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Abstract

In the filamentous fungus Aspergillus nidulans, both microtubules and actin filaments are important for polarized growth at
the hyphal tip. Less clear is how different microtubule-based and actin-based motors work together to support this growth.
Here we examined the role of myosin-V (MYOV) in hyphal growth. MYOV-depleted cells form elongated hyphae, but the
rate of hyphal elongation is significantly reduced. In addition, although wild type cells without microtubules still undergo
polarized growth, microtubule disassembly abolishes polarized growth in MYOV-depleted cells. Thus, MYOV is essential for
polarized growth in the absence of microtubules. Moreover, while a triple kinesin null mutant lacking kinesin-1 (KINA) and
two kinesin-3s (UNCA and UNCB) undergoes hyphal elongation and forms a colony, depleting MYOV in this triple mutant
results in lethality due to a severe defect in polarized growth. These results argue that MYOV, through its ability to transport
secretory cargo, can support a significant amount of polarized hyphal tip growth in the absence of any microtubule-based
transport. Finally, our genetic analyses also indicate that KINA (kinesin-1) rather than UNCA (kinesin-3) is the major kinesin
motor that supports polarized growth in the absence of MYOV.
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Introduction

Type V myosins have been implicated in organelle transport in

numerous organisms [1]. In the budding yeast Saccharomyces cerevisiae,

where cellular transport of vesicles depends solely on the actin

cytoskeleton, class V myosins transport most if not all of the cell’s

organelles, including late Golgi elements, post-Golgi secretory

vesicles, peroxisomes, mitochondria, and the endoplasmic reticulum

[2–7]. In higher eukaryotic cells, where both microtubules and the

actin cytoskeleton participate in the intracellular transport of

organelles and vesicles, microtubules are used for long-distance

transport, while actin filaments are used for short-range transport in

the cell periphery [8–11]. For example, melanosomes in mouse

melanocytes are first transported along microtubules out the cells

dendrites, where they are then captured by myosin-V at dendritic

tips [8]. Similarly, in mouse cerebellar Purkinje neurons, the

endoplasmic reticulum (ER) is first distributed throughout dendrites

by microtubule motors, and then transported into dendritic spines

by myosin-Va [9]. That said, the extent to which myosin-V acts as a

cargo transporter as opposed to a dynamic tether to simply grab

cargo following its transport to the microtubule plus end by kinesins,

remains a point of intense debate [11,12]. While the recent

characterization of myosin Va-dependent ER transport in Purkinje

neurons provided strong support for the idea that myosin-V

functions as a point-to-point cargo transporter [9,12], the extent to

which this is true in other cellular contexts remains to be seen.

Filamentous fungi, in contrast to budding yeast, use both

microtubules and actin filaments for the transport of cargo that

supports polarized growth at the hyphal tip [13–18]. Thus,

filamentous fungi are well suited for studying how microtubule-

and actin-based transport systems are coordinated. Here we used

the filamentous fungus Aspergillus nidulans, a major fungal model

organism [19], to study the function of myosin-V and to ask

whether coordination between actin and microtubule tracks is a

necessary component of myosin-V-based transport. Our current

results indicate that myosin-V in A. nidulans is able to support

polarized growth on its own, i.e. in the absence of microtubule-

based transport, which supports the idea that myosin-V is able to

function as a cargo transporter. In addition, we show that in the

absence of myosin-V, the kinesin-1 KINA is more important than

the kinesin-3 UNCA in supporting hyphal tip growth.

Results

Construction of the conditional null mutant of MYOV
The genome of A. nidulans contains only one myosin-V heavy

chain homolog, which is encoded by the gene An8862 (called

‘‘myoV’’ here) [20]. This myoV gene was identified via blast search
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against the A. nidulans database using the amino acid sequence of

the mouse myosin-Va heavy chain (the product of the dilute locus)

as a query. As expected, A. nidulans MYOV shows significant

sequence similarity throughout its N-terminal motor domain with

myosin-Vs from other species (data not shown). More importantly,

its C-terminal cargo-binding domain is clearly homologous to that

of Myo2p in budding yeast [21], myo5 in U. maydis [17] and

myosin-Va in mouse [22] (Figure S1), confirming that MYOV is a

true myosin-V ortholog.

We constructed alcA-GFP-myoV, a conditional null mutant of

myoV, in which the myoV gene is replaced by a GFP-myoV fusion

gene driven by the regulatable alcA promoter. Homologous

integration of the GFP-tagged myoV sequence present in plasmid

palcA-GFP-myoV into the genomic myoV locus generates two copies

of myoV, a truncated myoV gene with its own promoter, and a full-

length GFP-tagged myoV fusion gene under the control of the alcA

promoter (Figure 1A). The homologous integration event was

confirmed by a Southern blot analysis (Figure 1B). Moreover, the

GFP-MYOV fusion protein is detectable by western blotting using

anti-GFP antibody when the alcA-GFP-myoV cells are grown on

glycerol, but not when glucose is used as a carbon source

(Figure 1C). Shutting off myoV expression using glucose-containing

YUU rich medium (called ‘‘MYOV depletion’’) caused a

noticeable reduction in colony size, with the diameter of alcA-

GFP-myoV colonies being ,50% that of wild type (Figure 1D).

On non-repressive glycerol medium, the alcA-GFP-myoV strain

grew as well as the wild-type strain (Figure 1D). This observation

argues that the GFP-MYOV fusion protein is functional and that

the phenotype on glucose-containing YUU medium is due to the

depletion of MYOV rather than any dominant negative effect

caused by the expression of the N-terminal portion of MYOV

from the native promoter. Therefore, we used glucose-containing

medium to examine the effect of MYOV depletion, and glycerol-

containing medium to observe myosin-V localization in A. nidulans.

GFP-MYOV localizes near the hyphal apex and septum
Fluorescence microscopy revealed that GFP-MYOV was highly

concentrated at the hyphal apex (Figure 2A). Given that exocytosis

in A. nidulans most likely occurs at the hyphal apex [23], the

concentration of MYOV in this region is consistent with it playing

a key role in delivering secretory vesicles to support hyphal tip

growth, as is the case for Myo2 in S. cerevisiae [24]. GFP-MYOV

was also observed on both sides of the septum (Figure 2B),

reminiscent of the localization of the Woronin body that plugs the

septal pore [25]. The significance of this localization will be

studied in the future. The accumulation of GFP-MYOV at the

hyphal tip depends on the actin cytoskeleton, as short-term

treatment with the actin-depolymerizing drug latrunculin A

diminished the accumulation (Figure 2C). Interestingly, GFP-

MYOV signals near septa were not affected by latrunculin A

treatment (Figure 2C). While it is possible that the GFP-MYOV is

not tethered at septa by the actin cytoskeleton, it is hard to rule out

the possibility that some actin filaments at septa are resistant to

latrunculin treatment.

MYOV depletion inhibits hyphal elongation but not
septation

While MYOV depletion in A. nidulans did not completely inhibit

polarized growth, it did reduce the rate of hyphal growth

significantly. Specifically, the size of alcA-GFP-myoV colonies on

glucose-containing medium was ,50% that of wild type cells

(Figure 1D). During the course of this work, the Oakley lab made a

deletion mutant of myoV. The colony size exhibited by their

deletion mutant is almost identical to that of the alcA-based mutant

described here (Dr. Berl Oakley, personal communication),

confirming that A. nidulans myoV is indeed not essential. We

performed a quantitative analysis on hyphal elongation rate and

hyphal width for the alcA-myoV mutant. After incubation in glucose

medium for 12 hours, the alcA-myoV mutant exhibited a dramatic

difference in hyphal length relative to wild type cells (Figure 3A,

B). Specifically, hyphae in the mutant were ,3 times shorter that

those in wild type cells (Figure 3B). Interestingly, myoV mutant

hyphae were also ,2 times wider than wild type hyphae

(Figure 3A, C). Importantly, similar changes in morphology were

also observed in the myosin-V deletion mutant (Dr. Berl Oakley,

personal communication). Together, these results suggest that

polarized growth at the hyphal tip is partially replaced by non-

polarized cell expansion when MYOV is missing.

Septation was not abolished in the myoV mutant. Instead, septa

in the mutant were spaced more closely as compared to wild type

cells (Figure 3A, D). Specifically, the average length of hyphal

segments, as defined by the distance between adjacent septa, was

17.8 mm in wild type cells, versus 10.7 mm in the myoV mutant

(Figure 3D). Thus, although MYOV may transport certain

components to the septum, as demonstrated by studies in

Schizosaccharomyces pombe [26], this role is not essential for septum

formation in A. nidulans. This result is consistent with an earlier

observation made in U. maydis [27], indicating that myosin-V is not

essential for septum formation in filamentous hyphae.

MYOV supports significant polarized hyphal tip growth in
the absence of microtubule-based transport

We tested whether MYOV is essential for polarized hyphal

growth in the absence of microtubules. After overnight treatment

with benomyl to disassemble microtubules, wild type cells were still

able to form short germ tubes (Figure 4A) [28]. Under the same

conditions, MYOV depletion abolished polarized growth

(Figure 4B). Thus, in the absence of microtubules, MYOV

becomes essential for polarized growth. This result, together with

similar results in U. maydis [21], strengthen the idea that efficient

polarized growth in filamentous fungi requires a class V myosin

and microtubule-based transport. That said, the data in Figure 4

does not rigorously exclude the possibility that MYOV only

supports polarized growth in the absence of microtubules when

cells are very short, since benomyl-treated cells fail to undergo

long-distance hyphal tip extension [13,23,28].

To address the functional relationship between MYOV and

microtubule-based transport in long hyphae where microtubules

are distributed normally, we examined the effect of MYOV

depletion in cells lacking kinesin-based transport. In most

eukaryotic organisms, kinesin-1, kinesin-2 and kinesin-3 proteins

transport membranous cargoes along microtubules to support a

variety of cellular functions, including polarized secretion [29–31].

While kinesin-1 and kinesin-3 are both present in fungal genomes,

kinesin-2 is not [32,33]. In A. nidulans, one kinesin-1 gene, kinA

[34], and two kinesin-3 genes, uncA and uncB [32,35], have been

identified. KINA is required for the microtubule-plus-end

accumulation of cytoplasmic dynein and for hyphal growth

[34,36,37]. UNCA is important for transporting vesicles towards

the microtubule plus end [35], a function very similar to that of

kinesin-3 in U. maydis, which powers early endosome transport

towards the microtubule plus end [37,38]. While the deletion

mutant of uncB forms a normal colony, the deletion mutants of

uncA and kinA produce small colonies [34,35]. However, while the

colony size of the DuncA/DuncB double mutant is similar to that of

the DuncA mutant, the colony size of the DuncA/DkinA double

mutant is similar to that of the DkinA single mutant (which is

slightly smaller than the DuncA mutant) [35]. In this study, we
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constructed the triple kinesin null mutant DkinA/DuncA/DuncB.

The growth of this triple kinesin null mutant is very similar to that

of the DkinA single mutant, except that conidiation (asexual spore

formation) in the triple mutant is slightly less robust than in the

DkinA single mutant (Figure 5A, 6B).

To determine whether polarized growth still occurs when these

three kinesins and MYOV are missing, we crossed the triple

kinesin null mutant (containing the DkinA, DuncA and DuncB alleles)

to the alcA-myoV mutant to obtain a quadruple mutant possessing

all four mutant alleles. Importantly, while the quadruple mutant

was able to grow and form colonies on glycerol medium, which

allows expression of myoV, it was not able to grow on the glucose-

containing medium, which represses myoV expression (Figure 5A).

In terms of the terminal phenotype of the quadruple mutant

grown in glucose medium, we found that it exhibited a severe

polarity defect (Figure 5B, C). Specifically, after 8 hours of growth

at 37uC, by which time wild type cells had formed elongated

hyphae, the quadruple mutant exhibited a round morphology

(Figure 5B). These mutant cells had clearly undergone isotropic

growth since they were much larger in diameter than spores

(Figure 5B, arrow head). After overnight incubation at 32uC,

mutant cells exhibited dramatic defects in cell morphology

(Figure 5C). This phenotype was also accompanied by leakage

of cell contents, suggesting a cell wall abnormality (arrows in

Figure 5C). While such a cell lysis phenotype is also exhibited by

the A. nidulans slaB mutant, which is defective in endocytosis [39],

the polarity defect exhibited by our quadruple mutant is much

more severe. Indeed, many quadruple mutant cells were dead, as

evidenced by a complete failure to undergo hyphal growth more

than 15 hours after the cells had been shifted to glycerol medium.

The lethality is almost certainly caused by the failure in polarized

growth rather than a defect in mitosis, since the abnormally-

Figure 1. Construction of the alcA-GFP-myoV strain. (A) A diagram showing the homologous integration of the palcA-GFP-myoV plasmid into
the genome (see Materials and Methods for details). (B) A Southern blot confirming the homologous integration event. (C) A Western blot showing
that the GFP-MYOV fusion protein can be detected in extracts of cells grown on glycerol but not on glucose. A protein extract from a wild type strain
grown on glycerol was use as a negative control for the anti-GFP antibody. PONCEAU S staining of the same blot is shown as a loading control. (D)
Growth phenotypes of the alcA-GFP-myoV strain grown on glucose (YUU) and glycerol (MM+glycerol) plates at 37uC for 2 days. The strains were point
inoculated on different plates. Note that on YUU, the growth of the mutant is significantly reduced, but on MM+glycerol, the mutant colony is almost
identical to a wild type colony.
doi:10.1371/journal.pone.0028575.g001

Figure 2. The localization of GFP-MYOV. (A) GFP-MYOV localizes
to the hyphal tip. (B) GFP-MYOV localizes on two sides of the septum.
(C) The effect of latrunculin A on GFP-MYOV localization. Cells were
treated with 12 mM latrunculin A for 20 minutes. Arrowheads point to
hyphal tips where the GFP-MYOV signals are diminished. Arrows point
to GFP-MYOV signals near septa, which persist after treatments with
latrunculin A. Bars, 5 mm.
doi:10.1371/journal.pone.0028575.g002
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shaped mutant cells did contain multiple nuclei (see insert in

Figure 5C). Together, these results argue that MYOV is required

in the triple-kinesin null mutant background to support the

delivery of vesicular cargo needed for growth at the hyphal tip.

KINA is crucial in supporting hyphal growth in MYOV-
depleted cells

Unlike the quadruple mutant described above, introducing

single mutant alleles of either KINA or UNCA into MYOV-

depleted cells did not eliminate polarized growth (Figure 6A).

However, colony growth of the DkinA/alcA-myoV double mutant on

plates was dramatically slower than that of either single mutant

(Figure 6B). In contrast, the growth of the DuncA/alcA-myoV double

mutant was only mildly more attenuated than that of either single

mutant (Figure 6B). Thus, loss of both UNCA and MYOV does

not produce a much more dramatic growth defect than that

caused by loss of MYOV or UNCA alone. These genetic results

suggest that while MYOV and KINA function independently to a

large extent in supporting hyphal growth, MYOV and UNCA

may function in the same pathway to support hyphal growth,

although it is not known whether UNCA and MYOV transport

the same cargoes. That said, the functions of UNCA and MYOV

are clearly not identical to each other, as MYOV is much more

important than UNCA for supporting hyphal growth in the DkinA

background. This conclusion is evident from the fact that the

DkinA/alcA-myoV double mutant described in our current study is

much sicker on plates than the DkinA/DuncA double mutant

described previously, which looks very much like the DkinA single

mutant [35].

Discussion

In this study, we analyzed the function of myosin-V in the

filamentous fungus A. nidulans, where both microtubules and the

actin cytoskeleton contribute to the transport of organelles and

vesicles required for polarized growth at the hyphal tip [13,23,40–

42]. The results of our study indicate that MYOV is able to

support significant hyphal elongation without microtubule-based

transport. Importantly, our study also shows that plus-end-directed

kinesin motors are able to support significant hyphal elongation

without the aid of MYOV. Together, these observations, which

mirror in part results obtained using U. maydis [16,41], support the

idea that myosin-V and plus-end-directed kinesin motors function

in parallel to support fungal hyphal growth. The A. nidulans

genome contains 11 kinesin-like genes [32]. Our current results

demonstrate that, in the absence of MYOV, the loss of just three

kinesin genes kinA (kinesin-1), uncA (kinesin-3) and uncB (kinesin-3)

is sufficient to abolish polarized hyphal tip growth. Thus, none of

the other plus-end-directed kinesins are able to transport the

materials required for polarized growth at the hyphal tip in the

quadruple mutant. Interestingly, both the DkinA/alcA-myoV and

DuncA/alcA-myoV double mutants are able to undergo polarized

growth initially, suggesting that kinesin-1 and kinesin-3 proteins

compensate for each other in the absence of myosin-V. That said,

the DkinA/alcA-myoV double mutant is much sicker on plates than

the DuncA/alcA-myoV double mutant although the colony size of

DkinA is similar or only slightly smaller than that of DuncA. Thus,

Figure 3. The growth phenotype of the alcA-myoV mutant.
(A) Morphology of the alcA-myoV mutant 8 hours after germinating on
repressive YUU medium at 37uC. A wild type cell is shown for
comparison. Septa are indicated by arrow heads. (B, C and D)
Quantitative analyses of hyphal length (B), hyphal width (C), and
septum distribution (D) in wild type and the alcA-myoV mutant. Means
and standard deviations are shown in the graphs. For hyphal length
measurements, only those hyphae whose entire length could be seen
through whole z-stacks (10–20 mm) were measured (n = 75 for the
mutant; n = 70 for the wild type control). For hyphal width measure-
ments, values were taken from hyphal regions where the hyphal width
is uniform (n = 37 for both the mutant and the wild type control). For
measurements of septum distribution, the lengths of the hyphal
segments between adjacent septa were measured (n = 172 for the
mutant; n = 147 for the wild type control). The differences between the
mutant and the wild type controls are significant for hyphal length,
hyphal width, and the length of hyphal segments (p,0.01 in all three
cases). Bar, 5 mm.
doi:10.1371/journal.pone.0028575.g003

Figure 4. The alcA-myoV mutant loses polarity in the presence
of benomyl when grown on repressive YUU medium. Cells were
grown overnight at 32uC in YUU medium and in the presence of 2.4 mg/
ml benomyl. Shown are a wild type strain (A) and the alcA-myoV mutant
(B). The control in Panel C shows that the alcA-myoV mutant undergoes
polarized growth when grown on glycerol medium in the presence of
benomyl. All panels shown are at the same magnification. Bar, 5 mm.
doi:10.1371/journal.pone.0028575.g004
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KINA is more critical than UNCA for supporting hyphal growth

in the absence of MYOV.

There are five myosin genes in A. nidulans, one coding for

myosin-I [43,44], one for myosin-II, one for myosin-V, and two

for the Csm proteins in which a chitin synthase domain is fused to

a myosin motor domain (myosin-17) [45,46]. How these motors

function together in hyphal tip growth and cytokinesis requires

further study. While the exact cargoes of MYOV still need to be

identified in A. nidulans, the results of this current study clearly

demonstrate that MYOV is the main actin motor supporting

hyphal tip growth. Moreover, our results show that this role

becomes essential when microtubules and/or the plus-end-

directed cargo-transporting kinesins are absent. Thus, while other

myosin motors, such as the chitin-synthase-containing myosin,

myosin-17, play a role in hyphal growth [45,46], their functions

must be either MYOV-dependent or microtubule-dependent since

they fail to support hyphal growth in the absence of MYOV and

microtubule motors. This idea is consistent with recent results

demonstrating that myosin-17 in U. maydis is transported to the

hyphal tip by myosin-V (myosin-5) and kinesin-1 along separate

actin and microtubule tracks [41,42].

In higher eukaryotic cells, myosin-V has been implicated in

capturing cargoes at the periphery of the cell following their long-

range, microtubule-dependent delivery [8–11,47,48]. Moreover, a

direct physical interaction between myosin-V and kinesin [49]

may serve to facilitate the switching of organelle movement from

microtubules to actin tracks, as well as to enhance each motor’s

processivity [50]. Our current study does not exclude the

possibility of microtubule-to-actin track switching as a transport

mode for some cargoes when both the microtubule-based and the

actin-based transport systems are functioning normally. However,

in the absence of the microtubule motors implicated in

transporting cargoes, myosin-V is clearly able to support some

hyphal growth on its own. Thus, myosin-V appears able to

transport cargoes in vivo in the absence of kinesin-mediated

delivery of these cargoes to the microtubule plus end. This idea is

consistent with the recent findings in U. maydis, Dictyostelium, and

Purkinje neurons, that myosin-V can function in vivo as a point-to-

point organelle transporter rather than simply as a cargo tether

acting near the microtubule plus end [9,41,51].

The identity of the vesicular cargo(es) transported by myosin-V

in A. nidulans is unknown. While the hyphal-tip localization of

myosin-V and its importance in hyphal elongation are consistent

with its function in transporting secretory vesicles as in S. cerevisiae

and Schizosaccharomyces pombe [24,26,52,53], the localization is also

Figure 5. The DkinA/DuncA/DuncB/alcA-myoV quadruple mutant
exhibits a severe polarity defect when grown on the repressive
YUU medium. (A) The quadruple mutant failed to grow on a YUU
plate. (B) In YUU liquid culture, the quadruple mutant failed to undergo
polarized hyphal growth after an eight-hour incubation at 37uC. An
arrow head points to a spore that had not undergone germination, thus
indicating that mutant cells had undergone isotropic growth. (C) After
an overnight incubation at 32uC, cells were highly abnormal in shape,
and leakage of cell contents could be seen (arrows). An image of DAPI
staining is included to demonstrate the presence of multiple nuclei. All
panels shown are at the same magnification. Bar, 5 mm.
doi:10.1371/journal.pone.0028575.g005

Figure 6. KINA is more critical than UNCA in the absence of
MYOV. (A) Polarized growth occurs in both the DuncA/alcA-myoV and
DkinA/alcA-myoV mutants. All strains were grown in YUU liquid medium
for 6.5 hours at 37uC. All panels shown are at the same magnification.
Bar, 5 mm. (B) After a 2-day incubation on a YUU plate at 37uC, the
DkinA/alcA-myoV double mutant grew dramatically more slowly than
either single mutant, while the growth of DuncA/alcA-myoV double
mutant was only mildly worse than that of the alcA-myoV mutant.
doi:10.1371/journal.pone.0028575.g006
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consistent with potential roles for the myosin in organizing the

spitzenkörper, a vesicle-supply center [54–56], and/or in endocy-

tosis at the hyphal tip region [23,57–59]. In this study, we found

that A. nidulans MYOV also localizes near septa. Indeed, the

possibility that MYOV may play a role in secretion near septa

cannot be excluded, since the hyphal tip may not be the only place

where secretion occurs [60,61]. Interestingly, the localization of

MYOV near septa is confined to two spots on each side of the

septum, which is almost identical to the localization of Woronin

bodies [25,62]. The Woronin body is a peroxisome-derived fungal

organelle that plugs the septal pores to prevent the leakage of

hyphal materials into a damaged hyphal segment [62–64].

Whether myosin-V is involved in Woronin body function will

need to be determined in the future.

Materials and Methods

A. nidulans strains, growth conditions, and techniques
The strains used in this study are listed in Table 1. Aspergillus

nidulans growth media, such as YAG, YUU, or MM+glycerol+
supplements, growth conditions, DAPI staining of the nuclei, and

A. nidulans molecular genetic methods were prepared or performed

as described previously [65]. To repress myosin-V expression from

the alcA promoter, the glucose-containing rich medium YUU was

used. For benomyl treatment of cells, a final concentration of

2.4 mg/ml was used. For latrunculin A treatment of cells, a final

concentration of 12 mM was used. Southern and western blot

analyses were done as described previously [65]. The GFP

antibody used in this study was from Covance.

Construction of the alcA-GFP-myoV strain
We made a conditional null mutant of myosin-V, alcA-GFP-

myoV, wherein the only functional copy of the A. nidulans myoV gene

is under the control of the alcA promoter, which can be turned off

by glucose and derepressed in glycerol medium. The strain was

constructed as follows. Two oligonucleotides: myo59Not1

(TCATGTGCGGCCGCTGGCGCATAATTATGAGGTCGG-

GACGAGGGCCTGG) and myos39Sma1 (ACGACCCGGGCT-

TGTCGTCGAACATTATCTCAATGTACTTTCC), were used

as primers to amplify from genomic DNA a fragment correspond-

ing to the 59 935 bp of the myoV coding sequence. This PCR

product was digested with NotI and SmaI and ligated into NotI/

SmaI-digested pLB01 [66] creating plasmid palcA-GFP-myoV in

which the alcA promoter and the coding sequence for GFP are

placed in frame immediately 59 of the myoV heavy chain coding

sequence. palcA-GFP-myoV was transformed into the A. nidulans

strain GR5, transformants with similar growth defects were

selected, and their genomic DNAs were subjected to a Southern

blot analysis.

Construction of the DkinA/DuncA/DuncB triple kinesin
null mutant

The single kinesin null mutant was made using standard A.

nidulans molecular genetic techniques. The coding sequences of

kinA, uncA and uncB was replaced by the A. fumigatus pyroA gene, the

A. fumigatus pyrG gene, and the glufosinate resistance gene (bar) of

Streptomyces hygroscopicus, respectively [67,68]. These gene replace-

ment strategies were used in strains lacking nkuA [67]. The

genotype of each kinesin null mutant was confirmed by PCR and

Southern blot analyses. Genetic crosses were performed to create

the triple kinesin null mutant. The genotype of the triple kinesin

null was then confirmed by PCR.

Introducing the kinesin null alleles into the alcA-myoV
background

Genetic crosses were performed to create the DkinA/alcA-myoV

and DuncA/alcA-myoV double mutants and the DkinA/DuncA/

DuncB/alcA-myoV quadruple mutants. To obtain the double

mutants, we selected progeny whose colony morphology resem-

bled that of the DkinA or DuncA single mutants on glycerol plates,

and then verified the presence of the alcA-myoV allele (which is

actually alcA-GFP-myoV) by observing the hyphal tip accumulation

of GFP-MYOV in cells grown on glycerol. To obtain the

quadruple mutant, we selected the progeny whose colony

morphology resembled that of the triple kinesin-null mutant on

glycerol plates (which are similar in size to the DkinA single mutant)

and that also contained the alcA-myoV allele, as evidenced by the

hyphal-tip accumulation of GFP-MYOV in cells grown on

glycerol. We then performed a genotyping analysis on 11 selected

strains by PCR of the genomic DNA, and all five strains that were

not viable on YUU were shown to contain the three kinesin-null

alleles. This analysis confirmed the genotype of the quadruple

mutants, and it also demonstrated that knocking out these three

kinesins does not negatively affect the hyphal tip localization of

GFP-MYOV.

Table 1. A. nidulans strains used in this work.

Strain name Genotype Source

GR5 pyrG89; wA3; pyroA4 G. S. May

R153 wA3; pyroA4 C. F. Roberts

DkinA or SNR7a DkinA::pyr4; yA2; pyroA4 R. Fischer; (34)

DkinA (argB2) DkinA::pyr4; yA2; DargB::trpCDB R. Fischer; (34)

SNZ9 DuncA::pyroA; pryG89 (35)

alcA-myoV or C18 alcA-GFP-myoV-pyr4; pyrG89; pyroA4; wA3 This work

DkinA/alcA-myoV DkinA::pyr4; alcA-GFP-myoV-pyr4; yA2; possibly pyrG89; possibly pyroA4 This work

XX210 DuncA::pyroA; alcA-GFP-myoV-pyr4 This work

RPA177 DkinA::Afpyro; DuncA::AfpyrG; DuncB::bar; riboB2; pyroA4; pyrG89;
DnkuA::Bar/argB+

This work

TripleDkinesins/alcA-myoV DkinA::Afpyro; DuncA::AfpyrG; DuncB::bar; alcA-GFP-myoV-pyr4; wA2;
possibly DnkuA::Bar/argB+

This work

doi:10.1371/journal.pone.0028575.t001
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Image acquisition and analyses
Cells were grown in DTC3 culture dishes (Bioptechs, Butler,

PA) containing 1.5 ml of MM medium containing glycerol (or

glucose) and supplements. Images were captured as described

previously [36] using an IX70 inverted fluorescence microscope

(Olympus, Tokyo, Japan) (with a 1006 objective) coupled to a 5-

MHz MicroMax cooled charge-coupled device camera (Princeton

Scientific Instruments, Monmouth Junction, NJ). IPLab software

was used for image acquisition and analysis. For quantitative

measurements of hyphal length, hyphal width, and septum

distribution, we used a Zeiss confocal LSM510-meta with a 406
objective.

Supporting Information

Figure S1 Sequence comparisons among myosin V
proteins from mouse and three fungal species. Upper:

Sequence alignments of the C-terminal cargo-binding domains of

myosin-V proteins from A. nidulans (AmyoV), U. maydis (UmyoV),

S. cerevisiae (Myo2p) and mouse (MmyoV). Bottom: A phylogenetic

tree of four myosin V proteins from the above-mentioned species.

The alignment and phylogenetic tree were made using the

MegAlign tool of the DNA Star program.

(TIF)

Acknowledgments

We thank Reinhard Fischer and Nadine Zekert for sending us DkinA and

DuncA mutant strains, and Berl Oakley for sharing unpublished data on

Aspergillus nidulans myosin-V. We also thank Gregory Jedd and Michelle

Momany for discussions on Woronin bodies.

Author Contributions

Conceived and designed the experiments: JZ KT XW SR-P JH XX.

Performed the experiments: JZ KT XW GC JS JH XX. Analyzed the data:

JZ KT XW GC JS JH XX. Wrote the paper: XX SR-P JH.

References

1. Akhmanova A, Hammer JA (2010) Linking molecular motors to membrane

cargo. Curr Opin Cell Biol 22: 479–487.

2. Estrada P, Kim J, Coleman J, Walker L, Dunn B, et al. (2003) Myo4p and She3p

are required for cortical ER inheritance in Saccharomyces cerevisiae. J Cell Biol

163: 1255–1266.

3. Pashkova N, Jin Y, Ramaswamy S, Weisman LS (2006) Structural basis for

myosin V discrimination between distinct cargoes. Embo J 25: 693–700.

4. Altmann K, Frank M, Neumann D, Jakobs S, Westermann B (2008) The class V

myosin motor protein, Myo2, plays a major role in mitochondrial motility in

Saccharomyces cerevisiae. J Cell Biol 181: 119–130.

5. Lipatova Z, Tokarev AA, Jin Y, Mulholland J, Weisman LS, et al. (2008) Direct

interaction between a myosin V motor and the Rab GTPases Ypt31/32 is

required for polarized secretion. Mol Biol Cell 19: 4177–4187.

6. Fagarasanu A, Mast FD, Knoblach B, Jin Y, Brunner MJ, et al. (2009) Myosin-

driven peroxisome partitioning in S. cerevisiae. J Cell Biol 186: 541–554.

7. Chang W, Zaarour RF, Reck-Peterson S, Rinn J, Singer RH, et al. (2008)

Myo2p, a class V myosin in budding yeast, associates with a large ribonucleic

acid-protein complex that contains mRNAs and subunits of the RNA-processing

body. RNA 14: 491–502.

8. Wu X, Bowers B, Rao K, Wei Q, Hammer JA (1998) Visualization of

melanosome dynamics within wild-type and dilute melanocytes suggests a

paradigm for myosin V function In vivo. J Cell Biol 143: 1899–1918.

9. Wagner W, Brenowitz SD, Hammer JA (2011) Myosin-Va transports the

endoplasmic reticulum into the dendritic spines of Purkinje neurons. Nat Cell

Biol 13: 40–48.

10. Langford GM (2002) Myosin-V, a versatile motor for short-range vesicle

transport. Traffic 3: 859–865.

11. Loubery S, Coudrier E (2008) Myosins in the secretory pathway: tethers or

transporters? Cell Mol Life Sci 65: 2790–2800.

12. Stiess M, Bradke F (2011) Neuronal transport: myosins pull the ER. Nat Cell

Biol 13: 10–11.

13. Horio T, Oakley BR (2005) The role of microtubules in rapid hyphal tip growth

of Aspergillus nidulans. Mol Biol Cell 16: 918–926.

14. Fuchs U, Manns I, Steinberg G (2005) Microtubules are dispensable for the

initial pathogenic development but required for long-distance hyphal growth in

the corn smut fungus Ustilago maydis. Mol Biol Cell 16: 2746–2758.

15. Konzack S, Rischitor PE, Enke C, Fischer R (2005) The role of the kinesin

motor KipA in microtubule organization and polarized growth of Aspergillus

nidulans. Mol Biol Cell 16: 497–506.

16. Schuchardt I, Assmann D, Thines E, Schuberth C, Steinberg G (2005) Myosin-

V, Kinesin-1, and Kinesin-3 cooperate in hyphal growth of the fungus Ustilago

maydis. Mol Biol Cell 16: 5191–5201.

17. Fischer R, Zekert N, Takeshita N (2008) Polarized growth in fungi–interplay

between the cytoskeleton, positional markers and membrane domains. Mol

Microbiol 68: 813–826.

18. Harris SD (2010) Hyphal growth and polarity. In: Borkovich K, Ebbole D, eds.

Cellular and Molecular Biology of Filamentous Fungi. Washington DC:

American Society for Microbiology. pp 238–259.

19. Goldman GH, Osmani SA (2008) The Aspergilli: Genomics, Medical Aspects,

Biotechnology, and Research Methods. CRC press. 551 p.

20. Galagan JE, Calvo SE, Cuomo C, Ma LJ, Wortman JR, et al. (2005) Sequencing

of Aspergillus nidulans and comparative analysis with A. fumigatus and A.

oryzae. Nature 438: 1105–1115.

21. Reck-Peterson SL, Novick PJ, Mooseker MS (1999) The tail of a yeast class V

myosin, myo2p, functions as a localization domain. Mol Biol Cell 10:

1001–1017.

22. Mercer JA, Seperack PK, Strobel MC, Copeland NG, Jenkins NA (1991) Novel

myosin heavy chain encoded by murine dilute coat colour locus. Nature 349:

709–713.

23. Taheri-Talesh N, Horio T, Araujo-Bazan L, Dou X, Espeso EA, et al. (2008)

The Tip Growth Apparatus of Aspergillus nidulans. Mol Biol Cell 19:

1439–1449.

24. Govindan B, Bowser R, Novick P (1995) The role of Myo2, a yeast class V

myosin, in vesicular transport. J Cell Biol 128: 1055–1068.

25. Zekert N, Veith D, Fischer R (2010) Interaction of the Aspergillus nidulans

microtubule-organizing center (MTOC) component ApsB with gamma-tubulin

and evidence for a role of a subclass of peroxisomes in the formation of septal

MTOCs. Eukaryot Cell 9: 795–805.

26. Mulvihill DP, Edwards SR, Hyams JS (2006) A critical role for the type V

myosin, Myo52, in septum deposition and cell fission during cytokinesis in

Schizosaccharomyces pombe. Cell Motil Cytoskeleton 63: 149–161.

27. Weber I, Gruber C, Steinberg G (2003) A class-V myosin required for mating,

hyphal growth, and pathogenicity in the dimorphic plant pathogen Ustilago

maydis. Plant Cell 15: 2826–2842.

28. Oakley BR, Morris NR (1980) Nuclear movement is beta–tubulin-dependent in

Aspergillus nidulans. Cell 19: 255–262.

29. Vale RD (2003) The molecular motor toolbox for intracellular transport. Cell

112: 467–480.

30. Lawrence CJ, Dawe RK, Christie KR, Cleveland DW, Dawson SC, et al. (2004)

A standardized kinesin nomenclature. J Cell Biol 167: 19–22.

31. Soldati T, Schliwa M (2006) Powering membrane traffic in endocytosis and

recycling. Nat Rev Mol Cell Biol 7: 897–908.

32. Rischitor PE, Konzack S, Fischer R (2004) The Kip3-like kinesin KipB moves

along microtubules and determines spindle position during synchronized mitoses

in Aspergillus nidulans hyphae. Eukaryot Cell 3: 632–645.

33. Schoch CL, Aist JR, Yoder OC, Turgeon G (2003) A complete inventory of

fungal kinesins in representative filamentous ascomycetes. Fungal Genet Biol 39:

1–15.

34. Requena N, Alberti-Segui C, Winzenburg E, Horn C, Schliwa M, et al. (2001)

Genetic evidence for a microtubule-destabilizing effect of conventional kinesin

and analysis of its consequences for the control of nuclear distribution in

Aspergillus nidulans. Mol Microbiol 42: 121–132.

35. Zekert N, Fischer R (2009) The Aspergillus nidulans kinesin-3 UncA motor

moves vesicles along a subpopulation of microtubules. Mol Biol Cell 20:

673–684.

36. Zhang J, Li S, Fischer R, Xiang X (2003) Accumulation of cytoplasmic dynein

and dynactin at microtubule plus ends in Aspergillus nidulans is kinesin

dependent. Mol Biol Cell 14: 1479–1488.

37. Lenz JH, Schuchardt I, Straube A, Steinberg G (2006) A dynein loading zone for

retrograde endosome motility at microtubule plus-ends. Embo J 25: 2275–2286.

38. Wedlich-Soldner R, Straube A, Friedrich MW, Steinberg G (2002) A balance of

KIF1A-like kinesin and dynein organizes early endosomes in the fungus Ustilago

maydis. Embo J 21: 2946–2957.

39. Hervas-Aguilar A, Peñalva MA (2010) Endocytic machinery protein SlaB is

dispensable for polarity establishment but necessary for polarity maintenance in

hyphal tip cells of Aspergillus nidulans. Eukaryot Cell 9: 1504–1518.

40. Virag A, Lee MP, Si H, Harris SD (2007) Regulation of hyphal morphogenesis

by cdc42 and rac1 homologues in Aspergillus nidulans. Mol Microbiol 66:

1579–1596.

41. Schuster M, Treitschke S, Kilaru S, Molloy J, Harmer NJ, et al. (2011) Myosin-

5, kinesin-1 and myosin-17 cooperate in secretion of fungal chitin synthase.

Embo J. In press.

Aspergillus Myosin V Supports Polarized Growth

PLoS ONE | www.plosone.org 7 December 2011 | Volume 6 | Issue 12 | e28575



42. Steinberg G (2011) ‘‘Motors in fungal morphogenesis: cooperation versus

competition.’’ Curr Opin Microbiol. In press.
43. McGoldrick CA, Gruver C, May GS (1995) myoA of Aspergillus nidulans

encodes an essential myosin I required for secretion and polarized growth. J Cell

Biol 128: 577–587.
44. Yamashita RA, May GS (1998) Constitutive activation of endocytosis by

mutation of myoA, the myosin I gene of Aspergillus nidulans. J Biol Chem 273:
14644–14648.

45. Fujiwara M, Horiuchi H, Ohta A, Takagi M (1997) A novel fungal gene

encoding chitin synthase with a myosin motor-like domain. Biochem Biophys
Res Commun 236: 75–78.

46. Takeshita N, Yamashita S, Ohta A, Horiuchi H (2006) Aspergillus nidulans class
V and VI chitin synthases CsmA and CsmB, each with a myosin motor-like

domain, perform compensatory functions that are essential for hyphal tip
growth. Mol Microbiol 59: 1380–1394.

47. Wu XS, Tsan GL, Hammer JA (2005) Melanophilin and myosin Va track the

microtubule plus end on EB1. J Cell Biol 171: 201–207.
48. Wu X, Xiang X, Hammer JA (2006) Motor proteins at the microtubule plus-

end. Trends Cell Biol 16: 135–143.
49. Huang JD, Brady ST, Richards BW, Stenolen D, Resau JH, et al. (1999) Direct

interaction of microtubule- and actin-based transport motors. Nature 397:

267–270.
50. Ali MY, Lu H, Bookwalter CS, Warshaw DM, Trybus KM (2008) Myosin V

and Kinesin act as tethers to enhance each others’ processivity. Proc Natl Acad
Sci U S A 105: 4691–4696.

51. Jung G, Titus MA, Hammer JA (2009) The Dictyostelium type V myosin MyoJ
is responsible for the cortical association and motility of contractile vacuole

membranes. J Cell Biol 186: 555–570.

52. Motegi F, Arai R, Mabuchi I (2001) Identification of two type V myosins in
fission yeast, one of which functions in polarized cell growth and moves rapidly

in the cell. Mol Biol Cell 12: 1367–1380.
53. Win TZ, Gachet Y, Mulvihill DP, May KM, Hyams JS (2001) Two type V

myosins with non-overlapping functions in the fission yeast Schizosaccharomyces

pombe: Myo52 is concerned with growth polarity and cytokinesis, Myo51 is a
component of the cytokinetic actin ring. J Cell Sci 114: 69–79.

54. Riquelme M, Reynaga-Pena CG, Gierz G, Bartnicki-Garcia S (1998) What
determines growth direction in fungal hyphae? Fungal Genet Biol 24: 101–109.

55. Harris SD, Read ND, Roberson RW, Shaw B, Seiler S, et al. (2005) Polarisome

meets spitzenkörper: microscopy, genetics, and genomics converge. Eukaryot

Cell 4: 225–229.

56. Steinberg G (2007) Hyphal growth: a tale of motors, lipids, and the

Spitzenkörper. Eukaryot Cell 6: 351–360.
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