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Faithful segregation of chromosomes is ensured by the spindle checkpoint.  If a 

kinetochore does not correctly attach to a microtubule the spindle checkpoint stops cell cycle 

progression until all chromosomes are attached to microtubules or tension is experienced while 

pulling the chromosomes. The C. elegans gene, san-1, is required for spindle checkpoint 

function and anoxia survival. To further understand the role of san-1 in the spindle checkpoint, 

an RNAi screen was conducted to identify genetic interactions with san-1. The kinetochore gene 

hcp-1 identified in this screen, was known to have a genetic interaction with hcp-2.  

Interestingly, san-1(ok1580);hcp-2(ok1757)  had embryonic and larval lethal phenotypes, but the 

phenotypes observed are less severe compared to the phenotypes of san-1(ok1580);hcp-1(RNAi) 

animals. Both san-1(ok1580);hcp-1(RNAi) and san-1(ok1580);hcp-2(RNAi) produce eggs that 

may hatch;  but san-1(ok1580):hcp-1(RNAi) larvae do not survive to adulthood due to defects 

caused by aberrant chromosome segregations during development. Y54G9A.6 encodes the C. 

elegans homolog of bub-3, and has spindle checkpoint function.  In C.elegans, bub-3 has genetic 

interactions with san-1 and mdf-2.   An RNAi screen for genetic interactions with bub-3 

identified that F31F6.3 may potentially have a genetic interaction with bub-3.  This work 

provided genetic evidence that hcp-1, hcp-2 and F31F6.2 interact with spindle checkpoint genes. 
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INTRODUCTION 
 

The American Cancer Society estimates that 1,437,180 new cases of cancer were 

reported in 2008 alone.  This estimate does not include basal and squamous cell carcinomas 

which are expected to increase the previous figure by as much as another million incidents of 

total cancer presentations.  Cancer is the second most common cause of death in the United 

States, second only to heart disease (ACS, 2008). That which we call “cancer” is a general term 

that describes neoplastic growths caused by cells that have lost the ability to stop dividing.  Cell 

division is regulated by a series of events known as the cell cycle.  The cell cycle may become 

deregulated by a number of causes ranging from point mutations in key cell cycle genes to gross 

genomic damage caused by loss of entire chromosomes. 

            Insight into the function of the cell cycle arose from studies conducted in the fungus, 

Saccharomyces cerevisiae.  Briefly, Hartwell et al. conducted a mutagenesis screen to identify 

colonies of yeast that were unable to progress through different stages of cell division in a 

temperature-sensitive manner (Hartwell, 1973). Normal cell division would be observed at the 

permissive temperature, but the same colonies would not be able to divide when subjected to the 

restrictive temperature.  The identity of the gene altered in each mutant was ascertained by 

transforming mutant yeast cells with a genetic library to find which clone would rescue the 

mutant.  These experiments demonstrated that control of cell division was intrinsic to the cell and 

based on the interactions of various proteins.  In some cases an event, such as a protein-protein 

interaction, was prerequisite for a later event, like progression to a specific stage of the cell 

division. The events of the cell cycle of most organisms are ordered into pathways in which the 

initiation of late events is dependent on the completion of early events (Hartwell, 1989).  
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Interactions that are prerequisite to later events in the cell cycle are now referred to as 

checkpoints due to the fact that their function provides regulation to the cell cycle. 

            To understand how the spindle checkpoint detects abnormalities in chromosome 

segregation machinery, artificial chromosomes were used to examine whether the inability of a 

mini-chromosome to attach to a spindle would initiate the spindle checkpoint. This hypothesis 

was tested using circular and linear artificial, mini-chromosomes made by combining DNA 

sequences that act as origins of replication, telomeres, selectable markers and had the 

centromeric sequence shown to be necessary and sufficient for centromere function. Yeast cell 

whose mini-chromosomes carried the wild-type centromeric sequence were able to induce 

mitotic delays proportional to the number and severity of mini-chromosome segregation errors.  

Mutants of the mad (mitosis arrest deficient) family were unable to delay mitosis during 

chromosome segregation errors and suffered increased rates of mini-chromosome loss.  Thus, the 

MAD genes were shown to monitor the attachment of kinetochores to microtubules (Wells, 

1996).   

 

Table 1.  S. cerevisiae kinetochore and spindle checkpoint proteins compared to C. elegans 
kinetochore and spindle checkpoint proteins. 
S. cerevisiae Protein S. cerevisiae Function C. elegans Protein C. elegans function 
    
CENP-A Centromere protein that  HCP-3 Protein that resembles 
 resembles histone H3,   Histones H3 and H4, 
 required for proper   required for  
 kinetochore function.  kinetochore function. 
    
CENP-C Required for structural  HCP-4 Centromere protein  
 integrity of the spindle   (CENP)-C homolog. 
 during anaphase.   

 

 
 
  (table continues) 



 
 

 3 

 

 

  The proteins involved in kinetochore and spindle checkpoint function are conserved 

between S. cerevisiae and C. elegans (Table 1).  During mitotic cell division, chromosomes align 

at the metaphase plate where they are affixed to microtubules by a protein to DNA connector 

known as a kinetochore. A protein with sequence similarity to histone H3, CENP-A (or HCP-3 

in C. elegans) directly associates with the chromosome.  CENP-C (HCP-4 in C. elegans) helps 

stabilize the complex of other proteins binding to the kinetochore including BUB1 and CENP-F 

(HCP 1 and 2 in C. elegans) (Kitagawa, 2009). HCP-1 and HCP-2 share 42% identity and 54% 

similarity (Moore, 1999).  If a kinetochore does not correctly attach to a microtubule the spindle 

 
(table continued)    
CENP-F Component of the outer  HCP-1/2 Homolog of 
 kinetochore plate in   centromere protein- F 
 mitosis, involved in    (CENP-F). 
 kinetochore-microtubule    
 attachment.    
    
BUB1 Protein kinase that  BUB-1 Serine/threonine  
 forms a complex with   kinase, required for  
 Mad1 and Bub3,  proper function of  
 crucial for spindle  the spindle   
 checkpoint activity.  checkpoint. 
    
    
BUB3 WD40 repeat protein BUB-3 WD40 repeat protein 
 delays anaphase in the   spindle checkpoint  
 presence of unattached   protein. 
 kinetochores.    
    
MAD3 Subunit of the spindle- SAN-1 Ortholog of Mad3 
 checkpoint, serine/  spindle checkpoint, 
 threonine kinase.  serine/threonine   
   kinase. 
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checkpoint stops cell cycle progression until all chromosomes are attached to microtubules or 

tension is experienced while pulling the chromosomes.   When this arrest of the cell cycle is by 

passed due to mutated or missing checkpoint proteins improper segregation of genomic material 

occurs leaving one daughter cell with too many chromosomes and another daughter cell with 

either too few chromosomes or chromosomal aberrations due to the effects of anaphase bridging 

(Bakhoum, 2009).  Chromosome missegregation events give rise to aneuploid nuclei, those 

having an unusual number of chromosomes.  Aneuploid nuclei, are associated with essentially 

every type of human solid tumor (Duesberg, 2005). 

Faithful segregation of chromosomes is ensured by the spindle checkpoint.  After all 

chromosomes have attached to microtubules via kinetochores, CDC20 binds to and activates an 

E-3 ubiquitin ligase known as the anaphase promoting complex (APC) causing the ubiquination 

of securin.   Destruction of securin activates separase, a protease that cleaves the cohesin 

molecules holding sister chromatids together.  The free chromatids separate and anaphase begins. 

Unattached kinetochores initiate a series of protein-protein interactions beginning with activation 

the kinase, BUB1. Activated BUB1 phosphorylates MAD2 and BUB3 causing MAD2, MAD3 

and BUB3 to form a protein complex on the kinetochore (Sharp-Baker, 2001). CDC20 binds to 

the MAD2, MAD3 and BUB3 protein complex instead of binding to and activating the APC.  

Without an active APC, the cell cycle is arrested at metaphase until all chromosomes have bound 

to microtubules (Figure 1).   
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Figure 1.  The role of spindle checkpoint proteins in arresting the cell cycle kinetochore-
microtubule attachment is not successful.  When a kinetochore has not bound to a microtubule, 
spindle checkpoint proteins form a complex on the unattached kinetochore.  CDC20 binds to the 
spindle checkpoint complex rather than activate the anaphase promoting complex (APC).   
  

In order to identify genes that interact with the spindle checkpoint, synthetic genetic array 

analysis was conducted with mad1, mad2, mad3 and bub3 used as query strains bread with a 

library of over 4,000 S. cerevisiae mutants for nonessential genes.  Synthetic genetic array 

analysis identified 288 synthetic interactions with mad1, mad2, mad3 and bub3 (Appendix A and 

B).  Most of the genes identified have a role in chromosome transmission or microtubule 
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function. However, the spindle checkpoint genes were also shown to have synthetic genetic 

interactions with genes involved in a wide range of cellular processes demonstrating the diverse 

array of genes that interact with the spindle checkpoint (Daniel, 2006). 

 In addition to aneuploid nuclei, solid tumors also contain clusters of cells in very low 

oxygen concentrations ranging from hypoxia (up to 3% O2) to anoxia (0% O2) (Unruh, 2003). 

The development of anoxia tolerant cells in solid tumors has drastic consequences in malignant 

progression, response to therapy and overall patient survival (Hockel, 1993).  Solid tumors 

whose cells have adapted the ability to thrive in areas devoid of vasculature and, by proxy, 

oxygenation have an increase in malignancy and are more resistant to chemotherapy, 

photodynamic therapy, radiation and increased rate of metastases. These events routinely lead to 

poor prognosis and patient mortality (Brown, 2004). Understanding malignant tumor progression 

is an essential step in developing more effective therapies that is made even more challenging 

due to the fact that cells at the periphery of the tumor are directly adjacent to vasculature, while 

cells in the center of the tumor are sealed off from blood supply and nutrients. Because these two 

areas of the same tumor comprise different microenvironments, the cells from the center distinct 

would be expected to have different gene expression profiles compared to cells at the periphery.  

 Like the cells of a solid tumor, some animals have evolved mechanisms to survive anoxic 

environments.  The soil-dwelling nematode, Caenorhabditis elegans, has evolved the ability to 

endure anoxic conditions by entering a state of suspended animation in which both cell cycle 

progression and development arrests (Padilla, 2002). Post-embryonic C. elegans subjected to 

anoxia will cease motility, feeding and in the case of adult C. elegans, egg laying and ovulation 

arrest (Mendenhall, 2008; Padilla 2002).  These responses are reversible in that all of these 

critical processes resume upon re-exposure to normoxic conditions (Padilla, 2002). 
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An RNA interference (RNAi) screen for genes necessary for anoxia survival on 

chromosome I identified san-1.  SAN-1, homolog of the yeast spindle checkpoint protein MAD3, 

localizes to the kinetochores of anoxic blastomeres. Animals in which san-1 expression levels 

have been reduced by RNAi are able to develop into viable adults under normoxic conditions, 

but san-1(RNAi) embryos are not able to enter the suspended animation state triggered by anoxic 

conditions. In san-1(RNAi) embryos exposed to anoxia, cell cycle will not arrest at metaphase 

causing progression into anaphase and anaphase bridging.  MDF-2 was also found to be required 

for anoxia-induced cell cycle arrest, as mdf-2(RNAi) embryos will also unsuccessfully transition 

into anaphase. Together these data demonstrate that like MDF-2, SAN-1 is a spindle checkpoint 

protein. These findings show that san-1 is not essential for development and that the spindle 

checkpoint is required for survival of anoxic conditions experienced by C. elegans (Nystul, 

2003). 

Given that chromosome instability has been implicated in cancer occurrence; and that the 

ability for cancer cells to develop mechanisms to withstand anoxic conditions not only allows the 

cancer cells to thrive, but become resistant to many commonly administered treatments, it is 

essential that the mechanisms underlying proper chromosome inheritance and oxygen 

deprivation survival be studied more fully.  Since spindle checkpoint proteins in C. elegans are 

required for both genome maintenance and anoxia-induced suspended animation it is logical to 

use C. elegans embryos as a model to study mechanisms of surviving oxygen deprivation and 

spindle checkpoint function.   

Only a few genes involved in anoxia-induced suspended animation have been identified. 

The goal of this project is to identify additional genes that are interacting with the spindle 

checkpoint genes required for C. elegans’ ability to survive anoxic conditions.  While C. elegans 
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is an excellent model organism for many aspects of biological study, the spindle checkpoint has 

been more extensively characterized in simpler model systems such as Saccharomyces cerevisiae 

and Saccharomyces pombe.  Using a multicellular organism to study spindle checkpoint function 

allows for a more diverse array of phenotypes to be studied.  For instance, C. elegans undergoes 

developmental changes, which is not the case for a unicellular system.  Further, since the genes 

necessary for anoxia survival are conserved across species, perhaps gene products known to 

interact with MAD3 and BUB3 in S. cerevisiae have homologs that interact with C. elegans 

SAN-1 or BUB-3, respectively. Thus I hypothesized that RNAi of the C. elegans predicted 

homologs of S. cerevisiae spindle checkpoint interacting genes would produce a phenotype more 

severe than loss of either gene individually.  Such an analysis is more formally known as a 

synthetic lethal screen in which, “Mutations in two different genes are said to be synthetically 

lethal if either mutation is viable in an otherwise wildtype background, but the combination of 

both alleles prevents growth” (Hartman, 2001).  In this experiment the gene under investigation 

would be synthetic lethal with san-1 or bub-3 if its combinatorial RNAi produced greater anoxia 

sensitivity or embryonic lethality than is observed from the loss of either gene individually 

(Figure 2?). Using this strategy, it may be possible to identify homologs of genes known to 

interact with spindle checkpoint genes and screen for genes that are synthetic lethal with san-1 or 

bub-3.    
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Figure 2.  Depiction of synthetic lethal interactions.  If two genes interact, loss of both genes will 
produce a more dramatic phenotype than will be observed by the loss of either gene individually.   
 

Central Hypothesis 

           The C. elegans spindle checkpoint is a protein complex that conveys a “wait for 

anaphase” signal upon activation by unattached kinetochores.  The “wait for anaphase” signal is 

the result of the interaction of many assorted proteins functioning in different cellular processes.  

Synthetic lethal analysis will reveal genetic interactions with the spindle checkpoint gene, san-1. 

Aim I  

The C. elegans gene, san-1, is required for spindle checkpoint function and anoxia 

survival (Nystul, 2003; Hajeri, 2005).  To identify genes that interact with san-1, pBLAST was 

conducted on the sequences of genes products previously demonstrated to interact with mad3 
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(Daniel, 2006). The resulting homologs were recorded an analyzed for interaction with san-1 by 

genes whose RNAi was known to cause an embryonic lethal phenotype were not included. 

Aim II  
 
    In order to identify genetic interactions with bub-3, the sequences of gene products 

demonstrated to genetically interact with BUB3 were subjected to pBLAST. The resulting 

homologs were recorded an analyzed for interaction with bub-3 by genes whose RNAi was 

known to cause an embryonic lethal phenotype were not included. 
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RESULTS - AIM I 
 
 Conducting pBLAST analysis of the sequences of gene products identified as having a 

genetic interaction with mad3 revealed over 86 candidate genes to be screened. The list of genes 

to screen was prioritized so as to focus on genes whose products may most directly interact with 

the spindle checkpoint.  I chose to focus my analysis specifically on genes whose products 

interact with microtubules.  Results related to AIM I were published in the Journal of Cell 

Division (Hajeri, 2008).  

 

 
Figure 3.  Diagram of the san-1 gene with respect to genetic and genomic positions.  The red box 
indicates the are deleted in the san-1(ok1580) strain. (Wormbase) 
 

For further analysis of san-1, a deletion strain was obtained from the C. elegans 

Knockout Consortium.  The san-1(ok1580) strain possesses a 992 bp deletion that eliminates 

exons 3-7 and the first 17 nucleotides of intron 7, as verified by PCR and sequencing (Figure 3). 

Since the deletion in san-1(ok1580) affects the predicted kinase domain and the Mad3/Bub1 

homology region necessary for binding CDC20, this allele is to be considered a minimally 

catalytic null. This mutant was used to determine if RNAi of specific gene products resulted in a 

more severe phenotype in the san-1(ok1580) background.  
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Figure 4. Embryonic and post-embryonic viability phenotypes associated with decreased 
expression (by RNAi or mutation) of the specified spindle checkpoint and kinetochore genes.  
 

      Individual reduction in the spindle checkpoint genes (san-1, mdf-1, mdf-2, bub-3) or the 

kinetochore assembly genes (hcp-1, hcp-2) did not result in severe embryonic lethality and the 

majority of animals developed into adults (Figure 4).  The mdf-1(RNAi) and mdf-2(RNAi) 

animals had several phenotypes as adults including death due to vulva bursting or formation of a 

bag of worms.  
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Figure 5. Embryonic and post-embryonic viability phenotypes due to combinatorial RNAi of specified 
spindle checkpoint genes. The data obtained are from four independent experiments with over 200 
total animals assayed. Error bar is standard deviation. 
 

 In comparison to san-1(ok1580) animals, the san-1(ok1580);bub-3(RNAi) (p < .04), san-

1(ok1580);mdf-1(RNAi) (p < .01) and san-1(ok1580);hcp-1(RNAi) (p < .0003) animals displayed 

a reduction in the ability for embryos to develop to adulthood (Figure 5). Nearly all of the san-

1(ok1580);hcp-1(RNAi) animals died as embryos or young larvae. The san-1(ok1580);hcp-

2(RNAi) animals displayed a decrease in the ability to develop to adulthood, in comparison to 

san-1(ok1580) animals (p < .05), however the phenotype was not as a severe as the san-

1(ok1580);hcp-1(RNAi) animals (Figure 3). The observation that co-depletion of san-1 with 
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either hcp-1or hcp-2 yields different phenotypes indicates that hcp-1 and hcp-2 are not 

completely redundant and may have separate and distinct roles in the spindle checkpoint. 

To address concerns that the different phenotypes seen between hcp-1(RNAi) and  hcp-2RNAi) 

within the san-1(ok1580) background may be due to inefficient RNAi of hcp-2 , an hcp-2(ok1757) 

strain expressing a 1.281 Kb deletion, removing most of exon 5, was crossed with the san-1(ok1580) 

strain (Figure 6).  

 

Figure 6. Diagram of the hcp-2 gene with respect to genetic and genomic positions.  The red box 
indicates the are deleted in the hcp-2(ok1757) strain (Wormbase). 

 

 Single-worm PCR of 39 F2 animals to detect the san-1 and hcp-2 deletions determined that 

the homozygous double mutant (san-1(ok1580);hcp-2(ok1757)) and animals homozygous for the san-

1(ok1580) deletion and heterozygous for the hcp-2(ok1757) deletion displayed embryonic and larval 

lethality phenotypes at low penetrance. For the san-1(ok1580);hcp2(ok1757) double mutant, the 

majority of the embryos hatched, yet only 7.3 % ± 2.4 of the larvae reached adulthood within three 

days at 20°C.  When given four days, the majority of san-1(ok1580);hcp-2(ok1757) animals developed 

to adulthood (Figure 3). Several of the san-1(ok1580);hcp-2(ok1757) animals had morphological 
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defects suggesting that the double mutant had a more severe phenotype then either single mutant.  

Indeed, san-1(ok1580);hcp-2(ok1757) had embryonic and larval lethal phenotypes, but the phenotype 

observed in san-1(ok1580);hcp-2(ok1757)  animals is less severe compared to the phenotype of san-

1(ok1580);hcp-1(RNAi) animals.  

 

Figure 7.  Analysis of the co-depletion of hcp-1 or hcp-2 with mdf-2 or bub-3, respectively. 
 
 

In order to identify other interactions with the spindle checkpoint, RNAi of  hcp-1 and hcp-2 

was conducted in the background of other spindle checkpoint genes.  Additionally, mdf-2(RNAi):hcp-

1(RNAi) animals are also not able to survive to adulthood, as  over half of the san-1(ok1580);hcp-

1(RNAi) or mdf-2(RNAi);hcp-1(RNAi) animals survive embryogenesis but die as larvae (Figures 5, 7). 

The embryonic lethality of san-1(ok1580);hcp-1(RNAi) or mdf-2(RNAi);hcp-1(RNAi) animals is not as 
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severe the embryonic lethality observed in hcp-1(RNAi);hcp-2(RNAi) animals.  These results suggest 

that hcp-1 and hcp-2 have overlapping but not entirely redundant functions due to the different 

phenotypes observed via co-depletion in the background of different spindle checkpoint genes.  

 

Figure 8. Expression of myo-2:GFP during early (A, B, E, F, I, J, M, N) and late (C, D, G, H, K, L, O, 
P, Q, R) embryogenesis. Scale bar represents 15 µm. 

 

     Both san-1(ok1580);hcp-1(RNAi) and san-1(ok1580);hcp-2(RNAi) produce eggs that may hatch;  

but san-1(ok1580);hcp-1(RNAi) larvae do not survive to adulthood. To further characterize the 

phenotype of san-1(ok1580);hcp-1(RNAi) animals that die before reaching adulthood, the myo-2::GFP  
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strain was used to assay developmental progression. The myosin encoded by myo-2 is expressed in 

pharynx precursor cells during development.  Fluorescence microscopy analysis revealed san-

1(ok1580);hcp-1(RNAi)  animals to have pharynx morphology defects suggesting damage sustained in 

development that was exacerbated with growth (Figure 8).   

 

 

Figure 9.  Analysis of san-1(ok1580):hcp-1(RNAi) blastomeres. White arrows indicate abnormal 
nuclei and anaphase bridging. “M” denotes metaphase blastomeres.  Scale bar = 15 µm. 
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Fluorescence microscopy studies were done to investigate the subcellular structure of san-

1(ok1580);hcp-1(RNAi) animals. Specific attention was given to assay chromosome maintenance and 

cell division observed in san-1(ok1580);hcp-1(RNAi) embryos (Figure 9). The san-1(ok1580);hcp-

1(RNAi) embryos abnormally segregate chromosomes; this genomic damage likely leads to the 

developmental defects observed.  The hcp-1(RNAi) embryos do not have chromosome segregation 

issues leading to increased lethality. The san-1(ok1580);hcp-1(RNAi) embryos have severe 

chromosome segregation defects, leading to abnormal nuclei, anaphase bridging and lagging 

chromosomes. These data explain why, on average, 55.3% of the san-1(ok1580);hcp-1(RNAi) embryos 

die and only approximately 0.9% of the san-1(ok1580);hcp-1(RNAi) animals reach adulthood. In san-

1(ok1580);hcp-1(RNAi) embryos, embryogenesis can progress, but the resulting cells have such 

considerable genomic damage that the resulting worm is not viable to adulthood. The hcp-1(RNAi) 

embryos do not have chromosome segregation issues leading to increased lethality.  Together, these 

data suggest that hcp-1(RNAi) animals require a functional spindle checkpoint for normal 

development. 
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RESULTS –AIM II 

Having identified genetic interactions with san-1, I chose to examine other genetic interactions 

with the spindle checkpoint.  

 

 
Figure 10.  CLUSTALW alignment of BUB3 proteins sequence from H. Sapiens, D. melanogaster, S. 
cerevisiae, and C. elegans, respectively. 
 

The gene product of Y54G9A.6 has homology to the spindle checkpoint gene BUB3.  

The pBLAST analysis of C. elegans Y54G9A.6 predicted gene product suggests there is 
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homology with yeast BUB3 (E value = 4e-28), Homo sapiens BUB3 (E value = 3e-27), and D. 

melanogaster BUB3 (E value = 2e-74). The amino acid identity between the C. elegans 

Y54G9A.6 predicted gene product and BUB3 proteins is 44% for H. sapiens, 43% for D. 

melanogaster and 19% for Saccharomyces cerevisiae, as determined using the ClustalW 

software (Figure 10).  To determine if Y54G9A.6 encodes a spindle checkpoint gene, 

Y54G9A.6(RNAi) embryos were challenged with exposure to one day of anoxia. It has been 

previously shown that anoxia depolymerizes microtubules (Hajeri, 2005).  If Y54G9A.6 encodes 

a spindle checkpoint gene, Y54G9A.6(RNAi) embryos should be more susceptible to anoxia . 

 
Table 2. Embryonic and post-embryonic viability following 24 hours of anoxia exposure. 
Genotype           Anoxia Viability          

Hatch (%)       Adulthood (%)   
Wild-type  99.2 ± 1.1  99.0 ± 1.1 
san-1(ok1580)  77.3 ± 8.4  42.7 ± 21.4 (P<.014)   
bub-3(RNAi)  90.2 ± 3.1  81.0 ± 12.0 (P<.053) 
hcp-1(RNAi)  92.6 ± 8.9  92.3 ± 8.5 
Animals were assayed for sensitivity to 1 day of anoxia by determining the percentage of 
embryos exposed to anoxia that are able to hatch and develop to adulthood. Four independent 
experiments with a total number of embryos assayed.   Sample size ranged from 230 – 510 
embryos. 
 
 
 The bub-3(RNAi) embryos exposed to anoxia had a reduced survival rate in comparison 

to wild-type animals suggesting that bub-3 encodes as a spindle checkpoint protein (Table 2). 

The increased sensitivity of bub-3(RNAi) animals to anoxia further supports the hypothesis that 

Y54G9A.6 is a spindle checkpoint gene, and the homolog of BUB3.  RT-PCR verification of 

RNAi efficiency revealed a greater than 5-fold reduction in bub-3 transcript level (p < .029) 

observed in bub-3(RNAi) animals compared to control animals, demonstrating RNAi efficiency 

(Appendix C). 
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 In order to identify other genes that may function in the spindle checkpoint pathway and 

may also be required for anoxia survival, a synthetic lethal screen to identify genes that 

genetically interact with bub-3 was conducted.  Protein BLAST analysis of the products of genes 

known to genetically interact with BUB3 identified 144 C. elegans genes that may interact with 

bub-3.    Briefly, RNAi was conducted on each gene individually as well as co-RNAi bub-3. For 

screening, two independent trials were conducted of each gene both individually and co-RNAi 

with bub-3.   RNAi analysis of the 144 genes that may potentially interact with bub-3 identified 

11 genes that may genetically interact with bub-3 (Appendix D, E).  However, in Trial 1 of 

F31F6.3(RNAi);bub-3(RNAi) 63/68 embryos hatched, yet 0/68 animals developed to adulthood.  

Thus, I chose to focus further efforts on investigating any possible interaction between bub-3 and 

F31F6.3. 
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Figure 11. Results of RNAi analysis conducted on the genes specified to determine the viability 
of embryos exposed to 24 hours of normoxic conditions.  Error bars are standard deviation. 
 

Individual RNAi of F31F6.3, bub-3, san-1 or – Control animals did not result in an 

embryonic lethal phenotype under normoxic conditions.  However, F31F6.3(RNAi):bub-3(RNAi) 

worms displayed a reduced ability to develop to adulthood but with significant standard 

deviation (58.29% ± 45.11: P<0.04. Figure 11).  In 2/6 trials F31F6.3(RNAi);bub-3(RNAi) 

worms were able to develop into adults (96.8% and 91.03 % respectively), comparable to worms 

feed control (mean = 98.14%) (Table 3).  For all trials par-6, a gene whose RNAi is known to be 

embryonic lethal, was used as a positive control. 
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Table 3.Viability to adulthood following RNAi and normoxic conditions.  

                    F31F6.3    F31F6.3+bub-3      bub-3            - Control        + Control         san-1       
Trial 1 92.59% 0.00% 86.67% 98.63% 0.00% 85.3% 
Trial 2 93.75% 91.03% 87.80% 96.88% 0.00% 87.23% 
Trial 3 96.77% 2.47% 88.57% 94.69% 0.00% 88.42% 
Trial 4    97.80%          83.72%          95.16%       100%           0.00%   86.67% 
Trial 5    91.74%          72.53%         89.29%       100%           0.00%   92.86% 
Trial 6 89.47% 96.8% 92.75% 98.68% 0.00%   90.48% 
mean 93.69% 57.76% 90.04% 98.15% 0.00% 90.00% 
SD 3.14% 44.53% 3.25% 2.05% 0.00% 2.76% 

The number of adults present is recorded a percentage. At least 52 animals per datum were 
analyzed. SD- standard deviation.  

 

In 2/6 trials F31F6.3(RNAi);bub-3(RNAi) worms were unable to develop to adulthood 

(0% and 2.47% respectively). The differences between these particular trials may be due to 

differences in RNAi efficiency.  F31F6.3 is located in tandem with three other duplicated genes 

on the X- chromosome, F31F6.1, F31F6.2 and C27C12.3 (Figure 12). CLUSTALW alignment of 

F31F6.1, F31F6.2, F31F6.3 and C27C12.3 sequences reveals that each of the bub-1 like genes is 

nearly identical with respect to the DNA sequence (Appendix F). The presence of four nearly 

identical genes in tandem, would lead to a considerable amount of nearly identical transcript that 

would need to be knocked down in order to observe a phenotype.  Thus, differences in RNAi 

results may explain the degree of variability in the phenotypes seen in F31F6.3(RNAi);bub-

3(RNAi) progression to adulthood (Figure  8).  
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Figure 12.  The location of F31F6.3, F31F6.2, F31F6.1 and C27C12.3 in relation to one another 
on the X-chromosome.  The proximity of these genes together with their similar sequence 
indicates that these genes may be the result of gene duplication (Wormbase). 
 

For further studies, C. elegans strain RB1669 expressing the ok2027 allele (298 base pair 

deletion in the F31F6.1 reading frame) has been ordered from the CGC.  RNAi of the bub-1 –

like genes and bub-3 in the F31F6.1(ok2072) background may increase RNAi efficiency due to 

the presence of less functional transcript.  In addition, the high homology of the gene products 

encoded by F31F6.1, F31F6.2, F31F6.3 and C27C12.3 (69% by CLUSTALW multiple sequence 

alignment) also indicates that F31F6.1, F31F6.2, F31F6.3 and C27C12.3 may have similar 

functions (Appendix E).  Even efficient loss of F31F6.1, F31F6.2, F31F6.3 or C27C12.3 

individually may not be detrimental enough to cause a phenotype, as the gene products may be 

similar enough to compensate for the loss of one another. 
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Figure 13.  Viability to adulthood following 24 hours of anoxia exposure and subsequent 
recovery in normoxia. Data is composed of 6 independent trials with at least 60 embryos per 
datum.  Error bar is standard deviation. Viability of embryos exposed to 24 hours of anoxia and 
24 hours recovery in normoxic conditions.  Data is composed of 6 independent trials with at least 
60 embryos per datum.  Error bar is standard deviation. 
 

To further investigate the possibility that F31F6.3 interacts with the spindle checkpoint, 

F31F6.3(RNAi) embryos were subjected to 24 hours of anoxia (Figure 9). RNAi of spindle 

checkpoint genes, bub-3 and san-1, produced embryonic viability phenotypes under anoxic 

conditions (83.78% and 62.9% respectively).  F31F6.3(RNAi) animals showed no statistically 

significant difference  in their viability following 24 hours of anoxia exposure.  The phenotype 
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seen in san-1(RNAi) animals (34.1% ± 1.88) is consistent with previous reports, indicating that 

both the RNAi and anoxia methodologies were successful.  
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DISCUSSION 
 
 

In C. elegans, san-1(ok1580);hcp-1(RNAi) and mdf-2(RNAi);hcp-1(RNAi) animals 

displayed reduced viability suggesting that HCP-1 interacts with both MDF-2 and SAN-1. The 

san-1(ok1580);hcp-2(ok1757) double mutant had more severe phenotypes than either the san-

1(ok1580) mutant, or the hcp-2(ok1757) mutant. The more pronounced phenotype of the double 

mutant compared to the phenotype observed in either mutant individually, indicates a genetic 

interaction between hcp-2 and san-1. Further, the synergistic relationship of the phenotypes 

associated with the double mutant compared to the phenotypes associated in either mutant 

individually demonstrates that the strategy of using synthetic lethal analysis to identify genetic 

interactions with spindle checkpoint genes was valid.  

Since the phenotype of the san-1(ok1580);hcp-2(ok1757) double mutants was not as 

severe as that observed san-1(ok1580);hcp-1(RNAi) animals, HCP-1 and HCP-2 may have 

distinct functions. HCP-1 and HCP-2 share 42% identity and 54% similarity (Moore, 1999).  It 

was presumed that HCP1 and HCP-2 were functionally redundant.  The different phenotypes 

observed among san-1(ok1580);hcp-1(RNAi) and san-1(ok1580);hcp-2(ok1757) animals may 

demonstrate differences in where the proteins act in forming the kinetochore.  

F31F6.3 is located in tandem with three other related genes on the X- chromosome, 

F31F6.1, F31F6.2 and C27C12.3.  The only reported RNAi phenotype for F31F6.1, F31F6.2, 

F31F6.3 or C27C12.3 is increased fat content (Ashrafi, 2003). Query of F31F6.3 in pBLAST 

reveals a considerable homology  (E value = 6e-22), to C. elegans BUB-1.   The increased fat 

content phenotype caused by RNAi of F31F6.1, F31F6.2, F31F6.3 and C27C12.3 along with this 

interaction with bub-3 may reveal a connection between metabolism and cell cycle.  This 

connection is further supported by the finding that Conserved Domain Architecture analysis 
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(cDART) reveals both HMG-CoA synthase and Plextrin Homology domains at the N-terminus 

of C. elegans BUB-1.  HMG-CoA synthase is one of the enzymes necessary for processing fatty 

acids into ketone bodies to be used as fuel under starvation conditions.  Plextrin Homology 

domains are found in proteins that associate with and bind to phospholipids.  Unfortunately, 

cDART analysis was unable to identify any protein domains within the BUB1- like proteins 

directly. This inability could be due to the fact that, as the cDART program warns, some proteins 

may have domains that have not yet been identified.  In addition, the shorter length of the bub-1 

like gene products (~285 amino acids) makes this analysis more difficult compared to the many 

domains identifiable within the much larger BUB-1 protein (987 amino acids). 

The notion that an interaction may exist between genes that interact with fat metabolism 

and the spindle checkpoint has clinical significance.   Wasting disease, or Cachexia, a catabolic 

state with extensive depletion of adipose tissue and skeletal muscle up to (85%), is one of the 

most debilitating effects of certain malignant tumors (Bing, 2003). Progressive cachexia implies 

poor prognosis and accounts for approximately 20% of cancer deaths (Warren, 1935). Cancer 

cachexia frequently involves an impairment of both lipid and cholesterol metabolism, with 

reduced adipose tissue mass and increased plasma levels of free fatty acid, and triglycerides, but 

reduced serum high density lipoprotein (HDL) cholesterol concentrations (Beutler 1988, Kern, 

1988) (Dessì, 1991, 1992 and 1994).  The hyperlipidemia found in human and experimental 

animal cancer models is reversible following tumor resection or clinical remission (Spiegel, 

1982).  Increased serum lipid concentration is associated with the production of lipolytic factors 

originating in the tumor (McDevitt, 1995).  Perhaps a possible cancer therapeutic strategy may 

include the inhibition of enzymes necessary for lipid breakdown in conjunction with standard 

treatments.  In addition to slowing cell division and tumor progression, preventing lipid 
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catabolism may help cancer patients maintain their weight and vitality.  If successful this may 

lead to an increased quality of life in addition to slowing the wasting conditions seen in many 

cancer patients.  Further studies will need to be conducted before this connection can be 

considered conclusive. 
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CONCLUSIONS 

Use of a synthetic lethal screen revealed that hcp-1 and hcp-2 are not functionally 

redundant due to their embryonic and post-embryonic viability phenotypes when depleted by 

RNAi in the san-1(ok1580) background.  Genetic analysis identified that the previously 

uncharacterized Y54G9A.6 encodes a protein with homology to BUB3 in yeast and humans.  In 

C. elegans, bub-3 may have a genetic interaction with the highly conserved genes, F31F6.1, 

F31F6.2, F31F6.3 and C27C12.3.   Synthetic lethal analysis also identified other preliminary 

genetic interactions with bub-3 and san-1, respectively.   
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METHODS 
 

BLAST 
 

 The sequences of gene products known to interact with yeast mad3 and bub3 were 

subjected to BLASTp with results limited to the non-redundant database specific for C. elegans. 

A list of the resulting homologs was then complied along with their respective RNAi foods. Care 

was taken to ensure that genes whose RNAi caused an embryo lethal phenotype (emb) were not 

included in this experiment. 

Strains and Growth Conditions 
 

 The wild-type (N2) Bristol strain and RB1391strain (san-1 OK1580 deletion allele) were 

cultured on nematode growth medium (NGM) plates seeded with Escherichia coli (OP50) and 

raised at 20°C, according to established methods.  Gravid adults were subjected to hypochlorite 

treatment for purposes of obtaining a synchronized population of larvae.   

RNA interference assays 
 

 Starved and synchronous larvae from the hypochlorite treatment were grown to 

adulthood on NGM-isopropyl-β-D-1-thiogalactopyranoside (IPTG) plates (200 mg/ml 

ampicillin, 12.5mg/ml tetracycline, and 0.5 mg/ml IPTG) seeded with the E. coli strain carrying 

the RNAi food for the specified gene.  Within each group a population of worms were fed E. coli 

transformed with RNAi vector that does not contain insert to serve as a negative control.  As a 

measure of RNAi efficiency, the positive control consisted of worms fed E. coli transformed 

with construct for par-6, a gene shown to be embryo lethal in RNAi screens.  

Normoxic viability experiments 
 

Larvae from the hypochlorite treatment were placed onto primary (growth) plates for 60 

hours at 20°C.  At this time they should be gravid adults and were moved to a secondary (assay) 
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plate and allowed to lay eggs.  After 1 hour of laying eggs, the worms were removed and 

discarded.  The number of resulting eggs was recorded and the eggs were allowed to develop in 

atmospheric conditions.  Any egg not hatched after 24 hours was scored as dead.  To determine 

if RNAi of these genes produces phenotypes aside from embryonic lethality, F1s were observed 

regularly to assay any developmental or behavioral phenotypes that may have arisen.   

Oxygen deprivation experiments 
 
 Gravid, adult animals (60 hours post hypochlorite and placement onto primary plates) 

were transferred to a secondary plate seeded with the same RNAi construct as the primary plate.  

Worms were allowed to lay eggs for 1 hour before being removed and disposed of.  The resulting 

eggs were placed in Type A Bio-Bags (Beckton Dickson) for 24 hours from the time the color 

disappears from the reazurin indicator.  After 24 hours, the Bio-Bags were opened, re-exposing 

the worms to normal atmospheric conditions.  The number of eggs on each plate were counted 

and recorded.  Following a recovery period of 24 hours of atmospheric conditions at 20°C, any 

animal that had not hatched was scored as dead.  These data were compared to data gather from 

animals raised on the same RNAi foods, at the same temperature, but under normoxic conditions.   

PCR genotyping and sequencing 
 

Mutants were verified by single-worm PCR using Phusion® proofreading polymerase and 

the appropriate primers: san-1 primer pairs: san-1 forward (CGC TTA AAG CTT GAT CAA 

CTT CTCG) and san-1 reverse primer (GCT AGT GAT TTC TCC TCC GTT TTC TCA); or 

hcp-2 forward primer (ACT CTG AAG TCG GAA CAT GAA ATT), and hcp-2 reverse primer 

(TGA AGA GCC TTC TGT GCA AA), respectively.  Single 3` adenosine overhangs were added 

to the resulting amplicons before cloning into pCR 2.1.  Sequencing was conducted by MWG 

Biotech.   
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RT-PCR Analysis 

RT-PCR experiments were conducted to analyze the efficiency of RNAi by quantifying 

the level of bub-3 transcript in wild-type and bub-3(RNAi) animals. Total RNA was isolated 

using the Aurum Total RNA Mini-kit®  (Bio-Rad).  DNase treatment was done using Turbo® 

DNase  (Ambion).  RT-PCR analysis was conducted on an iQ5 thermocycler (Bio-Rad) with The 

iScript One-Step RT-PCR Kit with SYBR® Green (Bio-Rad). At least three independent 

experiments were conducted and each experiment was performed in triplicate.  Primer sequences 

used for RT-PCR reactions of bub-3 are as follow: 5'TGGGATCCTTTCAATCGGAAGC3' and 

5'TTATTTCGGTCTGCTCCGGA3'.  Reactions were compared to RNA polymerase II transcript 

levels. The p value was determined using the Mann-Whitney U Test. 

DIC Microscopy 
 

The L1 larvae (N2, san-1(ok1580), or san-1(ok1580);myo-2::GFP) were grown to 

adulthood on appropriate RNAi plates (control, bub-3, or mdf-2 food). To analyze the developing 

pharynx in embryos, both the san-1(ok1580);myo-2::GFP and the san-1(ok1580);hcp-

1(RNAi);myo-2::GFP adult animals were dissected and the embryos were placed onto 2.5% 

agarose pads for microscopy analysis. To analyze the morphology of control, mdf-2(RNAi), hcp-

1(RNAi), san-1(ok1580), san-1(ok1580);hcp-1(RNAi), san-1(ok1580);mdf-2(RNAi), and san-

1(ok1580);bub-3(RNAi) animals, RNAi was conducted as stated above and the adult animals 

were placed on fresh RNAi plates and allowed to lay eggs for several hours. The embryos 

developed for three days at 20°C before DIC microscopy analysis. For all experiments the 

animals were placed on a 2.5% agarose pad, visualized using a motorized Zeiss Axioskop 

Fluorescent microscope and imaged using Openlab 3.17. At least three independent experiments 

were conducted. 
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Indirect Immunofluorescent Microscopy 

Wild-type and san-1(ok1580) animals were grown on appropriate RNAi food from L1 

stage to adulthood. The adults were collected and dissected to release embryos. Embryos were 

collected, fixed and stained as previously described (Padilla, 2002; Hajeri, 2005) Briefly, the 

Phos H3 antibody recognizes the phosphorylated (Ser10) form of Histone H3 specific for mitotic 

cells (Upstate Biotechnology, Lake Placid NY) (Hsu, 2000); the mAb414 recognizes the nuclear 

pore complex (Babco, Berkeley, CA) (Davis, 1986); mAb MPM-2 recognizes mitotic proteins 

located at the kinetochore, centrioles and P granules (DAKO, Carpinteria, CA) (Davis, 1983); 

anti-HCP-3 detects HCP-3 (Mendenhall, 2006); and YL1/2 detects the spindle microtubules 

(Amersham Life Science, Little Chalfont, Buckinghamshire, England). Microscopy was done 

using either a Zeiss Axioskop or spinning disc confocal microscope (McBain, CA). Images were 

collected using the spinning disc confocal microscope and processed using Image J® and Adobe 

Photoshop® version 8.0. 

 



 
 

 35 

APPENDIX A 

GENES WHOSE PRODUCTS HAVE BEEN FOUND TO INTERACT WITH MAD3 

(Daniel, 2006).
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APPENDIX B 

GENES WHOSE PRODUCTS HAVE BEEN SHOWN TO INTERACT WITH BUB3  

(Daniel, 2006)



 
 

 38 

 

 
 
  



 
 

 39 

APPENDIX C 

RT-PCR ANALYSIS USED TO CONFIRM bub-3(RNAi) EFFICIENCY 

dCT – DIFFERENCE IN CYCLE THRESHOLD
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Well Detector Name Ct Qty Mean Qty StdDev 
RNA POL 
Standard dCt 

relative to RNA 
POL 

B06 Bub-3RNAi Bub-3  30.82           
B05 Bub-3RNAi Bub-3  30.27           
B04 Bub-3RNAi Bub-3  30.89           
B06 Bub-3RNAi Bub-3  32.89           
B05 Bub-3RNAi Bub-3  32.78           
B04 Bub-3RNAi Bub-3  31.92           
B06 Bub-3RNAi Bub-3  32.02           
B05 Bub-3RNAi Bub-3  31.73           
B04 Bub-3RNAi Bub-3  33.32 31.84888889 1.03889899 20.92333333 10.92555556 1.799E-05 
B03 N2 Bub-3 transcript 26.7           
B02 N2 Bub-3 transcript 27.07           
B01 N2 Bub-3 transcript 27.72           
B03 N2 Bub-3 transcript 26.75           
B02 N2 Bub-3 transcript 27.58           
B01 N2 Bub-3 transcript 28.7           
B03 N2 Bub-3 transcript 27.9           
B02 N2 Bub-3 transcript 28.71           
B01 N2 Bub-3 transcript 34.62 28.41666667 2.440240767 21.67222222 6.744444444 1.177E-03 
A06 Bub-3RNAi RNApol  20.79           
A05 Bub-3RNAi RNApol  21.1           
A04 Bub-3RNAi RNApol  21.82           
A06 Bub-3RNAi RNApol  19.82           
A05 Bub-3RNAi RNApol  20.18           
A04 Bub-3RNAi RNApol  20.21           
A06 Bub-3RNAi RNApol  20.15           
A05 Bub-3RNAi RNApol  20.62           
A04 Bub-3RNAi RNApol  23.62 20.92333333 1.177592884 20.92333333 0 1.000E+00 
A03 N2 RNApol transcript 20.92           
A02 N2 RNApol transcript 21.06           
A01 N2 RNApol transcript 21.54           
A03 N2 RNApol transcript 22.98           
A02 N2 RNApol transcript 20.94           
A01 N2 RNApol transcript 21.68           
A03 N2 RNApol transcript 20.5           
A02 N2 RNApol transcript 20.68           
A01 N2 RNApol transcript 24.75 21.67222222 1.370946551 21.67222222 0 1.000E+00 
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APPENDIX D   

RESULTS OF RNAI OF GENE PRODUCTS HOMOLOGOUS TO PROTEINS FOUND TO 

INTERACT WITH BUB3 IN NORMOXIC CONDITIONS 
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Numbers represent the percent of unhatched eggs present after 24 hours at 20c.  Data points 
resulting from less than 40 animals are expressed as a fraction. Results shaded in 45% gray 
indicate genes shown to have an embryonic lethal or larva lethal phenotype after this work was 
started.  Results shaded in 12.5% gray indicate phenotypes deserving further trials.   

Gene 
RNAi 
Food 

Normoxia  RNAi Normoxia RNAi + bub-3 
Trial 1 Trial 2 Trial 1 Trail 2 

F23C8.9 I-1E10 5.26 3.77 1.18 1.20 
K10D2.1 I-1H18 1.27 8.11 8.89 6.98 
W03D8.2 I-1I24 5.60 6.90 0.00 3.33 
gsp-4 I-1L09 1.90 7.06 0.00 3.70 
F46F11.1a I-2F19 20.91 10.00 2.21 0.00 
gsp-4 I-2G09 12.70 1.19 0.85 3.17 
C10H11.8 I-2I05 0.78 2.47 1.72 0.00 
tag-345 I-2J01 0 /0 bag 0/5    1/3 2.00 
W03G9.7 I-2O21 5.43 2.41 4/10 3.17 
F22D6.9 I-3B07 2.08 3.51 26.05 7.14 
F26B1.5 I-3C15 3.55 3.57 0.00 1.69 
T23G11.6 I-3F14 0.00 3.08 3.33 6.25 
cye-1 I-3G06 0 /0 0/4   1/5 1.64 
unc-15 I-3N01 0.00 bag 5.26 bag 
T01G9.3 I-4G01 3.54 6.25 12.40 0.00 
top-1 I-6B20 6.09   6.25 0.00          5 
smu-1 I-6J07 2.63        0.00 1.38     2.40 
eif-3.I I-7H09 1.58   3.03 0.00          0.00 
Y71G12B.30 I-8O01 1.19        0.00 4.08          0.00 
Y71G12B.30 I-8O03 0.00        0.00 1.17     2.43 
Y71G12B.30 I-8O05 0.00        0.00 8.16     1.63 
W07E6.2 II-1A18 6.66        0.00 0.00        10 
T05A8.5 II-2B08 3.07   3.03 0.00         0.00 
F08F1.9 II-2C24 0.00        0/0 1.69     1.56 
F08F1.9 II-2E08 5.26        0/0 0.00          0.00 
ddl-1 II-4F19 0.00   1.49 0.00 9.45 
K06A1.5 II-5C01 0.00 3.12 2.00 0.00 
unc-104 II-5G20 0.00 6.81 1.58 1.16 
klp-3 II-5H18 0.00 0.00 0.00 0.00 
C08B11.8 II-5N20 0.00 0.00 1.82 0.00 
Y53C12B.1 II-6P02 0.00 2.13 3.57 1.47 
ZK938.1 II-7A17 8.33 0.00 0.00 0.00 
C08H9.3a II-7C11 0.00 0.00 0.00 1.72 
ebp-2 II-7F10 2.33 0.00 3.70 2.04 
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Gene 
RNAi 
Food 

Normoxia  RNAi Normoxia RNAi + bub-3 
Trial 1 Trial 2 Trial 1 Trail 2 

klp-17 II-7F24 7.69 0.00 4.55 2.63 
klp-17 II-7H02 2.13 0.00 6.67 0.00 
ZK938.1 II-7I19 2.38 0.00 0.00 0.00 
R03D7.8 II-7J01 2.56 0.00 2.04 0.00 
C06A1.3 II-7K06 1/14 1.49 14.29 31.03 
crn-3 II-7K20 0.00 0.00 8.77 0.00 
lsm-1 II-7N09 2.67 8.70 0.00 4.55 
C06A1.3 II-8D11 6/6 0/37 1.27 1.89 
cyd-1 II-8F09 0.00 0.00 6/37 7.27 
Y48B6A.1 II-9E11 0/0 0/0 0.00 6.98 
Y53F4B.22 II-9M10 3/14 0.00 9.30 7.14 
ZK507.6 III-1A13 0.00 0.00 2.94 2.99 
pph-6 III-1D06 4/33 0.00 0.00 6.78 
pef-1 III-1G12 4.76 0.00 2.99 0.00 
tag-125 III-1H22 1.61 0.00 2.78 1.79 

cyp-25A2 III-1L24 0.00 0.00 4.55 0.00 
cyp-25A2 III-1N04 2.04 0.00 8.33 8.96 
klp-6 III-2J07 4.35 0.00 2.17 1.54 
K10D2.1 III-2P01 1.69 0.00 0.00 1.75 
C05D2.10a III-2P12 0.00 4.17 1.89 1.52 
C23G10.1 III-3A22 0.00 0.00 2.38 10.00 
ZK507.6 III-4E23 1.82 0.00 3.08 8.89 
R13A5.11 III-4I02 1.43 0.00 3.57 2.22 
fli-1 III-4L03 0.00 0.00 7.69 3.39 
ZK507.6 III-4L14 4.17 0.00 0.00 0.00 
ZC262.3b III-4M22 3.33 0.00 0.00 0/0 
unc-116 III-4O16 1.47 3.57 4.48 8.51 
cor-1 III-5D01 0.00 6.25 2.08 0.00 
T07C4.10 III-5F17 2.00 12.09 0.00 1.25 
ZK1098.3 III-5G15 0.00 0.00 0.00 1.30 
mut-7 III-5I01 10/27 9.09 0.00 0.00 
smc-3 III-5L08 3.13 0.00 0.00 0.00 
T16G12.7 III-5M04 8.33 0.00 9.43 4.17 
Y41C4A.11 III-6E19 7.69 0.00 3.17 4/37 
C24H11.2 III-6G03 8.33 9.33 3.45 0.00 
C24H11.2 III-6G05 1.19 1.28 5.17 1.54 
klp-19 III-6H23 7.55 0.00 2.90 56.67 
cyp-25A2 IV-1B22 2.60 3.03 1.41 9.09 
F08F1.9  IV-1F06 9.52 1.67 6.25 0.00 
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Gene 
RNAi 
Food 

Normoxia  RNAi Normoxia RNAi + bub-3 
Trial 1 Trial 2 Trial 1 Trail 2 

osm-3 IV-1N20 0.00 1.18 0.00 1.41 
R08A2.2 IV-2E08 20.31 0.00 2.08 4.48 
ZC477.2  IV-3B13 0.00 0.00 3.33 2.94 
ZC477.10 IV-3B15 8.96 6.25 6.25 1.18 
C34D4.2 IV-3D03 3.17 8.93 4.17 3.03 
F42C5.9 IV-3L23 0.00 6.25 8.47 7.69 
klp-18 IV-3N14 0.00 8.51 0.00 0.00 
klp-18 IV-3O14 0.00 4.35 0.00 3.08 
ntl-4 IV-4C09 3.08 5.48 4.76 7.69 
C55F2.1 IV-4C13 2.74 0.00 0.00 0.00 
C49H3.8 IV-4C15 9.30 5.56 6.25 0.00 
C27B7.6 IV-4F13 2.38 4.48 3.23 11.63 
F42G8.8 IV-4I09 1.64 0.00 3.92 3.23 
F38E11.5 IV-4L04 1.37 9.62 7.41 8.33 
K07H8.1 IV-4M11 2.74 0.00 0.00 0.00 
klp-11 IV-4O14 2.08 0.00 0.00 7.35 
dnc-1 IV-5D24 0.00  13/23 0.00 2.38 
tax-6 IV-5F13 0.00 0.00 0.00 1.20 
Y69E1A.4  IV-5F16 1.19 0.00 4.76 0.00 
cyb-2.2 IV-5N05 0.00 0.00 0.00 3.45 
klp-12 IV-6G03 8.70 4.65 0.00 0.00 
F28D1.1 IV-6H07 3.09 0.00 0.00 1.39 
F49E11.7 IV-6N18 1.47 6.90 1.32 0.00 
C47A4.3 IV-7E06 1.12 0.00 1.20 3.23 
qui-1 IV-7O21 0.00 0.00 0.00 3.75 
pph-5 V-12I18 0.00 2.50 2.33 2.30 

F25B3.4 V-2D22 1.23 7.32 4.41 0.00 

F39G3.7 V-3F24 2.78 1.47 
  

2.30 3.54 
ZK507.6 V-3K05 1.54 0.00 1.16 7.35 
C47A4.3 V-4A02 0.00 0.00 1.55 6/33 
gad-1 V-4B14 4.46 0.00 10.39 0.00 
T05C3.2 V-4C04 1.47 0.83 2.94 0.72 
C09H5.7 V-5F12 0.00 1.15 2.33 3.08 
F20D6.6 V-5J12 1.79 2.94 0.00 1.14 
F21F8.11 V-5P04 0.00 2.56 1.37 2.04 
F25B3.4 V-6P09 1.75 0.00 4.08 0.93 
F25B3.5 V-6P11 2.41 2.94 1.28 9.38 
pph-1 V-7I22 1.49 0/30 0/31 5.66 
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Gene 
RNAi 
Food 

Normoxia  RNAi Normoxia RNAi + bub-3 
Trial 1 Trial 2 Trial 1 Trail 2 

ZC302.2a V-7K04 4.44 4.69 2.90 1.77 
F08F1.9 V-8H17 5.95 0.00 1.37 0.00 
vab-8 V-8O01 1.79 4.23 2.78 0.01 
vab-8 V-8O05 3.13 0.00 5.38 1.25 
F23B12.1 V-9B09 4.48 0.00 0.00 3.95 
bmk-1 V-9B23 3.85 1/39 0.00 0.00 
T01C3.1 V-9D12 3.88 0.00 1.03 6/39 
sel-10 V-9G19 1.27 0.00 0/0 2.94 
Y40H4A.2 V-9H11 4.76 2.33 2.38 1.72 
tag-216 V-9L16 6.74 3.03 0.00 7.14 
unc-78 X-2A18 1.69 2.70 0.00 1.30 
klp-4 X-2K05 1.92 1/25 0/30 2.90 
klp-13 X-3C14 3.57 0/35 0/36 1.72 
ZK507.6 X-4G06 0.96 1.32 0.96 0.00 
ZK507.6 X-4K21 3.06 1.25 1.05 1.56 
sym-4 X-6J15 0.00 0/24 0/36 0.00 
F31F6.3 X-6L14 0.78 1.33 4.40 11.84 
F31F6.3 X-6L16 2.08 0.00 1.06 0.00 
F31F6.3 X-6L18 0.00 0.75 4.62 0.00 
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APPENDIX E 

RESULTS OF RNAI OF GENE PRODUCTS HOMOLOGOUS TO PROTEINS FOUND TO 

INTERACT WITH BUB3 IN ANOXIC CONDITIONS 
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Numbers represent the percent of unhatched eggs present after 24 hours at 20c.  Data points 
resulting from less than 40 animals are expressed as a fraction. Results shaded in 45% gray 
indicate genes shown to have an embryonic lethal or larva lethal phenotype after this work was 
started.  Results shaded in 12.5% gray indicate phenotypes deserving further trials.   
 

Gene 
RNAi 
Food 

Anoxia individual 
RNAi Anoxia RNAi + bub-3 

Trial 1 Trial 2 Trial 1 Trail 2 
F23C8.9 I-1E10 0.00 20.83 0.00 4.62 
K10D2.1 I-1H18 0.00 4.12 10.71 0.00 
W03D8.2 I-1I24 3.51 2.86 0.00 1.30 
gsp-4 I-1L09 1.69 5.63 13.11 1.27 
F46F11.1a I-2F19 1.33 3.00 0.00 1.47 
gsp-4 I-2G09 2.56 1.05 7.35 3/7 
C10H11.8 I-2I05 3.45 2.91 0.00 1.75 
tag-345 I-2J01 0/0  0/0   0/0  0/0   
W03G9.7 I-2O21 3.45 6.35 2.53 2.22 
F22D6.9 I-3B07 2.88 8.96 0.00 1.22 
F26B1.5 I-3C15 0.00 3.92 9.09 5.56 
T23G11.6 I-3F14 0.00 6.02 3.08 1.94 
cye-1 I-3G06 5.80 bag 8.99   1/3  
unc-15 I-3N01 0   bag 22.83 0   
T01G9.3 I-4G01 0.00 1.75 0.72 14.29 
top-1 I-6B20 0.00 4.69 7.69 16.36 
smu-1 I-6J07 1.53 4.05 0.00 7.69 
eif-3.I I-7H09 0.00 3.08 2.38 0.00 
Y71G12B.30 I-8O01 3.63 0.00 3.45 0.00 
Y71G12B.30 I-8O03 0.00 4.84 0.00 0.00 
Y71G12 I-8O05 0.00 7.69 0.00 1.85 
W07E6.2 II-1A18 0.00 0.00 1.75 3/7 
T05A8.5 II-2B08 0.00 1.61 0.00 2.56 
F08F1.9 II-2C24 0.00 0.00 2.41 1.59 
F08F1.9 II-2E08 7.40 3.03 3.23 2.33 
ddl-1 II-4F19 0.00 2.08 0.00 0.00 
K06A1.5 II-5C01 0.00 0.00 1.64 1.43 
unc-104 II-5G20 2.5 0.00 0.00 3.85 
klp-3 II-5H18 3.33 2.56 0.00 0.00 
C08B11.8 II-5N20 7.89 0.00 2.56 2.38 
Y53C12B.1 II-6P02 9.52 5.00 0.00 0.00 
ZK938.1 II-7A17 3.13 1.59 2.04 8.33 
C08H9.3a II-7C11 7.14 3.45 0.00 0.00 
ebp-2 II-7F10 1.82 2.90 5.13 1.72 
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Gene 
RNAi 
Food 

Anoxia individual 
RNAi Anoxia RNAi + bub-3 

Trial 1 Trial 2 Trial 1 Trail 2 
klp-17 II-7F24 0.00 0.00 3.17 13.64 
klp-17 II-7H02 1.61 6.25 0.01 10.00 
ZK938.1 II-7I19 0.00 1.92 3.45 0.00 
R03D7.8 II-7J01 0.00 0.00 4.69 0.00 
C06A1.3 II-7K06 0.00 6.25 3.77 0.00 
crn-3 II-7K20 0.00 4.00 1/5 2/2 
lsm-1 II-7N09 6.35 4.84 5.13 10.42 
C06A1.3 II-8D11 3.45 3.77 4.76 0.00 
cyd-1 II-8F09 0.00 7.69 16.67 8.33 
Y48B6A.1 II-9E11 0/0 2/37   2/13 0.00 
Y53F4B.22 II-9M10 1/5 3/24 1/5 4/34 
ZK507.6 III-1A13 0.00 4/32 0.00 0.00 
pph-6 III-1D06 1.75 0.00 0.00 5.88 
pef-1 III-1G12 0.00 6.06 0.00 2.56 
tag-125 III-1H22 0.00 0.00 0.00 11.90 

cyp-25A2 III-1L24 6.38 1.75 2.33 4.00 
cyp-25A2 III-1N04 0.00 1.96 2.50 0.00 
klp-6 III-2J07 0.00 3.33 0.00 3.33 
K10D2.1 III-2P01 2.70 2.78 6.06 0/0 
C05D2.10a III-2P12 16.98 8.70 0.00 6.25 
C23G10.1 III-3A22 2.08 8.33 5.00 2.78 
ZK507.6 III-4E23 2.70 6.90 0.00 5.13 
R13A5.11 III-4I02 2.22 4.76 2.17 6.45 
fli-1 III-4L03 0.00 2.56 1.69 2.70 
ZK507.6 III-4L14 25.00 27.69 0.00 5.88 
ZC262.3b III-4M22 20.45 21.05 1.41 1.92 
unc-116 III-4O16 0.00 12.50   1/15 8.26 
cor-1 III-5D01 3.13 0.00 4.17 0.00 
T07C4.10 III-5F17 3.85 6.90 2.56 7.32 
ZK1098.3 III-5G15 2.78 0.00 2.94 7.14 
mut-7 III-5I01 6.67 0.00 3.77 0.00 
smc-3 III-5L08 2.08 5.41 2.56 4/30 
T16G12.7 III-5M04 7.89 0.00 2.94 0.00 
Y41C4A.11 III-6E19 5.56 0.00 3.77 9.09 
C24H11.2 III-6G03 0.00 0.00 2.56 2.44 
C24H11.2 III-6G05 2.08 0.00 4/37 3.45 
klp-19 III-6H23 3.70 0.00 4.41 2/8 
cyp-25A2 IV-1B22 9.52 2.17 2.90 0.00 



 
 

 49 

Gene 
RNAi 
Food 

Anoxia individual 
RNAi Anoxia RNAi + bub-3 

Trial 1 Trial 2 Trial 1 Trail 2 
F08F1.9  IV-1F06 1.32 0.00 7.14 2/17 
osm-3 IV-1N20 8.82 2.70 6.15 0.00 
R08A2.2 IV-2E08 3.13 2.86 5.13 4.76 
ZC477.2  IV-3B13 2.99 4.17 7.94 3.77 
ZC477.10 IV-3B15 4.41 1.49 3.95 0.00 
C34D4.2 IV-3D03 4.08 7.69 3.95 0.00 
F42C5.9 IV-3L23 0.00 7.55 3.45 2.04 
klp-18 IV-3N14 3.57 0.00 0.00 5.77 
klp-18 IV-3O14 3.08 0.00 0.00 7.46 
ntl-4 IV-4C09 1.37 3.17 0.00 6.90 
C55F2.1 IV-4C13 3.13 0.00 2.56 0.00 
C49H3.8 IV-4C15 1.30 4.76 2.33 4.76 
C27B7.6 IV-4F13 3.45 3.57 0.00 5.36 
F42G8.8 IV-4I09 6.25 0.00 0.00 0.00 
F38E11.5 IV-4L04 7.14 6.06 1.49 0.00 
K07H8.1 IV-4M11 0.00 7.46 1.47 3.39 
klp-11 IV-4O14 1.16 13.85 8.89 6.67 
dnc-1 IV-5D24 7.81 6.45 0.00 0.00 
tax-6 IV-5F13 5.26 17.65 5.00 4.41 
Y69E1A.4  IV-5F16 0.00 0.05 1.89 1.85 
cyb-2.2 IV-5N05 4.17 0.00 10.34 8.16 
klp-12 IV-6G03 3.06 0.00 0.00 1.56 
F28D1.1 IV-6H07 5.88 1.30 2.41 0.00 
F49E11.7 IV-6N18 0.00 0.00 1.06 2.61 
C47A4.3 IV-7E06 4/32 2.94 2.56 2.25 
qui-1 IV-7O21 1.47 0.00 4/31 1.02 
pph-5 V-12I18 3.16 0.00 2.86 0.00 
F25B3.4 V-2D22 1.15 3.16 4.41 0.00 
F39G3.7 V-3F24 0.00 2.06 0.00 0.00 
ZK507.6 V-3K05 0.00 1.14 8.22 1.75 
C47A4.3 V-4A02 3.03 0.00 2.33 0.00 
gad-1 V-4B14 1.18 3/28 0.00 1.16 
T05C3.2 V-4C04 2.99 1.02 2.30 0.00 
C09H5.7 V-5F12 7.69 1.90 1.37 1.20 
F20D6.6 V-5J12 2.38 6.20 0.00 0.00 
F21F8.11 V-5P04 1.47 10.34 1.45 2.04 
F25B3.4 V-6P09 1.12 0.00 1.30 0.00 
F25B3.5 V-6P11 1.54 0.00 1.47 1.72 
pph-1 V-7I22 0.00 4.55 3.03 0.00 
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Gene 
RNAi 
Food 

Anoxia individual 
RNAi Anoxia RNAi + bub-3 

Trial 1 Trial 2 Trial 1 Trail 2 
ZC302.2a V-7K04 2.97 2.99 0.00 2.65 
F08F1.9 V-8H17 0.00 6.85 1.16 2.06 
vab-8 V-8O01 1.56 6.67 1.75 1.01 
vab-8 V-8O05 1.02 2.86 0.00 2.38 
F23B12 V-9B09 0.00 4.41 1.09 1.47 
bmk-1 V-9B23 0.00 7.69 7/37 0.00 
T01C3.1 V-9D12 4.41 2.94 0.00 1.49 
sel-10 V-9G19 1.47 5.66 2.56 0.00 
Y40H4A.2 V-9H11 2.63 1.49 1.32 1.04 
tag-216 V-9L16 1.25 0.00 8.16 0.00 
unc-78 X-2A18 0.00 1.02 1.14 2.38 
klp-4 X-2K05 7.14 0.00 0.00 11.11 
klp-13 X-3C14 0.92 0.00 6.25 0.00 
ZK507.6 X-4G06 4.08 0.00 6.06 3.57 
ZK507.6 X-4K21 0.00 3.45 0.00 1.20 
sym-4 X-6J15 3.45 0.00 0.00 1.11 
F31F6.3 X-6L14 0.00 4.08 2.25 8.57 
F31F6.3 X-6L16 2.08 1.01 2.94    10.27 
F31F6.3 X-6L18 0.00 0.00 1.65 0.00 
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APPENDIX F  

CLUSTALW OF F31F6.1, F31F6.2, F31F6.1 AND C27C12.3 
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