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Abstract 

Analysis of temperature sensitive cyk-1 mutations effect on muscle development on 

Caenorhabditis elegans larvae 

By: Arianna Laszlo 

Sponsor: David Pruyne, PhD 

 

 

Sarcomeres are the most basic unit of muscle cells. Formins are actin regulatory 

proteins that are important for actin filament polymerization and nucleation, and might be 

responsible for the actin filament assembly in sarcomeres. In Caenorhabditis elegans, 

two formins (CYK-1 and FHOD-1) were found in the body wall muscle (BWM), 

specifically in the Z-line of sarcomeres. Previously, BWM were analyzed in null cyk-

1(ok2300) mutant worms, derived from heterozygous parents, and fhod-1(tm2363) 

mutant worms, and were found to have smaller muscles than wild-type worms. Yet, there 

was still functional CYK-1 present in the worms due to inherited maternal CYK-1. To 

eliminate this potential source of CYK-1, cyk-1(or596ts) temperature sensitive mutant 

worms were used to allow for all CYK-1 to be non-functional at 26°C. The focus of this 

study was to understand the importance of cyk-1 on muscle development in C. elegans 

larvae. Wild-type, fhod-1(tm2363), cyk-1(or596ts), and fhod-1(tm2363);cyk-1(or596ts) 

double mutant worms at L1 larval stage were observed for worm shape and muscle 

abnormalities. Abnormal worm shapes were observed in fhod-1, cyk-1, and more 

commonly in fhod-1;cyk-1 mutant worms at permissive and restrictive temperatures. 



ii	  

Abnormal muscle was observed in both permissive and restrictive temperatures for fhod-

1, cyk-1, and fhod-1;cyk-1 mutant worms that had abnormal worm shapes, while all 

worms that had normal body shape usually had normal muscle at both temperatures. 

Worms were also tested to determine long-term effects of cyk-1 and fhod-1 mutations on 

muscle development. Worms were held at permissive or restrictive temperatures for 

various times. Fhod-1 and cyk-1 mutant worms showed reduced muscle size compared to 

wild-type, while fhod-1;cyk-1 mutant worms displayed a more severely reduced muscle 

size. Next, cyk-1 or fhod-1 were tested to see whether they can rescue muscle cell size 

after mosaic expression in a cyk-1(-) or fhod-1(-) mutant worm background. Fhod-1(+) 

muscle cells showed a significant increase in muscle cell size compared to fhod-1(-) cells, 

while cyk-1(+) muscle cells showed a non-significant increase in muscle size compared to 

cyk-1(+/-) cells. This shows cell-autonomous expression of fhod-1 influences muscle 

growth, while cyk-1 expression in another organ might influence muscle development.   
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Chapter 1: Introduction 

 The purpose of this project is to help determine whether formins are involved in 

thin filament assembly during sarcomerogenesis, using the model system Caenorhabditis 

elegans. Formins are capable of nucleating and elongating actin filaments. Sarcomeres 

are the most basic functional unit of muscles, which contain thin filaments (actin 

filaments). Therefore, formins may be involved in muscle development.  

 

Formins 

Formins were discovered in 1990 in mice that had deformed limbs, which were 

thought to be caused by disruption of limb deformity gene (Mass et al., 1990). Formins 

are proteins that nucleate and elongate actin filaments (Pruyne et al., 2002; Sagot et al., 

2002). They are involved in a variety of cellular processes and structures including 

lamellipodia, stress fiber, and cytokinetic ring assembly (Breitsprecher and Goode, 2013).  

Formins directly regulate actin nucleation and their minimum domain requirement 

to polymerize unbranched actin is the formin homology 2 (FH2) domain (Figure 1.1; 

Pruyne et al., 2002). Profilin is able to bind to both actin and the proline-rich region of 

the formin homology 1 (FH1) domain that shuttles the profilin bound actin to the FH2 

domain, where nucleation occurs (Watanabe et al., 1997; Imamura et al., 1997; Sagot et 

al., 2002; Kovar et al., 2003).  

Formins polymerize the barbed end of actin filaments independently of the 

Arp2/3 complex (Sagot et al., 2002; Pruyne et al., 2002). The FH2 domain is the 

minimum domain required for polymerization (Pruyne et al., 2002). It remains associated  



2	  

 
 
 
 
 
 
 
 
 
 

 
 

Figure 1.1 Domain map of Diaphanous related formin (DRF). This domain map 

shows the G-protein binding domain (blue, G), diaphanous inhibition domain (green, 

DID), formin homology 1 domain (purple, FH1), formin homology 2 domain (orange, 

FH2), and diaphanous autoregulatory domain (red, DAD).   
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with the barbed end of the actin filament allowing for elongation, while protecting the 

actin filament from capping proteins; therefore formins are processive capping proteins 

(Pruyne et al., 2002; Moseley et al., 2004; Zigmond et al., 2003). The FH2 domain 

dimerizes in a trans conformation. This dimerization allows for the processive capping to 

promote formin-induced actin polymerization of barbed end. The dimer most likely 

contains anti-cooperatively actin-binding heads; one head has high actin binding affinity, 

while the other actin-binding head has low actin binding affinity. When an actin 

monomer binds, rapid affinity switching occurs (Xu et al., 2004). The processive capping 

of formins occurs in the presence or absence of profilin, yet profilin accelerates 

elongation of the actin filament (Kovar et al., 2006). 

 Diaphanous related formins (DRF) are a subset of formins containing several 

regulatory domains: a GTPase binding domain (GBD) and Diaphanous inhibition domain 

(DID) in the N-terminus, and a Diaphanous autoregulation domain (DAD) in the C-

terminus (Alberts et al., 2001; Li and Higgs, 2005). The formin mDia1, a DRF formin, is 

inactive and in the “closed” conformation when the DAD and the DID interact (Alberts et 

al., 2001; Li and Higgs, 2005; Nezami et al., 2006). RhoA GTPase binding the GBD 

causes the intramolecular interaction between the DID and DAD to break, causing mDia1 

to be in an “open” conformation (Watanabe et al., 1999; Alberts et al., 2001; Li and 

Higgs, 2005; Rose et al., 2005; Nezami et al., 2006). However, when autoinhibited 

mDia1 is bound to RhoA in vitro, there is only a 10% to 12% activation of the formin (Li 

and Higgs, 2003). It is possible for other factors along with RhoA to further activate 

mDia1, which may follow a similar pathway as mammalian FHOD1. Mammalian 

FHOD1, a DRF-like formin, is further activated by ROCK (Rho Kinase) phosphorylating 
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part of the C-terminus of the formin to fully disrupt autoinhibition and increase FHOD1 

activity (Takeya et al., 2008).    

 

Sarcomerogenesis  

Sarcomeres consist of an M-line, I-band and A-band located in between two Z-

lines on either end (Figure 1.2; Huxley and Hanson, 1954). Z-lines are composed of 

various muscle assembly proteins, including formins, and they anchor thin filaments 

(Huxley and Hanson, 1954). I-bands contain thin filaments, which are composed of actin 

filaments and other proteins. I-bands extend from the Z-line to the A-band (thick 

filaments) composed of actin and myosin. The A-band extends to the M-line, which 

contains various proteins to anchor the thick filaments and no actin. Specifically for C. 

elegans, the M-line and Z-line anchor thick and thin filaments, respectively, to the cell 

membrane (Hresko et al., 1994).  

It is unclear how actin filaments are incorporated into sarcomeres. Previously, it 

was found that certain formins (CYK-1 and FHOD-1) are present in sarcomeres of C. 

elegans and FHOD3, a homologous formin of FHOD-1, is present in mammalian 

sarcomeres (Mi-Mi et al., 2012; Taniguchi et al., 2009). Formins nucleate and elongate  

actin filaments; therefore they could be involved in sarcomerogenesis, specifically in thin 

filament assembly.  

 

The Formin FHOD3 

FHOD3 is a mammalian formin that is homologous to FHOD-1 in C. elegans 

(Mi-Mi et al., 2012). FHOD3 is enriched in human heart muscle, particularly a FHOD3  
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Figure 1.2 General sarcomere organization. The Z-lines are shown as red rectangles. 

They anchor the thin filaments, shown in blue. The thin filaments interact with the thick 

filaments, shown in red. The M-line is the thin grey line in the middle. Image obtained 

from Wikipedia (Richfield, 2014).  	  
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isoform with an additional 8 amino acids in the FH2 domain (Iskratsch et al., 2010). 

FHOD3 is important to study because it is down regulated in cardiomyopathies (Iskratsch 

et al., 2010). FHOD3 is vital for sarcomere organization in rat cardiomyocytes. RNAi 

was used to knockdown FHOD3 in rat cardiomyocyts, which caused sarcomere 

organization to be disrupted. This experiment also showed a decrease in phalloidin stain, 

which suggests a decrease in actin filament formation. This suggests FHOD3 may 

regulate sarcomere organization and actin dynamics in cardiomyocyts (Taniguchi et al., 

2009).  

FHOD3 is also essential for embryonic cardiogenesis in mice. Homozygous 

FHOD3 mutant embryonic mice have similar embryonic heart development until the E8.5 

stage of embryonic development, where embryonic myocardial development begins to 

fail. By E11.5 developemnt stage, myocardial development is aborted and the mouse 

embryos die. When expressing transgenic wild-type FHOD3 in the embryonic heart of 

the homozygous FHOD3 mutant embryos, wild-type FHOD3 rescues myofibril 

disruption, allowing the heart to develop normally and the embryos to survive (Kan-o et 

al., 2012).  

An embryonic heart FHOD3 knockout in mice was created using a heart specific 

promoter. The FHOD3 had a point mutation in the FH2 domain that prevented actin 

binding to the formin, which caused the formin to be non-functional. These embryos 

arrested development, died, and had abnormal hearts. These FHOD3 heart deficient 

animals also had defects in sarcomere maturation, specifically α-actinin congregates and 

continuous F-actin. This suggests FHOD3 actin binding activity is critical for 

myofibrilgenesis (Fujimoto et al., 2016).  
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While FHOD3 is important for sarcomere organization and embryonic 

cardiogenesis, there are conflicting data suggesting the localization of FHOD3 in the 

sarcomere.  Some evidence suggests FHOD3 is localized to the region where the thin 

filaments and thick filaments overlap in the sarcomere of embryonic and adult cardiac 

muscle of mice and rats (Taniguchi et al., 2009; Kan-o et al., 2012; Fujimoto et al., 2016). 

Others have evidence suggesting FHOD3 is localized to the Z-line of sarcomeres in adult 

cardiac muscle of mice (Iskratsch et al., 2010).  

 

C. elegans as a model for formin-dependent muscle development  

C. elegans are transparent, easy to maintain, have a short generation time, and a 

fully sequenced genome, and their whole developmental process is known, which makes 

them ideal for genetic studies. C. elegans begin development with embryogenesis, which 

is divided into two parts: cell proliferation and morphogenesis/organogenesis (Sulston et 

al, 1983). The initial step, or first 30 cells to gastrulation, occurs in-utero. Then the egg is 

laid and embryogenesis continues ex-utero. The various terms used to describe 

embryogenesis are based on visual representation of the egg/embryo. Proliferation 

continues into the bean stage of embryogenesis, which occurs post-gastrulation and 

resembles a “lima-bean” (Figure 1.3). During proliferation, the ellipsoid embryo forms 

cells in three germ layers: ectoderm, mesoderm, and endoderm. The ectoderm becomes 

hypodermis and neurons. The mesoderm becomes muscle and pharynx. The endoderm 

becomes intestine and germline. Morphogenesis and organogenesis begin at the comma 

stage and continue through 1.5 fold, 2 fold, and 3 fold stages of embryogenesis (Figure 

1.4). The comma stage resembles an embryo in a “comma” configuration. 1.5 fold, 2 fold,  
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Figure 1.3 Image of bean stage during C. elegans embryogenesis. Image obtained 

from WormAtlas (Altun and Hall, 2005) 

 

 

Figure 1.4 C. elegans embryogenesis and development diagram. Image obtained from 

WormAtlas (Altun and Hall, 2005).  
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and 3 fold are named for being the number fold length of the egg. For example, a 1.5 fold 

embryo is 1.5 fold the length of the egg (Figure 1.4). During organogenesis and  

morphogenesis, cells differentiate without dividing, while the embryo elongates by three-

fold. The worm forms various distinct tissues and organs (Altun and Hall, 2005).   

After embryogenesis, the worms hatch and enter the larval portion of 

development before adulthood (Figure 1.4). The first larval phase is L1 that comprises of 

small worms with neural and gonad precursor cells. L1 worms are also capable of  

arresting development if no food is present. The L1 worms develop to L2, where minimal 

cell division occurs. L3 worms are similar to L2 worms but have a more developed 

reproductive system. L4 worms have a complete gonad, and germ cells continue to 

differentiate and undergo meiosis. After L4 phase, the worms become adults and are 

capable of laying eggs (Altun and Hall, 2005).  

C. elegans BWM is comprised of four quadrants that run parallel to the worm 

body length: dorsal left (DL), dorsal right (DR), ventral left (VL), and ventral right (VR). 

The DR, DL, and VR contain 24 muscle cells each, while the VL contains 23 muscle 

cells due to the obstruction by the vulva (Sulston et al., 1983). These muscle bundles are 

anchored to the basal lamina that is attached to the hypodermis, which secretes the cuticle 

of the worm. The muscle cell is composed of different layers due to the cell's polarity: the 

“muscle belly” and the actomyosin filament layer. The “muscle belly” is the most interior 

layer and contains the mitochondria and organelles. The actomyosin filament layer, 

which is responsible for muscle contraction and movement of the worm, anchors to the 

basal lamina (Moerman and Williams, 2006).  Each muscle cell contains sarcomeres in 
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the actomyosin filament layer. Sarcomeres in C. elegans are orientated at a 6° angle with 

regards to the striations of the muscle cell (Figure 1.5; Hresko et al., 1994).  

C. elegans can be used as a model for sarcomerogenesis, or muscle assembly and 

development. The body wall muscle (BWM) of C. elegans is a vertebrate/mammal 

striated muscle model, which can be used to study various muscle diseases like 

cardiomyopathy (Sparrow et al., 2008). 

In C. elegans, muscle assembly occurs in four main stages during embryogenesis 

(specifically organogenesis): (1) structural components accumulation, (2) muscle cell 

polarization, (3) flattening of muscle cells, and (4) sarcomere and attachment structure 

organization (Figure 1.6). The structural component accumulation occurs during the bean 

stage and can be further broken down into two parts (Figure 1.6A). First, hypodermis 

seam cells migrate to the embryo’s lateral surface, while the ventral cells migrate to the 

ventral surface. Second, cellular migration allows for muscle cells to organize into two 

lateral rows near the hypodermis seam cells. Integrin, vinculin, myosin A, and myosin B 

accumulate in muscle cells, while vinculin might also be present in hypodermal cells.  

Next, muscle cell polarization occurs around the comma stage (~350 min; Figure 

1.6B). Muscle proteins, like integrin, accumulate at or near the basal lamina where 

muscle cells contact each other, while myosin A and B colocalize with integrin. Perlecan, 

a basal lamina proteoglycan, localizes to the basal lamina where muscle cells contact 

each other and the hypodermis. Hemidesmosome proteins in the hypodermis accumulate 

near the muscle cells.  

During 1.5 fold stage (~420 min), flattening of the muscle cells against the 

hypodermis occurs, which involves the basal lamina and hemidesmosome proteins  
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Figure 1.5 Diagram of C. elegans body wall muscle. Sarcomere “side view” depicts the 

dense bodies (blue) encasing the thin filaments (yellow), which interact with the thick 

filaments (grey) anchored to the M-line (black). The “top view” shows the sarcomere in 

the worm’s BWM from a top view. Below the top view is shown how the striations are 

orientated at a 6° angle relative to the longitudinal axis of the BWM. The bottom diagram 

depicts four individual muscle cells in the BWM and the striation orientation. Image 

obtained from Mi-Mi et al., 2012.  
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Figure 1.6 C. elegans muscle development during embryogenesis. A) At 290 min 

(bean stage) muscle cells containing muscle components (integrin, vinculin, and myosin) 

migrate to the seam cells, and then begin to migrate to the dorsal and ventral hypodermis. 

B) At 350 min (comma stage) muscle cells organize into four quadrants. C) At 420 min 

(1.5 fold stage) muscle cells flatten against the hypodermis. D) At 450 min (2 fold stage) 

sarcomeres are detected in the muscle cells.  Image obtained from WormAtlas (Altun and 

Hall, 2005).  
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increasing in concentration (Figure 1.6C). Sarcomere organization transpires after muscle 

cell flattening (Figure 1.6D). After the 1.5 fold stage the embryo begins to twitch, 

specifically when the sarcomere components become detectable. By the 2 fold stage, 

sarcomere components are detected along the length of each muscle quadrant (Figure 1.6; 

Hresko et al., 1994).  

It is possible for muscle defects to occur during embryogenesis, which can cause 

distinct phenotypes. A phenotype that is commonly associated with severely abnormal 

muscle is paralyzed and arrested at 2 fold (Pat; Hresko et al., 1994). These arrested 

worms have a lumpy/dumpy phenotype causing them to be smaller and thicker than 

normal (Rogalski et al., 1995).  

FHOD-1 and CYK-1 are formins present in BWM of C. elegans (Mi-Mi et al., 

2012). CYK-1 is part of the DRF family, while FHOD-1 is DRF-like because it has 

similar domains as DRF formins but its GBD has a different structure than the GBD of 

DRF formins (Pruyne, 2016).   

FHOD-1, formin homology domain protein-1, localizes near the Z-line in 

sarcomeres (Figure 1.7). C. elegans FHOD-1 is related to mammalian FHOD1 and 

FHOD3. Fhod-1 in C. elegans is important during embryogenesis. Fhod-1(tm2363) is a 

partial deletion of the FH2 domain. Fhod-1(tm2363) can rarely cause arrested elongation 

in C. elegans, while tissue differentiation still occurs. Mutated fhod-1 is also associated 

with actin defects in epidermal cells (Vanneste et al., 2013). Since mammalian FHOD3 

and C. elegans FHOD-1 are homologous, understanding how FHOD-1 is involved in thin 

filament assembly during sarcomerogenesis could further our understanding of how 

mammalian FHOD3 is involved in cardiomyopathies. 
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Figure 1.7 Localization of FHOD-1 and CYK-1 in C. elegans BWM. This top panel 

displays FHOD-1 (purple) localizing near α-actinin (green). α-actinin is used to mark the 

dense body in the sarcomere. Therefore, FHOD-1 localizes near the Z-line in C. elegans 

BWM. This bottom panel displays CYK-1 (purple) localizing on α-actinin (green). 

Therefore, CYK-1 localizes in the Z-line in C. elegans BWM. Scale bars are 5 µm. Image 

obtained from Mi-Mi et al., 2012. 
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CYK-1, cytokinesis defect-1, is necessary for cytokinesis during C. elegans 

embryogenesis and is found in the Z-line of sarcomeres (Swan et al., 1998; Mi-Mi et al., 

2012; Figure 1.7). C. elegans CYK-1 is homologous to mDia in mammals (Pruyne, 2016). 

Cyk-1(ok2300) is a partial deletion of the FH2 domain that produces non-functional 

CYK-1. Previously, BWM were analyzed in cyk-1(ok2300) mutant worms and it was 

found that these worms have smaller muscles than wild-type worms (Figure 1.8; Mi-Mi 

et al., 2012). Homozygous cyk-1(ok2300) worms are sterile, so heterozygous parent 

worms were used to maintain the strain. Therefore there was functional CYK-1 inherited 

from the mother. Preventing maternally inherited CYK-1 is important because the 

residual CYK-1 in the worm could influence muscle development, thus skewing results.  

To avoid the maternally inherited CYK-1, a temperature sensitive strain cyk-

1(or596ts) is used in this study. Cyk-1(or596ts) has a L1015H point mutation found in 

the FH2 domain of the formin (Davies et al., 2014). This point mutation causes the CYK-

1 protein to be non-functional at 26°C and functional at ≤16°C. At restrictive temperature, 

CYK-1 should not polymerize actin. Temperature sensitive CYK-1 function was tested in 

vitro and in vivo. Temperature sensitive CYK-1 function was tested in vitro by pyrene 

actin assays, which measures actin polymerization using fluorescent labeled actin. They 

found that in vitro at permissive temperature CYK-1 was functional, while restrictive 

temperature CYK-1 was non-functional. In vivo, temperature sensitive CYK-1 was tested 

by placing and maintaining cyk-1(or596ts) mutant eggs at restrictive temperature before 

the first cell division occurred. These eggs showed full loss of function phenotype, or the 

eggs died and did not develop further. It was also found that if the eggs are initially at 

permissive temperature before the first cell division, and then shifted to restrictive  
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Figure 1.8 Reduced muscle size for cyk-1, fhod-1, cyk-1;fhod-1 mutants in C. elegans. 

This is an image of phalloidin stained worms, including wt worms in the top left panel, 

fhod-1(tm2363) worms in the top right panel, cyk-1(ok2300) worms in the bottom left 

panel, and fhod-1(tm2363);cyk-1(ok2300) in the bottom right panel. Yellow arrows 

represent the BWM width. Cyk-1(ok2300) and fhod-1(tm2363) mutants display reduced 

muscle size compared to wild type. Fhod-1(tm2363);cyk-1(ok2300) mutants show a 

severe reduction in muscle size compared to wild type. Scale bars are 50 µm. Image 

obtained from Mi-Mi et al., 2012. 

  



17	  

temperature, and back to the permissive temperature before the first cell division, the cyk-

1(or596ts) mutant worms are capable of further developing. This suggests that CYK-1 

function can be turned off and on during early embryogenesis (Davies et al., 2014).   

 

Statement of Hypothesis and Goals  

 Our hypothesis is FHOD-1 and CYK-1 are involved in thin filament assembly 

during sarcomerogenesis. To test this, several experiments were performed including a 

short term elimination of fhod-1 and cyk-1 activity, a long term elimination of fhod-1 and 

cyk-1 activity, and re-expression of fhod-1 and cyk-1 in muscle cells. To test formin 

involvement in sarcomerogenesis in body wall muscle (BWM) width, muscle cell width, 

and whole worm width were measured wild-type, cyk-1 mutant, fhod-1 mutant, and cyk-

1;fhod-1 mutant worms in this study. The short term analysis tests whether fhod-1 and 

cyk-1 are important for thin filament maintenance. The long term analysis tests whether 

fhod-1 and cyk-1 are important for thin filament growth during sarcomerogenesis.  

However, these mutations cause nonfunctional formin throughout the worm. 

Therefore, their muscle abnormalities might be caused by the formin mutant worm 

producing nonfunctional formin elsewhere in the animal, which could indirectly cause the 

muscle abnormalities. Mosaic expression of functional FHOD-1 in muscle cells in fhod-1 

mutant worms and functional CYK-1 in muscle cells in cyk-1 mutant worms tested this 

possibility, by allowing us to compare muscle cell width of cells that express formin to 

cells without formin. The expression of fhod-1 and cyk-1 in muscle cells shows whether 

fhod-1 and cyk-1 are necessary in the muscle to promote muscle growth.  These studies 

will be used to test whether fhod-1 and cyk-1 are involved in thin filament assembly.   



18	  

Chapter 2: Methods 

C. elegans Strains and Growth Conditions 

Worms were grown and maintained using standard protocols (Brenner, 1974) at 

15°C on plates containing Escherichia coli OP50. Worms were age synchronized by 

allowing worms to lay eggs for 24 hours. The resulting progeny were grown to adulthood, 

and then washed with M9 buffer and digested with 1:2 ratio of 5 mM NaOH and reagent 

grade bleach to liberate embryos. Embryos were washed with M9 buffer to remove 

NaOH and bleach mixture. The embryos developed to the L1 larval stage in M9 buffer 

without the presence of food overnight.   

N2 (wild-type Bristol worms) were supplied by Caenorhabditis Genetics Center 

(University of Minnesota, Minneapolis, MN). JCC389 [cyk-1(or596ts)III] was a gift from 

J. Canman (Columbia University, New York, NY; Davis et al., 2014). XA8001 [fhod-

1(tm2363)I] was obtained previously (Mi-Mi et al., 2012). DWP68 [fhod-1(tm2363)I;cyk-

1(or596ts)III] was obtained by crossing JCC389 [cyk-1(or596ts)III] with DWP9 [fhod-

1(tm2363);cyk-1(ok2300)/+] (Mi-Mi et al., 2012) followed by selection of homozygous 

progeny.  

Young adult fhod-1(tm2363) hermaphrodite worms were microinjected (Nikon 

Eclipse Ti) with a mixture of 50 ng/µL pRS315-fhod-1(+) (Mi-Mi et al., 2012), 100 

ng/µL rab-3p::gfp, 50 ng/µL myo-3p::gfp, and 25 ng/µL myo-2p::gfp. The resulting 

strain DWP157 [fhod-1(tm2363)I;upsEx98[fhod-1(+) myo-2p::gfp myo-3p::gfp rab-

3p::gfp]], was identified by selecting for worms expressing GFP.    

DWP153 [cyk-1(ok2300)/mTi[dpy-10(e128)]III] was created by Sumana 

Sundaramurthy (personal communication) by crossing DWP8 [cyk-1(ok2300)/+III] (Mi-
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Mi et al., 2012) with worms heterozygous for mT1[dpy-10(e128)]. DWP153 worms were 

microinjected (Nikon Eclipse Ti) with 50 ng/µL pRS315-cyk-1(+) (Mi-Mi et al., 2012), 

100 ng/µL rab-3p::gfp, 50 ng/µL myo-3p::gfp, and 25 ng/µL myo-2p::gfp. The resulting 

strain DWP158 [cyk-1(ok2300)/mT1[dpy-10(e128)]III;upsEx99[fhod-1(+) myo-2p::gfp 

myo-3p::gfp rab-3p::gfp]] was identified by selecting for worms expressing GFP.    

 

Temperature Shift Assays  

For short temperature shift assays, worms were age-synchronized to the L1 larval 

stage at 16°C in M9 buffer. L1 worms then were placed at permissive (16°C) or 

restrictive (26°C) temperature for 2 hours (Figure 2.1), before worms were prepared for 

fluorescence microscopy (see below).  

For the longer temperature shifts, worm strains were age-synchronized to the L1 

larval stage at 15°C in M9. L1 worms were then transferred to plates containing E. coli 

OP50 and placed at permissive (15°C) or restrictive (26°C) temperature for 0, 12, 24, 36, 

48, 60, or 72 hours, before worms were prepared for fluorescence microscopy (Figure 

2.2).  

 

FHOD-1 and CYK-1 Muscle Expression Assay  

To measure the effects of FHOD-1 and CYK-1 expression in muscle, DWP157 

and DWP158 animals expressing GFP were selected and plated on E. coli OP50 to  
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Figure 2.1 Temperature shift assay (2 hours) methods flow chart. A population of 

worms is grown on E. coli OP50 plates. Worms are washed from plates with M9 buffer 

and embryos are harvested using reagent grade bleach and 5 mM NaOH. Embryos are 

placed at 16°C in M9 buffer and allowed to develop to the L1 larval stage. Worms are 

then shifted to either 16°C or 26°C for 2 hours without food present. Then, they are fixed 

with formaldehyde and stained with Phalloidin and DAPI and observed using 

fluorescence microscopy.  



21	  

 

 

Figure 2.2 Temperature shift assay (72 hours) methods flow chart. A population of 

worms is grown on E. coli OP50 plates. Worms are washed from plates with M9 buffer 

and embryos are harvested using reagent grade bleach and 5 mM NaOH. Embryos are 

placed at 15°C in M9 buffer and allowed to develop to the L1 larval stage. Worms are 

then placed on OP50 E. coli plates shifted to either 15°C or 26°C for 0, 12, 24, 36, 48, 60, 

or 72 hours. Then, they are fixed with formaldehyde and stained with Phalloidin and 

DAPI and observed using fluorescence microscopy.  
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develop a large population. Worms were washed with M9 buffer and stained with 

phalloidin and observed using fluorescence microscopy.  

 

Fluorescence Microscopy 

F-actin was stained in whole worms as follows. Worms were washed with M9 

buffer and suspended in 300 µL M9, 500 µL of KNEPS buffer (160 mM KCl, 40 mM 

NaCl, 20 mM EGTA, 10 mM spermidine, 30 mM PIPES, and 1:125 Alexa Fluor 568 

Phalloidin), and fixed with 100 µL of 20% formaldehyde (made fresh from 

paraformaldehyde). Worms were put through three freezes in liquid nitrogen and thaws in 

65°C bath, and then were incubated on ice for 1 hour after the final thaw to stain and fix. 

Worms were then washed with 1 mL of Tris-Triton buffer (100 mM Tris-HCl pH 7.4, 5 

mM EDTA, and 1% Triton) for 1 minute and 1 mL of PBST-A buffer (1x PBS, 1 mM 

EDTA, 5 mM NaN3, and 1% BSA) for 15 minutes. Worms were mixed overnight with 1 

mL of PBST-B (1x PBS, 1 mM EDTA, 5 mM NaN3, and 0.1% BSA)/1:250 Alexa Fluor 

568 Phalloidin at room temperature. Worms were washed three times with 1 mL of 

PBST-B for 20 minutes at room temperature. Worms were mixed with 1 mL of 1 µg/ml 

DAPI in PBST-B for 20 minutes at room temperature. Worms were washed with 1 mL of 

PBST-B for 20 seconds at room temperature. The volume was reduced to form a 1:1 ratio 

of worm pellet to PBST-B. The slides contained 3.5 µL of worm slurry and 3.5 µL of 

VECTASHIELD mounting media (Vector Laboratories, Burlingame, CA).  

Images were taken using a wide field microscope (Eclipse 90i; Nikon) at room 

temperature (~25°C) with a CFI Plan Apochromat 40x/NA oil immersion objective and 
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analyzed using NIS-Elements AR acquisition software. Measurements were taken using 

NIS-Elements AR and images were processed using Photoshop CS4 (Adobe).  

 Worm shape was determined based on 50 worms per strain, per condition. Worm 

shape was observed using the FITC channel of the microscope since worms autofluoresce 

green. Worms that were short and thick compared to normal shape and half the length of 

normal shaped worms were classified as Pat worms. Worms that were longer than Pat 

worms but still thick and lumpy were classified as intermediate-shaped worms. Muscle 

phenotype with respect to worm shape was examined in two experiments. Abnormal 

muscles were classified as anything that did not resemble wild-type muscle. 

"Disorganized filament" category still had muscle that appeared filamentous, yet there 

were disordered sections. "Disorganized mesh" category had F-actin forming a mesh 

structure where the muscle should be located. Analysis of muscle organization with 

respect to worm shape was performed while blinded to the strain genotype.  

BWM width, individual muscle cell width, and whole worm width were analyzed 

as previously (Mi-Mi et al., 2012) using NIS-Elements AR acquisition software. Three 

experiments were performed by analyzing 25 worms per strain per condition, excluding 

worms with abnormal worm shape and abnormal muscle. Analysis was performed while 

blinded to the strain genotype.  

Twenty young adult DWP157 and DWP158 worms expressing GFP in some 

BWM cells were selected for mosaic expression analysis. DWP158 produced 

heterozygous cyk-1(ok2300/+), homozygous cyk-1(ok2300), and dumpy animals. 

Heterozygous animals were identified as larger than dumpy and homozygous animals. 

Homozygous animals were identified by the presence of protruding vulvas (Mi-Mi et al., 
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2012). Heterozygous animals were analyzed in this study. The width of two BWM 

muscle cells were measured in each worm: one cell expressing GFP and one cell not 

expressing GFP. 

 

Statistical Analysis 

 Analysis of Variance (ANOVA) was used to compare the mean averages of the 

72 hour temperature shift assay results, followed by a Least Significant Difference post 

hoc test. P-value < 0.05 was considered to be statistically significant.   

A student T-test was performed comparing the muscle cells expressing GFP to 

muscle cells not expressing GFP for each strain. P-value < 0.05 was considered to be 

statistically significant.  
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Chapter 3: Results   

 Previously, cyk-1(ok2300) mutant worms were used to study the effects of loss of 

cyk-1 on muscle development (Mi-Mi et al., 2012). Yet, there was functional maternally 

inherited CYK-1 present in the worms in that study. To avoid this complication, a 

temperature sensitive cyk-1(or596ts) was used. At permissive temperature (≤16°C) CYK-

1 should be functional, while at restrictive temperature (≥26°C) CYK-1 should be non-

functional (Davies et al., 2014). Therefore, the temperature sensitive cyk-1 mutant can be 

used to analyze how cyk-1 affects muscle development. Fhod-1(tm2363) was used to 

analyze fhod-1 effect on muscle development because the mutant produces non-

functional FHOD-1 and the homozygous mutants are not sterile. Since fhod-1(tm2363) 

strain can be maintained using homozygous parents, it does not require additional 

measures to prevent functional maternal protein from influencing the experiment. The 

purpose of the study was to help determine whether formins, CYK-1 and FHOD-1, affect 

thin filament assembly during sarcomerogenesis.  

 

Temperature Shift Assay (2 hours) 

The short term effects of loss of CYK-1 and FHOD-1 on thin filament assembly 

during muscle development were analyzed. Based on the hypothesis that formins promote 

thin filament assembly, it was predicted that there would be no thin filaments present for 

the double mutant at restrictive temperature. It was also predicted that the single mutants 

would have reduced muscle size compared to wild-type muscle. Wild-type, fhod-

1(tm2363), cyk-1(or596ts), and fhod-1(tm2363);cyk-1(or596ts) mutant embryos were 

grown at permissive (16°C) temperature in M9 buffer until the worms arrested 
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development at the L1 larval stage due to lack of food. These strains were then held at 

either permissive or restrictive (26°C) temperature for 2 hours. Their body shape and 

BWM were observed using fluorescence microscopy.  

Two abnormal worm shapes were observed and one normal body shape. A 

severely defective worm shape had shorter and thicker body than normal worms. This 

resembled paralyzed and arrested at two-fold (Pat) worms (Rogalski et al., 1995). The 

other abnormal shape was intermediate between normal-appearing worms and the Pat 

phenotype (Figure 3.1).  

Most wild-type worms at permissive and restrictive temperature were normal 

shaped. Abnormal shapes were observed for ~10% of fhod-1(tm2363) and cyk-1(or596ts) 

mutant worms and for ~20% of fhod-1(tm2363);cyk-1(or596ts) mutant worms, both at 

permissive and restrictive temperatures (Figure 3.2).  

BWM of fhod-1(tm2363), cyk-1(or596ts), and fhod-1(tm2363);cyk-1(or596ts) 

mutant worms was observed with respect to worm shape to determine if there were 

structural muscle abnormalities in the L1 larvae. This was done by staining the whole 

worm with phalloidin to visualize the F-actin, which is mainly concentrated in the BWM 

of the worm. Normal muscle in the L1 larval stage resembled long strips consisting of 

filamentous actin. Normal muscle was usually observed in worms with normal shaped 

bodies for all strains at both permissive and restrictive temperatures (Figure 3.3; Figure 

3.4A). Abnormal muscle was observed in both permissive and restrictive temperatures 

for fhod-1(tm2363), cyk-1(or596ts), and fhod-1(tm2363);cyk-1(or596ts) mutant worms 

that had the Pat phenotype (Figure 3.3). Few wild-type worms displayed the Pat 

phenotype, but those also had abnormal muscle (Figure 3.4B). Usually worms with 
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Figure 3.1 Normal and Pat shaped larvae of C. elegans. Fluorescence image using 

FITC channel of Pat and normal shaped larval worms. Pat worms (right) are shorter and 

thicker than normal shaped worms (left). Pictures were taken using the FITC channel due 

to worms auto-fluorescing green. Scale bars are 50 µm. 
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Figure 3.2 Shapes of wild-type, fhod-1(tm2363), cyk-1(or596ts) and fhod-

1(tm2363);cyk-1(or596ts) worms. This graph depicts the average results of three 

experiments with a sample size of 50 worms per strain per condition. The error bars 

represent standard deviations. Most wild-type worms had a normal shape at permissive 

(16˚C) and restrictive (26˚C) temperatures. ~10% of fhod-1 and cyk-1 mutant worms had 

abnormal shapes (including Pat and intermediate shapes), while ~20% of fhod-1;cyk-1 

mutant worms had abnormal shapes at restrictive and permissive temperatures.   
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Figure 3.3 Normal, disorganized filament, and disorganized mesh muscle 

classifications. The BWM is shown using a phalloidin stain. Normal muscle is shown in 

the top left panel. Disorganized filament muscle is shown in the top right panel. 

Disorganized mesh is displayed in the bottom left panel. Scale bars are 20 µm. 
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Figure 3.4 Muscle classification of wild-type (WT), fhod-1(tm2363), cyk-1(or596ts), 

and fhod-1(tm2363);cyk-1(or596ts) worms with respect to worm shape. These graphs 

depict average means of two experiments. N indicates the number of worms analyzed. A) 

Normal-shaped worms displayed mainly normal muscle. B) Pat worms had 

predominantly abnormal muscle. C) Intermediate shaped worms displayed mainly 

abnormal muscle.  
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intermediate worm shape had abnormal muscle (Figure 3.4C). Therefore, worms with 

abnormal muscle usually have abnormal body shapes, while worms with normal muscle 

usually have normal body shapes. Also, the frequency of muscle and body abnormalities 

was highest in the double formin mutant.  

 

Temperature Shift Assay (72 hours) 

The long term effects of loss of CYK-1 and FHOD-1 on thin filament assembly 

during muscle growth were analyzed. Based on the hypothesis that formins promote thin 

filament assembly, it was predicted that the double mutant muscle would not grow at 

restrictive temperature. It was also predicted that the single mutant muscle would be 

reduced in size compared to wild-type muscle. Wild-type, fhod-1(tm2363), cyk-

1(or596ts), and fhod-1(tm2363);cyk-1(or596ts) mutant worms were grown at the 

permissive (15°C) temperature and age synchronized at the L1 larval stage. Then the 

worms were given food and kept at permissive (15°C) or restrictive (26°C) temperature 

for 0, 12, 24, 36, 48, 60, or 72 hours (except for wild type animals, which starved before 

72 hours at 26˚C). The food provided and the longer duration of the experiment allowed 

for worm growth and muscle growth. Only worms with normal muscle and worm shape 

were considered in this experiment.  

The BWM width, individual muscle cell width, and whole body width were 

observed using fluorescence microscopy. At 0, 12, and 24 hours, fhod-1(tm2363), cyk-

1(or596ts), and fhod-1(tm2363);cyk-1(or596ts) worms had similar BWM width 

compared to wild-type worms at permissive temperature. After 24 hours, fhod-1(tm2363), 

cyk-1(or596ts), and fhod-1(tm2363);cyk-1(or596ts) worms had significantly reduced 
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BWM width compared to wild-type worms at permissive temperature. At 12 hours, fhod-

1(tm2363), cyk-1(or596ts), and fhod-1(tm2363);cyk-1(or596ts) worms had similar BWM 

width compared to wild-type worms at restrictive temperature. After 12 hours, fhod-

1(tm2363), cyk-1(or596ts), and fhod-1(tm2363);cyk-1(or596ts) worms had significantly 

reduced BWM width compared to wild-type worms at restrictive temperature (Figure 3.5, 

Tables 3.1, 3.2).  

Similar to the results for BWM, fhod-1 and cyk-1 mutant worms had significantly 

reduced individual muscle cell width compared to wild-type worms. At 0, 12, 24, and 36 

hours, fhod-1(tm2363), cyk-1(or596ts), and fhod-1(tm2363);cyk-1(or596ts) worms have 

similar muscle cell width compared to wild-type worms at permissive temperature. After 

36 hours, fhod-1(tm2363), cyk-1(or596ts), and fhod-1(tm2363);cyk-1(or596ts) worms 

have significantly reduced muscle cell width compared to wild-type worms at permissive 

temperature. At 12 hours, fhod-1(tm2363), cyk-1(or596ts), and fhod-1(tm2363);cyk-

1(or596ts) worms have similar muscle cell width compared to wild-type worms at 

restrictive temperature. After 12 hours, fhod-1(tm2363), cyk-1(or596ts), and fhod-

1(tm2363);cyk-1(or596ts) worms have significantly reduced muscle cell width compared 

to wild-type worms at restrictive temperature (Figure 3.6, Tables 3.3, 3.4).  

At permissive temperatures, fhod-1(tm2363), cyk-1(or596ts), and fhod-

1(tm2363);cyk-1(or596ts) worms appeared to have similar width as wild-type until ~36 

hours time point. At permissive temperatures after 36 hours, fhod-1(tm2363), cyk-

1(or596ts), and fhod-1(tm2363);cyk-1(or596ts) had significantly reduced worm width 

compared to wild-type worms. (Figure 3.7; Table 3.5). Fhod-1(tm2363), cyk-1(or596ts), 

and fhod-1(tm2363);cyk-1(or596ts) mutant worms displayed significant reduction in  
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Figure 3.5 Average BWM width of WT, fhod-1(tm2363), cyk-1(or596ts), and fhod-

1(tm2363);cyk-1(or596ts) mutant worms grown at A) permissive and B) restrictive 

temperatures. These graphs depict the average means of three experiments. The error 

bars represent the standard deviation. A total of 50 or 75 worms were used for each 

condition. Cyk-1, fhod-1, and fhod-1;cyk-1 mutants had reduced BWM width compared 

to wild-type when grown at either permissive or restrictive temperature. See Tables 3.1 

and 3.2 for statistical analysis. 
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Table 3.1 Statistical comparison using ANOVA of BWM widths of wild-type, fhod-

1(tm2363), cyk-1(or596ts), and fhod-1(tm2363);cyk-1(or596ts) worms at permissive 

temperature (Fig.3.5A). 

 
Comparisons   0 hr 12 hr  24 hr 36 hr 48 hr 60 hr 72 hr 
WT vs fhod-1 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 
WT vs cyk-1 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 
WT vs  
fhod-1;cyk-1 

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

fhod-1 vs  
cyk-1 

not sig P < 0.05 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

fhod-1 vs 
fhod-1;cyk-1 

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

cyk-1 vs  
fhod-1;cyk-1 

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

 
 
 

Table 3.2 Statistical comparison using ANOVA of BWM widths of wild-type, fhod-

1(tm2363), cyk-1(or596ts), and fhod-1(tm2363);cyk-1(or596ts) worms at restrictive 

temperature (Fig.3.5B). 

 
Comparisons   12 hr  24 hr 36 hr 48 hr 60 hr 72 hr 
WT vs fhod-1 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 n/a 
WT vs cyk-1 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 n/a 
WT vs  
fhod-1;cyk-1 

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 n/a 

fhod-1 vs  
cyk-1 

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

fhod-1 vs 
fhod-1;cyk-1 

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

cyk-1 vs  
fhod-1;cyk-1 

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 
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Figure 3.6 Average individual muscle cell width of wild-type, fhod-1(tm2363), cyk-

1(or596ts), and fhod-1(tm2363);cyk-1(or596ts) mutant worms at A) permissive and 

B) restrictive temperatures. These graphs depict the average means of three 

experiments. The error bars represent the standard deviation. A total of 50 or 75 worms 

were used for each condition. At permissive temperatures, cyk-1, fhod-1, and fhod-1;cyk-

1 mutants appear to have similar muscle cell widths as wild-type until 36 hr time point. 

At permissive temperatures after 36 hr, cyk-1, fhod-1, and fhod-1;cyk-1 mutants have 

reduced muscle cell width compared to wild-type worms. Cyk-1, fhod-1, and fhod-1;cyk-

1 mutants had reduced muscle cell width compared to wild-type at restrictive 

temperatures. See Tables 3.3 and 3.4 for statistical analysis. 
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Table 3.3 Statistical comparison using ANOVA of individual muscle cell widths of 

wild-type, fhod-1(tm2363), cyk-1(or596ts), and fhod-1(tm2363);cyk-1(or596ts) worms 

at permissive temperature (Fig.3.6A). 

 
Comparisons   0 hr 12 hr  24 hr 36 hr 48 hr 60 hr 72 hr 
WT vs fhod-1 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 
WT vs cyk-1 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 
WT vs  
fhod-1;cyk-1 

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

fhod-1 vs  
cyk-1 

p < 0.001 P < 0.05 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

fhod-1 vs 
fhod-1;cyk-1 

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

cyk-1 vs  
fhod-1;cyk-1 

p < 0.001 p < 0.05 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

 
 

 

Table 3.4 Statistical comparison using ANOVA of individual muscle cell widths of 

wild-type, fhod-1(tm2363), cyk-1(or596ts), and fhod-1(tm2363);cyk-1(or596ts) worms 

at restrictive temperature (Fig.3.6B). 

 
Comparisons   12 hr  24 hr 36 hr 48 hr 60 hr 72 hr 
WT vs fhod-1 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 n/a 
WT vs cyk-1 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 n/a 
WT vs  
fhod-1;cyk-1 

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 n/a 

fhod-1 vs  
cyk-1 

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

fhod-1 vs 
fhod-1;cyk-1 

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

cyk-1 vs  
fhod-1;cyk-1 

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 
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Figure 3.7 Average whole worm width of WT, fhod-1(tm2363), cyk-1(or596ts), and 

fhod-1(tm2363);cyk-1(or596ts) mutant worms at A) permissive and B) restrictive 

temperatures. These graphs depict the average means of three experiments. The error 

bars represent the standard deviation. A total of 50 or 75 worms were used for each 

condition. At permissive temperature, fhod-1, cyk-1, and fhod-1;cyk-1 mutants had 

inconsistent whole worm width compared to wild-type. At 0, 36, and 60 hours fhod-1 

mutants had a larger body width than wild-type, cyk-1, and fhod-1;cyk-1 mutants at 

permissive temperature. At 12 hours, fhod-1;cyk-1 mutants had a larger worm width than 

fhod-1 and cyk-1 mutants and wild-type worms at permissive temperature. At 24 and 72 

hours, wild-type worms had a larger worm width than the mutant worms at permissive 

temperature. Cyk-1, fhod-1, and fhod-1;cyk-1 mutants had reduced whole worm width 

compared to wild-type at restrictive temperatures after 24 hours. See Tables 3.5 and 3.6 

for statistical analysis. 
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Table 3.5 Statistical comparison using ANOVA of wild-type, fhod-1(tm2363), cyk-

1(or596ts), and fhod-1(tm2363);cyk-1(or596ts) whole worm widths at permissive 

temperature (Fig.3.7A). 

 
Comparisons   0 hr 12 hr  24 hr 36 hr 48 hr 60 hr 72 hr 
WT vs fhod-1 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 
WT vs cyk-1 p < 0.001 p < 0.05 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 
WT vs  
fhod-1;cyk-1 

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

fhod-1 vs  
cyk-1 

p < 0.001 p < 0.001 p < 0.05 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

fhod-1 vs 
fhod-1;cyk-1 

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

cyk-1 vs  
fhod-1;cyk-1 

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

 
 

 

Table 3.6 Statistical comparison using ANOVA of wild-type, fhod-1(tm2363), cyk-

1(or596ts), and fhod-1(tm2363);cyk-1(or596ts) whole worm widths at restrictive 

temperature (Fig.3.7B). 

 
Comparisons   12 hr  24 hr 36 hr 48 hr 60 hr 72 hr 
WT vs fhod-1 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 n/a 
WT vs cyk-1 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 n/a 
WT vs  
fhod-1;cyk-1 

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 n/a 

fhod-1 vs  
cyk-1 

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

fhod-1 vs 
fhod-1;cyk-1 

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

cyk-1 vs  
fhod-1;cyk-1 

p < 0.001 p < 0.001 Not sig p < 0.001 p < 0.001 p < 0.001 
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whole worm width compared to wild-type worms at restrictive temperatures at 24, 36, 48, 

60, and 72 hours. At 12 hours, wild-type, fhod-1(tm2363), cyk-1(or596ts), and fhod-

1(tm2363);cyk-1(or596ts) mutant worms appear to be very similar in size (Figure 3.7; 

Table 3.6).   

The difference between BWM width, individual muscle cell width, and whole 

worm width at permissive and restrictive temperature for a given strain could be 

accounted for by the worms at restrictive temperature developing faster at the restrictive 

temperature than at permissive temperature.  

 

Muscle Cell Autonomous Expression 

The purpose of this experiment was to determine if formin expressed in muscle 

cells are able to rescue the muscle cell size in formin mutant worms. To do this, full 

length fhod-1 or cyk-1 were expressed in a mosaic pattern along with gfp from an 

extrachromosomal array in the respective formin mutant worms. The gfp provided a 

marker for the muscle cells and the pharynx of the worms. The extrachromosomal array 

is similar to an extra chromosome, and is formed by the worm splicing and stitching 

plasmids that are microinjected into the gonad. Extrachromosomal arrays are inherited in 

a mosaic pattern; some cells have copies of the array and other cells do not (Mello et al., 

1991). Cells expressing GFP were assumed to have inherited the wild-type formin gene. 

Some individual muscle cells expressed GFP, while other muscle cells did not express 

GFP. The widths of muscle cells expressing GFP were compared to the widths of muscle 

cells not expressing GFP (Figure 3.8). Worms were grown at 20˚C, washed with M9  
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Figure 3.8 Fhod-1 and cyk-1 muscle expression in C. elegans. Wild-type cyk-1 or fhod-

1 DNA was microinjected (green box) into formin mutant worm (purple oval), together 

with a GFP marker to from an extrachromosomal array. Some progeny of the injected 

worms expressed the extrachromosomal array, while others did not. Since 

extrachromosomal arrays are inherited in a mosaic pattern, some muscle cells expressed 

GFP (green ovals), while other cells did not (white ovals). The cell width of GFP(+) 

muscle cells was compared to the width of GFP(-) muscle cells.   
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buffer, and stained with phalloidin. Adult worms were observed using fluorescence 

microscopy and muscle cells widths were measured as mentioned above.  

Based on the hypothesis that fromins promote thin filament assembly, it was 

predicted that wild-type fhod-1(+) would rescue muscle size in fhod-1(tm2363) mutant 

worms (Figure 3.8). One green and one non-green muscle cells was measured for each of 

20 animals. Muscle cells expressing gfp and fhod-1(+) were significantly wider than 

muscle cells not expressing gfp (p < 0.05; Figure 3.9).  

Based on the hypothesis that formins promote thin filament assembly, it was also 

predicted that cyk-1(+) would rescue muscle size in cyk-1(ok2300) mutant worms. Wild-

type cyk-1(+) along with gfp were expressed in cyk-1(ok2300)/mT1[dpy-10(e128)]III 

mutant worms. While cyk-1(or596ts) worms were also mutants, cyk-1(ok2300) mutant 

worms offer a non-temperature sensitive background and had a stronger BWM phenotype 

than cyk-1(or596ts) mutant worms. As mentioned previously, homozygous cyk-

1(ok2300) worms are sterile, thus cyk-1(ok2300)/(+) parents were used to propagate cyk-

1(ok2300) mutant worms. Originally, full length cyk-1(+) was intended to be examined in 

cyk-1(ok2300) muscle cells. Unfortunately, cyk-1(ok2300) mutant progeny expressing gfp 

were rare. Therefore muscle cells expressing gfp in cyk-1(ok2300)/(+) animals were 

analyzed instead. Thus, the possible overexpression of cyk-1 in muscle cells was studied 

for this experiment. Cyk-1(+) was expressed in cyk-1(ok2300)/(+)  worms and widths of 

muscle cells expressing gfp were compared to those of muscle cells not expressing gfp. 

Muscle cells expressing gfp and cyk-1(+) were slightly  
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Figure 3.9 The effects of fhod-1 expression in individual muscle cells. The bars 

represent the mean value from one experiment using a sample size of 20 worms. The 

error bars represent the standard deviation. The width of muscle cells with GFP, and 

therefore fhod-1(+), is significantly larger than that of cells without GFP (p < 0.05).  
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larger than muscle cells not expressing gfp, yet there was no significant difference (p > 

0.05; Figure 3.10). 
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Figure 3.10 The effects of cyk-1 expression in individual muscle cells. The bars 

represent the mean value from one experiment using a sample size of 20 worms. The 

error bars represent the standard deviation. The width of muscle cells with GFP, and 

therefore cyk-1(+), is slightly larger than that of cells without GFP, yet it is not 

statistically significant (p > 0.05). 
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Chapter 4: Discussion 

The goal of this project was to test for the effects of loss of cyk-1 and fhod-1 on 

thin filament assembly during sarcomerogenesis.  For temperature shift assays, cyk-

1(or596ts) was used. This combats the maternally inherited CYK-1 seen in mutants with 

cyk-1(ok2300) that was previously used to study formin effects on muscle development 

(Mi-Mi et al., 2012). Cyk-1(or596ts) worms are a temperature sensitive strain, which 

allows for CYK-1 to be functional at permissive temperature (≤16°C) and non-functional 

at restrictive temperature (≥26°C; Davies et al., 2014). Our hypothesis was that cyk-1 and 

fhod-1 are important for thin filament assembly. 

The short term effects of the loss of fhod-1 and cyk-1 function on muscle was 

tested. It was expected that fhod-1(tm2363);cyk-1(or596ts) mutant worms would not have 

thin filaments at restrictive temperature. It was also expected for the single mutants to 

have reduced thin filaments compared to wild-type worms at restrictive temperature. It 

was observed that cyk-1(or596ts) and fhod-1(tm2363) mutant worms had abnormal 

shaped worms ~10% of the time, while cyk-1(or596ts);fhod-1(tm2363) mutant worms 

showed abnormal shaped worms ~20% of the time at permissive and restrictive 

temperatures for both the 2 hour restrictive temperature shift and at constant permissive 

temperature (Figure 3.2). There were minimal additional shape changes after two hours at 

26°C.  

During the same conditions as above, cyk-1(or596ts), fhod-1(tm2363), and fhod-

1(tm2363);cyk-1(or596ts) mutant worms BWM structure was analyzed with respect to 

worm shape. A couple of abnormal muscles were observed and two classifications were 

established: disorganized filaments and disorganized mesh (Figure 3.3). Abnormally 
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shaped worms usually had abnormal muscle, while normal shaped worms usually had 

normal muscle for wild-type, fhod-1(tm2363), cyk-1(or596ts), and fhod-1(tm2363);cyk-

1(or596ts) mutant worms (Figure 3.4).  

Fhod-1(tm2363) and cyk-1(or596ts) worms should have abnormal muscle 

phenotypes if fhod-1 and cyk-1 are important for thin filament assembly because this 

phenotype would occur if thin filament assembly was disrupted. Fhod-1(tm2363) worms 

were expected to have abnormal muscle phenotype at permissive and restrictive 

temperature during the 2 hour shift because this mutant is not temperature sensitive. Cyk-

1(or596ts) worms were expected to have abnormal muscle phenotype at restrictive 

temperature and normal muscle phenotype at permissive temperature during the 2 hour 

shift. Fhod-1(tm2363) and cyk-1(or596ts) mutant worms had abnormal muscle 

phenotypes as well as normal muscle. Wild-type worms and fhod-1(tm2363), cyk-

1(or596ts), and fhod-1(tm2363);cyk-1(ok596ts) mutant worms with abnormal shaped 

bodies usually had abnormal muscle, while normal shaped worms usually had normal 

muscle.  

The abnormal shaped worms and abnormal muscle observed at permissive 

temperatures suggests that the cyk-1(or596ts) mutant might be partially non-functional at 

the permissive temperature. Major differences between the analysis of cyk-1(or596ts) in 

the Davies et al., 2014 and in this study were when the temperature was shifted, and what 

was being analyzed. Davies et al., 2014 shifted the temperature from permissive to 

restrictive before the first cell division occurred, which arrested development suggesting 

CYK-1 was non-functional at restrictive temperature. It was shown that after being 

shifted from restrictive to permissive temperature, CYK-1 was functional again and 
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embryos can further develop (Davies et al., 2014). Yet, temperature sensitive CYK-1 was 

not shifted to restrictive temperature during larval stages of development, so the 

functionality of CYK-1 during later stages of development was unclear. I shifted the 

temperature during the first larval stage and later stages of development. Therefore, it is 

possible that the cyk-1(or596ts) may be partially non-functional at permissive 

temperature during larval stages of development.  

Another important difference from Davies et al., 2014 was they were observing 

cell division, while I was observing muscle. It is possible that muscle development is 

more sensitive to CYK-1 than cell division in C. elegans. Thus, it is possible that CYK-1 

is partially non-functional at permissive temperature during cell division, yet cell division 

still occurs.  

Since the formin mutants had muscle and shape abnormalities at permissive and 

restrictive temperatures, the muscle abnormalities most likely occurred during 

embryogenesis. Pat shaped worms were present in fhod-1(tm2363), cyk-1(or596ts), and 

fhod-1(tm2363);cyk-1(or596ts) mutant worms samples. The Pat phenotype is known to 

occur when there are severe muscle defects during embryogenesis, linking muscle 

abnormalities to worm shape and embryogenesis (Hresko et al., 1994). Therefore, cyk-1 

and fhod-1 may affect muscle development during embryogenesis. 

However, the overall low percentage of formin mutant worms with muscle or 

shape abnormalities suggests that cyk-1 and fhod-1 might not be important for thin 

filament maintenance. Yet, we do not know if fhod-1 and cyk-1 are important for muscle 

growth and new thin filament assembly.  
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To test this, the long term effects of the loss of cyk-1 and fhod-1 function on 

muscle growth were studied. It was expected that fhod-1(tm2363);cyk-1(or596ts) mutant 

worms would not grow additional muscle. It was also expected that cyk-1(or596ts) 

muscle size would be reduced compared to wild-type muscle at restrictive temperature, 

while fhod-1(tm2363) would have reduced muscle size compared to wild-type muscle at 

both temperatures. Wild-type, fhod-1, cyk-1, and fhod-1;cyk-1 mutant worms were held at 

either 15°C or 26°C for 0, 12, 24, 36, 48, 60, or 72 hours in the presence of food to allow 

for worm growth, and then BWM width, individual muscle cell width, and whole worm 

width were observed using fluorescence microscopy.  

Previously, fhod-1(tm2363) mutant worms were shown to have reduced muscle 

size compared to wild-type worms during L2 and later larval stages, while during L1 

larval stage muscle size was similar to wild-type worms (Mi-Mi et al., 2012). Worm 

development rate was directly related to temperature; lower temperature meant worm 

development was slower. Thus, the main difference between mutant fhod-1 at permissive 

and restrictive temperature was that the BWM width was larger at restrictive temperature 

than at permissive temperature. Various larval stages and adult worms were observed at 

restrictive temperatures and various larval stages and no adult worms were observed at 

permissive temperatures. The reduction in BWM width of the fhod-1(tm2363) mutants 

compared to the wild-type worms was seen at both temperatures. Fhod-1(tm2363) L2 and 

later larval mutants showed a reduction in BWM width compared to wild-type at 

restrictive and permissive temperatures, similar to what was previously seen at 20°C in 

Mi-Mi et al., 2012 (Figure 3.5). This suggests the muscle size never reached wild-type 
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BWM size; therefore the reduced fhod-1(tm2363) mutant muscle did not shrink in size 

but grew less than wild-type muscle.  

One possible explanation for the reduction in BWM size was a reduction in 

individual muscle cell size. This would be consistent with a relationship between fhod-1 

and thin filament assembly. Another possibility was there could be fewer muscle cells in 

the BWM. Thus the BWM width and muscle cell width could be independent of each 

other and fhod-1 may contribute to cell division. Fhod-1 mutant worms also experienced 

a reduction in individual muscle cell width at permissive and restrictive temperatures 

compared to wild-type, similar to the pattern shown for BWM width (Figure 3.6). These 

data are consistent with the possibility that reduced thin filament assembly in fhod-

1(tm2363) worms results in reduced BWM width.   

Cyk-1(ok2300) mutant worms were previously shown to have smaller BWM 

widths compared to wild-type and fhod-1(tm2363) mutants (Mi-Mi et al., 2012). It was 

expected that cyk-1(or596ts) mutant worms at restrictive temperature to have reduced 

BWM width and muscle cell width compared to wild-type worms due to loss of CYK-1 

function, while at permissive temperature, the cyk-1(or596ts) mutant worms were 

predicted to have similar BWM width compared to wild-type worms. It was observed that 

cyk-1(ok596ts) mutant worms had reduced BWM width compared to wild-type worms at 

restrictive and permissive temperatures (Figure 3.5). This again suggested cyk-1(or596ts) 

may be partially non-functional at permissive temperatures similar to what was shown 

with the two-hour shift.  

It was expected cyk-1(or596ts) mutant worms would experience a reduction in 

BWM width at restrictive temperatures compared to wild-type worms because 
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temperature sensitive CYK-1 should be non-functional and unable to aid in thin filament 

assembly. Cyk-1(or596ts) worms BWM widths were observed to be reduced at restrictive 

temperatures compared to wild-type BWM widths (Figure 3.5). This suggests cyk-

1(or596ts) is important for muscle development. Previously, at 20°C cyk-1(ok2300) adult 

mutant worms BWM width average was measured to be ~12 µm (Mi-Mi et al., 2012). 

For adult cyk-1(or596ts) mutants at restrictive temperature, average BWM width was 

measured to be ~20 µm. This suggests cyk-1(or596ts) had less of an effect on BWM 

width than cyk-1(ok2300). However, it is not valid to make a direct comparison because 

worms were grown under different conditions and the worms were not age synchronized. 

Despite this, the temperature sensitive cyk-1 possibly had less of an effect on BWM 

width than cyk-1(ok2300). Yet, cyk-1(or596ts) had reduced BWM width compared to 

wild-type BWM size at permissive and restrictive temperatures, which suggests cyk-1 is 

important for muscle development and muscle growth.  

Similar to fhod-1, there were two possible causes for the reduction in BWM width. 

One possibility was the decrease in BWM width was caused by a reduction in muscle cell 

size. This possibility would be consistent with cyk-1 being important for thin filament 

assembly. The second possibility was fewer muscle cells in the BWM that may have 

caused the BWM size reduction, which would be consistent with cyk-1 being involved in 

cell division. Cyk-1(or596ts) mutant worms had reduced individual muscle cell width 

compared to wild-type muscle cells, similar to the BWM width pattern (Figure 3.6). This 

suggests that the reduced muscle cell size was linked to the reduced BWM width, similar 

to fhod-1. This is consistent with the possibility that cyk-1 is involved with thin filament 

assembly.  
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Fhod-1(tm2363);cyk-1(or596ts) mutant worms were expected to have reduced 

BWM width and muscle cell width compared to wild-type and fhod-1(tm2363) and cyk-

1(or596ts) mutants BWM widths. It was observed that fhod-1(tm2363);cyk-1(or596ts) 

mutants had reduced BWM width and muscle cell width compared to wild-type and fhod-

1(tm2363) and cyk-1(or596ts) mutants at permissive and restrictive temperatures (Figure 

3.5; Figure 3.6). This suggests fhod-1 and cyk-1 possibly have some redundant functions.  

Whole worm width was measured to determine if fhod-1 and cyk-1 affect the 

whole worm or specifically the muscles. At permissive temperature, fhod-1(tm2363), cyk-

1(or596ts), and fhod-1(tm2363);cyk-1(or596ts) mutants had inconsistent whole worm 

width compared to wild-type. Fhod-1(tm2363) had a larger body width than wild-type 

and cyk-1(or596ts) and fhod-1(tm2363);cyk-1(or596ts) mutants at permissive 

temperature during 0, 36, and 60 hour time points. Fhod-1(tm2363);cyk-1(or596ts) had a 

larger worm width than fhod-1(tm2363), cyk-1(or596ts), and wild-type worms at 

permissive temperature during the 12 hour time point. Wild-type worms had a larger 

worm width than the single and double mutant worms at permissive temperature during 

24 and 72 hour time points. At restrictive temperature, fhod-1(tm2363), cyk-1(or596ts), 

and fhod-1(tm2363);cyk-1(or596ts) mutant worms had reduced whole worm width 

compared to wild-type. Since the single and double mutants whole worm width at 

restrictive temperature are smaller than wild-type whole worm width, it suggests loss of 

fhod-1 and cyk-1 affect the whole worm, not just the muscle.  

It was expected for fhod-1(tm2363);cyk-1(or596ts) mutant worms to have no 

muscle growth due to the idea that thin filament assembly would not occur. Yet, it was 

observed that fhod-1(tm2363);cyk-1(or596ts) worms had muscle growth, although it was 
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reduced. However, several additional pieces of evidence support the hypothesis that fhod-

1 and cyk-1 promote muscle growth through thin filament assembly. Many formins 

nucleate and elongate actin filaments, which are the core of thin filaments. Also, CYK-1 

and FHOD-1 are found in the sarcomeres, specifically near or on the Z line that 

associates with thin filaments (Mi-Mi et al., 2012). It is possible that the muscle still grew 

in the fhod-1(tm2363);cyk-1(or596ts) larvae because there might be redundancy in the 

sarcomere to prevent the complete loss of thin filament assembly. Some possible 

redundant proteins are other formins found in sarcomeres or other actin nucleation 

proteins. Overall, the reduction in muscle size of fhod-1(tm2363) and cyk-1(or596ts) 

worms suggests cyk-1 and fhod-1 may promote thin filament assembly in 

sarcomerogenesis.  

Fhod-1(+) expressed in muscle cells should be able to rescue muscle cell width in 

fhod-1(tm2363) mutant worms if fhod-1 is directly involved with thin filament assembly 

during sarcomerogenesis. Therefore, fhod-1(+) was expected to increase muscle cell 

width compared to muscle cells not expressing the gfp and fhod-1(+). Consistent with this, 

a significant increase in muscle cell width was observed in fhod-1(+) cells in fhod-

1(tm2363) mutant worms with mosaic expression of fhod-1(+), compared to muscle cells 

not expressing fhod-1(+) (Figure 3.8). Therefore, the theory that fhod-1 is involved with 

thin filament assembly is supported.  

Originally, I intended cyk-1(+) to be expressed in a homozygous cyk-1(ok2300) 

mutant worm. Unfortunately, a similar analysis for cyk-1(+) was not possible because 

cyk-1(ok2300) worms with mosaic expression of cyk-1(+) were too rare. Therefore, 

heterozygous cyk-1(ok2300)/(+) worms with mosaic expression of cyk-1(+) were 
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analyzed. This experiment tested if overexpression of cyk-1 in heterozygous cyk-

1(ok2300)/(+) muscle affects muscle size. It was observed that cyk-1(+) cells had an 

increase in muscle width compared to cells that did not express extra cyk-1(+), although 

this difference was not statistically significant (Figure 3.9). This suggests that cyk-1 may 

be influencing muscle development through another organ, or that half as much CYK-1 

may be sufficient for influencing muscle development. Another caveat was that the 

expression level of cyk-1(+) from the extrachromosomal array in the mosaic animals was 

unknown. A follow up experiment to address some of the caveats would be to examine 

the rare cyk-1 homozygous mutant worms.  

Despite this, we believe overall, these results support the possibility that cyk-1 and 

fhod-1 may play some role in thin filament assembly during sarcomerogenesis based on 

the temperature shift and the fhod-1 muscle expression experiments. Overall, the data 

more strongly supports the possibility that fhod-1 is involved in thin filament assembly, 

while cyk-1 may be involved in thin filament assembly.  

If fhod-1 and cyk-1 do not promote thin filament assembly, then there should be 

other possible explanations causing the reduction in muscle size of the formin mutant 

worms. One possibility is the loss of fhod-1 or cyk-1 affect other regions of the worm, 

which in turn affect the muscle. For example, if fhod-1 is mutated in the worm, this may 

result in microfilament discrepancies in epidermal cells that may cause embryonic 

morphology to be disrupted (Vanneste et al., 2013). The change in worm morphology 

might be caused by epidermal cells but could also influence muscle development, 

contributing to reduced muscle size found in the formins single and double mutant worms.  
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Overall, I believe that the results of the study support the hypothesis that fhod-1 

and cyk-1 promote thin filament assembly. The results also suggest thin filament 

assembly associated with fhod-1 and cyk-1 promotes sarcomere assembly and muscle 

growth in C. elegans.  

 

Future Studies 

 My results show that cyk-1 and fhod-1 are important for muscle growth during 

larval development, and possibly also for worm shape and muscle development during 

embryogenesis. Further studies should be conducted to determine the effects of cyk-1 and 

fhod-1 on muscle development during embryogenesis. To do this, muscle myosin-3 in C. 

elegans should be labeled using MYO-3 antibodies to mark the BWM thick filaments and 

determine the location of the BWM, as well as stained with phalloidin to locate the thin 

filaments.  

Another potential direction is to repeat the cyk-1 and fhod-1 muscle expression 

experiment. This would provide better insight into the significance of the data currently 

collected. This experiment should also be conducted on several different strains of fhod-

1(-) worms injected with fhod-1(+) and cyk-1(-) worms injected with cyk-1(+). Each 

injection creates a worm strain with a different extrachromosomal array that can behave 

differently.  
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