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Abstract

The nematode Caenorhabditis elegans uses striated muscle in its body wall for locomotion. The
myofilament lattice is organized such that all the thin filament attachment structures (dense bodies,
analogous to Z-disks) and thick filament organizing centers (M-lines) are attached to the muscle
cell membrane. Thus, the force of muscle contraction is transmitted through these structures and
allows locomotion of the worm. Dense bodies and M-lines are compositionally similar to focal
adhesions and costameres, and are based on integrin and associated proteins. Null mutants for
many of the newly discovered dense body and M-line proteins do not have obvious locomotion
defects when observed casually, or when assayed by counting the number of times a worm moves
back and forth in liquid. We hypothesized that many of these proteins, located as they are in
muscle focal adhesions, function in force transmission, but we had not used an appropriate or
sufficiently sensitive assay to reveal this function. Recently, we have developed a new quantitative
assay of C. elegans locomotion that measures the maximum bending amplitude of an adult worm
as it moves backwards. The assay had been used to reveal locomotion defects for null mutants of
genes encoding ATN-1 (a-actinin) and PKN-1 (protein kinase N). Here, we describe the details of
this method, and apply it to 21 loss of function mutants in 17 additional genes, most of which
encode components of muscle attachment structures. As compared to wild type, mutations in 11
genes were found to have less ability to bend, and mutations in one gene were found to have
greater ability to bend. Loss of function mutants for eight proteins had been reported to have
normal locomotion (ZY X-1(zyxin), ALP-1 (Enigma), DIM-1, SCPL-1), or locomotion that was
not previously investigated (FRG-1 (FRG1), KIN-32 (focal adhesion kinase, LIM-8), or had only
slightly decreased locomotion (PFN-3 (profilin)).
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INTRODUCTION

The sarcomere is the fundamental unit of muscle contraction. Hundreds of proteins need to
be precisely assembled into this highly organized structure. New components of the
sarcomere are discovered each year. Despite this cataloging, we have a poor understanding
of the assembly, maintenance, and function of most of these proteins.

The nematode C. elegans is an excellent system for investigating muscle biology. This is
due to its facile (forward and reverse) genetics, availability of many mutants, and transparent
body (which enables evaluation of muscle structure by polarized light and localization of
green fluorescent protein (GFP) tagged proteins)[1-4]. Many components of the C. elegans
sarcomere and its membrane-extracellular matrix (ECM) attachment structures have been
defined and most were first identified through mutations. Most of the mutants fall into one
of two phenotypic classes: the “Unc” class (uncoordinated movement) comprising 40 genes
[5,6], and the “Pat” class (paralyzed arrested at two-fold stage in embryonic development)
comprising 20 genes [7,8].

In C. elegans, the body wall muscle is essential for its locomotion. The sarcomeric region is
restricted to a narrow ~1.5 um zone adjacent to the cell membrane along the outer side of the
muscle cells [1] (Fig. 1A). All of the Z-disk-like structures (called dense bodies) and M-
lines are anchored to the muscle cell membrane via integrin containing focal adhesions [2—
4]. In this way, the force of muscle contraction is transmitted directly through the muscle
cell membrane, the ECM, overlying hypodermis and cuticle to outside the worm. Over the
past 8 years, it has been reported that multiple protein complexes link the ECM to thick
filaments at the M-line in C. elegans (Fig. 1C): Concentrated at the base of M-lines is
UNC-52 (perlecan), where it presumably interacts with the extracellular portions of PAT-2
(a-integrin) and PAT-3 (B-integrin) embedded in the muscle cell membrane. The
cytoplasmic tail of PAT-3 (B-integrin) is associated with a complex of four conserved
proteins (UNC-112 (Kindlin), PAT-4 (integrin linked kinase, ILK), PAT-6 (Actopaxin) and
UNC-97 (PINCH)) [9-11]. UNC-97 links to myosin in thick filaments through four different
complexes: via UNC-98, via LIM-9 (FHL) and UNC-96, via LIM-8, and via UNC-95 and
LIM-8 [12-14]. Similar progress is being made in defining a dense body protein interaction
matrix that explains linkage of the muscle cell membrane to thin filaments (Fig. 1B) [15].
Like the M-line, at the dense body, the integrin tail is associated with the UNC-112/PAT-4/
PAT-6/UNC-97 four-protein complex. In addition, there is a three-protein complex
consisting of CeTalin/DEB-1 (vinculin)/ATN-1 (a-actinin) that is specific for dense bodies,
and Z-disks in other animals. An interesting feature of what we know about the dense body
interacting proteins is that there is a molecular linkage between the UNC-112 four-protein
complex, and the CeTalin three-protein complex. The linkage consists of the intermediary
proteins, UIG-1 (a Cdc42 GEF) and PXL-1 (paxillin)(Fig. 1B). Such a linkage between
these two protein complexes has not been described before in any other system. Finally,
although for the nematode dense body, the molecular linkage to thin filaments has not yet
been clarified, it is most likely through ATN-1 (a-actinin) and DEB-1 (vinculin), as these
are well-known F-actin binding proteins in other systems.

Null mutants for many of these newly discovered M-line and dense body proteins do not
have locomotion defects when observed casually or when assessed by a conventional
motility assay in which the number of times a worm moves back and forth in liquid are
counted [16]. We hypothesize that these proteins, located as they are at muscle focal
adhesions function in force transmission, but an appropriate assay was not used to reveal
their functions. Recently, we have applied a new, more quantitative assay of nematode
locomotion and used it to define a motility defect for a mutant that had previously been
thought not to have one. This assay measures the maximum amount of bending the adult
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worm makes as it moves backwards upon anterior mechanical stimulation. Our test case for
the assay was the null mutant of the single a-actinin gene in the nematode, atn-1 [17].
atn-1(ok84) null mutants have abnormally short and broad dense bodies and yet display
normal movement on an agar surface by casual observation, and normal swimming in liquid.
In contrast, our assay showed that this mutant has a reduced ability to bend as compared to
wild type [17]. The bending aspect of locomotion was restored to wild type levels in mutant
animals carrying integrated copies of the wild type atn-1 gene. Thus, the loss of a-actinin, a
major component of dense bodies, results in nematodes that are less able to bend, perhaps
because they transmit the force generated by myosin/actin interaction, less efficiently. This
reduced ability to bend is not specific to loss of function of a-actinin, as we have recently
reported that mutations in pkn-1 also show this phenotype [18]. pkn-1 encodes the nematode
ortholog of protein kinase N (PKN). Either loss of function by RNAI or genomic deletion, or
overexpression of the kinase domain of PKN-1 in muscle, results in a “loopy Unc
phenotype”, in addition to reduced maximal bending [18]. A GFP fusion of PKN-1 (residues
1-138) is localized to dense bodies and M-lines. Vertebrate PKN is known to interact with
a-actinin [19].

Curiously, when we measured the maximum wave amplitude as adult worms moved
forwards, we could not discern a difference between wild type and atn-1(ok84)(Gina
Cremona, J. Stirman and H. Lu, unpub. data). We hypothesize that the worm may exert
more force and power when moving backwards during an escape behavior (e.g. upon
anterior touch) than moving forwards (e.g. during foraging). If so, there may be both an
anatomical and ecological/evolutionary explanation. The body wall muscles are organized
into 4 quadrants containing two rows of spindle-shaped cells in each quadrant. In the front
half of the animal, the cells in each quadrant are arranged almost in pairs, whereas in the
back half of the animal, the cells are organized in a more alternating fashion. Therefore, two
thirds of all the muscle cells are located anterior to the vulva [20]. Initiation of backward
movement begins with a wave of contraction in the anterior half of the animal; therefore,
more force may be generated during backward movement. Another possibility is that C.
elegans has been selected to exert its maximum initial force and speed in the reverse
direction to escape from predatory fungi that use inflatable constricting rings to trap
nematodes [21].

In this paper, we describe more fully the new assay and apply it to 21 loss of function
mutants in 17 additional muscle genes, many of which had no previously reported motility
defects. These genes encode proteins that are known, or are suspected to be, localized to
muscle attachment structures (dense bodies and M-lines). Mutations in 11 of these genes
were found to have less than wild type maximum bending amplitude when in reversal.
Mutations in one gene, were found, remarkably, to have a greater than wild type ability to
bend.

MATERIALS AND METHODS

C. elegans strains

Nematodes were obtained from the Caenorhabditis Genetics Center and from the Mitani lab
at Tokyo Women’s Medical University School of Medicine. N2 (Bristol) was the wild type
strain. The following strains had been outcrossed to wild type to remove background
mutations: dim-1(ral102), unc-82(e1323), unc-95(su33), atn-1(ok84), lim-8(ok941),
unc-98(sf19), unc-96(sf18), zyx-1(gk190), unc-89(tm752), and unc-89(su75). Although the
scpl-1 and lim-9 mutants had not been outcrossed, similar bending assay results were
obtained for two independently isolated alleles of each gene (hyper-bending for
scpl-1(gk283) and scpl-1(0k1080), and hypo-bending for lim-9(gk210) and lim-9(gk106)).

Methods. Author manuscript; available in PMC 2013 January 1.
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Assay Preparation

The Assay

Analysis

All strains of C. elegans were grown at 20° C using a standard protocol on NGM (Nematode
Growth Medium) agar plates seeded with E. coli strain OP50 [22]. Plates used for the assay
were 2.1% NGM plates without bacteria growing on them. The plates were allowed to dry
for at least 48 hours in a laminar hood after pouring and up to two weeks after date of
pouring. When assay plates were not being used they were stored upside-down at 4°C.
Plates were allowed to adjust to room temperature for at least 2 hours before being used.

Twenty young adult worms of each mutant strain were assayed together with 5 N2
(wildtype) worms each time the assay was conducted. N2 was tested along with each mutant
strain on the same lot of plates and at the same time to ensure the plate’s age, the humidity,
slight variance in temperature, the plate’s moisture, and other various factors are controlled
for. No less than five worms of a specific strain were picked by an individual not performing
the assay, and transferred to an assay plate labeled with a random integer 1-5. This was
repeated three more times with each plate being labeled a different integer. No less than five
N2 worms were picked in the same manner onto a plate labeled with the remaining number
1-5. The plate numbers and corresponding strain were recorded. The strain being tested, and
which plate contained wild-type, were not revealed to the individual performing the assay to
ensure the individual would not bias the results.

A ZEISS Stemi SV 6 dissecting microscope and a THORLABS DCC1545M microscope
camera were used to record the worm’s movement on an assay plate. The camera was
attached to the microscope via a 0.5x c-mount. Videos were recorded using the THORLABS
video acquisition program (uc480 viewer). The illumination was adjusted to provide
maximum contrast between the worms and the assay plate. Worms were picked individually
onto an assay plate and allowed to crawl freely for 2 minutes. After this time, the worm was
tapped gently on the head to induce reverse movement and the behavioral response was
recorded. To keep the worm in the field of view, the assay plate was gently moved with the
worm’s movement. The video capture was halted once the worm began to move forward
again. The worm was then allowed to crawl freely for one minute, and was then tapped and
recorded again in the same manner as before. This was repeated about five times for each
worm, each one minute apart. This entire process was repeated for each worm in the
population being assayed.

The videos were analyzed using a custom-written LabVIEW program that thresholds each
individual frame of the video to identify the worm from the background. A line (spline) was
then automatically fitted to the mid-body of the worm along the entire length of its body
[23], and we define the length of this line as “L” (Fig. 2D). The amplitude, “A”, of the curve
of the worm’s body was then calculated using the spline and was defined as the maximum
perpendicular distance from the spline to a line connecting the tip of the head to the tail. To
account for the differing body lengths of the worms, the ratio of the bend amplitude to body
length (“A/L") was calculated and recorded as the primary measurement for the worm’s
ability to bend. The maximum A/L value for each video clip of the worm moving backwards
was recorded and averaged with the same worm’s A/L value from the other video clips.
Maximum A/L values for all individual worms of the same genetic background were
averaged and reported.

Methods. Author manuscript; available in PMC 2013 January 1.
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Statistical Analysis

A Kolmogorov-Smirnov normality test was conducted on all of the mutants individually to
determine if the data were distributed normally. All of the data were then tested with a
Kruskal-Wallis one-way analysis of variance to determine if the mutants showed any
difference between samples. A Kruskal-Wallis one-way analysis of variance was used again
to determine if the N2 controls showed variation day-to-day. A Mann-Whitney U test was
used to perform pairwise comparisons between each mutant and its respective day-to-day
N2 control. The p-values resulting from this test are shown in Table 1 in the column, “p-
values when tested w/day-to-day controls”. A Mann-Whitney U test was also used to
perform pairwise comparisons between each mutant and all of the N2 maximum amplitude
to length ratios pooled together (n=130). The p-values resulting from this test are shown in
Table 1 in the column, “p-values when tested w/all N2”.

RESULTS AND DISCUSSION

A Kolmogorov-Smirnov normality test indicated that the data were not distributed normally
with a high degree of certainty (p<0.05 for all samples). For this reason, non-parametric
statistical analyses were used. A Kruskal-Wallis one-way analysis of variance showed there
was variation amongst N2 controls day-to-day with a p-value of 0.000. Because of this, a
Mann-Whitney U test was used to make pairwise comparisons between mutants and their
day-to-day control to account for this variation. The p-values for these pairwise comparisons
are recorded in Table 1 in the column labeled “p-values when tested w/day-to-day controls”.
A Mann-Whitney U test was also used to compare each mutant to all of the N2 maximum
amplitude to length ratios pooled together. The p-values for these pairwise comparisons are
recorded in Table 1 in the column labeled “p-values when tested w/all N2”. Except for three
mutants (pfn-3, unc-96, and lim-8), the results from the two methods of comparison, agree.
Fig. 3 shows the average maximum amplitude to length ratios for each mutant, for all of N2,
and whether these values from each mutant were statistically different from all of N2.

Mutations in 11 of 17 genes, in addition to the “positive controls” atn-1 and pkn-1, were
found to have less than wild type maximum bending amplitude (Fig. 3). Of these 11 genes,
four of them, unc-82, unc-95, unc-89 and unc-96 were previously described as having
reduced motility. unc-82 mutants were originally isolated during a screen for mutants having
a disorganized myofilament lattice by polarized light microscopy, and described as moving
“perceptibly slower” than wild type animals [5]. Thus, our observed defect in bending of the
null allele, unc-82(e1323), is not unexpected. unc-82 mutants display defects in localization
of thick filament and M-line components [24]. unc-82 encodes a set of polypeptides as large
as 1793 aa, with a protein kinase domain near its N-terminus, and is related to ARK5/
SNARK, PAR-1, and SNF1/AMP-activated protein kinase families [24]. UNC-82::GFP is
localized to the M-lines [24].

unc-95 mutants were originally isolated in a motility-requiring selection, and were described
as having disorganized sarcomeres by polarized light and electron microscopy, and as being
slow to paralyzed in movement [6]. Thus, as with unc-82 mutants, our observed defect in
bending of unc-95 mutants (detected in two mutant alleles, one of which is an intragenic
deletion), is not unexpected. UNC-95 is a novel protein with a single LIM domain at its C-
terminus [25], and is localized to M-lines, dense bodies, and muscle cell nuclei by a GFP
fusion [25], and M-lines and dense bodies by antibodies [14].

Our assay also demonstrated a bending defect for two mutant alleles of unc-89. unc-89
encodes a giant polypeptide located at the M-line [26—28], homologous to human obscurin.
In unc-89 mutants, by polarized light microscopy, the body wall muscle sarcomeres are
disorganized [5,27], with A-bands forming a “basket-weave” pattern. By electron
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microscopy, unc-89 mutants show a thinner sarcomeric region and usually lack M-lines
[5,29]. Despite the disruption in sarcomeric structure, casual observation of worms moving
on a plate cannot reliably distinguish unc-89 mutants from wild type. Nevertheless, using a
standard swimming assay, unc-89 mutants are slower than wild type (T. Tinley, T. Ferrara,
G. Benian, unpub. data). Thus, the observed reduction in maximal bending of unc-89
mutants is also consistent with the previously known reduction in swimming ability of these
mutants.

The original allele of unc-96, sul51, was isolated in the same motility-requiring selection, as
was performed to isolate a mutant in unc-95 [6]. By polarized light microscopy, unc-96
mutants display reduced myofibrillar organization and characteristic birefringent “needles”
at the ends of the muscle cell [6, 30]. unc-96 mutants show major defects in the organization
of M-lines, and in the localization of a major invertebrate-specific thick filament protein,
paramyosin [30]. unc-96 encodes a novel protein that is localized to M-lines and interacts
with UNC-98, paramyosin and CSN-5, a component of the COP9 signalosome complex [30,
31]. By the thrashing assay, the likely null allele of unc-96, sf18, displays an approx. 40%
reduction in motility as compared to wild type [30]. Thus, it was surprising that the bending
assay did not reveal a defect in bending, when the result was compared to the average of all
wild type results (Fig. 3). Nevertheless, when bending on sf18 was compared to bending of
wild type animals conducted on the same day and same plates, a statistically significant
difference was observed (Table 1).

Therefore, our new assay can detect a locomotion defect in mutants (unc-82, unc-95, unc-89,
and possibly unc-96) that are well-recognized to have an adult “Unc” phenotype. It was thus
unexpected for us to find that the maximal bending ability of unc-98(sf19) was not different
from wild type. This is in contrast to the fact that by swimming assay, unc-98(sf19)[12] is
significantly slower than wild type (30-40% reduction). Therefore, results with unc-98 and
possibly unc-96 mutants suggest that our new bending assay and the swimming (thrashing)
assay measure different aspects of nematode motility.

Remarkably, loss of function of one of the genes, scpl-1, represented by 2 mutant alleles
(gk283 and 0k1080), showed increased maximal bending ability. scpl-1 encodes a CTD-type
phosphatase localized to sarcomeric M-lines and 1-bands, and was isolated as a binding
partner for the protein kinase domains of UNC-89 [32]. It is certainly intriguing that loss-of-
function for these binding partners, UNC-89 and SCPL-1, have opposite phenotypes. gk283
and 0k1080 do not show any obvious defects in muscle structure, or in motility in a
swimming assay (our unpublished data). We can only speculate as to the mechanism by
which the scpl-1 mutants are hyper-bending. We know that in order for the worm to achieve
alternating sinusoidal locomotion, when the worm bends, the muscles within the bend
contract at the same time as muscles on the opposite side of the worm relax. Therefore, the
bending amplitude is a sum of these two activities. Thus, the hyper-bending of scpl-1
mutants might result from either increased contraction of the bending muscles, or increased
relaxation of the opposite muscles. The fact that unc-89 and scpl-1 mutants have opposite
phenotypes, and unc-89 mutants, with their disorganized myofibrils are less able to generate
or transmit force, suggests that hyper-bending of scpl-1 is due to increased relaxation.

Mutants in the zyx-1, frg-1, alp-1, kin-32, pfn-3, and lim-8 genes, were also found to be
bending-defective. These genes encode, respectively, zyxin, FRG-1 (ortholog of a candidate
protein involved in human FSH muscular dystrophy), ALP-1 (Enigma homolog), KIN-32
(focal adhesion kinase, FAK), PFN-3 (one of three profilins), and LIM-8 (a LIM domain
protein). All of these proteins are known or suspected to be located at dense bodies or I-
bands, and most are known or suspected to function with a-actinin. a-actinin, a well studied
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F-actin crosslinking protein, is a major component of nematode dense bodies and vertebrate
muscle Z disks [33,17].

A ZYX-1-GFP fusion has been shown to localize to dense bodies, M-lines and muscle cell
nuclei [34]; ZY X-1 interacts with ATN-1 via a 2-hybrid assay (H. Qadota and G. Benian,
pers. comm.). Antibodies to FRG-1 localize to dense bodies, and FRG-1 is mis-localized in
atn-1(ok84)[35]. ALP-1-GFP fusion proteins are localized to dense bodies, cell-cell
junctions and muscle cell nuclei [36]. Antibodies to ALP-1 localize to dense bodies, co-
localizing with a-actinin, but not vinculin; in atn-1(ok84), ALP-1 is not restricted to dense
bodies. A putative null intragenic deletion allele of zyx-1, zyx-1(gk190) was reported to have
“no obvious behavioral phenotype” [34]. A loss-of-function mutant for frg-1 was not
described in the study on the frg-1 gene by Liu et al. (2010)[35], probably because it was not
previously available. A null allele for alp-1 displays a normal swimming assay (liquid
motility assay)[37]. A 50% reduction in atn-1 activity (atn-1/+) resulted in enhancement of
the actin aggregation phenotype of an alp-1 mutant [37]. Although a direct interaction
between nematode ALP-1 and ATN-1 has not been reported, the vertebrate ALP-1
homologs have been shown to interact with a-actinin (e.g [38]). KIN-32 is the nematode
ortholog of focal adhesion kinase, and although the nematode protein has not yet been
localized, it is likely to be located at dense bodies and/or M-lines, given its well known
localization to focal adhesions in vertebrate cells [39]. pfn-3 encodes one of three profilins in
C. elegans, and pfn-3 is specifically expressed in body wall muscle cells [40]. Anti-PFN-3
antibodies localize to the cytoplasmic tips of dense bodies, partially co-localizing with o-
actinin, but PFN-3 extends more distally (deeper into the cytoplasm). A swimming assay of
an intragenic deletion allele, pfn-3(tm1362), which shows no detectable PFN-3 by western
blot, was “slightly slower” than wild type, although tests for statistical significance were not
shown [40]. Nevertheless, our data are consistent with this report, and indeed pfn-3(tm1362)
displays a statistically significant reduction in maximal bending ability (Fig. 3). It should be
noted, however, that when the bending assay results for pfn-3(tm1362) were compared to
wild type tested on the same day, no difference was noted (Table 1).

LIM-8, contains one LIM domain and one PDZ domain, and was identified as a binding
partner for UNC-97 (PINCH) [14]. Antibodies localize LIM-8 to M-lines and I-bands. At
M-lines, LIM-8 also interacts with UNC-95, UNC-96, myosin (MHC A) [14], and with
paxillin (PXL-1) [15]. Although a null allele lim-8(0k941) has no defect by casual
observation or by swimming assay (H. Qadota and G. Benian, unpub. data), it did show a
defect in bending, but only when results were compared to wild type assayed on the same
day and plate (compare Table 1 and Fig. 3). Nonetheless, the functional importance of lim-8
for body wall muscle is also suggested by the fact that although lim-8(0k941) has normal
organization of myofilaments, mild disorganization is seen when RNA. for lim-8 was
conducted on worms in which body wall muscle was deficient in pxI-1 [15].

Given that loss of function for atn-1 results in reduced maximal bending [17], the fact that
five suspected a-actinin interacting molecules also show defective bending suggests that
each of these molecules works together with a-actinin in transmitting force at dense bodies.

Our results on the dim-1 mutant are quite interesting. dim-1 encodes a novel polypeptide
containing 3 g domains, and GFP tagged DIM-1 localizes around and between dense bodies
[41]. Multiple loss of function alleles of dim-1 were isolated as extragenic suppressors of an
unc-112 hypomorphic Unc allele, which by itself displays disorganized myofibrils and near
paralysis as an adult [41]. The only phenotype reported by Rogalski et al. (2003)[41] for
dim-1 mutant alleles, all of which a null alleles, was a slight disorganization of the
myofilament lattice when viewed by polarized light. In their report, no mention was made as
to whether such mutants were obviously slow moving by direct observation, or by
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swimming assay. (Indeed, we have observed that dim-1(ra102) behaves like wild type, as it
moves on an agar plate.) Therefore, our finding that dim-1(ral102) has reduced maximal
bending compared to wild type indicates a new function for dim-1 in nematode locomotion.
It should be pointed out that Rogalski et al. (2003)[41], because they did not observe a
motility defect for dim-1 mutants, in contrast to typical Unc mutants which display both
disorganized myofibrils and reduced motility, created a new phenotypic category of muscle
genes, dim, for disorganized muscle.

Among the proteins that are components of M-lines and dense bodies (Fig. 1), loss of
function mutants for uig-1 [42] and lim-9 [14,8], also would be considered members of the
Dim category (colored yellow in Fig. 1). In contrast to dim-1, our bending assay on two null
alleles of lim-9 and one null allele of uig-1, did not reveal a bending defect. UIG-1 is a
Cdc42 specific guanine nucleotide exchange factor located at dense bodies [42], and LIM-9
is the nematode protein most homologous to human FHL (four and a half LIM domains
protein) and is located at M-lines and I-bands [14, 8]. Thus, based on our assays, these two
proteins have no crucial role in motility, or alternatively, we have not yet employed the
proper assay to reveal a motility function. In addition, genetic redundancy is suggested as a
possibility by our protein interaction matrices (Fig. 1): uig-1 may be redundant with pxI-1 at
dense bodies, and lim-9 may be redundant with unc-98 and with lim-8 at M-lines.

Admittedly, we have conducted motility assays on only single alleles for most of these
genes. (There are four exceptions —unc-89, lim-9, scpl-1, and unc-95— which are
represented by two alleles each.) In order to verify that the reduced bending observed in
these mutants is attributable to mutation in any of one these genes, we will need to repeat
our assays on additional mutant alleles, and conduct the assays on transgenic animals
carrying wild type copies of each gene in question, looking for rescue to wild type bending.
Nevertheless, our preliminary results demonstrating that mutations in 2 previously reported
(ATN-1 (a-actinin), PKN-1 (PKN)), and 13 new proteins that are components of M-lines,
dense bodies, or both structures, have abnormal maximal bending, suggest that this method
is valid for detecting the importance of each of these proteins in the locomotion of whole
nematodes. Importantly, loss of function mutants for eight of these proteins were either
reported to have normal locomotion (ZYX-1 (zyxin), ALP-1 (Enigma), DIM-1, SCPL-1),
locomation that was not previously investigated (FRG-1, KIN-32, LIM-8), or had only
slightly decreased locomotion (PFN-3 (profilin)), as compared to wild type nematodes. We
expect our method will be useful for analyzing additional muscle attachment genes in the
future.

Since the original description of the swimming (thrashing) assay by Epstein and Thomson in
1974 [16], a number of other methods mostly involving video recording and computer/
mathematical analysis for quantifying C. elegans motility have appeared in the literature
[43-49]. However, most of these methods are designed to analyze complex behaviors such
as foraging, chemotaxis and response to vibration, and were not specifically designed or
applied to assess muscle mutants. An improvement in determining the swimming (thrashing)
frequency that avoids human counting errors, and is rapid and automated and thus applicable
for small molecule or mutant screens, was described by Buckingham and Sattelle in 2009
[50]. Nevertheless, as we have demonstrated here and in previous papers [17,18], some
muscle mutants do not show a defect in swimming frequency, and yet do show a defect in
maximal bending. We contend that our bending assay is a more sensitive measurement of
the force generated and/or transmitted by the muscle contractile apparatus. In addition, the
swimming and bending assays measure different aspects of nematode locomotion: unc-98
mutants show a swimming defect but have normal maximal bending; atn-1 and alp-1
mutants show bending defects, but not swimming defects.
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Figure 1.

Muscle structure and sets of interacting proteins found at muscle focal adhesions (M-lines
and dense bodies) in C. elegans striated muscle. (A) Organization of the myofilament lattice
in body wall muscle of C. elegans. The upper right depicts a portion of a nematode cut in
cross section with body wall muscle quadrants in yellow. The enlargement shows the
organization of filaments and membrane attachment structures in several planes of section.
The sarcomeric region is confined to a narrow zone adjacent to the cell membrane along the
outer side of the muscle cells. Note that all the dense bodies (Z-disk analogs) and M-lines
are anchored to the muscle cell membrane and thus positioned to transmit the force of
muscle contraction. (B and C) Sets of interacting proteins identified at dense bodies and M-
lines that begin with UNC-52 (perlecan) in the ECM and integrins in the muscle cell
membrane, and continue until the thin and thick filaments, respectively. Vertebrate
homologs or orthologs are indicated in parentheses. The references for the dense body
interactions are in reference [15], and unpublished data from the Benian and Moerman labs;
the references for the M-line interactions are in references [4] and [15], and unpublished
from the Benian lab. As shown at the bottom of the figure, the diagrams are color-coded to
reflect loss of function mutant phenotype: red, Pat embryonic lethal; orange, Unc adults;
yellow, Dim (disorganized myofibrils); green, L1 larval lethal; yellow, Dim (disorganized
muscle); blue, bending-defective; purple, hyper-bending. The bending-defective (blue) and
hyper-bending (purple) phenotypes were identified using the new locomotion assay
described here. Note that mutants for five proteins, UNC-95, PKN-1, UNC-89, UNC-96,
and UNC-82, are both Unc (orange) and bending defective (blue outer oval). DIM-1 is both
Dim (yellow) and bending defective (blue outer oval). In addition to those proteins with Pat
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or L1 lethal phenotypes, bending assays were not conducted for TTN-1, CeTalin,
paramyosin or CSN-5. HSP-25 was tested, but did not show a bending defect.
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Figure 2.
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Measurement of the amplitude to length ratio in a reversal. (A) Frame from video showing
deep bend of an N2 nematode in a reversal. (B) Binary image of the frame from (A). (C)
Outline of the animal and the corresponding midline spline used to determine the length of
the animal. (D) Measurement of the amplitude of the bend was made by measuring the
longest perpendicular length, A, from a line connecting the head to the tail to the midline
spline, of contour length L. The ratio of this value, A, to the contour length, L, was
calculated (A/L). (E) Time course measurement of the A/L values for a single measurement.
The tap stimulus was applied shortly before t=0 seconds (s). The grey region indicates the
time the animal is in a reversal and it is during this time that the maximum A/L value is

measured.
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Figure 3.

Graphical display of the average maximum amplitude to length ratios for all mutants tested
and for N2 (wild type). For each mutant, n=20. Error bars indicate standard error of the
mean. The legend and coloration refer only to p-values determined from pairwise
comparisons with all measurements of N2. More detailed results are displayed in Table 1. *:
statistically different from N2 when analyzed with N2 on the same day (“day-to-day
control™). **: statistically the same as N2 when analyzed with N2 on the same day (“day-to-
day control”).
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