduce wild-type geno-
mic tubA DNA into A. nidulans strain DW26 (nudFé
snfA890 pyrG89) and a control strain DW29 (iubAl
pyrG89). The strains were cotransformed with linearized
plasmid pDWI1 (which contains only a promoterless
tubA coding sequence) and a circular plasmid carrying
the pyrG” selectable marker. Integration of linearized
tubA" DNA presumably would occur by a double cross-
over event at the tubA locus, generating a transformant
with one wild-type copy of tubA. When DW26 and DW29
were transformed with the pyrG* plasmid alone, none
of the pyr+ transformants were cs*. However, when
DW26 and DW29 were transformed with a mixture of
the pyrG™ plasmid and linearized pDW1 (tubA™), many
pyr" transformants were cs* (Table 2). This indicated
that the cs™ phenotype of snfA890 is caused by a muta-
tion in tubA.

To determine directly whether suppression of nudFé
by snfA890 is caused by a mutation in {ubA, we made
use of the fact that recipient strain DW26 carries both
nudF6 and snfA890 mutations (ie., is hs'). If the
snfA890 suppressor mutation were in tubA, pyr’ DW26
transformants with site-specific integration of linearized
pDW1 DNA should be hs™ (i.e., nudF6 snfA"). One pyr*
DW26 transformant was identified which by Southern
blotting showed integration only at the tubA locus. This
transformant was hs™ and also cs* ben”. DAPI staining
showed that it had a nuclear migration defect. This
result showed that the snfA890 suppressor mutation is
in tubA, and henceforth the snfA890 mutation will be
designated (ubA22. Taken together with the linkage
data, these data indicate that the (ubA22 mutation
causes all three phenotypes observed (suppression of
nudF6, cold-sensitivity, and benomyl-sensitivity).

Effect of the tubA22 mutation on nuclear migration
and on microtubules: Strains carrying the tubA22 muta-
tion were examined cytologically for defects in nuclear
migration and microtubule stability. To investigate
tubA22 suppression of the nudF6 nuclear migration de-
fect, germlings grown at restrictive temperature (43°)
were stained with DAPIL Nuclei of nudFé6 germlings
grown at 43° failed to move from the spore end of
the germ tube into the hyphae, in contrast to wild-type
nuclei, which were distributed throughout the hyphae
(Figure 3). Most nudlF6 tubA22 germlings displayed an
intermediate phenotype, with nuclei not distributed as
evenly as in the wild type (Figures 3 and 4). Strains
carrying tubA22 alone or tubAl showed no nuclear mi-
gration defect.

Next, we tested whether the tubA22 mutation itself
might affect nuclear migration at the restrictive temper-
ature for cold-sensitivity (18°). Many tubA22 germlings
(nudF" or nudF6) showed an abnormal phenotype at
18°, with small, unevenly distributed DAPI-staining par-
ticles (Figure 5). These particles appeared to be con-
densed or fragmented nuclei but could also represent
mitochondrial DNA. Some fubAl germlings grown at
18° also showed this phenotype. By contrast, nuclei of
nudl6 and wild-type germlings were evenly distributed
along the hyphae at 18°.

Because other tubA mutations that are ¢s~ and ben’
were previously reported to have defects in microtu-
bule stability (GAMBINO et al. 1984), tubA22 germlings
were examined for defects in microtubule stability.
nudF tubA22 germlings grown at 32° did not exhibit a
nuclear migration defect or an unusual DAPI staining
pattern. However, when stained for tubulin they showed
poor microtubule preservation and a low abundance of
long cytoplasmic microtubules compared to wild-type
germlings (Figure 6). A similar difference in tubulin
staining was seen between fubA22 and wild-type germ-
lings grown at 43°. Decreased stability of microtubules
could account for tubA22 suppression of nudF6.

tubA22 suppresses nudA, nudC, nudF, and nudG nu-
clear migration mutations: While mapping the tubA22
mutation, we crossed it to the nudA and nudG mutations
and found that tubA22 also suppressed these nud muta-
tions. Progeny from crosses of DW17 (nudF*tubA22) to
nudAl strain XX3 showed typical nudAl, tubA22, and
wild-type phenotypes at 43°. But 25% of the progeny
were intermediate in size between the minute nudAl
colonies and the large tubA22 or wild-type colonies (Fig-
ure 7). The intermediate-sized colonies at 43° were all
cs, indicating the presence of the fubA22 mutation and
suggesting that this class of progeny represented nudAl
tubA22 double mutants. Similar results were seen from
DW17 (nudF'tubA22) crosses to nudC3, nudF7, and
nudG8 mutants (strains YH1, XX21, and SB05.10) (Fig-
ure 7). The presence of the nud mutations was verified
in each case by crossing two cs~ progeny that were inter-
mediate-sized at 43° to strains carrying the original nud
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DAPI

nudklF6

nudlF6 tubA22

tubA22

wildtype

mutation or to a wild-type strain. These crosses yielded,
respectively, approximately equal numbers of hs ™ (nud)
and intermediate-sized progeny at 43° or approximately
equal numbers of all four size classes at 43°. (ubA22
therefore suppressed the growth defect caused by the
nudA I, nudC3, nudl'6, nudl'7, and nudG8 mutants.

To determine if tubA22 acts as a bypass suppressor,
it was crossed to strains that made no active nudF or
nudA product. Strain DW27 (nudF" tubA22 pyrG89) was

B X0 0

Relevant No. of
Strain  genotype germlings % nud % intermed. %o wt
DW?7 nudF6 100 95 5 0
DWI16  nudF6, tubA22 100 31 69 0
XX3 nudAl 100 85 15 0
DW30 nudAl, tubA22 105 42 58 0

FIGURE 4.— tubA22 suppression of nud nuclear migration
defects. Germlings grown at 43° were stained with DAPI and
their nuclear migration phenotypes scored as nud if one or
no nuclei entered the germ tube, as intermediate if more
than one nucleus entered the germ tube but nuclei were not
evenly distributed, and as wild type if the nuclei in the germ
tube were evenly distributed.

DIC

FIGURE 3.— tubA 22 suppresses the nu-
clear migration defect of nudlF6 at 43°.
Spores from isogenic strains with the in-
dicated genotypes (DW7, DW16, DW17,
and R153) were germinated and grown
at 43°. The panels on the left show nu-
clei stained with DAPI, and the panels
on the right show the DIC (differential
interference contrast) view of same

field.

crossed to strain AF54 (Anudl) or XX60 (AnudA). The
nudl’ coding sequence is deleted in AF54, except for
12 N-terminal amino acids (Figure 1; MATERIALS AND
METHODS). XX60 carries a deletion/disruption of nudA
that removes more than half of the coding sequence
and should inactivate the dynein motor (XIANG el al.
1995b). Both strains produce minute colonies (Figure
8, upper panel), and both have a nuclear migration
defect at 43° and 32° (Figure 1C shows the defect for
AnudF strain AF54 and XX60 is similar). In addition,
the deleted sequence in each case was replaced with a
pyr” marker. Because both parents of the cross carried
the pyrG89 mutation at the pyrG locus, progeny carrying
AnudF or AnudA could be identified by their ability to
grow on medium lacking uridine and uracil.

About 25% of the progeny from crosses of DW27
(tubA22) to AF54 (AnudF) or XX60 (AnudA) were
intermediate in size at 43°, suggesting that (ubA22 sup-
pressed the growth defect of these nud mutants as well.
The genotype of the putative double mutants was veri-
fied by their cold-sensitivity (for tubA22) and their abil-
ity to grow without uridine and uracil (for the Anud
mutations).

Finally, DAPI staining of nudlF6 tubA22 and nudAl



1294 D. A. Willins, X. Xiang and N. R. Morris

DAPI DIC

nudFé

nudF6 tubA22 FIGURE 5.— tubA22 germlings have an un-
usual DAPI staining pattern at 18°. Spores
from isogenic strains with the indicated ge-
notypes (DW7, DW16, DWI17, and R153)
were germinated and grown at 18°, then
stained with DAPIL. Left and right panels
show DAPI and DIC views, respectively, of
the same field. Arrows indicate small, un-
evenly distributed DAPI-staining structures.

tubA22

wildtype

tubA22 double mutant germlings grown at 43° (Figures of the nuclear migration defect. Half or more of the
3 and 4) showed that tubA22 suppression of the nudF nud tubA22 germlings showed an intermediate pheno-
and nudA growth defects correlated with suppression type, with nuclei migrating into the hyphae but not as

TUBULIN DIC

tubA22

FIGURE  6.—(ubA22 alters microtubule
staining. Germlings from isogenic tubA22and
wild-type strains (DWI17 and RI153) were
grown at 32°, fixed, and stained with anti-tu-
bulin antibody (left panel). The right panel
shows the DIC view of the same field.

wildtype
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nudG8 tubA22
nudG8
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FIGURE 7.— tubA 22 suppresses the growth defect caused by nudA, nudC, nudF, and nudG hs™ mutants. Double mutants carrying
a nud mutation and tubA22 were streaked to single colony and grown at 43°. Compare each nud mutant with the corresponding
nud tubA22 double mutant (two independent isolates) within the same panel. On each plate, the nudlF6 strain DW7 and nudl6
tubA 22 strain DW16 are shown for comparison. Strains used were: XX3 (nudAl), DW30 and DW31 (nudAl tubA22), YH1 (nudC3),
DW32 (nudC3 tubA22), XX21 (nudl7), DW33 (nudlF7 tubA22), SB05.10 (nudG8), and DW34 (nudG8 tubA22). Each nud tubA22

double mutant is isogenic or nearly isogenic with its nud parent.

evenly distributed as in the wild type (Figure 4). By
contrast, most germlings from the nud parent had a
nud phenotype. Presumably tubA22 also suppresses the
growth defect of the nudC and nudG mutants by sup-
pressing the nuclear migration defect.

Benomyl suppresses the nuclear migration muta-
tions: The ubA22 mutation suppressed the nud muta-
tions and apparently destabilized microtubules. We
wanted to determine whether suppression of the nud
mutations specifically required the tubA22 mutation or

whether it could be accomplished by other means of

microtubule destabilization. Therefore, we tested the
ability of the microtubule-destabilizing agent benomyl
to suppress the nud mutations. The nud mutants de-
scribed previously (nudAl, AnudA, nudF6, nudF7,
AnudF, nudC3, nudG8) were streaked on rich medium
plates containing different concentrations of benomyl
and incubated at 43°. The growth defect of all of the
nud mutations was suppressed by 0.5 pg/ml benomyl
(Figure 8). This low concentration of benomyl pre-
vented sporulation (conidiation) of the wild-type strain

but did not affect its colony size. Low concentrations
of benomyl had only a minor effect compared to tubA22
in improving nuclear migration at early times after ger-
mination. However, it is likely that benomyl suppresses
the growth defect of the nud mutants by suppressing
the nuclear migration defect.

DISCUSSION

Here we report the characterization of an extragenic
suppressor of the nudl6 nuclear migration mutation,
initially designated snfA890 for suppressor of nudl’. The
suppressor mutation confers sensitivity to cold and be-
nomyl, two treatments that destabilize microtubules.
We determined that the snfA890 mutation is an allele
of tubA, which encodes the major A. nidulans alpha
tubulin (DosHI et al. 1991) (henceforth the mutation
will be called (ubA22). It was previously suggested that
the tubA 1 and (ubA4 mutations confer sensitivity to cold
and benomyl because they destabilize microtubules,
such that additional microtubule destabilization by cold
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nudlo nudl'7

0 pg/ml

wildtype nud(C3

nudlFé6 nudlF7

0.5 pug/ml

nudC3

wildtype

nudAl nudG8

AnudA

wildtype  AnudF wildtype

nudAl AnudA nudG8

AnudF

wildtype wildtype

FIGURE 8.—Benomyl suppresses the growth defect of the nud mutants. nudA, nudC, nudF, and nudG mutants were streaked
to single colony and grown at 43° in the absence (upper panel) or presence (lower panel) of the microtubule-destabilizing drug
benomyl. Strains used were: XX20 (nudlF6), XX21 (nudlF7), YH1 (nudC3), XX3 (nudAl), XX60 (AnudA), A¥54 (Anudl), SB05.10

(nudG8), and SJ002 for a wild-type control.

or benomyl severely reduces growth (OAKLEY and MOR-
RIS 1981; OAKLEY et al. 1987a; GAMBINO et al. 1984). The
cold- and benomyl-sensitivity of (ubA22 mutants and
their alteration in microtubule staining are consistent
with a defect in microtubule stability.

The tubA22 mutation also suppresses the growth de-
fect of nudA, nudC, and nudG mutations. Suppression
of the nudl'6 and nudAl growth defect correlates with
improved nuclear migration, and we predict that this
is also the case for the other nud mutants. The (ubA22
mutation suppresses several different mutations in
nudA and nudF, including the AnudA and Anudl’ dele-
tions, which give no full-length protein product. Our
data therefore suggest that the (ubA22 mutation is a
bypass suppressor of nudA and nudl mutations rather
than an allele-specific suppressor.

Finally, we showed that the (ubA22 mutation is not
specifically required to suppress the nud mutants, be-
cause destabilization of microtubules by the drug beno-
myl had the same effect (in the absence of the (ubA22
mutation). This indicated that destabilization of micro-
tubules in general would suppress the nud mutations.

Suppression of the nud growth defect is particularly

interesting in the case of the nudAl and AnudA mu-
tants, which carry mutations in the cytoplasmic dynein
heavy chain. Dynein, a microtubule motor with ATPase
activity, is required for nuclear migration in A. nidulans
(XIANG et al. 1994). The nudAl mutant produces very
little or no detectable dynein heavy chain at the restric-
tive temperature, and the AnudA strain produces little
or no truncated product, which is presumably inactive
(XIANG el al. 1995b). Together, the results of the tubA22
and benomyl suppression tests suggest that nuclei can
move in the absence of active cytoplasmic dynein motor
if microtubules are destabilized.

We propose three models to explain how microtu-
bule destabilization might improve nuclear movement
in the absence of active dynein. First, destabilization
could allow passive, microtubule-independent move-
ment by removing microtubules interfering with the
free movement of nuclei. We do not think this likely.
Second, microtubule depolymerization itself’ (shorten-
ing or increased treadmilling of microtubules) could
accomplish nuclear movement in the absence of motor
proteins. For example, cytoplasmic microtubules may
connect nuclei to the hyphal tip or another anchoring
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site (MORRIS et al. 1995), and shortening of such micro-
tubules would allow movement of the nucleus. Microtu-
bule shortening and treadmilling have been proposed
to move chromosomes during mitosis, and there is evi-
dence to support these ideas (INOUE 1981; KOSHLAND
et al. 1988; MrTcHISON 1988; COUE et al. 1991). Third,
microtubule destabilization could allow another motor
protein to substitute for dynein, such as kipA, the A.
nidulans equivalent of the KAR3 kinesin-related pro-
tein, which has the same polarity of movement along
microtubules as dynein (O’CONNELL et al. 1993; ENDOW
et al. 1994). The second and third models may be re-
lated, because motor proteins themselves can stimulate
microtubule depolymerization and couple microtubule
depolymerization to chromosome movement (ENDOW
et al. 1994; DEsAI and MITCHISON 1995; LOMBILLO ef al.
1995a,b).

Suppression of the other nud mutations by tubA22 or
benomyl can be explained by the same models. The
nudA, nudC, and nudF mutants at their restrictive tem-
perature do not show any obvious defect in cytoplasmic
or astral microtubules (OSMANI et al. 1990) (C. AN-
DRADE-MONTEIRO and N. R. MORRIS, unpublished re-
sults). The nudC, nudF, and nudG products are likely to
act at intermediate steps in activating dynein or another
motor protein. If so, these mutants would be suppressed
by the same conditions that suppressed the dynein mu-
tants.

In summary, we have found that nuclear migration
mutations in nudA, nudC, nudF, and nudG can be sup-
pressed by a tubulin mutation or by treatment with
benomyl, both of which destabilize microtubules. In
particular, our results with nudA mutants suggest that
microtubule destabilization allows nuclear migration to
proceed even in the absence of cytoplasmic dynein.
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National Institutes of Health grants GM29228 and GM34711 to
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