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ABSTRACT 
Microtubules and cytoplasmic dynein, a microtubuledependent  motor,  are  required  for nuclei to 

move along  the hyphae of filamentous fungi. Nuclear migration in Aspergillus nidulans is blocked by 
heat-sensitive (hs-) mutations  in the nudA gene, which encodes dynein heavy chain,  and  the  nudFgene, 
which encodes a G protein 0-subunit-like 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  nuflsuppressor also suppresses hs- mutations 
in nudA,  nudC, and nudG and deletions  in nudA and nufl. 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, nu@, and 
nudG mutations and  the nudA and  nufldeletions. 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. 

N 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; ROSE 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  (HUF- 
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- 
W0I.F 1988). Finally, nuclear migration may be required 
for cell movement during brain development (BOOK et 
al. 1991) and tumor cell metastasis (KLOMINEK et 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; PLAh.IANN et al. 1994; XIANG 
et al. 1994). Heat-sensitive mutations  that prevent u 
clear distribution in A. nidulans, designated nud muta- 
tions, were isolated by MORRIS (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, nu#, 
and nudG) have been  identified.  Cloning of nudG is in 
progress (S. BECKWITH and N. R. MORRIS, 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. cermisiae 
(ESHEL et al. 1993; LI 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 
nudFproduct (OSMANI et al. 1990; XIANG et al. 1995a). 
The nudFgene was isolated as an extra-copy suppressor 
of nudC that also complemented two hsC nudF muta- 
tions (XIANG et al. 1995a).  nudFencodes  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  nudFproduct is most similar to human LIS- 
1, with 42% identity overall (XIANG et al. 1995a). Het- 
erozygous LIS1  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 (ro-1, 7-0-3, and 7-0-4). The ro-I gene  encodes cyto- 
plasmic dynein heavy chain (PLAMANN et al. 1994).  The 
ro-? gene  encodes  a  protein  homologous to p15O"lue" 
(cited in PLAMANN et al. 1994). The p150G1U'd protein is a 
component of the dynactin complex, which participates 
with dynein in moving organelles (VALLEE 1993; 
SCHROER 1994).  The ro-4gene 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 
nu#. 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) (WER 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 /AM riboflavin for riboAl strains (MER 1977). Growth 
on YAG supplemented with  0.7 M KC1 increased the yield of 
conidia (asexual spores) from nud mutants,  but all colony 
growth experiments were done in the absence of KCl. Beno- 
myl (50%  benomyl from Bonide  Chemical Co., Yorkville, N Y ,  
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 la", 3 days at 32", and 2 days 
at 43". 

General A. nidulum techniques: A. nidulans techniques 
were as previously described (PONTECORVO et al. 1953; CLUT- 
TERBUCK 1974; K.@ER 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. 
(1987h). 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 LiC1-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 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 (nudF6, 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 pDWl: The tubA plasmid pDP485, which 
contains  a 4.9-kb Sac1 genomic DNA fragment  cloned into 
pUC19 (DOSHI et al. 1991), was cut with BamHI and DruI. The 
2.4kb BamHI-BamHI fragment carrying tubA  was inserted into 
the BamHI site of pUC19 to generate  pDWl. 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. niduluns DNA insert in pDWl is not likely to contain 
the tubA promoter  and does not contain any long  open read- 
ing frames other  than tubA. Linearized pDWl was prepared 
by digestion with  AatII, XbaI, and DruI (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 pXXl0  to replace the 
wild-type genomic nudF sequence with the N. wussa p y r 4  
marker gene (Figure  1A). The plasmid pXXl0 contains p y r 4  
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 nu@, the 3.9-kb EcoRI fragment of the 
genomic clone A3 (XIANG et ul. 1995a) was subcloned into 
pBluescript KS(+)  and a 2.1-kb  HindIII-XbuI fragment (frag- 
ment A) was excised. For the 3' flanking  sequence of nu&, 
the 3.8-kb EcoRI-EcoRI* fragment of A5 (XIANG et nl. 1995a) 
was cloned into pBluescript KS( +), a 1.6kb Hind111 fragment 
was excised and subcloned into pBluescript K S (  +), and  the 
Hind111 fragment was excised as a CluIGcoRI fragment (frag- 
ment  B).  The  orientation of the insert  in  the Hind111 subclone 
(verified by sequencing) is such that  the ClaI site is a few 
nucleotides away from the Hind111 site in the 3' untranslated 
region of nu#. For the marker gene, a 2.1-kb PstI-SmuI p y r 4  
fragment derived from  a 2.1-kb EcoRI fragment (O'CONNEI.~. 
et al. 1993) was cloned into pBluescript KS(+). Q r 4  was ex- 
cised as a XbaI-ClaI fragment  (fragment C ) ,  which comple- 
ments the A. nidulans prrG89 mutation. To make plasmid 
pXX10, pBluescript KS(+) cut with Hind111 and EcoRI was 
ligated to a  mixture of fragments A, B, and C .  Sequencing 
analysis confirmed that  the  pXXl0 clone was constructed  cor- 
rectly except  for a single base mutation destroying the XbuI 
site. A. nidulunsstrain GR5  was transformed with pXXl0 DNA, 
which was linearized by digestion with Not1 (which cuts in 
the  vector). Transformants that  had a nud phenotype were 
analyzed by Southern blotting to identify ones with pXXl0 
DNA integrated only at the nu& locus (e.g., strain AF54) 
(Figure 1B).  The  AnudFstrain 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. niduluns 
p y r G  marker (XIANG rt al. 1995h).  The AnudA deletion also 
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TABLE 1 

A. nidulans strains 
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Strain Genotype Source 

SJ002 PYG89 S. JAMES 
FGSC154 adE20, biAI, wA2,  cnxE16, sC12, methGI,  nicA2, Fungal Genetics Stock Center 

GR5 pyrG89,  wA2,  pyroA4 G. MAY 

R2 1 pabaAl, yA2 C. F. ROBERTS 
R153 wA3,  pyroA4 C.  F. ROBERTS 

DW7 wA3, nudF6, pyroA4 This work, from XX20 X R153 
DW15 pyrG89,  nudF6,  tubA22 (snfA890) This work, from W 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 
DW27 wA3,  pyrG89, tubA22 (snfA890) This work, from DW15 X R153 

LO14 tubA1,  suAI-adE20, proAl, pabaA1,  yA2,  adE20,  AcrAl GAMBINO et al. (1984) 
DW29 jiuA1, tubAI, pyrG89, pabaAl, (AcrAl ?) This work, progeny of  LO12 

lacAI,  choAI,  chaAl 

xx20  nudF6, pyrG89 XIANC et al. (1995a) 

LO12 AcrAI, sD85, tubAl (possibly  other  markers) C.E.  OAKLEY and B.  R. OAKLEY 

xx3 nudAI, pyrGS9, c h d l  XIANG et al. ( 1994) 
YH1 nudC3,  riboAI,  yA2 Y. CHIU, N.  R. MORRIS lab 
x x 2  1 nudF7,  pyrG89,  yA2 XIANG et al. (1995a) 
SB05.10 nudG8,  yA2,  pabaAl S. BECKWITH, N. R. MORRIS lab 
AF54 AnudF::pyr4+, pyrG89,  wA2,  pyroA4 This work 
XX60 AnudA::pyrG+ (partial deletion), pyrG89 XIANC et al. (199513) 
DW30 nudAl, tubA22 (snfA890), prrG89 This work, from DW17 X XX3 
DW31 nudAl, tubA22 (snfA890), pyrG89, wA3 This work, from DW17 X XX3 
DW32 nudC3, tubA22 (snfA890), yA2, riboAI This work, from DW17 X YH1 
DW33 nudF7,  tubA22 (snfA890), pyrcS9, yA2 This work, from DW17 X XX21 
DW34 nudG8,  tubA22 (snfA890), yA2, p a b d l  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 et 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% p- 
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 KC1 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 104-105 
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 pg/ml DAPI (4,Miamid- 
ino-2-phenylindole), and then washed  several times in dis- 
tilled water. Immunofluorescence  staining was performed as 
described previously (OAKLEY et al. 1990), with the following 
modifications (C. ROGHI 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 hanianum 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 pg/ml benzamidine, 10  pg/ml 
leupeptin,  10  pg/ml pepstatin, 17.4 pg/ml phenylmethylsul- 

fonyl fluoride, 0.1 mg/ml soybean trypsin inhibitor, 10 pg/ 
ml Na-p-tosyl-Larginine methyl ester, and 10 pg/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 mM PIPES, pH 6.7,25 mM EGTA, 
5 mM MgS04, 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 l00X 
Neofluar objective and TMax ASA 100 or 400  film (Kodak). 

RESULTS 

The sn$A890 mutation confers sensitivity to cold and 
benomyl: Following UV mutagenesis, we identified 
1000 revertants  of  the nu@6 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 -mppressor  of _nu@, which  also 
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€COR 1 
nudF 

h3 

Ah5 EcoRI' 

pXX10 plasmid PYr4 """".." " 

Hi" dmHI HiLll/c/aI l H i ~ l l l / ~ m R l  

Hindlll py4  HindllllClal ~indlll 
Anudf genome / / A B  3 

8.3 kb l a /  
BamH I BamH I 

wildtype  genome 

Probes: H 
EcoRI-Hindlll Hindlll-Hindlll 

R C 
wt Atrrmdf' wt Atrrrdl; 
- - ,  m 23.0 - 

9.4 - 
6.5 - 
4.4 - 

.gr* 

2.3 - 
2.0 - 

P ~ M X  Hitrdlll-Hittdlll BcoRI-Hitdlll  

Flc;t'w: I.-(:onstrrlrtion o f  
Anwf/; strain AF.54. (,\) Mil- 
gram rlcpicting rclc\.;~nt nu///: 
clones and t h r  nun/ rcgion of 
the gcnomc in Anrd/: and wild- 
typr strains. Thc A 3  and A.5 gcno- 
mic clones w c r c ~  u s r d  in con- 
structing plasmid pSX10.  The 
Anttd/; strain AF.54 w a s  gcnc- 
latccl b y  integration of  1inc;wizd 
pXX10 DNA into thr wild-type gc- 
nomic nud/ locr~s. Thin black 
lines rcprcwwt gcnomic 1)SX. 
dottrd  linrs indicate v w t o r  I)SX, 
; 1 n d  t l oub lc  w a \ ~  1inc.s ;IIT I>r<*itks 
in the DSh srqwncc for tliagrann- 
matic p1rposcs. Thc shntlrtl box 
rc.prcw-nts the j / u d / ;  coding sr- 
qwrlcc (the :~rrow intlic;ttc%s the 
direction 01' transcription). m n t l  
the white box rcprcscnts t h e  l)y,J 
coding scquencc. Kcstriction sites 
used !Or cloning ; u n d  the /lnrnI-II 
sitrs ;und prohrs r~sctl f i x  South- 
ern blotting are indic;ltctl. (13) 
Sortthern blotting t o  vcrify t h a t  
A n ~ r r U : h a s  rc-placed md/:in strain 
AF54. (knonlic DNA from AmdF 
strain AF54 o r  wild-type strain 
R1.53 was digested with /hvtHl.  
transferred t o  :I nncn~hranc, and 
probed with ;I nudF !l;unking 
probe (~fi~~dlIl-ffi~~cllll) o r  ;111 in- 
ternal t ~ r l d /  prolx- (bhRl- / / iw  
t l I I I ) .  Sizes of  markcr 1)SX 11-q- 
lnents  are indicated on t h c  Icli, 
in kh. ( C )  The nuclc;w migration 
defect of AF.54. DAPI st;tining t o  
visualize nuclei of'(;R.5 (wild type) 
and AF54 (Auudk) grmlings 
grown at 45". 

confers cold-sensitivity. The  remaining  suppressors w i l l  
he  described  elsewhere. 

At restrictive temperature  for nwiF6 (43'), nudF6 
snfA890 strains  produced  colonies  intermediate i n  size 
between wild-type colonies and  the  minute 11s- nwW6 
colonies  (Figure 2A). We showed  that the nwiI% 
snfA890 strain DW15 carried  an  extragenic  suppressor 
by crossing it  to nu#+ .scfA890+ strain R153. About 
25% of the  progeny  had a heat-sensitive rccombinant 
phenotype ( i . ~ . ,  were n?ld/;- snfA'), indicating  that  the 
suppressor  mutation was unlinked to n d F .  nwW6 

.snfA890 strains are sensitive to cold (18') and t o  the 
microtubule-destabilizing drug benomyl at concentra- 
tions of 0.2 pg/ml  and  higher  (Figures 2A, R ) .  

Progeny of' the DWl5 (nudF6 sn/A890) X R1.53 cross 
were analyzed t o  determine  whether  the nlrrlFsuppres- 
sor  mutation (sn/A890) was also responsible  for the oh 
senred cold-sensitivity (cs-)  and benonlyl-sensiti\,itv 
(hen'). If  the ,snljlX90 suppressor  mutation also cawed 
cold-sensitivity and henomyl-sensitivit)', onc wo~~ld not 
cxpcct t o  find a n y  recombinant 11s- cs- (i.0.. n w F  
.s77/A+ cs-) or 11s- Ixn' progeny. Of 200-400 progeny 
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TABLE 2 

Wild-type trtbA DNA repairs the cold-sensitivity of @A890 

Rccipicnt Rclr\;unt TI-;tnsli)rming Total no. of  No. of  cs' 
strain genotype DSA tlansf0r111;mts tl;msform;lnts 

DM"L(i .snp\<V90* / y f ; s 9  /lJr(; - 'Loo 0 

1""1) / t r b \  I ,  /qrGVO / I V G  - 'Loo 0 
/yC ' ,  lin. p l N ' l  'LL!.', .X) 

/ j J K ; * ,  lin. p l ) \ V l  'Loo 30 

A .  n i t / u / c r n s  protoplasts M'CW inculxitcd with D S A  i n  a corr;~nsforlll;Irion c~xperimc-nt. /yf;' p1;lsmitl Dl':\ 
(circular) plmvitlcd ;I sclect;~hle n1arkcr. The scwmtl phsnlid. linearizc.tl p D \ V I .  conrained only the  coding 
srqllcncc of  / I / / ) , , \  (with no  pronlotrr). 

tcsted i n  tlifrerent  experiments,  nonc  c~xhihitetl  the 11s diploids were constrtlctctl  between .snJ-I#9O and .sn/i\+ 
cs - o r  11s- Ixw' plwnotypcs. Similarly, a l l  cs-  progcmy strains. Hetcrozygous . s n f i t W O / . s n / ~ \ +  strains wrrc~ cs' 
wrrc also hcn'. Thus,  the  mutations  causing cold- and comparccl t o  homozygous controls at 18" (Figurr X;), 
hellomyl-sensitivity arc tightlv linked t o  the .snJ4XL)Osup- intlic;lting that t11r cs phenotypc  ;wociatctl with 
pressor mutation ;md t o  each  othrr. Prcsum;hly, thr .snfii(S90 is rrcessivr. Ry contrast,  thr I,cnolnvl-srnsiti\~e 
sane  mutation causes all three  phcnot)*pes (supprrs- pllc-notype appc;u-ctl t o  hc semidomin;~nt. M'r WCTC 1111- 

sion of nndFf5, coltl-scnsitivitv, antl bcnonlyl-sensitivity). a h l c  t o  make  diploid  strains  homozygous for nrtdF6 and 
About 250/, of the progeny from  thr DM'I3 (n t tdF6 hctcrozygous for .snfi\. Thereforr, wc could not  drtcr- 

.sn/;\890) X RI.33 cross generated  colonies that wcrc mine  wlwther  thc supprrssor phcnotypr itsclf is rccc~s- 
larger at 43" than  the intermediate-sized nrrdk'6 , s y / A N f )  siw o r  domin;lnt. 
colonics and slightly smaller  than wild-type colonies The @A890 mutation is in the frrhA gene: The 
(Figure 2A). This class did not sporulate (conitliatc) a s  , s n / ; ~ \ W O  mutation was mapped t o  chromosonle \'//I b y  
well as the wild type at 43". These  progeny wcrc' ;~lso standard parasexual genetic  methods (CI ,L .TTI<RI~L' ( :K 
sensitive to cold and henomvl  (Figure 2 ,  X atid R), 19i4; TISIIWKIAK! and MARSIIAI.1.  19x8). t! diploid was 
suggesting  that they  might  carry .sn/;lX90without nwlFf5. constructed between  strains DM'1.5 ( s n f i \ W O )  and 
This was verified bv crosses of 3 putative n ? r W  ,sn/A89f) FGS(;I.54 (.sn/A'-), which has  marker  mutations o n  each 
progeny to a n7ttll;- strain,  each of which yicldc~d about A. n i d r t h n s  chromosome.  The  diploid was treated with 

To test whrther .snfA890  is dominant or  recessive, somal  location  of,s,!rA890determined by its segregation 

FIGL'KI. 2.-The . s t ? j X W O  nwta- 
tion suppresses thc growth defect 01' 
nudF6 and confers sensitivity t o  
cold and benomyl. ( A )  Growth of 
n11d1:h and .snfi\Hf) strains a t  IS", 
X?", and 43". Strains r~sctl wcrc: ( 1  ) 

L L : , h  " C J  hs- progeny.  hrnomyl to produce haploid  sectors and  the  chromo- 

A R C 
DM'7 ( n d F 6 ) .  (2) D M ' I C ,  (rtutfF6 

R1.33 (n~trU." . s n j A & ) ,  and ( .5) 1.012 
( h t / u \  I ) .  Strains 1 throrlgh 4 form 
an isogenic st*(. Thc t ~ n d t -  .snfi\890 
strain cxhihitrd a slight growth dr- 
fect a t  43" and did n o t  sporulatc~ 21s 
w r l l  as wild type ( a s  srrn hcrc hy 
the lack 01' whitc spore color). (R) 
<;ro\vth of nttc/l~6;1nd snl;-\890str;lins 
a t  32" on bcnomyl plntcs. Strains 
usc-tl arr a s  i n  part X .  ( ( J  The cold 
sensitivity associatctl with s n / i \ S 9 0  is 
recessive. Diploids hctrrozygor~s for 
s~fi1890 ( - /  +) w r c  compared with 

homozygous . sn /4 '  diploids (+/  +) 
for growth at 18" antl ?I!?'". Strains 

.~77/AcY90), ( 3 )  DM'17 (.~nb48901), ( 4 )  

I 2 3  4 5 

homozygous .snJ4,S90 ( - / - )  ; I n d  

1 , 3 4 5  4- -I+ +'+ usetl were: lXVl.3 / F<;S(:I.34 ;mtl 
[)"I7 / IC21 (-/+). t w o  indepcn- 
r l r n t  isolates of  DM'I.3 / l> \~ i ' l i  ( - /  
-),  itnd X x 2 0  / RI.33 iu1tl R1.33 / 
R L I  (+/+). 
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from the marker mutations. This  method suggested 
that  the  mutation  mapped to chromosome WZZ. This 
location was confirmed by conventional mapping with 
sexual crosses, which demonstrated  that snfA was loosely 
linked to the chaA gene  on chromosome VZZZ. 

Several genes in this region of chromosome VZZZ af- 
fect nuclear  migration,  including nudA, nudG, and tubA 
(which encodes  the major alpha  tubulin of A. niduluns) 
(DOSHI et al. 1991; XIANG et al. 1994) (S. BECKWITH and 
N. R. MORRIS, unpublished  results). We determined by 
crosses that snfA was not tightly linked to nudA or nudG 
but was  very tightly linked to tubA. DW1'7 (nu@ 
snfA890) was crossed to tubAl strain L014. Both 
snfA890 and tubAl mutations  confer sensitivity to cold 
and benomyl, so recovery of any substantial number of 
cs+ hen+ recombinant progeny would indicate that 
these mutations  are in different genes. Of  600 progeny 
analyzed, none were cs+ 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. niduluns strain DW26 (nudl76 
snfA890  pyrG89) and a  control strain DW29 (tubAl 
pyrG89). The strains were cotransformed with linearized 
plasmid pDWl (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 pDWl (tubA+), many 
pyr' transformants were cs' (Table 2). This  indicated 
that  the csf phenotype of snfA890  is caused by a muta- 
tion in tubA. 

To  determine directly whether suppression of nudF6 
by snfA890 is caused by a mutation in tubA, we made 
use of the fact that  recipient strain DW26 carries both 
nudF6 and snfA890 mutations ( i e . ,  is hs'). If the 
snfA890 suppressor mutation were in tubA, pyr'  DW26 
transformants with  site-specific integration of linearized 
pDWl DNA should be hs- (ie., 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' hen+. 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 tubA22. Taken  together with the linkage 
data, these data  indicate  that  the tubA22 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  DAPI. Nuclei of nudF6 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 nudF6  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 
(nu@ OT 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 tubAl germlings grown at 
18"  also showed this phenotype. By contrast, nuclei of 
nudl76 and wild-type germlings were  evenly distributed 
along  the hyphae at 18". 

Because other tubA mutations  that  are cs- and  bens 
were  previously reported to have defects in microtu- 
bule stability (GAMBINO et al. 1984), tubA22 germlings 
were examined for defects in microtubule stability. 
nufltubA22 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 tubA22 and wild-type germ- 
lings grown at 43". Decreased stability of microtubules 
could account  for tubA22 suppression of nudF6. 

tubA22 suppresses nu&,  nudC,  nudF, and nudG nu- 
clear  migration  mutations: While mapping  the tubA22 
mutation, we crossed it to the nudA and  nudGmutations 
and  found  that tubA22 also suppressed these nud muta- 
tions. Progeny from crosses  of DW17 (nu@ 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 tubA22 mutation and 
suggesting that this class  of progeny represented nudAl 
tubA22 double  mutants. Similar results were seen from 
DW17 (nurtE*tubA22) crosses  to nudC3,  nudF7, and 
nudG8mutants  (strains  YHl, 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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FIGL-RE 3.-/lt/1A22srlppresses thc n w  
. clear  migration defect o f  77?tfl6 a t  43". 

Spores from isogenic strains with the in- 
dicated  genotypes (DM'i, DM'16, DM'Ii. 
and R1.53) 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 Dl<: (differential 
interference contrast) \iew o f  SIIIYIC 

mutation o r  t o  a wild-type strain.  These crosses yielded, 
respectively, approximately equal numbers of hs- ( n u 4  
and intcrmcdi;lte-sized progeny  at 43" or  approximately 
eqwd  numbers of all fhur size classes at 43". tul1A22 
therefore supprrssecl the growth  defect  caused by the 
nudA I, nud(:3, nudF6, nudF7, and nudG8 mutants. 

To determine if tuM22 acts as a bypass suppressor, 
i t  was crossed t o  strains  that made no active nudF or 
nrrdA product.  Strain DM'27 ( n ~ d F '  /ul,A22 lyC89) was 

Relevant No. of "m 
Strain genotype gernlings 40 nud % interned. 40 wt 

D W I  nudF6 1 0 0  95 5 
DW16 nudF6. ruhA22 

0 
1 0 0  31 69 0 

XX3 nudAl 1 0 0  
DW30 nudAl, ruhA22 

85 
I 05 42 58 

15 0 
0 

crossed  to  strain AF54 ( A n u m   o r  XX60 (AnudA). The 
nu# coding  sequence is deleted in AF54, except  for 
12 N-terminal amino acids  (Figure 1; MATERIAL-s 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 P/ crl. 
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 
Anu# strain AF.54 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 f,yrG89mutation at  the /?rG locus, progeny  carrying 
AnudFor AnudA could he identified by their ability to 
grow on medium  lacking uridine  and uracil. 

About 25% of the progeny  from crosses of DW27 
(tul1A22) to AF.54 (AnudF)  or XX60 (AnudA) were 
intermediate in size at 43", suggesting that tuhA22 s u p  
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 tullA22) and  their abil- 
i t y  to grow without uridine  and uracil (for  the Anzrd 
mutations). 

Finally, DAPI staining of nudF6 tul1A22 and nzrdAI 
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lubA22 double  mutant  germlings grown at 43" (Figures of the nuclear migration delect. Half or  more of the 
3 and 4) showed that /uM22 suppression of the nu# nun h M 2 2  germlings showed an intermediatc  phcno- 
and nudA growth defects correlated with suppression type, with nuclei migrating into  the hyphae but  not as 

TUBULIN DIC 
. .,, .,u, v 

tubA22 

P FI(;LIKE 6.-!?tM22 alters microtubule 
staining.  Germlings  from isogenic /211)A22 and 
wild-type strains (DM117 and Rl53) were 
grown at 32". fixed. and stained with anti-tu- 

p""'- . , bulin antibody  (left panel).  The right  panel 
1 / , F  shows the DIC view o f the  same field. 

wildtype 
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FIGURE 7.-/1111A22 suppresses the growth defect  caused by nudA, nunc, nudF, and n u n c  hs-  mutants.  Double mutants carrying 
a nun mutation and lul1A22  were streaked  to  single  colony and grown at 43". Compare  each nud mutant with the corresponding 
nud hrbA22 double mutant (two independent isolates) within the same  panel. On each  plate, the nudF6 strain DW7 and nurll;ci 
lubA22strain DW16 are shown for comparison.  Strains used  were: XX3 (nudAl), DW30 and DW31 (nudAl lubA22), YHl (nud(,'3), 
DW32 (n1dC3 /ztbA22), XX21 (nudF7), DW33 (nu&-7  /ubA22), SR05.10 (nztdG8), and DW34 (nudGR lubA22).  Each nlrd tubA22 
double mutant is isogenic or nearly  isogenic with its nzcd parent. 

evenly distributed as in the wild type (Figure 4). By 
contrast,  most  germlings  from the nzd parent  had a 
nud  phenotype. Presumably tuM22 also suppresses  the 
growth defect  of  the nudC and nu& mutants by s u p  
pressing the  nuclear  migration  defect. 

Benomyl suppresses the nuclear  migration  muta- 
tions: The luOA22 mutation  suppressed  the nun muta- 
tions and  apparently destabilized  microtubules. We 
wanted to  determine  whether  suppression  of  the nun 
mutations specifically required  the fubA22 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 nun mutations. The nud mutants de- 
scribed previously (nudAI,  AnudA, n w F 6 ,  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 
nul  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 nu#6 nuclear  migration  mutation, 
initially designated snfA890 for Lmppressor of zu&. 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 hhA, which encodes  the  major A. nidulans alpha 
tubulin (DOSHI et al. 1991) (henceforth  the  mutation 
will be called tul>A22). It was previously suggested that 
the tubA I and hbA4 mutations  confer sensitivity to  cold 
and benomyl  because  they  destabilize  microtubules, 
such  that  additional  microtubule destabilization by cold 
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F1(;tlRF. 8.--Renomyl suppresses the growth defect of the nud mutants. nudA,  nu//(;, nu#, and nrrdG mlltants WTC~ strr;tked 
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henomvl.  Strains used were:  XX20 ( n u d F @ ,  XX21 (nzLrU;7), YH 1 (nudC3), XX3 (nzLdA 1 ) .  XX60 (A nudA), AF34 (An t t r / P ] ,  SRO.',. I O  
(nudGi) ,  and S J O O ~  for a wild-type control. 

o r  benomyl severely reduces  growth (OAKLEY and MOK- 
RIS 1981; OAKLEY PI (11. 1987a; GAMRINO PI nl. 1984).  The 
cold- and benomyl-sensitivity of /ul,A22 mutants  and 
their  alteration in microtubule  staining  are  consistent 
with a defect in microtubllle stability. 

The tuhA22 mutation also  suppresses  the growth de- 
fect of nudA, nudC, and nudC mutations.  Suppression 
of the n.uN'6 and nudA 1 growth defect  correlates with 
improved  nuclear  migration,  and we predict  that this 
is also the case  for the  other nud  mutants. The /ul1A22 
mutation  suppresses several different  mutations in 
nudA and nu&', including  the AnudA and  AnuN'dele- 
tions, which give no full-length protein  product.  Our 
data  therefore suggest that  the /ul)A22 mutation is a 
bypass suppressor o f  nudA and nudl.' mutations  rather 
than  an allele-specific suppressor. 

Finally, we showed that  the tzthA22 mutation is not 
specifically required  to  suppress  the  nud  mutants, be- 
cause  destabilization of microtubules by the  drug beno- 
my1 had  the  same effect (in  the  absence of the /uI)A22 
mutation).  This  indicated  that destabilization of micro- 
tubules  in  general would  suppress  the nurl mutations. 

Suppression of the  nud growth defect is particularly 

interesting in the case of the nudAI 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. nidulnns 
(XIANG P/ nl. 1994).  The nzcdA1 mutant  produccs 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 prcsumably  inactivc 
(XIANG P/ (11. 1995b). Together,  the results of the /ul1A22 
and benomyl  suppression tests suggest that  nuclei  can 
move in  the  absence of active cytoplasmic dynein  motor 
if microtubules  are destabilized. 

We propose  thrre  modcls  to  explain how microtu- 
bule destabilization  might  improve nuclear  movement 
in the  absence of active dynein. First, destabilization 
c o d d  allow passive, microtubule-indepelldellt 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 hvphal 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; MITCHISON 1988; COUE et al. 1991). Third, 
microtubule destabilization could allow another  motor 
protein  to substitute for dynein, such as  k&A, 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 et al. 
1995a,b). 

Suppression of the other nud mutations by tubA22 or 
benomyl can be explained by the same models. The 
nudA, nudC, and nudFmutants  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,  nu&, 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,  nu#, 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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