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Fig. 9. Klc and Glued are necessary for Kinesin and Dynein to regulate nuclear dynamics, respectively. (A) Kymographs showing separation of the
dorsal and ventral nuclear clusters within a single LT muscle of late stage 15 (13 hours AEL) embryos of the indicated genotypes. (B) The average speed at
which the dorsal and ventral clusters of nuclei separate. Error bars are s.d. from 20 movies from at least five embryos. (C) The translocation velocity of
individual nuclei in the indicated genotypes. (D) Kymographs of individual translocating nuclei in the indicated genotypes with all nuclei moving upward. Yellow
solid lines indicate the leading edge of the nucleus and highlight leading edge dynamics. Yellow dashed lines complete the perimeter of nuclei at individual time
points and are combined with the yellow solid lines to produce the shape illustrations shown to the right that highlight shape changes over time. (E) The aspect
ratios for each of five translocating myonuclei were measured and plotted over time for the indicated genotypes for visual comparison. The nuclei in Klc8ex94

(black) and Glued RNAi (gray) maintain their shapes, unlike those in controls, which dynamically change (red). (F) The average maximum and minimum aspect
ratio of myonuclei as they translocate for between 20 minutes and 1 hour. (G) The number of shape changes that individual myonuclei undergo. Values were
calculated by following individual myonuclei as they moved for between 20 minutes and 1 hour. For B,C,F,G, error bars represent the s.d. from the
measurement of 100 individual nuclei from five embryos; **P<0.01, compared with control. (H) Kymographs of nuclei that change direction in the indicated
genotypes. Arrows indicate puncta that maintain their relative positions in Klc8ex94 and Glued RNAi embryos, similar to the Khc8 and Dhc64C4-19 mutants shown
in Fig. 5B. Asterisks indicate additional nuclei within the field of view. Brackets indicate translocation relative to additional nuclei. (I) The percentage of nuclei
that change direction in the indicated genotypes. Error bars represent s.d. for 250 nuclei in 20 embryos from three independent experiments. **P<0.01,
compared with control. Scale bars: 5 μm in A; 2 μm in D,H. D
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way to efficiently regulate cellular and tissue development within
strict time constraints. It seems likely that the constraints of
development necessitate the layering of mechanisms to make
necessary processes plastic, yet robust. Using the same factors in
multiple ways allows the cell to conserve energy at the level of gene
regulation and provides an environment in which slight variations
in the concentrations of individual proteins will not be catastrophic.
We have described a biological setting in which this means of
regulation enables muscle cells to rapidly respond to environmental
pressures such that they can efficiently organize their cytoplasm
within the time constraints imposed by development.

MATERIALS AND METHODS
Drosophila genetics
The following stocks were grown under standard conditions: apME-
NLS::dsRed (Richardson et al., 2007), Dhc64C4-19 (Gepner et al., 1996),
Khc8 (Brendza et al., 1999), CLIP-190KG06490 (Bloomington Drosophila
Stock Center, 14493), raps193 (Parmentier et al., 2000), Klc8ex94 (Gindhart et
al., 1998), UAS-Glued RNAi (Vienna Drosophila RNAi Center, v3785),
UAS-EB1-eYFP and UAS-EB1-GFP (Rogers et al., 2008) and UAS-GFP-
Glued(3) (Bloomington Drosophila Stock Center, 29983). Mutants were
balanced and identified using CTG (CyO, twi-Gal4, UAS-2xeGFP), TTG
(TM3, twi-Gal4, UAS-2xeGFP), TM6B, CyO P[w+wgen11lacZ].

Immunohistochemistry
Stage 16 embryos were collected at 25°C and fixed with 4% EM-grade
paraformaldehyde (Polysciences, 00380) diluted in PBS (Roche,
11666789001) with 50% heptane. Stained embryos were mounted in
ProLong Gold (Invitrogen). Antibodies were preabsorbed (PA) where noted
and used at the following final dilutions: rabbit anti-dsRed (PA, 1:200;
Clontech, 632496), rat anti-Tropomyosin (PA, 1:500; Abcam, ab50567),
mouse anti-GFP (PA, 1:200; Clontech, 632381), mouse anti-DHC (1:50;

Developmental Studies Hybridoma Bank), mouse anti-Tubulin (1:500;
Sigma, T9026) and rabbit anti-Khc (1:200; Cytoskeleton, AKIN01). We
used Alexa Fluor 488-, Alexa Fluor 555- and Alexa Fluor 647-conjugated
fluorescent secondary antibodies (1:200; Invitrogen). Fluorescent images
were acquired on a Leica SP5 laser-scanning confocal microscope equipped
with a 63× 1.4 NA HCX PL Apochromat oil objective and LAS AF 2.2
software. Maximum intensity projections of confocal z-stacks were rendered
using Volocity Visualization software (Improvision) and further processed
in ImageJ (NIH).

Immunofluorescence intensity quantification
For Kinesin and GFP-Glued, embryos were collected and fixed with 4%
paraformaldehyde diluted 1:1 in heptane for 20 minutes; antibody
incubations were performed in PBS supplemented with 1% BSA and 0.3%
Triton X-100. For Dynein, embryos were fixed and stained as previously
described (Folker et al., 2012). For both sets of data 2 μm stacks were
acquired with a 0.25 μm step size, and projections of these stacks were
rendered using Volocity Visualization software and further processed and
analyzed in ImageJ. The section of the muscle that was imaged was chosen
solely by examination of the nuclear signal and was central within the
muscle to limit interference from the overlying and underlying tissues.
Regions used for linescans were chosen by looking only at the signal from
the nuclear immunofluorescence and then transferring that region to the
appropriate Dynein, Kinesin or GFP-Glued image for analysis. Histograms
indicate average values from 30 linescans that were obtained from 15
embryos from three independent experiments.

Nuclear position and muscle length measurements
Analysis was identical to that described previously (Folker et al., 2012).

Live embryo imaging and analysis
Embryos were harvested at 25°C and dechorionated with 50% bleach for 4
minutes. Embryos were then mounted on a gas-permeable membrane in
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Fig. 10. Model for the movement of muscle nuclei toward
muscle poles. Myonuclear translocation depends on at least two
Kinesin- and Dynein-dependent pathways. The first pathway acts
from the cortex and is depicted in steps 1-5. (1) Kinesin transports
Dynein to the muscle pole. (2) At the pole, Dynein is anchored by
Raps. (3) In a CLIP-190-dependent manner, MTs interact with the
muscle pole. (4) Dynein that is anchored at the pole pulls on the
CLIP-190-dependent MTs. (5) Because Dynein is stably attached to
the muscle pole and the MT minus-ends are attached to the nucleus,
the nuclei are moved toward the muscle pole. Additionally, in a
second pathway, (6) Kinesin stretches the leading edge of the
translocating nucleus and (7) Dynein releases the trailing edge of the
nucleus. These functions result in nuclei that dynamically change
morphology during translocation, maximizing their ability to move
under the temporal constraints of development.

Table 1. Summary of nuclear dynamics in the tested genotypes
Genotype Nuclear position Separation speed Velocity Shape Unidirectional movement Reorientation

Control Normal 5.3±0.8 6.4±2.6 Dynamic Yes Yes
Dhc64C4-19 Defect 3.6±1.2** 2.9±1.3** Elongated No No
Khc8 Defect 3.5±1.8** 3.0±1.4** Spherical No No
Khc8/+; Dhc64C4-19/+ Defect 4.7±1.1 5.9±2.6 Dynamic Yes Yes
raps193 Defect 4.4±0.9* 5.4±1.9* Dynamic Yes Yes
CLIP-190KG06490 Defect 4.2±1.1* 5.2±1.8* Dynamic Yes Yes
Klc8ex94 Defect 3.4±1.7** 3.9±1.7** Spherical No No
Glued RNAi Defect 3.7±1.7** 4.1±2.3** Elongated No No

*P<0.05, **P<0.01, compared with control.
Speed and velocity are given in μm/hour (± s.d.). D
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halocarbon oil (Halocarbon Products, Series 700, 9002-83-9) and imaged on
a Leica SP5 confocal microscope using a 1.4 NA HCX PL Apochromat oil
objective and LAS AF 2.2 software. For imaging nuclear translocation,
shape changes and nuclear rotations, z-stacks were acquired through all of
the LT muscles within three hemisegments at a frame rate of 1 every 30
seconds. Embryos for EB1 imaging were prepared similarly and imaged
with the same hardware. However, EB1 was imaged within relatively flat
portions of the LT muscles such that z-stacks through the entire depth of the
muscle could be acquired in the 6-second frame rate.

EB1 quantification
All quantifications of EB1 and nuclear movements and morphology changes
were performed by hand using measurement functions in ImageJ. The
number of EB1 comets was counted in a field of fixed size. The speed of
EB1 comets was determined by tracking the position of individual comets
over time (≥1 minute) and determining their displacement per unit time.
Only comets that could be tracked for a full minute (ten frames) were used
in this analysis. Direction of EB1 comets was determined separately within
either the central region of the muscle or the end of the muscle. These data
were quantified for 10 minutes per movie for each of five movies from five
stage 15 embryos. Trajectory images were made by summing three
consecutive frames and then overlaying the resultant images in a red-green-
blue sequence using ImageJ.

Nuclear translocation speed
Nuclear separation speed was determined by measuring the distance between
the dorsal and ventral clusters of nuclei at t=0 and t=1 hour and determining
the increased distance between the two clusters. The speed of individual nuclei
was obtained by tracking individual nuclei as they moved relative to a fixed
position in the embryo over the course of 10 minutes. One hundred individual
nuclei from five embryos were assayed for each genotype.

Nuclear directionality and rotations
For nuclear rotation and direction change frequencies, 250 myonuclei were
examined and each myonucleus was counted once. Myonuclei that rotated,
stopped, and then rotated again were counted as one rotating myonucleus.
A nucleus was judged to have changed direction if it persistently moved a
distance of at least one nuclear radius in the direction opposite to its previous
direction of translocation. With respect to directionality, the leading edge of
a nucleus was defined as the edge of the nucleus furthest in the direction of
translocation.

Nuclear shape changes
The aspect ratio of myonuclei was determined by dividing the length of the
dorsal-ventral axis by the length of the anterior-posterior axis of a
myonucleus using ImageJ. Aspect ratios were considered to change with
respect to Fig. 4E, Fig. 7G and Fig. 9G if the ratio changed by ≥0.7. Two
hundred and fifty myonuclei were examined and at least 80% exhibited the
behavior that is noted.

Statistics
All statistics were performed using Prism 4.0 (Graphpad). Unless otherwise
noted, P-values were determined by Student’s t-test.
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Movie 1: Microtubule organization is normal in Khc8 and Dhc64C4-19 mutant embryos

EB1-eYFP was expressed in control and Dhc64C4-19 mutant embryos and EB1-GFP was expressed in Khc8 mutant embry-
os. Movies are projections taken through the entire lateral transverse muscles at a rate of 1 stack/6 s. Number, direction and 
speed of comets are similar in each genotype.

Movie 3: Nuclear U-turn

The apRed transgene (Richardson et al., 2007) was used to visualize nuclei moving in stage 15 embryos. This movie is of 
nuclei in a control embryo. Notice that the nucleus on the left changes direction by moving its trailing edge to the opposite 
side of the leading edge before moving toward the bottom of the movie.

Movie 2: Changes in nuclear direction

The apRed transgene (Richardson et al., 2007) was used to visualize nuclei moving in stage 15 embryos. Movies are pro-
jections of images taken through the lateral transverse muscles and correspond to the montages shown in Fig. 4B. Geno-
types from left to right are Control, Khc8/+; Dhc64C4-19/+, Dhc64C4-19, Khc8, Glued RNAi and Klc8ex94. Notice that in Control 
and Khc8/+; Dhc64C4-19/+ embryos nuclei rotate and maintain the same leading edge during the change in direction whereas 
in Dhc64C4-19, Khc8, Glued RNAi and Klc8ex94 mutant embryos the direction changes are not accompanied by nuclear reori-
entation.

http://www.biologists.com/DEV_Movies/DEV095612/Movie1.mov
http://www.biologists.com/DEV_Movies/DEV095612/Movie2.mov
http://www.biologists.com/DEV_Movies/DEV095612/Movie3.mov

