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Spindle elongation segregates chromosomes and occurs

in anaphase, an essential step in mitosis. Dynein-mediated

pulling forces position the spindle, but their role in ana-

phase is a matter of debate. Here, we demonstrate that

dynein is responsible for rapid spindle elongation in the

model fungus Ustilago maydis. We show that initial slow

elongation is supported by kinesin-5, which is located in

the spindle mid-zone. When the spindle reaches B2 lm in

length, the elongation rate increases four-fold. This coin-

cides with the appearance of long and less-dynamic micro-

tubules (MTs) at each pole that accumulate dynein at their

tips. Laser-mediated nanosurgery revealed that these MTs

exert pulling forces in control cells, but not in dynein

mutants. In addition, dynein mutants undergo initial slow

anaphase, but fail to establish less-dynamic MTs and do

not perform rapid spindle elongation, suggesting that

dynein drives anaphase B. This is most likely mediated

by cortical sliding of astral MTs along stationary dynein,

which is off-loaded from the MT plus-end to the cortex.
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Introduction

In mitosis, chromosomes are segregated between dividing

cells. Segregation is achieved by the highly ordered mitotic

spindle, which mainly consists of microtubules (MTs) to

which chromosomes attach. MTs also participate in force

generation during pole ward movement of chromosomes

in anaphase A and spindle elongation in anaphase B that is

mainly mediated by molecular motors (Barton and Goldstein,

1996). In general, these mechanoenzymes obtain energy by

hydrolyzing ATP for their work along the cytoskeleton, but

they also participate in regulating MT assembly and dis-

assembly, thereby supporting spindle dynamics (Gadde and

Heald, 2004; Sharp and Rogers, 2004).

MT-associated motors can be classified as kinesins and

dyneins (Hirokawa, 1998). While dyneins move their

cargo towards the minus-ends of MTs (Karki and Holzbaur,

1999), the function of kinesins is more divers, as most

motors walk towards plus-ends, whereas some C-terminal

kinesins transport cargo towards minus-ends (Noda

et al, 2001) or even have lost their transport function, but

modify MT dynamics (Moore and Wordeman, 2004; Helenius

et al, 2006). Numerous studies in various organisms have

demonstrated that the bipolar kinesin-5 supports spindle

elongation; kinesin-5 is thought to act on MTs in the mid-

zone of the spindle, thereby supporting spindle integrity and

elongation (Hagan and Yanagida, 1992; Kashina et al, 1997;

Sharp et al, 1999).

In addition, laser-mediated MT surgery experiments have

provided evidence for the existence of external forces applied

on the spindle (Aist and Berns, 1981; Aist et al, 1991, 1993;

Grill et al, 2001). These forces are most likely exerted via

astral MTs that emanate from the spindle poles and contact

the cellular cortex (Grill and Hyman, 2005). A good candidate

for the responsible motor is cytoplasmic dynein. Dynein is

found at the cellular cortex of animal cells and is thought to

participate in rotation and positioning of the spindle by

pulling on astral MTs (O’Connell and Wang, 2000; Gönczy,

2002). Moreover, dynein supports spindle elongation in ana-

phase B in Drosophila melanogaster (Sharp et al, 2000), but

no such role was seen in PTK and HeLa cells (Vaisberg et al,

1993; Zhu et al, 2005). However, in these cells, such a role of

dynein might be hidden under the pleiotropic consequences

of dynein inhibition.

In the yeast fungus Saccharomyces cerevisiae, dynein

also supports spindle positioning (Yeh et al, 1995). The

minus-motor accumulates at astral MT plus-ends, from

where it is off-loaded to the cortex and becomes activated,

and, consequently, pulls on the spindle pole (Lee et al, 2003;

Sheeman et al, 2003). However, dynein neither supports

spindle elongation in this fungus (Saunders et al, 1995;

Yeh et al, 1995) nor participates in spindle elongation

in Schizosaccharomyces pombe (Yamamoto et al, 1999),

and no pulling forces are applied on astral MTs (Khodjakov

et al, 2004; Tolic-Norrelykke et al, 2004). Thus, anaphase

appears to be independent of cytoplasmic dynein in these

yeasts.

Here, we study forces in spindle elongation in Ustilago

maydis. This fungal model organism provides several tech-

nical advantages, such as excellent molecular genetic and

live-cell-imaging techniques and an interesting biology that

in many respects is very closely related to that of animal

cells, for example, the dynein-dependent removal of the

nuclear envelope during ‘open mitosis’ (Straube et al,

2005). We describe that early spindle elongation is supported

by kinesin-5 and that at the transition to rapid spindle

elongation, dynein appears at plus-ends of astral MTs, exerts

force on the spindle poles by mediating sliding of astral

MTs along the cortex.
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Results

Rapid spindle elongation coincides with the appearance

of long astral MTs

Mitosis in U. maydis begins with the migration of the spindle

pole bodies into the daughter cell and the subsequent

removal of the nuclear envelope (Straube et al, 2005). The

spindle establishes in the daughter cell, and chromosomes

are segregated by rapid elongation in anaphase (Figure 1A).

We monitored the pole-to-pole distance over time of 35

spindles in strain FB2GT that contained an additional copy

of green fluorescent protein (GFP)-a-tubulin (Steinberg et al,

2001) and in FB2R3Dyn1_GT that contains the endogenous

copy of the N-terminal half of dynein heavy chain tagged with

triple red fluorescent protein (RFP; for all strains see Table I).

Overlapping spindle elongation graphs were aligned and the

average elongation velocity was determined by linear regres-

sion. Anaphase started with a slow phase, during which the

spindle elongated at 1.2370.18 mm min–1 (Figure 1B). In this

phase chromosomes became separated (Figure 1C; DNA

stained with histone-4 fused to cyan fluorescence protein is

given in red, and the spindles labeled with yellow fluorescent

protein to a-tubulin in green; strain FB1H4C_YT) (Straube

et al, 2005), and we therefore refer to it as anaphase A. Slow

spindle elongation occurred in the daughter cell, and the

spindle remained almost immobile, with only occasional short

rotational motions (see below). When the spindle reached a

length of 1.5–2.0mm, the elongation rate increased about four-

fold to 5.3470.14mm min–1 (anaphase B; Figure 1B). This

coincided with the sudden appearance of numerous long astral

MTs at both spindle poles (Figure 1D; see Supplementary

Movie 1). The two most distal MTs had a length of 2–7mm,

extended toward both cell poles (Figure 1D, arrowheads), and

remained in close contact with the cell cortex, while the

spindle elongated or rapidly moved bidirectionally.

Kinesin-5 mediates slow spindle elongation

The low spindle elongation rate in early anaphase

in U. maydis corresponded well with rates observed in

S. cerevisiae and S. pombe (1–1.6 mm min–1; Hagan and

Yanagida, 1990; Yeh et al, 1995). In these yeasts, anaphase

is driven by outward forces generated by kinesin-5 motors

(Hagan and Yanagida, 1990; Hoyt et al, 1992). The U. maydis

genome encodes for a kinesin-5 protein (Schuchardt et al,

2005) with 54 and 47% identity to the motor domains from

BimC from Apergillus nidulans and Eg5 from Xenopus laevis,

respectively. All these kinesin-5 motors are predicted to

contain a putative phosphorylation site, known as the bimC

box (Drummond and Hagan, 1998; Figure 2A).

We localized kinesin-5 of U. maydis by using endogenous

kinesin-5 tagged with three green fluorescent proteins (GFP3-

Figure 1 Spindle elongation in anaphase in U. maydis. (A) Overview of late mitotic stages in U. maydis. Anaphase is initiated in the daughter
cell, and spindle elongation segregates the chromosomes into the daughter and mother cells (modified from Steinberg et al, 2001). (B) Linear
regression analysis of spindle elongation during anaphase. Spindle elongation starts with a slow phase, but rapidly increases when spindles reach
a length of 1.5–2mm. The graph is based on the analysis of 35 spindles that were aligned; each spindle was observed for 30 s. (C) DNA separation
in strain FB1H4C_YT, which expresses a CFP-H4 fusion protein (red) and YFP-a-tubulin (green). Initial steps of chromosomes separation are
categorized and stages 1–4 correspond to Figure 5C. Note that images were taken from different spindles. Bar: 2mm. (D) Time-lapse fluorescence
microscopy of spindle elongation and spindle positioning in U. maydis strain FB2GT using GFP-a-tubulin-labeled MTs. Note that rapid spindle
elongation coincides with the appearance of long astral MTs at both spindle poles (arrowheads) that slide along the cortex while the spindle
elongates. The edge of the cell is indicated at time 0 by a dotted line. Elapsed time in minutes and seconds is indicated. Bar: 3mm.
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Kin5). GFP3-Kin5 localized along the length of the spindle

in anaphase A (o2 mm; Figure 2B) and concentrated in the

spindle mid-zone and the spindle poles in anaphase B

(spindle length 2–8 mm; Figure 2B, arrowheads; strain

FB2G3Kin5_RT). When the spindles reached a length of

B7 mm, GFP3-Kin5 was no longer concentrated in the mid-

zone (Figure 2B, asterisk), but traces of GFP3-Kin5 were still

located over the length of the spindle (Figure 2B, lowest

panel). The role of kinesin-5 in spindle elongation was

investigated by introducing a point mutation (R210K) into

the endogenous kin5. This mutation corresponds to an

exchange within the motor domain in the temperature-sensi-

tive cin8-3 allele in S. cerevisiae (Gheber et al, 1999). At 161C,

cells of strain AB33Kin5ts_GT grew normally (Figure 2C), but

at restrictive temperature (321C for 4 h) an accumulation of

mitotic cells was found (Figure 2D). These cells contained

short bipolar spindles, as illustrated by the labeling of the

spindle pole bodies with g-tubulin-GFP (Figure 2E; strain

FB1Kin5ts_Tub2G). Surprisingly, only 33.6% (n¼ 380 cells)

showed this phenotype (4.98%, n¼ 321 cells in control) and

kin5ts mutants in liquid culture continued to grow (not

shown). This finding was unexpected, as the corresponding

cin8ts mutants in S. cerevisiae almost completely arrested in

mitosis (Hoyt et al, 1992). The reason for this discrepancy

between U. maydis and S. cerevisiae is not yet known, and it

remains to be seen whether the mutation R210K in kin5 is ‘not

tight’ or whether other motors participate in initial spindle

elongation in U. maydis. However, we consider it likely that

kinesin-5 participates in supporting initial spindle elongation,

most likely by generating outward forces within the midzone.

External pulling forces are applied on the anaphase

spindle

As mentioned above, anaphase A in U. maydis is followed

by a phase of rapid elongation in anaphase B. The spindle

occasionally (n¼ 3) broke during anaphase B in U. maydis

(Figure 3A, arrow; arrowheads indicate spindle poles; see

Supplementary Movie 2), which led to rapid separation of

both poles at increased velocity (from 6.0 to 32.5 mm min�1;

Figure 3A, arrowheads). These results suggested that external

pulling forces act on the spindle in U. maydis. To assess the

role of astral MTs in force generation, we severed MTs using

pulsed laser nanosurgery as previously described (Colombelli

et al, 2005). A few laser pulses were sufficient to induce astral

MT and anaphase spindle dissection inside the focal volume

of the beam without affecting the overall cell. Severing the

spindle significantly increased the pole separation rate

(Figure 3B and D; from 5.971.0 mm min–1, n¼ 14 to

24.279.4 mm min–1, n¼ 14; Po0.0001; see Supplementary

Movie 3), while cytoplasmic irradiation did not effect spindle

elongation (Figure 3E; P¼ 0.2128). Interestingly, the two

halves of the spindle moved pole ward at different rates

(Figure 3F; P¼ 0.0329), occasionally oscillated and under-

went 1–2 pauses of B4 s before they became positioned at

the middle of the daughter or the mother cell (Figure 3C).

This behavior of individual spindle poles suggests that coun-

teracting forces are exerted on each pole, which might help to

position the spindle poles in late mitosis. In order to inves-

tigate whether astral MTs, and in particular the long distal

MTs (see Figure 1D, arrowheads) exert forces, leading MTs

were cut with the UV laser (Figure 3G; see Supplementary

Movie 4). This treatment did not affect the overall organiza-

tion of the spindle or the MT asters. In 26 out of 31 severed

MTs, the generated fragments moved along the cortex

towards the cell end (Figure 3G; asterisks indicate ends

of a moving fragment; arrow marks the point of dissection;

arrowheads indicate spindle poles). The removal of the distal

MT, or even all astral MTs visible at a pole, induced an

average displacement of the spindle of 1.2270.46 mm

(n¼ 19; Figure 3G) before new astral MTs appeared that

stabilized the spindle (not shown). In summary, these results

demonstrate that astral MTs and in particular the long and

Table I Strains and plasmids used in this study

Strain or plasmid Genotype Reference

FB1GT a1b1/potefGFPTub1 Steinberg et al (2001)
FB2GT a2b2/potefGFPTub1 Straube et al (2001)
FB2R3Dyn1_GT a2b2 Pdyn1-3xmrfp-dyn1, natR/potefGFPTub1 This study
FB1H4C_YT a1b1/pH4CFP/pYFPTub1 Straube et al (2005)
FB2G3Kin5_RT a2b2 Pkin5-3xgfp-kin5, hygR/potefRFPTub1 This study
AB33Kin5ts_GT a2 PnarbW2 PnarbE ,bleR Pkin5-kin5R210K, hygR/potefGFPTub1 This study
FB1Kin5ts_Tub2G a1b1 Pkin5-kin5R210K, hygR/potefTub2GFP This study
FB2rGFPTub1 a2b2/prGFPTub1 Steinberg et al (2001)
FB1Dyn2ts_GT a1b1 Pdyn2-dyn2ts, natR/potefGFPTub1 Adamikova et al (2004)
FB2rDya1_GT a2b2 Pcrg-dya1, bleR/potefGFPTub1 This study
FB1rDyn2_GT a1b1 Pcrg-dyn2, bleR/potefGFPTub1 This study
FB1Dyn2ts_Kin5ts_GT a1b1 Pdyn2-dyn2ts, natR Pkin5-kin5R210K, hygR/potefGFPTub1 This study
FB2G2Dyn1_RT a2b2 Pdyn1-2xgfp-dyn1, hygR/pRFPTub1 Straube et al (2005)
potefTub2GFP Potef-tub2gfp, cbxR Straube et al (2003)
potefGFPTub1 Potef-gfp-tub1, cbxR Steinberg et al (2001)
pYFPTub1 Potef-yfp-tub1, cbxR Straube et al (2005)
prGFPTub1 Pcrg-gfp-tub1, cbxR Steinberg et al (2001)
pRFPTub1 Potef-mrfp-tub1, cbxR Straube et al (2005)
pH4CFP Phis4-his4-3xcfp, cbxR Straube et al (2005)

A, b, mating type loci; P, promoter; -, fusion; hygR, hygromycin resistance; bleR, phleomycin resistance; natR, nourseothricin resistance; cbxR,
carboxin resistance; /, ectopically integrated; otef, constitutive promoter; nar, conditional nitrate reductase promoter; crg, conditional
arabinose-induced promoter; E1, W2, genes of the b mating type locus; gfp, enhanced green fluorescent protein; cfp, cyan-shifted fluorescent
protein; yfp, yellow-shifted fluorescent protein; mrfp, monomeric red fluorescent protein; tub1, a-tubulin; tub2, g-tubulin; dyn1, N-terminal
half of the dynein heavy chain; dyn2, C-terminal half of the dynein heavy chain; dyn2ts, temperature-sensitive allele of dyn2; his4, histone 4;
kin5, kinesin-5/BimC-like kinesin; kin5ts, temperature-sensitive allele of kin5.
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most-distal MTs apply external forces on the spindle during

rapid spindle elongation.

Less-dynamic astral MTs slide along the cellular cortex

In anaphase B, each spindle pole nucleated three to five short

astral MTs that showed dynamic instability and transiently

contacted the cortex, but did not slide along the cell periph-

ery. In contrast, the long and most-distal MTs were less

dynamic, with reduced depolymerization and elongation

rates (Figure 4C; P¼ 0.0003 for shrinkage; P¼ 0.0425 for

elongation), and they usually were in close contact with the

cortex (Figure 4A, see also Figure 1C). Furthermore, speckle

analysis of sliding astral MTs in strain FB2rGFPTub1 revealed

that GFP-a-tubulin speckles remained constant during

motion of distal MTs (Figure 4A and B), demonstrating that

the distal MTs indeed slide along the cellular cortex.

Dynein appears at MT ends and exerts force on astral

MTs during rapid spindle elongation

Interestingly, dynein that was endogenously labeled with 3

RFPs (RFP3) at the N-terminus (strain FB2R3Dyn1_GT)

mainly concentrated at the end of these sliding distal MTs

(Figure 4D). This suggested a possible function of dynein in

cortical MT sliding. We tested this by monitoring mitosis in

conditional dynein mutants that expressed GFP-a-tubulin and

carried a temperature-sensitive dyn2 allele (Wedlich-Söldner

et al, 2002; strain FB1Dyn2ts_GT). Consistent with previous

results, these mutants were defective in premitotic nuclear

migration (Straube et al, 2001, 2005), but formed a spindle in

the mother cell (Figure 5A) that could reach a length of up to

8.5 mm (not shown). However, no long and less-dynamic

astral MTs were found and astral MTs fail to establish stable

contacts with the cortex (see Supplementary Movie 5). This

coincided with a slow elongation rate (1.770.9 mm min�1,

n¼ 24; Figure 5B), which corresponded well with the

initial rate of elongation in control cells (Figure 5B; not

different, P¼ 0.8678). This suggests that rapid anaphase B

requires dynein, whereas elongation up to 2 mm is powered

by a dynein-independent mechanism that most likely in-

volves kinesin-5 (see above). Indeed, RFP3-tagged dynein

was absent from astral MTs until the spindle reached

1.5–2.0 mm in length (Figure 5D) and only transiently

appeared when short spindles underwent rotational motion

(Figure 5C, arrow).

In order to get further support for our conclusion that

dynein drives spindle elongation, we investigated anaphase

in strain FB2rDya1_GT, which contains the endogenous copy

of the homolog of the dynactin subunit p150glued under the

control of a repressible promoter (Lenz et al, 2006). In

restrictive conditions, spindles did not migrate into the

daughter cell (not shown) and elongated at rates of

1.6370.74 mm min�1 (n¼ 16), which was almost identical

to the rate found in dynein mutant cells (FB1Dyn2ts_GT;

P¼ 0.8907; Figure 5B). In addition, the dynactin mutant

and another dynein mutant strain that contains the endo-

genous dyn2 under the control of the repressible crg promoter

Figure 2 The role and localization of kinesin-5 in anaphase in U. maydis. (A) Alignment of the bimC-box that represents a putative
phosphorylation site (Drummond and Hagan, 1998) in kinesin-5 from A. nidulans (BimC), S. pombe (Cut7), X. laevis (Eg5) and
D. melanogaster (Klp61F) and U. maydis (Kin5). (B) Localization of kinesin-5 in the anaphase spindle. DNA encoding a triple GFP tag was
fused to the endogenous kin5 gene of U. maydis (GFP3-Kin5; right series) and expressed in the presence of RFP-a-tubulin (RFP-Tub1, left
series). Time-elapsed photomicrographs of the spindles with the functional fluorescent fusion protein are shown. Arrowheads show GFP3-Kin5
at the spindle mid-zone that leaves the mid-zone at late anaphase (asterisk). Bar: 5mm. (C) Control images of a conditional kin5ts mutant
grown at permissive temperature (161C). Arrow indicates a mitotic cell. Bar: 5mm. (D) Photomicrographs of a conditional kin5ts mutant grown
at restrictive temperature (321C) illustrating a defect in mitosis. U. maydis AB33Kin5ts_GT contains a point mutation that also confers
temperature sensitivity to the kinesin-5 of S. cerevisiae (Gheber et al, 1999). Bars: 10mm in overview and 2mm in inset. (E) Colocalization of
a-tubulin with GFP tagged g-tubulin in condensed spindles in strain FB1Kin5ts_Tub2G grown at 321C. Bar: 1mm.
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(FB1rDyn2_GT) showed abnormal numbers of nuclei, with

42.973.4 and 44.576.7% of unbudded cells, containing

either no or more than one nucleus (P¼ 0.7533, n¼ 3 experi-

ments 100 cells each). This suggests that dynactin and dynein

cooperate in nuclear migration and spindle elongation.

To further strengthen our conclusion that dynein is respon-

sible for force generation in anaphase B, we did nanosurgery

experiments on spindles in the temperature-sensitive dynein

mutant strain FB1Dyn2ts_GT. In contrast to control cells

(Figure 3B), laser-induced dissection of the spindle never

led to rapid motility of the spindle halves (n¼ 10; Figure 6A;

see Supplementary Movie 6). Furthermore, dissection of

astral MTs in the dynein mutant did not result in pole ward

motion of the MT fragment (Figure 6B and C, arrowheads

indicate a severed MT; see Supplementary Movie 7), and no

spindle displacement was observed.

Figure 3 Pulling forces exerted on the spindle via astral MTs. (A) Spindle breakage and rapid separation of the spindle poles. Occasionally
(n¼ 3), breaking of a spindle in anaphase was observed (arrow). Each of the two spindle poles rapidly moved towards the cell poles. Elapsed
time is given in seconds. Bars: 10 mm in panel and 5mm in series. (B) Time series illustrating spindle pole separation before (0–4 s) and after UV
laser dissection. Elapsed time is given in seconds. Arrow indicates the laser irradiation and arrowheads the spindle poles. Bar: 5mm.
(C) Kymograph analysis of spindle pole separation before and after laser dissection. Position of mother and daughter cell is indicated. Lower
graph summarizes the behavior of four cut spindles. Laser irrediation is indicated by an arrow (kymograph) or a yellow line (lower graph).
Note that spindle halves are positioned shortly after laser dissection (final position indicated by dashed lines). (D) Quantitative analysis of
spindle pole separation before and after severing of anaphase spindles with a UV laser. (E) Control experiments that demonstrate that laser
radiation in the cytoplasm does not significantly affect spindle pole separation velocities. (F) Quantitative analysis of the average velocity of
spindle pole motility after laser dissection. Frequent stops were excluded from the average motility rates. Values given in D, E, F are the
mean7standard deviation. (G) Laser dissection of astral MTs (arrow) leads to rapid motility of MT fragments towards the cell pole (asterisks),
which was seen in 84% of all cases (n¼ 31). Elapsed time is given in seconds, arrowheads indicate the spindle poles. Bar: 5 mm.
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Taken together, our data suggested that spindle elongation

in U. maydis is based on the cooperative activity of Kin5 and

dynein. In order to gain further support for this notion, we

generated a dyn2ts kin5ts double mutant that carried point

mutations in the endogenous genes (FB1Dyn2ts_Kin5ts_GT).

Surprisingly, at restrictive conditions these mutants still

formed spindles (not shown), but they elongated very slowly

(1.070.77 mm min�1, n¼ 11; different to dyn2ts single mu-

tants, P: 0.0347; Figure 5B, white bar), again indicating that

both motors are required for anaphase in U. maydis. These

results might also indicate that additional force generating

mechanisms exist that drive elongation in the absence of

functional dynein and kinesin-5. However, we can currently

not exclude that this phenomenon is based on some residual

activity of the temperature-sensitive kin5ts allele.

The strong dynein accumulation at the distal MT ends

is dynamic

The results described above demonstrate that a long astral

MTwith large amounts of dynein accumulated at its tip exerts

force on the spindle. Surprisingly, severing this MT with a

laser did not result in much displacement of the spindle (see

above), which suggests that additional forces hold the spindle

in place. Indeed, we found dynein also at shorter astral MTs

(Figure 7A). The strongest signal was always located at the

distal MT tip (Figure 7A and B; no. 1), whereas much less

dynein was found at laterally oriented MTs (Figure 7A and B;

no. 2) or proximal MTs (Figure 7A and B; no. 3). In addition,

we found that the distal MT in the mother cell carries

more dynein than the one that reaches into the daughter

(Figure 7B), which nicely corresponds with the different

velocities of spindle halves after laser dissection (see

above). The amount of dynein at MT tips correlated with

alterations in dynamic instability, as MTs with strong signals

(Figure 7A; no. 1) showed increased rescue and catastrophe

rates. In addition, these MTs were found to be less dynamic,

illustrated by a longer time in pause (Table II). Interestingly,

dynein accumulation at the plus-end of distal MTs was

variable over time (Figure 7C). Imaging of GFP2-Dyn1

demonstrated that dynein moved bidirectionally along the

Figure 4 Analysis of the long distal MTs during cortical sliding in U. maydis. (A) Speckle analysis of a distal MT (GFP-Tub1) during cortical
sliding in U. maydis FB2rGFPTub1. Spindle pole bodies (SPB) are highlighted by arrowheads. Arrows indicate fluorescent speckles given in
black after contrast inversion, asterisks marks the neck region. Elapsed time in seconds (0 or 4 s) is indicated in the upper left. Bars: 2 mm.
(B) Line-scan analysis of the sliding astral MT depicted in Figure 4A. The three fluorescence intensity peaks (indicated numbers) that represent
the moving speckles. The relative position of the peaks remained constant while the MT slides. ‘SPB’ indicates the strong signal at the spindle
pole body. (C) Quantitative analysis of elongation and depolymerization rates of sliding versus nonsliding astral MTs. The values given are the
mean7standard deviation. (D) Localization of dynein triple labeled at the N-terminus of the heavy chain with red fluorescent protein (RFP3-
Dyn1). RFP3-Dyn1 (red) strongly accumulated at the plus-end of a GFP-a-tubulin-tagged sliding MT (GFP-Tub1). Note that DNA encoding RFP3

was fused to the endogenous copy of dyn1. Elapsed time in seconds is indicated. Bar: 5mm.
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MT (Figure 7D, arrowhead, asterisk marks plus end of the

MT). This dynamic behavior suggests that dynein is con-

stantly delivered to the MT tip by motor-based mechanisms, a

notion that is supported by the observation that kinesin-1

participates in dynein targeting in interphase hyphae of

U. maydis (Lenz et al, 2006). Interestingly, after cutting the

distal MT with a laser or by an accidental breakage of the

leading MT (Figure 7E; see Supplementary Movie 8), a new,

long, leading MT rapidly established, immediately accumu-

lated a large amount of dynein, and moved towards the cell

pole (Figure 7E; asterisk), again demonstrating that outward

forces are exerted by this leading MT (compare to Figure 1C).

This is most likely a controlled process, as the signal inten-

sities at the tip of distal MTs were not a function of the length

of the MT (Figure 7F). The dynein signal was dispersed along

the moving MT fragment, which suggests that the MT slides

along dynein released from the tip. Taken together, these

results indicate that dynein accumulates mainly at the tip of

the distal leading MT, where it might participate in MT

stabilization. However, this dynein signal is not stationary,

but is constantly moving towards and away from the MTend.

Dynein appears to be off-loaded to the cortex during

cortical sliding of MTs

In the yeast S. cerevisiae dynein is ‘off-loaded’ from the tip of

astral MTs to the cortex, where it exerts force on the spindle

(Lee et al, 2003; Sheeman et al, 2003). We searched for

indications for such a mechanism in U. maydis and found

that B 65% (n¼ 54) of all cortical MT sliding in anaphase

occurred along stationary dynein signals (Figure 8A and B;

see Supplementary Movie 9), which varied in their intensity.

The data described above indicated that all MT sliding is

based on dynein, suggesting that we did not detect dynein in

the remaining 35% MT sliding. The stationary dynein was

usually released from the large amount of accumulated

dynein at the MT tip (Figure 8C), which suggested that

dynein is ‘off-loaded’ to the cortex and exerts pulling forces

Figure 5 The role of dynein in spindle elongation and chromosome separation in U. maydis. (A) Fluorescence microscopy of anaphase in
temperature-sensitive dynein mutant cells (strain FB1Dyn2ts_GT) containing GFP-a-tubulin-labeled MTs. The edge of the cell is indicated with a
dashed line. At restrictive conditions (1–2.5 h at 321C), the spindle is still able to elongate. Dynamic astral MTs are present, but they neither
establish a stable connection with the cortex nor slide along the cell periphery. Arrowheads indicate spindle poles. The elapsed time in seconds
is indicated. Bars: 3mm in overview and 2mm in series. (B) Rate of spindle elongation during different stages of anaphase in control strains
(FB1GT and FB2GT; black bars), the temperature-sensitive dynein mutant (FB1Dyn2ts_GT; grey bar), the dynactin (FB2rDya1_GT; light grey
bar) and the dyn2ts kin5ts mutant (FB1Dyn2ts_Kin5ts_GT; white bar). The values are given as mean7standard error of the mean. (C) Dynein
and early anaphase spindles in strain FB2R3Dyn1_GT. Note that image pairs were taken using a filter wheel, which results in a short time shift
between the images pairs that were merged in the series. Elapsed time in minutes is indicated. Bar: 1mm. (D) Graph depicting the correlation
between spindle length and dynein appearance at MT plus-ends. Transient dynein appearance during rotation was ignored.

Figure 6 External pulling forces are absent in the dynein mutant.
(A) Time series illustrating spindle pole separation after laser
dissection in the temperature sensitive dynein mutant
(FB1Dyn2ts_GT) under restrictive conditions. This behavior was
observed in all cases observed (n¼ 10). Elapsed time is given in
seconds. Arrow indicates laser irradiation and asterisks the spindle
poles. Bar: 3mm. (B) Laser dissection of astral MTs in the dynein
mutant under restrictive conditions. This behavior was observed in
all cases observed (n¼ 6). Elapsed time is given in seconds. Arrow
indicates laser irradiation and asterisks the spindle poles. Bar: 3 mm.
(C) Detailed image series taken from (B). Arrow indicates laser
irradiation, cut astral MT is indicated by arrowhead. Elapsed time
is given in seconds. Bar: 3mm.
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Figure 7 Dynamic behavior of dynein at plus-ends of distal MTs in Ustilago maydis. (A) Dynein localization at plus-ends of astral MTs in strain
FB2R3Dyn1_GT. The fluorescence of GFP-tagged spindles (GFP-Tub1), RFP-tagged dynein (RFP3-Dyn1), and both together (merge) are shown.
Astral MTs point in different directions (1: distal; 2: lateral; 3: proximal). Bar 5mm. (B) Signal intensity measurements of RFP3-Dyn1 at tips of
astral MTs. The average intensity at the center of the dynein accumulation was measured using MetaMorph. Values are given as mean7
standard error of the mean. (C) Intensity profiles of dynein (RFP3-Dyn1; red) located at the tip of a distal MT (GFP-a-tubulin; green) at the time
points indicated. The corresponding signals are presented above each profile. The tip of the MT is indicated by arrows. Bar: 1mm.
(D) Bidirectional motility of GFP2-Dyn1 along an astral MT. Signals are indicated by arrow and arrowhead, the MT plus-end is marked by
asterisk. Time is given in seconds. Bar: 2 mm. (E) Establishment of a new leading MT (asterisk) after spontaneous breakage of the distal MT.
Arrow indicates breakage of the MT; arrowhead indicate the fragment of the distal MT. Elapsed time in seconds is indicated. Bar: 5 mm.
(F) Quantitative analysis of the relation between the length of the distal MT and the average dynein intensity at its tip. No linearity between
the amount of dynein and the MT length was found, indicating that the strong accumulation at distal MTs is not due to more dynein targeting
as a result of the increased length of these MTs.

Table II Microtubule dynamics and plus-end located dynein

Dynein Elongation
(mm min�1)

Depolymerization
(mm min�1)

Catastrophea

(events min–1)
Rescueb

(events min–1)
Pausingc

(% of time)

No or faint signal 7.972.2d 22.6714.9e 1.0170.15 0.8670.39 3.3970.62
Strong signal 7.871.8e 22.6712.7e 1.6670.63 1.3470.24 7.3470.29

a3 experiments, each data set 26 microtubules.
b3 experiments, each data set 22 microtubules.
c2 experiments, each data set 35 microtubules.
d13 microtubules.
e11 microtubules.
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on the spindle pole by minus-end directed motility along the

distal MT.

Discussion

Rapid spindle elongation in U. maydis coincides with

the appearance of long distal MTs

Anaphase in U. maydis starts with a phase of slow spindle

elongation, in which chromosomes are separated and that

might therefore be considered anaphase A. During this phase

only short astral MTs are present that contact the cellular

cortex. At the onset of anaphase B, longer astral MTs

appeared and one distal MT was established at each spindle

pole that reached 6–8 mm in length. The distal MTs exhibited

reduced dynamic instability, and speckle analysis demon-

strated that they slide along the cortex during spindle posi-

tioning and spindle elongation. Our nanosurgery experiments

showed that the distal MTs exert forces on the spindle, which

most likely participate in the four-fold increase in spindle

elongation rate at the onset of anaphase B. Such forces

exerted via astral MTs have been reported in Caenorhabditis

elegans (Grill et al, 2001, 2003) Nectria haematococca (Aist

and Berns, 1981; Aist et al, 1991). Surprisingly, severing the

distal MT in U. maydis cells led to only short displacements,

and the balance of forces applied on the spindle was

rapidly restored. Indeed, we show here that a new long distal

MT is rapidly established after loss of the leading MT.

Furthermore, our nanosurgery experiments demonstrate

that individual spindle halves undergo bidirectional move-

ments and pauses. This indicates that opposing forces are

applied on a single spindle pole (Figure 9; blue arrows

indicate forces), which might be responsible for the position-

ing of the spindle poles in the center of the mother and

daughter cell. If this is correct, some spatial information

exists that affects the forces applied on the spindle poles.

It will be a fascinating future challenge to elucidate this

mechanism in U. maydis.

Kinesin-5 supports slow spindle elongation

In many other organisms, including the fungi S. cerevisiae

and S. pombe, anaphase is mediated by the bi-polar tetra-

meric kinesin-5, which localizes to the mid-zone (Hagan and

Yanagida, 1990), where it is thought to crosslink MTs

(Kashina et al, 1997). U. maydis contains a member of the

kinesin-5 family of proteins (Schuchardt et al, 2005).

Temperature-sensitive kin5ts single and dyn2tskin5ts double

mutants arrest in early mitosis, which suggests that Kin5

generates outward forces in anaphase A. Interestingly, in

dynein mutants internal forces elongate spindles up to

8 mm, which corresponds well with the localization of Kin5

at the mid-zone of anaphase B spindles. This indicates that

kinesin-5 not only provides outward forces for anaphase A

but also cooperates with dynein during rapid anaphase B

(Figure 9). Surprisingly, spindles still elongate in the dyn2ts

kin5ts double mutants. It is presently unclear whether this

reflects some residual activity of the temperature sensitive

kin5ts allele, or whether additional mechanisms participate

in spindle elongation.

Dynein supports anaphase B by exerting force and

reducing dynamic instability

Our data demonstrated that slow elongation in

anaphase occurs independently of dynein, while anaphase

B requires dynein, as well as dynactin. Consequently,

we found that dynein was absent from short spindles,

and only transiently appeared at the plus-ends of astral

MTs when the spindle rotated. However, dynein accumulated

at MT tips when long astral MTs formed at the onset of

anaphase B. These long distal MTs carried the most dynein,

were less dynamic, and slid along the cortex. It has been

Figure 8 ‘Off-loading’ of dynein during cortical sliding of astral MTs in U. maydis. (A) Mitotic cell of strain FB2GT, illustrating the sliding event
shown in Figure 7B. Bar: 5 mm. (B) Dynein behavior during cortical MT sliding in strain FB2R3Dyn1_GT. RFP3-Dyn1 initially localizes to the tip
of a GFP-labeled distal MT (GFP-Tub1). Arrowheads mark stationary dynein. Elapsed time in seconds is indicated. Bar: 3mm. (C) In this
example, the dynein complex is double tagged with GFP fused to the N-terminus of the endogenous Dyn1, and MTs are labeled by RFP-a-
tubulin. Some dynein appears to be ‘off-loaded’ at the cortex and the MTslides along this signal (arrowheads) (strain FB2G2Dyn1_RT). Elapsed
time in seconds is indicated. Bar: 1mm.
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previously described that dynein regulates interphase

MT dynamics in U. maydis (Adamikova et al, 2004). It is

therefore likely that dynein also modifies mitotic MTs and

thereby participates in the formation of the distal, long MTs.

This idea is supported by the observation that dynein mu-

tants fail to establish long distal MTs, but nucleate numerous

highly dynamic MTs that cannot establish contact with the

cellular cortex. Thus, we conclude that dynein supports

anaphase in two ways: (1) It modifies MT dynamics in

order to establish a distal MT and (2) it mediates spindle

elongation and positioning by pulling on these MTs.

Consequently, dynein mutants fail to segregate their chromo-

somes, accumulate nuclei, which finally leads to death

(Straube et al, 2001). Presently, the role of dynein in modify-

ing MT dynamics in anaphase is not understood. However,

the importance of this function is illustrated by the observa-

tion that chemical stabilization of MTs by low concentration

of benomyl (1–1.5 mM; Adamikova et al, 2004) partially

overcomes the lethal chromosome segregation defect (our

unpublished results).

The dynein signal at plus-ends is dynamic and

off-loaded during sliding

In S. cerevisiae, dynein positions the spindle in the neck

region (Yeh et al, 2000). It has been suggested that this is

achieved by an ‘off-loading’ mechanism, in which dynein

located at the plus-end is taken to the cortex, where it

becomes activated and off-loaded (Lee et al, 2003; Sheeman

et al, 2003). While anchored at the cell cortex, the minus-end

directed transport activity of dynein exerts force on the astral

MT, thereby pulling on the MT. In U. maydis, dynein also

concentrated at the tip of the sliding distal MT, and we found

evidence for a dynamic rearrangement of dynein during

sliding. It has been reported that organelles show rapid bi-

directional transport along astral MTs in mitosis (Aist and

Bayles, 1991), which raises the possibility that part of the

dynein departure is due to retrograde membrane traffic.

However, we also find that dynein remains stationary at the

cortex during MT sliding. This observation clearly supports

the ‘off-loading’ concept and suggests that the same mechan-

ism supports cortical MT sliding during rapid spindle elonga-

tion in anaphase B in U. maydis.

Different mechanisms of fungal spindle elongation

depending on cell length

Much of our knowledge about the role of motors in anaphase

comes from studies on the yeasts S. cerevisiae and S. pombe.

In both yeasts, kinesin-5 powers slow elongation of the

anaphase spindle (Hagan and Yanagida, 1990; Hoyt et al,

1992), whereas dynein has no obvious role in anaphase

(Saunders et al, 1995; Yeh et al, 1995). In U. maydis, initial

spindle elongation is also slow and requires kinesin-5, in-

dicating that a kinesin-5-based mechanism is generally used

to in fungal anaphase. However, in contrast to both yeasts,

spindle elongation in U. maydis requires dynein pulling on

astral MTs. This is reminiscent of the situation in D. melano-

gaster (Sharp et al, 2000) and C. elegans (Tu Nguyen-Ngoc

and Pierre Gönczy, personal communication), which sug-

gests that a role of dynein in spindle elongation has been

evolutionarily conserved in animals and fungi. But why was

this mechanism lost in S. cerevisiae and S. pombe? An

obvious difference between U. maydis and both yeasts is

Figure 9 Motors in anaphase in U. maydis. In anaphase A, slow spindle elongation is supported by internal forces that might be generated by
kinesin-5 localized at the mid-zone. Kinesin-5 also accumulates at the cell poles. Astral MTs in anaphase A are short and no dynein is located at
their ends, except during rare rotational motion. When the spindle reaches a length of 1.5–2mm, long astral MTs appear that carry dynein at their
plus-end. Interestingly, more dynein is found at the tip of MTs that extend into the mother, which nicely corresponds to the faster velocity of
spindle halves moving into the mother after laser dissection. Both spindle halves occasionally undergo bidirectional motility, which indicates
that counteracting forces are applied on each individual spindle pole (blue arrows). The appearance of long astral MTs coincides with a four-fold
increase in spindle elongation rate in early anaphase B. Dynein mutants fail to establish long distal MTs and the elongation rate does not increase,
which suggests that dynein pulls on the spindle poles. In addition, kinesin-5 localizes at the mid-zone in anaphase B and seems to support
spindle elongation up to 7–8mm in dynein mutants, which indicates that it participates in spindle elongation. Kinesin-5 then disappears from the
mid-zone, while dynein still pulls on the poles in late anaphase B. Note that additional forces might participate in anaphase A (indicated by ?).
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the cell size. Mitotic cells of S. cerevisiae have an average

length of 11.5 mm (our own unpublished data) and S. pombe

reaches 13.2 mm (Mitchison and Nurse, 1985). Both yeasts

form spindles of 8–13 mm in length and are in anaphase for

8–10 min (Yeh et al, 1995) or 8.6 min (Hagan and Yanagida,

1990). In contrast, U. maydis cells reach at average cell length

of 31mm (our own unpublished data), which requires a

spindle length of at least 20–25mm in order to segregate

the DNA. Consequently, a slow kinesin-5-based elongation

mechanism would keep the cell in anaphase for at least

15–17 min. The use of dynein significantly accelerated ana-

phase, as this phase lasts only B3.5 min (Straube et al, 2005).

Although the gain in time is just B11–13 min, this results in

an B9–10% decrease in doubling time, which might be a

significant advantage in the competition for resources. In

other words, it is possible that the larger dimensions of

U. maydis cells are responsible for the conservation of the

use of dynein in spindle elongation.

Materials and methods

Strains and plasmids
The genotypes of the U. maydis strains and plasmids used in this
study are summarized in Table I. Strains FB1GT and FB2GT contain
an ectopic copy of GFP-a-tubulin (Steinberg et al, 2001). In strains
FB2rGFPTub1, FB2rDya1_GT and FB1rDyn2_GT expression of GFP-
a-tubulin fusion protein, the dyn2 gene which encodes the C-
terminal half of the dynein heavy chain (Straube et al, 2001) or the
p150 subunit of the dynactin complex (Lenz et al, 2006) was under
the control of the glucose-repressible crg promoter (Bottin et al,
1996). Dynein was visualized fusing triple RFP (FB2R3Dyn1_GT) or
a double GFP (FB2G2Dyn1_RT) to the 50 end of the endogenous
dyn1 gene, which encodes the N-terminal half of the dynein heavy
chain (Straube et al, 2001). In addition, MTs were labeled by ectopic
expression of GFP-a-tubulin or RFP-a-tubulin. Strain FB2G3Kin5
contained a triple GFP tag fused to the N-terminus of the
endogenous kin5 gene. Chromosome separation in early anaphase
was monitored using genomic DNA labeled with histone-4 fused to
cyan-shifted fluorescent protein (CFP); MTs were labeled with
yellow-shifted fluorescent protein (YFP)-a-tubulin (FB1H4C_YT;
Straube et al, 2005). The conditional mutant strain FB1Dyn2ts_GT
(Adamikova et al, 2004) contains a temperature-sensitive mutant
allele of dyn2 (Wedlich-Soldner et al, 2002). Strains AB33Kin5ts_GT,
FB1Kin5ts_Tub2G and FB1Dyn2ts_Kin5ts_GT were generated by
introducing a point mutation (R210K) by PCR in the motor domain
of kin5; this mutation confers temperature sensitivity to CIN8 of S.
cerevisiae (Gheber et al, 1999). All genomic (homologous) integra-
tions were confirmed by Southern blot analysis. DNA isolation and
construction of plasmids followed standard protocols. U. maydis
was transformed as described previously (Schulz et al, 1990).

Growth conditions
Strains were cultivated at 281C on solid medium containing 2% (w/v)
bacto-agar and supplemented with 1% glucose or 1% arabinose.
For light microscopy, strains were grown overnight at 281C in liquid
complete medium (CM; Holliday, 1974) supplemented with 1%
glucose (CM-G) or 1% arabinose (CM-A) with shaking at 200 r.p.m.
For repression of the inducible crg promoter in strains FB2rGT,
FB1rDyn2_GT and FB2rDya_GT, cells were either grown over night
in CM-A and shifted for 28–36 h in CM-G or directly inoculated in
CM-G. Temperature-sensitive dynein and kinesin-5 strains were
grown in CM-G at 200 r.p.m. at 22 and 161C, respectively. Motors
were inactivated by shifting mutant cells to 321C for 2–4 h.

Light microscopy and speckle analysis
Exponentially growing cells were placed on a 2% agar cushion and
immediately observed using a Zeiss Axioplan II imaging microscope
(Oberkochen, Germany) and fluorescent filters as previously
described (Straube et al, 2005). In co-localization experiments,
image sequences of 30–40 frames were taken at an exposure time of
800–900 ms. For the observation of dynamics and sliding of GFP-a-
tubulin-labeled MTs, images series of 60–120 frames at 500 ms were
taken. A CoolSNAP-HQ CCD camera (Photometrics, Tucson, Ariz.,
USA) controlled by the imaging software Metamorph (Universal
Imaging, Downingtown, PA, USA) was used.

Speckle analysis was performed as described (Straube et al, 2006).
Briefly, strain FB2rGFPTub1 (Steinberg et al, 2001) was grown in
CM-A, in which cells expressed an additional copy of a-tubulin fused
to GFP under the control of the crg promoter. After shift to CM-G, the
glucose in the medium represses the expression of the fusion protein,
leading to a gradual decrease in the amount of the protein in the cells.
This leads to speckles within the MT after B4 h.

Microtubule surgery
Microtubules were severed as previously described (Colombelli
et al, 2004) using a pulsed UV laser coupled to a conventional
inverted Zeiss microscope (Oberkochen, Germany). MT breakage
was induced by an energy pulse of 50–200 nJ and a linear density
distribution of laser pulses of 5.5 pulses per micron along the
manually defined laser line path and a laser frequency ranging from
100 to 1000 Hz.

Quantitative analysis
Microtubule length changes during MT sliding were measured in
image sequences of 40–60 frames. Microtubule dynamics was
quantitatively analyzed as described previously (Steinberg et al,
2001). Metamorph software was used to measure the fluorescence
signal of RFP-Dyn2 at the astral MT plus-end in images taken at the
same exposure time and light intensity. MT plus-ends were
determined in randomly taken images sequences; dynein intensities
at these MT tips were measured only in the first image in order to
avoid bleaching artifacts. ‘Off-loaded’ stationary dynein signals
were counted as such if no motion was observed for at least three
frames of MT sliding, and their intensity was determined in the first
frame. Elongation rates were measured on GFP-a-tubulin-labeled
spindles at different time points in images series of 30 s duration.
These data were summarized in a graph and analyzed by linear
regression using the software PRISM (GraphPad, San Diego, CA,
USA). Speckles were also line-scan analyzed using Metamorph. All
images were processed and brightness, contrast and gamma values
were adjusted using Metamorph and Adobe Photoshop. Statistical
analysis by two-tailed t-test at a¼ 0.05 and linear regression was
carried out using PRISM (GraphPad). All values are given as
means7standard deviation unless otherwise stated.

Staining procedures
CFP-labeled histone-4 and YFP-tagged spindles were used for
correlating chromosome separation and spindle length. Cells were
mildly fixed with formaldehyde (stock solution 16%, EM-grade,
Polyscience) added to growing cultures to a final concentration of
1%. This treatment preserved the GFP-label on the MTs. DNA was
stained with DAPI as previously described (Straube et al, 2001).
Colocalization studies of GFP-g-tubulin and MTs were performed by
immunofluorescence as previously described (Steinberg et al, 2001).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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