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Cytoplasmic dynein is a microtubule-associated minus-end-directed motor protein. CaDYNI encodes the
single dynein heavy-chain gene of Candida albicans. The open reading frames of both alleles of CaDYN1 were
completely deleted via a PCR-based approach. Cadynl mutants are viable but grow more slowly than the wild
type. In vivo time-lapse microscopy was used to compare growth of wild-type (SC5314) and dynl mutant strains
during yeast growth and after hyphal induction. During yeast-like growth, Cadynl strains formed chains of
cells. Chromosomal TUBI-GFP and HHF1-GFP alleles were used both in wild-type and mutant strains to
monitor the orientation of mitotic spindles and nuclear positioning in C. albicans. In vivo fluorescence
time-lapse analyses with HHFI-GFP over several generations indicated defects in dyn1 cells in the realignment
of spindles with the mother-daughter axis of yeast cells compared to that of the wild type. Mitosis in the dynl
mutant, in contrast to that of wild-type yeast cells, was very frequently completed in the mother cells.
Nevertheless, daughter nuclei were faithfully transported into the daughter cells, resulting in only a small
number of multinucleate cells. Cadyn1 mutant strains responded to hypha-inducing media containing L-proline
or serum with initial germ tube formation. Elongation of the hyphal tubes eventually came to a halt, and these
tubes showed a defect in the tipward localization of nuclei. Using a heterozygous DYNI/dynl strain in which the
remaining copy was controlled by the regulatable MAL2 promoter, we could switch between wild-type and
mutant phenotypes depending on the carbon source, indicating that the observed mutant phenotypes were

solely due to deletion of DYNI.

Faithful segregation of nuclei is essential for the prolifera-
tion of the eukaryotic cell. Dynamic behavior of nuclei is re-
quired at several stages during the cell cycle for correct nuclear
positioning, orientation of the mitotic spindle, and distribution
of nuclei in the cytoplasm, particularly in filamentous fungi
(18). Nuclear distribution has been studied in detail in the
yeasts Saccharomyces cerevisiae and Schizosaccharomyces
pombe, as well as in the filamentous fungi Aspergillus nidulans
and Neurospora crassa (30, 31, 32). The spindle pole body
(SPB) plays a central role in nuclear dynamics, as it is the
organizing center of cytoplasmic microtubules (MTs) that em-
anate from the SPB outer plaque (4, 5). These cytoplasmic
MTs interact with the cell cortex in S. cerevisiae via a search-
and-capture mechanism that results in the orientation of the
mitotic spindle in the mother-bud axis, in the positioning of the
nucleus at the bud neck, and in the translocation of the daugh-
ter nucleus into the bud. A set of proteins are involved in this
process, including Kar9p, Bimlp, Bud6p, the formin Bnilp,
and Myo2p (3, 8, 12, 17, 33, 34). During anaphase, nuclear
movement depends on the minus-end-directed microtubule
motor protein Dynlp (the S. cerevisiae dynein heavy-chain
homolog), which provides the pulling force (1). Deletion of
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DYNI in S. cerevisiae or mutations in the conserved AAA
domains of dynein involved in nucleotide binding and hydro-
lysis resulted in slower growing but viable mutant strains which
displayed disruption of normal nuclear movement (13, 20). S.
cerevisiae dynein mutants were shown not to be defective in
mating and karyogamy (13). In contrast to short-range nuclear
migration which delivers the nucleus into the mating projection
of S. cerevisiae, in the hyphae of filamentous fungi long-range
transport of nuclei and organelles into the hyphal tip is re-
quired and a uniform distribution of nuclei is achieved to
support growth and development of a mycelium. Dynein
heavy-chain mutants in A. nidulans (nudA) and N. crassa (ro-1)
revealed severe defects in nuclear distribution (19, 29).
Whereas during germination (the process in which a germ tube
is formed from a round-shaped germ cell) in A. nidulans nudA
mutant nuclei are not transported into the hyphal tube, the
dynein heavy-chain mutants, such as dhcl, in the filamentous
fungus Ashbya gossypii show a clustering of nuclei in the hyphal
tips (2). In the N. crassa ropy class of mutants, with several
genes of the dynein/dynactin complex, defects in nuclear posi-
tioning were also accompanied by morphological alterations
(6, 19, 25, 26). In contrast to the hyphal morphology of the wild
type, ropy mutants show distorted morphologies indicative of a
loss-of-growth directionality and an out-of-tip-focus Spitzen-
korper (21). Cytoplasmic dynein in dimorphic fungi has so far
only been studied in the plant pathogenic fungus Ustilago may-
dis, in which it is encoded by two genes, dynl and dyn2 (23).
Dynein is essential in U. maydis, in contrast to the cases of S.
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TABLE 1. Strains used in this study

Strain® Genotype Reference
SC5314 Candida albicans wild type Sa
BWP17 ura3::Nimm34/ura3::Nimm34 hisl::hisG/hisl::hisG arg4::hisGlarg4/hisG 28a
GCl1 DYNI1/dynl::URA3 This study
GC2 DYNI/dynl::HIS1 This study
GC3 dynl::URA3/dynl::HIS1 This study
GC4 dynl::HIS1/dynl::URA3 This study
GCo TUB1/TUBI-GFP::URA3 This study
GC8 dynl::URA3/dynl::HIS] TUBI1/TUBI-GFP::ARG4 This study
GC12 HHFI1/HHFI-GFP::URA3 This study
GC17 dynl::URA3/dynl::HIS1 HHF1/HHFI1-GFP::ARG4 This study
CAT23 dynl::URA3/MAL2p-DYNI1:HIS1 This study

“ All GC strains are derivates of BWP17 with the indicated genotypic alterations.

cerevisiae, and, as we show here, Candida albicans. In this report
we present mutational analysis of the DYNI gene of C. albicans
and, by using in vivo time-lapse microscopy, show its involvement
in nuclear positioning and spindle movement during yeast-like
growth. Slight growth defects in the yeast phase yielded elongated
cells, whereas under regimens inducing hyphal growth in C. albi-
cans dynl mutants exhibited defects in hyphal formation and in
the maintenance of hyphal growth that can be explained by de-
fects in nuclear distribution within the hyphae.

MATERIALS AND METHODS

Strains and media. C. albicans strains used in this study are listed in Table 1.
Cells were grown in YPD (1% yeast extract, 2% peptone, 2% glucose) or
complete supplement medium (CSM) at 30°C. For hyphal induction in liquid
minimal media, 10% serum (calf serum; Sigma) was added to CSM and then was
incubated at 37°C. For hyphal induction on plates, CSM with 10 to 20% serum
or Spider medium (14) was used. MAL2p-DYNI cultures were grown on minimal
medium containing 2% maltose as the sole carbon source to induce expression.
Plates were incubated 4 to 7 days at 37°C prior to photography.

Disruption of CaDYNI. The C. albicans homolog of the dynein heavy-chain
gene DYNI was identified in the genomic sequence (http://www-sequence.stanford
.edu/group/candida). Deletions of the complete open reading frames of both

alleles of CaDYNI were performed by PCR-generated FA-URA3 and FA-
HISI disruption cassettes (using primers #678 and #679) as described pre-
viously (7). Primers used for construction of the cassettes and verification of
the deletions are listed in Table 2. Independent transformants were pro-
duced, and the disruptions were verified by PCR on whole yeast cells as
described previously (27). Identical phenotypes of the independent homozy-
gous transformants were used to indicate that the correct mutant strains were
constructed. To place DYNI under control of the regulatable MAL2 pro-
moter, we used the heterozygous DYN1/dynl::URA3 (GC1) strain and trans-
formed it with PCR fragments amplified from pFA-HIS1-MAL2p with prim-
ers #678 and #1122. Promoter shutdown experiments further verified the
correct construction of mutant strains, which therefore were not further
analyzed by DNA-hybridization techniques.

GFP tagging of HHF1 and TUBI. In order to fuse the genes encoding either
histone H4 or a-tubulin with green fluorescent protein (GFP), a PCR-based
approach was applied. To this end, transformation cassettes were amplified from
plasmids pFA-GFP-URA3 (for use in BWP17) or pFA-GFP-ARG#4 (for use in
GC3) with primers #692 and #693 for HHFI and primers #694 and #695 for
TUBI. With these primers, 100 bp of homology to two positions at the 3 ends of
the target genes were added to PCR-amplified cassettes as described previously
(7). The PCR fragments were then used to transform either BWP17 or the
homozygous dynl/dynl mutant strain GC3 to generate strains that contain het-
erozygous HHF1/HHFI-GFP or TUBI/TUBI-GFP alleles.

TABLE 2. Oligonucleotide primers used in this study

Primer Sequence”

#599 U3 GGAGTTGGATTAGATGATAAAGGTGATGG

#600 U2 GTGTTACGAATCAATGGCACTACAGC

#601 H2 CAACGAAATGGCCTCCCCTACCACAG

#602 H3 GGACGAATTGAAGAAAGCTGGTGCAACCGGCTAACCAGCTGCAATCAAGTTTAATGGGATCA
ATTAAC

#678 SI-DYNI ... TATAGTGTTGTCTGATACACGTCTAATTGTGCAAAAGTACACACACAAACCAAAAGTGTGAGga
agcttegtacgetgeaggtc AATCTTCAGATAGATCAAGTACAGATTCCACGATTTCTA

#679 S2-DYNI ..o ATCCAAGTTGTTTTTTCACTAACAGATTGGCATCATCAGACAAGTAAATCCAAGATAATGGtctga
tatcatcgatgaattcgag

#680 G1-DYNI ..o GTGTGACTTCAACCCTTCTTTG

#681 G4-DYNI ......

..GATGCTTCCGGTTCTATCAACAG

#692 S1-HHFI-GFP ......ccovvvcrnanns CTGTTACTTACACTGAACATGCTAAAAGAAAACCGTCACTTCATTGGATGTTGTTTACGCTTTG
AAGAGACAAGGTAGAACCTTGTATGGTTTCGGTGGTggtgctggegeaggtgctte

#693 S2-HHFI-GFP ......cccovvvirnunns GATAATGAACTTCAATGAATGACCATTTTATCTGACCAATAAAATCAAAATAGTAAAAAATTG
GTGGAAATAAGATACCGAAAATAATTTGCTTGCCTTGtctgatattcatcgaatgaattcgag

#694 S1-TUB1-GFP.......ccoovuveueunns AGAAGGTGAATTCACTGAAGCTAGAGAAGACTTGGCTGCTTTAGAGAGAGATTATATTGAAG
TTGGTACTGATTCTTT

CCCTGAAGAAGAAGAAGAATATggtgctggegeaggtgcttc

#695 S2-TUBI-GFP........ueeann CCCTCCTCTTAACCATTTGACACACCAAGAGAGTCAATTCCAAAAGTAAAAATTAAAAATCGG
GCTTGGGAGTTCGGGTATATATGGTATATATATATAAGtctgatatcatcgatgaattcgag

#1121 G4-DYNI-MAL2p ... GCGGTATATCATTCCTAAGTTCACC

#1122 S2-DYNI-MAL2p ...

..CACACTGTGTAAATTTCGGCACATTTTCATTAAAAGGTAGAAAGCCTATTATACAGTCATATAA

TTGATTGACTGATAATAAGGGTGTGACCAGTTCTTCC Ccattgtagttgattattagttaaaccac

“ Uppercase sequences correspond to Candida albicans genomic DNA. Lowercase sequences correspond to 3'-terminal annealing regions for the amplification of

transformation cassettes. All sequences are written from 5’ to 3'.



1576

MARTIN ET AL.

i

PIF2 F3 P4 MTES

CaDynlp

O —

4161

P-Loop 1 P-Loop 2 P-Loop 3 P-Loop 4
CaDynlp GPAGTGKT | GESGSGKS | GPPGSGKT | GPSGSGKS
ScDynlp GPAGTGKT | GKAGCGKT | GPPGSGKT | GASRTGKT
AgDhclp GPAGTGKT | GDAGTGKT | GPPGSGKT | GPNYSGKT
DmDyhclp GPAGTGKT | GPSGSGKS | GPPGSGKT GVSGAGKT
HsDyhelp GPAGTGKT | GPSGSGKS | GPPGSGKT | GVSGAGKT

HS'BL

Fmarker geneg[ pFA-URA3, pFA-HIS1

e

st ransformation
v, o5,
| BRI |
disrupted allele o \ W
A Heterozygous
S g Dynildyni mutant
| ——
wildtype allele
l 2nd f :
w0 ",
| SRR |
disrupted allele % < e
a6ty 0y homozygous
dynl/dynl mutant
w0 oo,
| R |
disrupted allele . ! P !
40k 710%p
MPst

EUKARYOT. CELL



VoL. 3, 2004

Transformation of C. albicans. The lithium-acetate procedure was used to
transform C. albicans as described previously (27). Basic features of this protocol
include an overnight incubation with lithium-acetate followed by heat shock for
15 min at 44°C.

Staining procedures. For examination of nuclear positioning in the heterozy-
gote mutants GC1 and GC2 and the TUBI-GFP-labeled strains, cells were
stained with 4,6-diamino-2-phenylindol (DAPI; 1 mg/ml; Molecular Probes). For
this staining, 200 pl of a cell suspension was fixed with 500 wl of 70% ethanol, and
1 pl of DAPI was added. After incubation for 2 min at room temperature, cells
were analyzed by fluorescence microscopy. Chitin staining was done by directly
adding 1 pl of calcofluor (1 mg/ml) to a 100-pl cell suspension followed by an
incubation of 15 min at room temperature and a subsequent washing step. The
positioning of septa is a valuable criterion to distinguish between true hyphae
and pseudohyphae and was used to score the cell morphological defects of dyn!
strains (24). Additionally, septation in hyphae occurs without producing constric-
tions at the septal site, whereas in pseudohyphal cells invaginations at the sites of
septation are found.

Time-lapse microscopy. Strains were grown to exponential phase either in
complete or minimal medium, harvested, washed, and resuspended in sterile
water. Small aliquots of cells (1.5 ul) were applied on microscopy slides with
deep wells. Enrichment of media with oxygen and preparation of the media for
microscopy were done as described previously (28). Temperature control was
achieved via a heat stage mounted on the microscope table. Microscopy was done
on a fully automated motorized Zeiss Axioplan II imaging microscope. Images
were acquired by using Metamorph 4.6 software (Universal Imaging Corpora-
tion) and a digital imaging system (MicroMax1024; Princeton Instruments). For
Hhf1-GFP, acquisition of images was done in 90-s intervals using 0.7-s exposure
times and illumination transmission that was reduced to 5% by using appropriate
neutral-density filters (Chroma Technology). Image acquisition into stacks was
done via custom-designed software journals. Stacks containing brightfield/DIC
(differential interference contrast) images were processed separately from im-
ages displaying GFP fluorescence. By using these conditions, nuclear dynamics of
individual cells could be tracked for more than 10 h. A red look-up table was
assigned to the phase-contrast images, and a green look-up table was assigned for
the fluorescent images. Stacks were then combined by using overlay tools of the
Metamorph software, converted to 8-bit format and processed as video clips with
frame rates of 10 images/s.

RESULTS

The unique gene DYNI encodes the C. albicans dynein
heavy chain. A search of the C. albicans genome database at
Stanford University was performed to identify a sequence ho-
mologous to that of the dynein heavy-chain gene DYNI of S.
cerevisiae and DHCI of A. gossypii. One open reading frame,
corresponding to orf19.5999, was found to encode the single
dynein heavy-chain gene, designated DYNI in C. albicans.
DYNI (located on chromosome 3 based on the Stanford data)
encodes a protein of 4,161 amino acids, with strong conserva-
tion relative to other fungal as well as mammalian dynein
homologs, which range from 35% identity to 57% similarity on
the protein level. Particularly well conserved are the microtu-
bule-binding domain and the four P loops involved in ATP
binding (Fig. 1A).
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TABLE 3. Comparison of wild-type and dynI yeast cells

Parameter Wild type Gbe(fIl)/NI/ GC;}}’E?)}”N
Cell cycle duration (min) 71 =5 833 114 £ 6
Cell length (n = 500) 59+03 7.0 =04 11.4 £ 0.6
(wm)
Cell width (n = 500) 45+02 4.0+0.2 5.0+03

(pm)

Single (or budded) cells 87 versus 13 81 versus 19 28 versus 72
versus cell aggregates
(n = 500) (%)

DYNI is not essential for cell viability in C. albicans. To be
able to study the role of dynein on nuclear migration during
the different growth stages of C. albicans, we generated ho-
mozygous deletion strains via PCR-based gene targeting, start-
ing with independent heterozygous strains (Fig. 1B). Strain
BWP17 was chosen as a progenitor strain, because its auxotro-
phies enabled the sequential disruption of both alleles with the
FA-HISI and FA-URA3 marker genes according to Gola et al.
(7). Independent homozygous dynl::HIS1/dynl::URA3 mutant
strains were identical in their phenotypes (see below), indicat-
ing that correct gene targeting had occurred, as was verified by
analytical PCR (Fig. 1B and C). Strains bearing complete open
reading frame deletions in the DYNI genes are viable, dem-
onstrating that C. albicans DYNI is not an essential gene.

Defects of dynl mutant strains during yeast growth phase.
By using in vivo time-lapse microscopy, we monitored growth
of the wild-type and dynl mutant strains over several genera-
tions (Fig. 2). Defects of the dynl strain were quantified by
using movie data, and additional measurements were taken
from yeast cells grown in complete medium (Table 3). One of
the major defects is the prolonged cell cycle time of dynl
mutants compared to that of the wild type, which increased by
about 40 min. Cells of the wild type are ellipsoidal in shape,
roughly 6 wm in length, and 4.5 wm in width. Cells of the
heterozygous DYNI/dynl mutant are slightly elongated,
whereas the dynl mutant cells are considerably longer than
wild-type cells (Table 3). In addition, cell aggregates were
formed in the homozygous dynl mutant strains, indicating cell
separation defects. Because dynein is involved in nuclear dis-
tribution, we aimed at the visualization of nuclear movement in
C. albicans in vivo. To this end we used strain BWP17 and
generated a fusion of the histone H4 gene with GFP (see
Materials and Methods). As expected, Hhflp-GFP-derived
fluorescence marked the nucleus (Fig. 3). With the strong

FIG. 1. The C. albicans dynein heavy chain. (A) Schematic representation of the Dynl protein. The positions of the four ATP-binding sites
(P-loops; P1, amino acids 1824 to 1832; P2, 2112 to 2119; P3, 2467 to 2474; and P4, 2809 to 2816) and the microtubule binding site (MTBS; amino
acids 3151 to 3276) are indicated. Sequence alignment of the four P loops indicates identical P loops in P1 and P3 in the analyzed species, with
greater divergence of P loops P2 and P4. Accession numbers of the protein sequences are the following: C. albicans CaDynlp, orf19.5999.prot; S.
cerevisiae ScDynlp, NP_012980; A. gossypii AgDhclp, AAK20175; Drosophila melanogaster DmDyhclp, P37276; human HsDyhclp, Q14204.
(B) Deletion of DYNI via PCR-based gene targeting. Successive transformation of C. albicans strain BWP17 with PCR-amplified marker genes
(FA-URA3 and FA-HIS1) that provide 100 bp of terminal target homology regions. In a first transformation independent, heterozygous DYNI/dynl
strains were generated. From these strains independent homozygous dynl/dynl mutant strains were derived in a second transformation event.
Primer numbers (see Table 2) correspond to specific primers used for cassette amplification or PCR verification as indicated. (C) Ethidium-
bromide-stained agarose gel image showing the result of diagnostic PCR that was used to verify the correct insertion of the marker genes at the
target locus as described (7). The expected fragment lengths for fragments a to d were as shown in panel B.
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FIG. 2. In vivo time-lapse analyses of yeast phase growth of the wild-type (SC5314) and dynl (GC3) strains. Representative frames of movies
of the wild-type (A) and dyn! cells (B) are shown over a growth period of 6 h. Cell cycle times in the dyn] mutant are longer than in the wild type,
resulting in slower growth. Also, cell morphology of dynl yeast cells is more elongated than that in the wild type (see Table 3). Time is in
hours:minutes. Bars, 10 um. Movies are available at http://pinguin.biologie.uni-jena.de/phytopathologie/pathogenepilze/index.html.
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FIG. 3. In vivo fluorescence time-lapse analysis of Hhflp-GFP in wild-type C. albicans. Representative frames of a movie with strain GC12.
Cells were pregrown to exponential phase and were mounted on microscopy slides. Note the realignment of the elongated spindle in the interval
between 2 h 13 min and 2 h 21 min, as indicated by arrows. Time is in hours:minutes. Bar, 10 pm. The movie is available at http:/pinguin

.biologie.uni-jena.de/phytopathologie/pathogenepilze/index.html.

signal intensity of the GFP label we were able to record time-
lapse series to monitor nuclear movement in the progenitor
strain (i.e., corresponding to the wild type) (Fig. 3).

Nuclear positioning in the C. albicans wild type. Different
phases of nuclear movement were described for S. cerevisiae.
They include nuclear positioning in the bud-neck region, elon-
gation of the spindle along the mother-bud axis during an-
aphase, accompanied by the insertion of the anaphase nucleus
into the bud-neck region, and nuclear division (10, 32). Our
time-lapse data revealed differences between nuclear position-

TABLE 4. Nuclear migration in C. albicans®

Step GCI2 (%)  GCl7 (%)
Nuclear movement to bud site 28.6 12.2
Spindle elongation in mother-daughter axis 28.6 12.2
Spindle realignment after elongation 71.4 0
Completion of mitosis on mother cell 0 87.8
No. of binucleate cells 0 4.3

“ Data was acquired from time-lapse microscopy of HHF1-GFP-tagged strains
(n > 100).
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FIG. 4. In vivo fluorescence time-lapse analysis of Hhflp-GFP in C. albicans dynl. Representative frames of a movie with strain GC17. Cells
were pregrown to exponential phase and were mounted on microscopy slides using the same conditions as those used for the time-lapse movie with
strain GC12 (Fig. 3). Note the completion of mitosis in a mother cell and postmitotic nuclear migration between 41 and 44 min, as marked by the

arrowheads. Time is in hours:minutes. Bar, 10 wm. The movie is available at http://pinguin.biologie.uni-jena.de/phytopathologie/pathogenepilze
/index.html.
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ing in C. albicans and that in S. cerevisiae. These changes are
particularly obvious in premitotic nuclei. Here, only a quarter
of the observed C. albicans nuclei were positioned directly at
the mother-bud neck. Lack of early attachment to the mother-
bud neck resulted in about 70% of the observed cases in
anaphase spindle elongation that were not coordinated with
the mother-bud axis. In the wild type, this lack of coordination
was compensated for by the realignment of anaphase spindles,
with the mother-bud neck requiring rotational movement of
the spindle. Spindle alignment was accomplished prior to nu-
clear division, which was then followed by nuclear migration of
the daughter nucleus into the bud (Table 4). To rule out the
chance that the observed nuclear migration phenotypes in C.
albicans were due to the strain background or the GFP label
employed, we used DAPI staining of fixed cells of the C.
albicans wild-type strain SC5314 as well as the CAI-4 and
BWP17 strains. Data acquired indicated that 30% of the ob-
served anaphase spindles (n > 200 for each strain) were not
aligned in the mother-bud axis in these strains (data not
shown). Because the data were derived from fixed cells, those
spindles that already were realigned with the mother-bud axis
could not be scored. Furthermore, in the C. albicans wild-type
strain SC5314 as well as in the HHF1-GFP strain, misalign-
ment of anaphase spindles with respect to the mother-bud axis
did not result in the formation of binucleate cells. We conclude
that in C. albicans, in contrast to S. cerevisiae, movement of the
anaphase spindle to position the spindle in the mother-bud axis
is a regular cell cycle event.

Nuclear positioning in the C. albicans dynl strain. Based on
the homozygous dynl mutant strain (GC3), we constructed an
HHFI-GFP fusion in this background by using the same PCR-
based approach described above. This strain appeared, based
on morphological criteria, phenotypically unaltered from the
GC3 strain and was used for time-lapse analysis to monitor
nuclear distribution (Fig. 4). Some striking differences were
observed that distinguish nuclear dynamics in the dyn/ mutant
from those in the wild type. Movement of preanaphase nuclei
towards the bud-neck region occurred less efficiently in the
mutant than in the wild type. Spindle elongation of anaphase
nuclei was less pronounced in the dynl/ mutant, resulting in
spindles shorter (maximum nuclear elongation, 6.2 um; n =
13) than those of the wild type (maximum nuclear elongation,
8.7 wm; n = 13). Spindle realignment was not observed at all
in the dynl mutant, which, most notably, resulted in preferen-
tial completion of mitosis in the mother cell in the dyn/ mutant
strain (87.8% in the dynl strain compared to only 7.1% in the
wild type) (Table 4). Strikingly, however, even though the
majority of mitotic events were completed in dynl mother cells,
postmitotic nuclear migration ensured the correct segregation
of nuclei in the dynl mutant, resulting in only a very small
number of bi- or multinucleate cells.

Analysis of spindle positioning by Tub1-GFP fluorescence.
Because the data acquired by monitoring Hhfl-Gfp fluores-
cence only indirectly revealed spindle positioning, we went on
to construct C. albicans strains that carry TUBI-GFP fusions
both in the wild-type and dynl mutant background (see Mate-
rials and Methods). The Tublp-GFP signal was found to cor-
rectly label the microtubules but was too weak to be used for
in vivo fluorescent time-lapse recordings. Therefore, we used
single time point images to quantify spindle positioning (Fig.
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5). These data indicated that in the wild-type background,
about 80% of the spindles were found to be in the mother-bud
axis (corresponding to DAPI staining of fixed cells; see above),
whereas in the dynl mutant only 30% of the spindles were
correctly positioned. The difference between the in vivo time-
lapse data set with the Tub1p-GFP fluorescence data set in the
wild type may be due to the fact that spindle realignment is a
very fast process (requiring only 6 min). Thus, many spindles
that were found to be positioned in the mother-bud axis may in
fact have been realigned prior to their observation.

Loss of DYNI results in aberrant hyphal growth in C. albi-
cans. Defects in the dynein/dynactin complex in filamentous
fungi have been shown to severely cripple hyphal growth (2, 19,
29). In contrast to the yeast S. cerevisiae, C. albicans is a
dimorphic fungus that can be induced to form true hyphae. We
used the addition of serum to the medium as well as Spider
medium to induce hyphal growth in the dynl mutant strains
(Fig. 6). While the wild type and the heterozygous DYN1/dynl
mutant readily responded to hypha-inducing conditions, the
homozygous dynl mutant showed defects in hypha formation.
On these plates, dynl colonies showed a less wrinkled appear-
ance, and defects in hyphal growth were particularly evident by
the lack of filaments at the colony edges (Fig. 6). To analyze
this phenotype in more detail, we applied in vivo time-lapse
microscopy to follow growth of the wild-type and dynl mutant
strains upon hyphal induction (Fig. 7A and B). As described
previously (28), the wild type almost immediately responded to
the external stimuli (37°C in the presence of serum) with hy-
phal induction. Hyphal growth was maintained for the 15-h
duration of the time-lapse, lateral branches were formed, and
a mycelium was generated (Fig. 7A). Hyphal induction of the
dynl strain resulted in the formation of germ tubes, although
the polar growth rate was much slower than that in the wild
type (Fig. 7B). However, growth of the filaments came to a halt
after a short time, and once stopped it was not resumed at later
stages. New filaments were formed from the initial yeast cell
and lateral branching was also induced, but mycelium forma-
tion was inhibited in dyn] mutants, corresponding to the results
of the plate assays. To quantify these time-lapse data, hyphal
induction was done in liquid media, and germ tube and fila-
ment formation was monitored after 3 and 6 h (Table 5). These
data indicated that initiation of germ tube formation occurs in
the dynl mutant with frequencies similar to those of the wild
type. The appearance of septum formation within germ tubes
is a hallmark of hyphal induction (24). We therefore compared
septum positioning between the wild type and dyn] mutant 3 h
after hyphal induction (Table 6). At this stage of hyphal induc-
tion, the differences between the wild type and dynl mutant
indicated a higher percentage of germ tubes of the dynl mu-
tant that had not formed septa (19%), presumably due to
nuclear migration defects. The percentage of septa close to the
bud neck in the wild type and dynl mutant was found to
correspond to the number of pseudohyphae that were formed.

To demonstrate that the described phenotypes of the dynl
mutant strain were due to the deletion of both alleles of DYN1I,
we used the heterozygous DYN1/dynl::URA3 strain (GC1) and
fused the remaining copy of DYNI with the regulatable MAL2
promoter, again using a PCR-based approach. To determine
nuclear positioning in germ tubes and hyphae of the wild type,
the dynl mutant, and the strain expressing DYNI from the
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inducible maltose promoter (CAT23), we used DAPI staining
of fixed cells. Hyphal growth in the wild type resulted in nu-
clear migration that moved one nucleus into the hyphal tip and
produced regular intervals of nuclear spacing within the hy-
phae. In the dyn/ mutant, few germ tubes were invaded by
nuclei, so tips of germ tubes were found to be devoid of nuclei.
The lack of sustained hyphal morphogenesis in the dynl mu-
tant was therefore found to be accompanied by the failure of
delivery of nuclei into the apical parts of germ tubes (Fig. 8). In
the strain carrying the MAL2p-DYNI construct, correct nu-
clear migration and positioning in germ tubes and hyphae was
observed only during growth in maltose, whereas the mutant
dynl phenotype occurred under repressible conditions during
growth in glucose, indicating that Dynlp is essential for nu-
clear migration and positioning in C. albicans hyphae. This also
indicates that the defects in nuclear positioning and nuclear
movement described in this report are, in fact, solely due to the
deletion of DYN! in C. albicans.

DISCUSSION

Cytoplasmic dynein is a minus-end-directed motor protein
that is involved in transport processes of various organelles. In
fungi, dynein is required for nuclear migration and nuclear
positioning (30). Functional analyses of dynein have been per-
formed with a variety of unicellular and filamentous fungal
organisms, including S. cerevisiae, U. maydis, A. nidulans, N.
crassa, and A. gossypii (2, 19, 23, 29). In the dimorphic plant
pathogen U. maydis, the dynein heavy chain is encoded by two
genes, dynl and dyn2 (23). However, in U. maydis nuclear
migration differs from that in ascomycetous yeasts. During
yeast-like growth, premitotic movement of the nucleus into the
bud occurs, followed by mitosis and migration of one nucleus
back into the mother cell. Upon loss of dynein function this
nuclear migration is eliminated, resulting in mitotic division in
the mother cell. This defect, in contrast to similar defects in S.
cerevisiae and as we describe here for C. albicans, is lethal in U.
maydis (23). C. albicans is one of the most important human
fungal pathogens, and its ability to change from yeast to hyphal
stages has been shown to contribute significantly to the viru-
lence of this organism (15). We were, therefore, interested in
elucidating the role of C. albicans dynein in nuclear migration
and correct positioning as well as its relation to polarized
hyphal growth. An influence on morphogenesis was revealed
for the dynein/dynactin complex in N. crassa. Neurospora ropy
mutants show distorted hyphal morphologies resulting in spi-
ralized hyphal growth. This indicated a role of dynein in the
positioning of the Spitzenkorper, which acts as a vesicle supply
center that directs the trajectory of hyphal growth (21).

Functional analysis of CaDYNI: morphological defects.
Rapid and efficient strain constructions were achieved by PCR-
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based gene targeting using 100 bp of target homology regions.
C. albicans dynl mutant strains showed prolonged cell cycle
times and a more elongated yeast cell shape than those of the
wild type. The latter phenotype was accompanied by the gen-
eration of cell aggregates in the dynl strain that did not occur
in the wild type; this activity was monitored by in vivo time-
lapse microscopy. Under hypha-inducing conditions, vigorous
filamentation occurred in the wild type, resulting in the forma-
tion of branched mycelia. C. albicans dynl strains failed to
support hyphal growth both on solid and in liquid media. Germ
tube formation was initiated in the dynein mutant with wild-
type frequencies, but hyphal growth after application of induc-
ing extracellular stimuli came to a halt and swollen cells were
generated that failed to produce elongated hyphal filaments.
The germ tubes appeared to be in the hyphal state, because
septa were frequently placed within the germ tubes of the dyn1
mutant. Severe growth defects were also observed in dynein
mutants of A. nidulans and A. gossypii. These were based either
on a lack of nuclear migration into the hyphal tip in A. nidulans
or on the trapping of nuclei in apical parts of hyphae in A.
gossypii (2, 29).

Nuclear migration in the C. albicans wild type. We used
GFP-tagged histone H4 and a-tubulin to monitor nuclear mi-
gration in C. albicans. The Hhflp-GFP label proved to be
strong enough for in vivo time-lapse microscopy, whereas
Tublp-GFP was too weak and did not sustain cell viability after
prolonged UV exposure to capture fluorescent images. Our
Hhflp-GFP in vivo time-lapse recordings were efficiently run
over several hours, enabling us to follow several cell cycles.
Compared to the nuclear migration phases that were discerned
in S. cerevisiae, in C. albicans several key differences were
evident: (i) nuclear movement to the bud site, as shown for S.
cerevisiae (10, 32), was not that pronounced in C. albicans; (ii)
oscillatory movements of elongated spindles upon insertion
into the bud neck could not be observed in C. albicans; (iii) as
a consequence of the low frequency of nuclear migration to the
bud neck, we observed spindle elongation in a manner not
coordinated with the mother bud axis, which then required
realignment of elongated spindles with the mother-bud axis in
the C. albicans wild type. This realignment of the spindle en-
sured that mitoses resulted in correct nuclear distribution be-
tween mother and daughter cells, as there were very few in-
stances in the wild type in which mitosis was completed in a
mother cell. Such a realignment of elongated spindles is a very
infrequent event in S. cerevisiae (10). In baker’s yeast, the
nucleus is moved close to the bud neck early in G,/S phase via
a Bimlp- and Kar9p-dependent search-and-capture mecha-
nism that already ensures correct positioning of the spindle
pole body with respect to the mother-daughter axis (11, 12, 17,
22, 30). Within the Candida genome sequence, open reading

FIG. 5. Orientation of mitotic spindles in C. albicans. Spindle positions in strains GC6 (DYNI/DYNI TUB1/TUBI1-GFP) and GCS8 (dynl/dynl
TUBI1/TUBI-GFP) were analyzed by fluorescence microscopy. (A) Representative images of wild-type spindle positions in which the spindle is
either aligned in the mother daughter axis and extends into the daughter (top row) or is elongated in the mother cell (bottom row). (B) Images
of the spindle positions in dyn! cells in which the spindle is either aligned in the mother daughter axis or is misaligned and elongated only in the
mother cell. DIC images of cells were merged into an overlay with the images showing the GFP fluorescence. Bar, 10 wm. (C) Quantification (bars
indicate the standard deviation of the mean) of spindle positioning in GC6 and GC8 (n = 130 for each strain) corresponding to the observed

spindle positions in panels A and B.
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FIG. 6. Induction of hyphal growth in wild-type and mutant strains. Hypha formation on solid media was determined by plating the indicated
strains on either (A) complete synthetic medium (CSM) containing 10% serum or (B) on Spider medium. All plates were incubated for 4 days at
37°C prior to photography. Note the abundant filamentation at the colony edges of both the wild type (SC5314) and heterozygous DYN1/dynl on
both media; this filamentation is completely absent in the homozygous dynldynl mutant. Images representing magnifications of the colony edges
were acquired via digital microscopy of the corresponding colonies.
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FIG. 7. In vivo time-lapse analyses of growth of wild-type and dyn/ mutant strains under hypha-inducing conditions. Representative frames of
movies of wild-type (A) and CadynI cells (B) are shown at the indicated time points. Cells were preincubated overnight in sterile water. Single cells
were mounted on inducing solid CSM containing serum at 37°C. Time is in hours:minutes. Bars, 50 wm each. Movies are available at http:
//pinguin.biologie.uni-jena.de/phytopathologie/pathogenepilze/index.html.
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FIG. 8. Analysis of nuclear positioning in wild-type and dyn! mutant strains. Cells were incubated for 10 h under hypha-inducing conditions
(CSM in the presence of 0.5 g of proline/liter). DIC images and images showing the DAPI fluorescence of stained nuclei were merged into an
overlay. Characteristic nuclear positioning in the wild type (A) shows elongated hyphae with regular nuclear spacing, septal intervals, and one
nucleus in the apical compartment, whereas inducing conditions resulted in germ tube formation in the dynl mutant (B) in which nuclei were either
trapped in the germ cell or did not migrate into the hyphal tip. (C) Hyphal induction using C. albicans strain CAT23 (MAL2p-DYNI:HIS1/
dynl::URA3) in maltose-containing medium shows wild-type-like nuclear positioning, whereas hyphal induction on CSM containing glucose
(D) reveals the dynl mutant phenotype.
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FIG. 9. Summary of nuclear migration defects in dynl compared to migration of the wild type (wt). During the yeast phase, spindle realignment
with the mother-bud neck occurs frequently in the wild type but is absent in dynl. In the dynl mutant, spindle elongation may occur in the
mother-bud axis, resulting in correct nuclear migration, or else leads to mitosis in the mother cell. The generation of binucleate cells in dynl is
prevented (with high frequency) by postmitotic nuclear migration delivering one nucleus into the daughter cell (see also Table 4). Hyphal growth
in the wild type results in nuclear migration and in evenly distributed nuclei along the hyphal segments. In dyn! cells induced for hyphal formation
failure in nuclear migration leads to anucleate hyphal tips that cease growth and thus establish a filamentation defect.

frames that encode potential homologs of S. cerevisiae Bim1p
(orf19.00676.prot) and Kar9p (YPL269w) (orf19.05011.prot)
proteins were identified which allow further analysis of a sim-
ilar mechanism in C. albicans.

Nuclear migration in the C. albicans dynl mutant. The dynl
mutant exhibited a failure to move the nucleus to the bud site.
On the other hand, only those nuclei that obtained a position
close to the bud neck exhibited spindle elongation in the moth-
er-bud axis, which then also resulted in correct nuclear distri-
bution between mother and daughter cells during mitosis. Two
striking defects of dynl mutant yeast cells were the lack of any
spindle realignment and the subsequent completion of mitosis
in the mother cell in those cases were the spindle was not
realigned (Fig. 9). As in S. cerevisiae, those C. albicans cells in
which mitosis occurred in the mother cell still managed to
distribute their nuclei evenly between mother and daughter
cells. This is contrasted by U. maydis mutants deficient in
dynein, in which mitosis aberrantly occurs in the mother cell
but postmitotic nuclear migration is missing, resulting in le-
thality of the cells (23). Postmitotic nuclear migration in Ca-
dynl yeast cells largely prevents the generation of binucleate
cells. As in S. cerevisiae, this nuclear migration may be trig-

TABLE 5. Analysis of polarized morphogenesis

- Wild-type GC3 (dynl/
Criterion sc5314y(p%) dyn])( (y%)
Germ tube formation (after 6/11/83 6/16/78
3 h) of single cells/ (n =317) (n = 234)
pseudohyphae/germ tubes
Hyphal growth (after 6 h) of 7/24/69 5/39/56
single cells/pseudohyphae/ (n = 207) (n = 200)

germ tubes or hyphae

gered by a Kip3p homolog in C. albicans (see below). Under
hypha-inducing conditions, however, nuclear migration defects
became more dramatic in C. albicans dynl cells. Mitotic divi-
sions frequently took place in the dynl mother cells even
though germ tubes were formed. Therefore, the C. albicans
dynl defect resembles the nudAIl phenotype in A. nidulans,
which refers to clusters of nuclei in the germ cell (29). In C.
albicans as in A. nidulans, these clusters are located in the germ
cells, whereas in A. gossypii dynein mutant nuclei accumulate at
the hyphal tips (2). Mitosis that took place in dynl germ cells
is in contrast to that of the C. albicans wild type, in which
serum-induced cells predominantly undergo their first mitotic
divisions in the germ tubes (24). Lack of long-range nuclear
migration in dynl hyphae finally results in the breakdown of
polarized hyphal growth in dyn! cells (Fig. 9). Other microtu-
bule-based motor proteins, for example, Kip2p and Kip3p, for
which homologs exist in Candida, may be responsible for post-
mitotic nuclear migration in the dyn/ mutant during yeast-like
growth but fail to achieve a nuclear distribution that can sup-
port hyphal development in C. albicans. This indicates a de-
pendency of polarized hyphal growth on the faithful delivery of
anucleus in the case of C. albicans (or nuclei in the case of true

TABLE 6. Position of septa in germ tubes”

Distance Wild-type GC3
(wm) SC5314 (%) (dynl/dynl) (%)
No septum 8 19
0-5 16 23
6-20 73 51
>20 3 7

“n > 170.
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filamentous ascomycetes, such as A. nidulans) to the tip com-
partment, even if establishment of polarized hyphal growth in
ascomycetes may be solely a function carried out by the actin
cytoskeleton (9). Efficient nuclear migration in S. cerevisiae is
carried out by two partially redundant pathways centering on
dynein and Kar9p (16). This is in line with the observation that
deletion of KAR9 in S. cerevisiae is synthetically lethal with
deletions in DYNI. Analyses of the C. albicans set of motor
proteins with respect to their contribution to nuclear migra-
tion, particularly during the hyphal growth stage, need to be
performed in the future.
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