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Introduction 

Cilia and flagella are highly conserved structures that function in movement and sensory 

reception 

Cilia and flagella are highly conserved structures that evolved from specialization of the 

cytoskeleton (Cavalier-Smith, 2002). Cilia can be either motile or sensory differentiated in part 

by the microtubule structure: motile cilia consist of a 9 + 2 structure while non-motile (sensory) 

cilia lack the central microtubule and have a 9 + 0 structure (Reiter et al., 2008, Rosenbaum et 

al., 2002). One example is the motile cilia found in the paramecium that allow it to move around 

its environment. 

 

The sensory cilia are the cellular antennae that control cell signaling pathways (Satir et al., 2008, 

Fliegauf et al., 2007). Some examples of sensory cilia in humans are found in the retina, the 

inner ear, and the nasal epithelium (Rosenbaum et al., 2002, Fliegauf et al., 2007). The sensory 

cilia of the eye in the retina are photoreceptors that detect light intensities and wavelengths 

(Ibañez-Tallon et al., 2003, Fliegauf et al., 2007). Inner ear sensory cilia are necessary for both 

hearing and balance (Fliegauf et al., 2007). In the inner ear, auditory vibrations are converted 
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Figure 1: non-motile and motile sensory cilia showing the 

9+0 structure (left) and the 9+2 structure (right) 



into electrical signals (Fliegauf et al., 2007). The sensory cilia of the nasal epithelium are 

chemoreceptors and detect oderant molecules from the environment (Fliegauf et al., 2007). 

Defects in mammal sensory cilia lead to polycystic kidney disease, retinitis pigmentosa, 

and Bardet-Biedl syndrome (Satir et al., 2008, Filegauf et al., 2007). Polycystic kidney disease 

leads to kidney failure (Singla et al., 2006). Normal kidney function relies on bending of primary 

cilia within the kidney in response to urine flow (Singla et al., 2006). The bending of the cilia 

causes an increase in Ca
2+

 and causes a signal cascade that deactivates cell proliferation and cyst 

development (Singla et al., 2006). Defects to sensory cilia causes a no flow response even in the 

presence of urine (Singla et al., 2006). A better understanding of the assembly of sensory cilia 

and their specification for different sensory signaling pathways will ultimately lead to therapies 

for cilia diseases through the development of genetic tests. 

 

Transcription factors control the development of cilia 

The development of sensory neurons is in part controlled by transcription factors (Chung 

et al., 2012). Transcription factors must bind to specific cis-regulatory sequences within the 

DNA in order to promote transcription of key target genes and therefore are important in gene 

regulation (Tuch et al., 2008). An important family of transcription factors in the development of 

cells with sensory cilia are the RFX transcription factors (Reith et al., 1990, Reith et al., 1994, 

Bonnafe et al., 2004, Chung et al., 2012, Burghoorn et al., 2012). These transcription factors bind 

to X box sequences of DNA and promote transcription (Reith et al., 1990). The RFX 

transcription factors have a DNA-binding and dimerization domain and show strong homology 

within eukaryotic cells therefore binding to similar or identical X box sites (Reith et al., 1990). 

Seven distinct RFX genes have been identified in mammals based on a highly conserved DNA 



binding domain (Aftab et al., 2008, Emery et al., 1996). The RFX transcription factors have been 

found to play a large role in ciliogenesis (Reith et al., 1990, Reith et al., 1994, Bonnafe et al., 

2004, Chung et al., 2012, Burghoorn et al., 2012). The RFX3 transcription factor is involved in 

cilia formation and targets D2lic in mammals, a gene encoding a protein involved in cilia 

formation (Bonnafe et al., 2004). RFX2 is also essential for ciliogenesis in mammals although it 

does not affect specification of cilia (Chung et al., 2012). 

Since mammals have seven different RFX transcription factors and numerous cell types 

with sensory cilia, the study of ciliogenesis in mammals is difficult. The model organism 

Caenorhabditis elegans, a soil nematode has emerged as an excellent subject for the study of 

ciliogenesis because it contains a single RFX transcription factor and has a small number of cells 

with sensory cilia, which can be directly observed in living animals. The lone C. elegans RFX 

transcription factor is called DAF-19 and alignments with mammalian RFX transcription factors 

showed DAF-19 to have a highly conserved DNA binding domain (Swoboda et al., 2000). 

Similarly to mammalian RFX transcription factors, DAF-19 is a transcriptional activator of 

genes involved in cilia development (Swoboda et al., 2000). daf-19 functions in the formation of 

ciliated neurons as well as the specification of these neurons (Swoboda et al., 2000). The daf-

19(m89) homozygous null mutant males completely lack ciliated neurons such as CEM head 

neurons and HOB and RnB tail neurons (Swoboda et al., 2000). The daf-19(m89) homozygous 

null animals also express the dauer phenotype: they are smaller and never reach reproductive 

maturity (Swoboda et al., 2000). DAF-19 has four isoforms: DAF-19A, DAF-19B, DAF-19C, 

and DAF-19M (see figure 2) (Swoboda et al., 2008, Wang et al., 2010). 

DAF-19A/B are expressed in nonciliated neurons and play a role in the control of 

synaptic vesicle proteins although these isoforms do not regulate synaptic genes at the 



transcription level (Senti et al., 2008). DAF-19C is only expressed in ciliated neurons and targets 

cilia-promoting genes directly via the x-box and transcriptional regulation (Senti et al., 2008). 

The DAF-19M isoform is required for the cilia specialization of male-specific cells that 

express several genes that all function together in a subset of ciliated neurons (known as PKD 

neurons) but is not required for dauer formation, ciliogenesis, or expression of ciliogenic genes 

(Wang et al., 2010). This isoform activates the PKD gene battery and is expressed in the mail tail 

HOB and RnB neurons as well as the CEM head neurons (Wang et al., 2010). While the HOB 

and RnB neurons do not develop until the fourth larval stage, CEM neurons are born during 

embryogenesis but the CEM neurons do not express daf-19m until late L4 (Wang et al., 2010).  

Although the four isoforms of DAF-19 are important for sensory cilia development, it 

acts late in the cascade of events for neuron development; therefore it does not affect cell fate, 

but instead impacts specific function in ciliated sensory neuron differentiation (Swoboda et al., 

2000). Because of the importance of DAF-19 in ciliogenesis, a daf-19 null mutant will not 

Figure 2: Four isoforms of daf-19. Long (DAF-19A), short (DAF-19B), cilia specific (DAF-19 C), and male specific 

(DAF-19 M) 



express PKD::GFP in the CEM, RnB, or HOB neurons of the male and will be dauer (Swoboda 

et al., 2000). The dauer stage is an alternative larval stage that can endure harsh environmental 

conditions (Swoboda et al., 2000). When conditions improve, the dauer larva can recover and 

resume normal development, but this recovery is dependent upon amphid sensory neurons and 

therefore does not occur in daf-19 (m89) null mutants (Swoboda et al., 2000). 

 

The transcription factor DAF-19 controls the development of sensory cilia in C. elegans 

Sensory cilia are assembled through the process of interflagellar transport (IFT) 

(Rosenbaum et al., 2002). During IFT, proteins are moved to the distal tip of the cilia by motor 

proteins called kinesins and dyneins that move along the microtubule (Rosenbaum et al., 2002, 

Hirokawa 1998). Two separate kinesin motors, Osm-3-kinesin and kinesin-II, build sensory cilia 

on C. elegans neurons (Snow et al., 2004). These two motors are used to build the sensory cilia 

in C. elegans that make up 60 of 302 total neurons (Inglis et al., 2006). Some of these ciliated 

neurons are required for chemoreception and mechanoreception required to locate the 

hermaphrodite vulva (Chasnov et al., 2007, Bae et al., 2008, Liu et al., 1995, Simon et al., 2002). 

In mammals, including humans, kinesin motors are required to build the sensory cilia in the 

retina, ear, and kidney (Filegauf 2007).  

DAF-19 targets many genes required for ciliogenesis. One recently identified gene 

targeted by DAF-19 is xbx-1, a gene involved in IFT and a homolog to D2lic in mammals 

(Schafer 2003, Bonnafe et al., 2004). DAF-19 is also required for pkd-2, lov-1, and klp-6 

expression, but the actual mechanism of transcriptional regulation is unknown; these genes do 

not appear to have an X box in their regulatory regions (Peden et al., 2005). lov-1 and pkd-2 

function in the same pathway for functional specification of male specific ciliated neurons, but 



they do not act in the earlier ciliogenesis step (Peden et al., 2005, Barr et al., 2001). They are 

expressed in the CEM, RnB, and HOB neurons and are required for male mating behaviors, 

response, and vulva location (Barr et al., 2001). Together lov-1 and pkd-2 form a ion channel in 

the neuron that facilitates movement of ions in order to cause an action potential (Barr et al., 

2001).  

lov-1 and pkd-2 are homologs of the human genes PKD1 and PKD2 which code for 

polycystein-1 and polycystein-2, two transmembrane proteins essential in the ciliated neurons of 

the kidney (Barr et al., 1999, Singla et al., 2006). In C. elegans, pkd-2 and lov-1 are likely 

transported by the IFT protein klp-6 (Peden et al., 2005). DAF-19 is also directly involved in the 

regulation of IFT proteins such as osm-6, che-2, and osm-1 (Swoboda et al., 2000). These IFT 

proteins are responsible for the physical building of the ciliated neurons (Hirokawa 1998). 

DAF-19 is involved in the ciliogenesis of male specific ciliated neurons (Swoboda et al., 

2000). These neurons include the CEM in the head and the RnB and HOB neurons in the tail 

(wormatlas.org). The CEM neurons in the head are involved in chemoreception and can detect 

pheromones involved in sexual attraction from the hermaphrodite (wormatlas.org). Defects in 

CEM neurons prevent male C. elegans from chemosensing the hermaphrodite and therefore 

mating. The RnB and HOB neurons are located in the tail of the male and are involved in 

mechanoreception (wormatlas.org). The HOB neuron is part of the hook of the male tail and is 

required for sensing the hermaphrodite vulva during mating (wormatlas.org). The RnB neurons 

are ray neurons that innervate the male tail (wormatlas.org). Like the HOB neuron, the RnB 

neurons are important in sensing the hermaphrodite vulva during mating (wormatlas.org). 

During mating, the C. elegans male must first locate the hermaphrodite (reviewed by 

Hartwell et al., 2008). Once this happens, the male lies next to the hermaphrodite and slides the 



fan-shaped tail along the hermaphrodite until it locates the vulva (reviewed by Hartwell et al., 

2008). The male then inserts specialized structures in the tail into the vulva and ejaculates the 

sperm that will fertilize the eggs (reviewed by Hartwell et al., 2008).  

Here we report the isolation and characterization of daf-19(sm129) a point mutation in 

the daf-19 gene. We show that the daf-19(sm129) mutant males have no pkd-2 expression in 

CEM neurons and reduced expression in HOB and RnB neurons as assayed by pkd-2::GFP. 

Although the point mutation affects splicing, incorrect splicing occurs only a portion of the time 

and some correctly spliced products are formed as assayed by reverse transcriptase PCR. From 

this study we can conclude that daf-19 isoforms are needed at different levels of expression and 

only a small amount of daf-19 is needed for cilia formation and dauer pathway regulation 

whereas a much higher level of daf-19 expression is needed for the functional specification of 

PKD neurons such as CEMs, HOBs, and RnBs. 

 

Methods 

Strains and culture methods 

 smIs26[pkd-2::GFP]; daf-19(sm129)/mIn1(mIs14); him-5(e1490) 

 smIs26[pkd-2::GFP]; unc-4(e120) bli-1(e769) 

 smIs26[pkd-2::GFP]; daf-19 (sm129); him-5(e1490) 

 smIs23[pkd-2::GFP]; daf-19 (sm129); him-5(e1490) 

 him-5(e1490)(e1490) 

 smIs26[pkd-2::GFP]; daf-19(m86) 

dhIs59: Expressed in a ventral pair of bilateral neurons identified as the IL1Vs or URAVs 

in the anterior ganglia; perinuclear.  By mid-L2, expression in the cytoplasm of the 



hypodermis, the syncitial epidermis, but absent from midline, epidermal seam cells.  

Levels peak around the L2 molt and diminish during L4.  In some cases, transient 

expression seen in the L3 vulval blast cells.  Also expressed within the hermaphrodite 

spermatheca starting in late L4 larvae and continuing eve in old adults.  In males, 

expression is in IL1V/URAVs and hypodermis but not in the somatic gonad.  In dauer 

larvae, strong expression in IL1V/URAv and specifically extends into axonal but not 

dendritic processes.  In post-dauer stages, expression in a pattern similar to 

reproductively growing animals, except expression is absent in the hypodermis.  Grow at 

20C.  May still contain lin-15(n765) mutation in the background. 

ynIs80[Pflp-21::GFP] and ynIs87[Pflp-21::GFP]: flp-21 encodes a single FMRFamide-

related neuropeptide (FaRP) that serves as a ligand for NPR-1, a G protein-coupled 

receptor that regulates social versus solitary feeding behavior in several Caenorhabditis 

species; genetic analysis suggests that FLP-21 acts through NPR-1 to inhibit social 

feeding behavior; FLP-21 is expressed in the ADL, ASE and ASH sensory neurons, the 

URA motor neurons, the MC, M2 and M4 pharyngeal neurons, and the intestine; flp-21 

encodes the only FMRFamide-related neuropeptide (FaRP) encoded by the C. elegans 

genome that activates both the social (215F) and the solitary (215V) forms of NPR-1 in 

both Xenopus oocytes and pharyngeal assays. 

lin-15B(n765) X; akEx32: lin-15B encodes a novel protein that contains a THAP domain, 

a zinc-coordinating, site-specific DNA-binding domain; lin-15B was first identified as a 

class B synMuv gene that acts redundantly with lin-15A to negatively regulate the 

outcome of Ras signaling during vulval cell fate specification; subsequently, lin-15B has 



been shown to also negatively regulate progression through the G1 phase of the cell cycle 

and RNA-mediated interference (RNAi). 

Des2::GFP(hmIs4): des-2 encodes an alpha subunit of nicotinic acetylcholine receptor 

(nAChR), predicted to be a ligand-gated ion channel regulating the fast action of 

acetylcholine at neuromuscular junctions and in the nervous system; DES-2 is 

coexpressed with and genetically interacts with DEG-3, which which it probably forms 

heteromultimers, and DES-2 falls into the 'DEG-3' class of nAChR subunits, probably 

unique to nematodes, which includes DEG-3, ACR-5, ACR-17, ACR-18 ACR-20, and 

ACR-23. 

osm-6::GFP: osm-6 encodes a novel protein that is orthologous to the IFT52 component 

of the intraflagellar transport particle; osm-6 activity is required cell autonomously for 

proper sensory cilium structure and thus for normal ciliated sensory neuron function; 

OSM-6 is a component of the intraflagellar transport particle subcomplex B, and OSM-

6::GFP reporter fusions are expressed exclusively in ciliated sensory neurons. daf-19 

(sm129)/mIn1(mIs14); smIs26[pkd-2::GFP]; him-5(e1490) male C. elegans were crossed 

with hermaphrodites expressing osm-6::GFP to make a daf-19 (sm129); osm-6::GFP; 

him-5(e1490) strain. 

 smIs26[pkd-2::GFP]; rrf3(pk1426); him-5(e1490)(e1490) 

rrf-3(pk1426) 

  

 All worms were grown at 20C except for crosses with smIs26; daf-19(m86) mutants 

which were grown at 15C. 

 



Mapping daf-19 (sm129) to a chromosome 

 The daf-19 (sm129) was mapped to LG II using the mIn1(mIs14) LG II balancer 

chromosome. Animals heterozygous for daf-19 (sm129) and also heterozygous for the 

mIn1(mIs14) balancer chromosome were allowed to self-fertilize and 100% of the animals with 

the daf-19 (sm129) CEM phenotype were not carriers of the mIn1(mIs14) chromosome. 

 

Deficiency mapping 

 Complementation tests were done between smIs26[pkd-2::GFP]; daf-19 (sm129); him-

5(e1490) mutants hermaphrodites heterozygous for deficiencies on LG II. The F1 progeny were 

scored for number of CEM neurons in the male. If an average of four neurons were found, the 

wild type phenotype was observed, if an average of less than two neurons were found, the daf-19 

(sm129) phenotype was assumed to be observed. Based on the presence of the daf-19 (sm129) 

phenotype, a rough estimate of the gene location was made. 

 

3-Factor Mapping 

 unc-4(e120) and bli-1(e769) were used as markers with which to map the location of daf-

19 (sm129). unc-4(e120) is at map position LG II: 1.77 cM. bli-1(e769) is at map position CHII: 

3.12 cM. A smIs26[pkd-2::GFP]; unc-4(e120) bli-1(e769) strain was made. smIs26[pkd-

2::GFP]; unc-4(e120) bli-1(e769) hermaphrodites were crossed with smIs26[pkd-2::GFP]; daf-

19 (sm129)/mIn1(mIs14); him-5(e1490) males. Unc non-Bli and Bli non-Unc animals were 

picked for in the F1 generation. A fluorescence microscope was used to observe the males for 

daf-19 (sm129) phenotype by counting CEM neurons in the head of the worm. The number of 

cross over events between bli-1(e769) and unc-4(e120) that segregated the CEM phenotype was 



used to determine the relative map position of the daf-19 (sm129) mutation. This experiment was 

repeated on three separate occasions to obtain a large enough number of recombinant animals.  

 

RNAi 

 RNA interference was completed following the basic procedure presented by Fraser et al. 

(2000). RNAi was performed for all genes on LG II starting at map position 1.93 cM and moving 

out in both directions up to 1.78cM to the left and 2.18cM to the right.  

Bacteria expressing the double stranded RNA were grown in liquid LB broth plus 

ampicillin. They were then placed on two RNAi plates and grown overnight. Ten L4 

hermaphrodite smIs26[pkd-2::GFP]; rrf-3(pk1426); him-5(e1490) C. elegans were added to one 

of the two plates. After 24 hours, the adult C. elegans were moved to the second RNAi plate. 

Once the eggs had hatched and reached the adult stage, fifteen males were picked from each 

plated and scored for CEM neurons using a fluorescent microscope. The average number of 

CEM neurons were recorded and used to determine if the C. elegans matched the daf-19 (sm129) 

phenotype. 

If embryonic lethality was encountered during RNAi, the process was repeated using the 

smIs26[pkd-2::GFP]; him-5(e1490) strain rather than the smIs26[pkd-2::GFP]; rrf-3(pk1426); 

him-5(e1490) strain to reduce the effect of RNAi. 

Complementation 

 A daf-19(m86) null mutant (hereafter referred to as daf-19(-)) was crossed with a daf-19 

(sm129) mutant. The cross was grown at 15C. The F1 progeny were scored for number of CEM 

neurons in the male. If the F1 progeny show the mutant phenotype, it can be concluded that the 



two animals have mutations in the same gene. If the F1 progeny have the wild type phenotype, 

than it can be concluded that the animals have mutations in separate genes. 

 

Sequencing 

 The daf-19 locus was amplified using PCR with primers described in table1. One 

microliter of DNA was run on an agarose gel to determine that the proper band had been 

obtained and that no impurities were in the PCR product. The remaining 19 microliters of PCR 

product were then purified using the Bioneer Acuprep PCR purification kit (Alameda, CA). 

First, a 5960 base pair segment was amplified using primers F1/R1 and worm lysate from 

the smIs26[pkd-2::GFP]; daf-19 (sm129); him-5(e1490) strain. This was sequenced using 

primers F1, F2, F3, F4, F5, F6, F7, F8, F9, R1, R2, and R3. 

The second round of sequencing, three separate DNA fragments were isolated. The first 

amplified a 2220 base pair fragment using primers F17/F6 and was sequenced using primers 

F17, R6, F18, and F19. The second amplified a 2285 base pair fragment using primers F14/R5 

and was sequenced using F14, R5, F15, and F16. The third amplified a 1159 base pair fragment 

using primers F11/R4 and was sequenced using primers F11, R4, F12, and F13. 

A third round of sequencing only isolated a single 4403 base pair DNA fragment using 

primers F14/R6 and was sequenced using primer F21. 

 

RT-PCR 

 RNA was extracted from both smIs26[pkd-2::GFP]; daf-19 (sm129); him-5(e1490) and 

smIs26[pkd-2::GFP]; him-5(e1490) strains. C. elegans from both strains were grown on 5 large 

plates each. They were washed off the plates with M9 and collected in a falcon 15 tube. The 



tubes were spun and the supernatant removed. The worms were transferred to 1.5ml eppendorf 

tubes and spun down and the supernatant was again removed. 500 μl of Trizol was added to the 

tube and vortexed. The tube was then incubated at room temperature for 10 minutes. After 

incubating, the tube was spun at 14K for 10 minutes at 4C. The supernatant was removed to a 

fresh tube and to it was added 100 μl of chloroform. This was votexed for 15 seconds and left to 

incubate at room temperature for 3 minutes. The tube was again spun at 12K for 10 minutes at 

4C. The supernatant was poured off leaving a small pellet. To the pellet was added 100μl 75% 

ethanol made with RNase free water. This was spun down at 7.5K for 5 minutes at 4C. The 

supernatant was removed and the pellet allowed to air dry. 100 μl of RNase free water was added 

to the pellet to dissolve the RNA. The tubes were placed on a 60C heat block for 10 minutes until 

the pellet went into solution. RNase free water was added to make a final concentration of 250 

ng/μl. The RNA was stored at -80C. The QuantiTect Reverse Transcription Kit from Qiagen 

(Valencia, CA) was then used to make a cDNA library. The protocol was followed except for the 

following changes: step 2, 750 ng of template RNA was used and step 6, the incubation time was 

increased to 30 minutes. 

 The cDNA library was checked by PCR amplifying using rpl-26 forward/reverse primers 

and then checking for bands after gel electrophoresis was completed. 

 The daf-19 cDNA was then amplified using the exon 5/exon 7/8 primers. Gel 

electrophoresis was performed on the PCR product. The gel was 2.5% agarose and was run at 

120 volts for an hour with a 50 bp ladder. The cDNA was again amplified using exon5/ exon 7/8 

primers and gel electrophoresis was performed. During the second trial, the gel was 3% agarose 

gel run at 120 volts for 7 hours in a room at 15C. The bands were cut from the gel and purified 



using the Acuprep gel purification kit. The bands were sent for sequencing using the exon 7/8 

primer. 

Primer sequences 
  Primer # Location Sequence 

daf-19 F1 7763 gtgagttgtgaaatataattggggagtctg 

daf-19 F2 8350 tgtaaatactgctctagtgc 

daf-19 F3 8982 acctggatagaagtcatcc 

daf-19 F4 9752 ATGTACCTACCACAGTGC 

daf-19 F5 10331 TATTCAAACAACATGCAG 

daf-19 F6 10983 gtggaacggaccaaacgcc 

daf-19 F7 11592 GCATTGCGCTGAACATCG 

daf-19 F8 12177 ACTGATGGCTACTATTGG 

daf-19 F9 12814 GCGATAGTGTCATGGTGC 

daf-19 F10 2367 gcgtttcgtagaacaactactatagtgc 

daf-19 F11 1545 aggcacacacacatatctccttttcgtccc 

daf-19 F12 2137 gatgaatgaccttcacacgg 

daf-19 F13 2723 aaggctctaggtgtatgtgc 

daf-19 F14 3403 ctctcagacccaaaacgaagagc 

daf-19 F15 4051 tttttaaaaacaattctc 

daf-19 F16 4587 gtgaaattgaaaattgag 

daf-19 F17 5634 aattattgcttttctattccggctctc 

daf-19 F18 6224 ataaatattcttcctacg 

daf-19 F19 6783 cctataaccaccccgtct 

daf-19 F20 9586 atgagaagagtgtacgaaacgcggagc 

daf-19 R1 13692 ctttatgaaggcgaaaatgaaaatgaaaacc 

daf-19 R2 9728 gattgtaagagaattaagctcagg 

daf-19 R3 12171 CCAATAGTAGCCATCAGTGCATCC 

daf-19 R4 3498 ttcccgcttttggtcacgttcacacacc 

daf-19 R5 5664 aattgaaagttttttgataagccc 

daf-19 R6 7827 agctcggggatgaattagcttctttgcc 
22 bp daf-19 CEM 
element 4014 TTCTTAATTTTTTTATAATT 

daf-19 exon 5 7708 ACGATCCGAATGGCACGCGAGAGGAATTCG 

daf-19 exon 7/8 10448 GCTTCCCCCGCAACGGTGAACTGGCTCTTC 

  

 

Table 1: Primers and sequences used in sequencing of daf-19 (sm129) DNA and RNA 



Results 

Isolation and Initial Characterization of sm129 

 The daf-19 (sm129) mutant was recovered from an EMS screen for mutations that affect 

male specific neuron development of the CEM neurons (Peden et al., 2008). daf-19 (sm129) 

mutant males lack Ppkd-2::GFP expression in CEM head neurons (see figure 3). Wild type C. 

elegans had an average of 4 CEM neurons per animal while the daf-19 (sm129) C. elegans 

averaged 0.8 CEM neurons per animal (see table 2). 

The daf-19 (sm129) animals also had reduced expression in the HOB and RnB tail neurons when 

compared to the wild type (see figure 3). Ppkd-2::GFP is expressed in 8 of the 9 RnB cells. daf-19 

(sm129) mutant males lack GFP expression in R3B and have defects in R1B and R2B (see figure 

3).  The males were also mating deficient (data not shown). Although the CEM neurons do not 

express Ppkd-2::GFP, the ced-3 mutation does not restore the CEM neurons showing the they are 

not undergoing programmed cell death but instead are not specified correctly (see table 3). 

 

 

Table 2: scoring of male and hermaphrodite CEM neurons in wild type and daf-19 (sm129) 

animals.All strains carry smIs26[pkd-2::GFP] and him-5(e1490). CEMS were scored based on the 

presence/absence of GFP expression. n = 50 animals for each. 

Table 3: scoring of male and hermaphrodite CEM neurons in daf-19 (sm129), ced-3(n717), and daf-
19(sm129); ced-3(n717) male and hermaphrodite animals showing that mutant males do not undergo 

programmed cell death. Strains carry smIs23[Ppkd-2::GFP], dpy-10(e128), and him-5(e1490). n = 50 animals 

for each. 



The daf-19 (sm129) mutation affects the DAF-19 transcription factor gene 

 daf-19 (sm129) was mapped to LG II by two-factor mapping using dpy 10 (II:0.00 +/- 

0.014 cM) and rol-1 (II:6.89 +/- 0.077cM). The position on LG II was confirmed and refined 

using deficiency mapping. The daf-19 (sm129) abnormal phenotype was observed in daf-19 

(sm129)/mnDf66, daf-19 (sm129)/mnDf62, daf-19 (sm129)/mnDf89, and daf-19 (sm129)/mnDf57 

indicating that these four deficiencies delete the gene containing the daf-19 (sm129) mutation 

(see figure 4). The daf-19 (sm129) abnormal phenotype was not observed in daf-19 

(sm129)/mnDf16 or daf-19 (sm129)/mfDf61 indicating that these two deficiencies do not delete 

the gene containing the daf-19 (sm129) mutation (see figure 4). Based on the overlapping 

segments of mnDf66, mnDf62, mnDf89, and mnDF57 that do not overlap with mnDf16 or 

mnDf61 it was determined that the map position of daf-19 (sm129) was between 1.84cM and 

2.83cM (see figure 4). 

Figure 3: phenotypic expression of daf-19(sm129). Wild type males express four CEM head neurons in the 

head. daf-19(sm129) males completely lack expression in the CEM head neurons and have reduced expression 
in the HOB and RnB tail neurons as compared to wild type males. mutant males lack GFP expression in R3B 

and have defects in R1B and R2B 



daf-19 (sm129)/Df showed a more severe phenotype than daf-19 (sm129) homozygous 

males. The daf-19 (sm129)/Df phenotype completely lacked pkd-2::GFP expression in the CEM 

head neurons and expressed less pkd-2::GFP in the HOB and RnB tail neurons than the daf-19 

(sm129) homozygous males. This strongly suggests that the daf-19 (sm129) mutation is not a 

null mutation. 

Based on the map position determined by deficiency mapping, a three factor mapping 

experiment was completed using two markers on LG II: unc-4(e120) (II: 1.76 +/- 0.008 cM) and 

bli-1(e769) (II: 3.12 +/- 0.000 cM). Bli non-Unc hermaphrodites were collected and scored for 

the daf-19 (sm129) phenotype. This experiment was completed on three separate occasions. 

During the first trial, 7/7 of the bli-1(e769) non-unc-4(e120) hermaphrodites expressed the daf-

19 (sm129) phenotype. During the second trial 10/12 of the bli-1(e769) non-unc-4(e120) 

hermaphrodites expressed the daf-19 (sm129) phenotype. During the third trial 13/15 of the bli-

1(e769) non-unc-4(e120) hermaphrodites expressed the daf-19 (sm129) phenotype. Using all 

three trials, 30/34 of the bli-1(e769) non-unc-4(e120) hermaphrodites expressed the daf-19 

(sm129) phenotype which placed the daf-19 (sm129) map position at 1.93cM. Three-factor 

mapping was also done collecting unc-4(e120) non-bli-1(e769) hermaphrodites. This was 

completed in two separate trials. During the first trial, 0/5 of the unc-4(e120) non-bli-1(e769) 

Figure 4: deficiency mapping of daf-19(sm129). Based on the deficiency mapping experiment, daf-19(sm129) was found to be 

between 0.87 and 2.83 mu on chromosome II. 



hermaphrodites expressed the daf-19 (sm129) phenotype. During the second trial, 0/2 of the unc-

4(e120) non-bli-1(e769) hermaphrodites expressed the daf-19 (sm129) phenotype. Because no 

unc-4(e120) non-bli-1(e769) hermaphrodites were isolated that expressed the daf-19 (sm129) 

phenotype, these experiments were not useful in the determination of the map position of daf-19 

(sm129).  

A RNAi screen for candidate genes in the area that daf-19 (sm129) mapped to was 

conducted (see Materials and Methods). RNAi treatment against daf-19, located at map position 

2.16cM was the only RNAi treatment that phenocopied daf-19 (sm129). Males from daf-

19(RNAi) were observed for expression of pkd-2::GFP in the CEM head neurons. The males 

showed reduced expression of pkd-2::GFP averaging 2.7 CEM neurons per animal (compared to 

an average of 4 CEM neurons per animal in wild type males) (see table 4). 

A complementation test was performed by crossing smIs26[pkd-2::GFP]; daf-19 

(sm129)/mIn1(mIs14); him-5(e1490) males with smIs26[pkd-2::GFP]; daf-19 (-) 

hermaphrodites at 15C. The F1 males were observed for expression of pkd-2::GFP in the CEM 

head neurons. Of the thirteen males observed, an average of zero CEM neurons per animal were 

present (compared to an average of 4 CEM neurons per wild type male). daf-19(null) males were 

also examined and of the two animals inspected had an average of zero CEM neurons were 

present (see table 4).  

Table 4: number of CEM neurons in the head of male wild type, daf-19(RNAi), daf-19(sm129), 

daf-19 null (m86), and daf-19 null (m86)/daf-19(sm129)  C. elegan. The number of animal 

observed in each is show in parentheses next to the average number of CEM neurons. 



  

The daf-19 (sm129) mutation is a point mutation at the 3’ end of the intron before exon 6 

 Since mapping data, RNAi phenocopy, and non-complementation all suggested that the 

daf-19(sm129) mutation is an allele of daf-19, the daf-19 locus was sequenced from daf-

19(sm129) mutant animals (see Materials and Methods). The obtained sequence was compared 

to the wild type sequence of daf-19 presented in WormBase. A single point mutation was 

discovered at the 3’ end of the intron before exon 6 changing the cag consensus sequence to caa 

(figure 5). Although C. elegans introns always end in caa, Aroian et al. (1993) showed that a 

point mutation of cag to caa at the 3’ splice acceptor site does not always prevent proper 

splicing; the mutation leads to a portion of correct splicing as well as splicing to a nearby ag 

either up or downstream from the splice acceptor site. No other mutations were discovered in 

sequencing the entire daf-19 locus from the 5’ regulatory sequences past the stop codon. 

  

 

Figure 5: daf-19(sm129) sequence data compared with wild type sequence data at the 3’ acceptor 

site of exon 6. There is a point mutation from ag (in wild type) to aa (in daf-19(sm129)). 



daf-19 (sm129) mRNA of daf-19 splices correctly a portion of the time 

RT-PCR was used to determine if proper splicing of exon 6 occurred. Using the exon 5 

forward primer and the exon 7/8 reverse primer, we expected to see a band at 269 base pairs if 

proper splicing occurred. We expected a band at 299 base pairs (in frame) if splicing occurred at 

the next upstream ag and a band at 202 base pairs (out of frame) if exon 6 was skipped 

completely. A single band at 269 base pairs was observed in the wild type animals while three 

separate bands appeared at 269, 280, and 299 base pairs in the daf-19 (sm129) animals (figure 6). 

All four bands were cut out of the bands and sequenced. The sequence of the wild type band 

showed proper splicing had occurred. In the daf-19 (sm129) animals, the sequence of the lowest 

Figure 6: gel electrophoresis of wild type and daf-19(sm129) RNA amplified using RT-PCR with the 

exon 5 primer and the exon 7/8 primer. The wild type had one band at the expected length of 269 base 
pairs if proper splicing occurred. The daf-19(sm129) had three bands: one at the expected length of 

269 base pairs if proper splicing occurred, one around 280 base pairs that did not sequence cleanly 

and therefore it is unknown where splicing occurs, and one at 299 that showed splicing had occurred 
at the next upstream ag and caused no frame shift,  



band (at 269 base pairs) also showed proper splicing. The sequence of the middle band at 280 

base pairs did not sequence cleanly. The sequence of the top band at 299 base pairs showed 

splicing had occurred at the next upstream ag and that no frame shift had occurred. 

 

The daf-19 (sm129) mutation does not affect IFT 

 A daf-19 (sm129); osm-6; him-5(e1490) C. elegans strain was produced and compared to 

a osm-6; him-5(e1490) C. elegans strain. Neurons were observed and counted in both males and 

hermaphrodites. No differences were observed between male and hermaphrodite daf-19 (sm129) 

and wild type animals when observed with fluorescence microscopy (figure 7). 

Figure 7: osm-6; him-5(e1490) and daf-19(sm129); osm-6; him-5(e1490) males (top) and hermaphrodites (bottom) shown with the OSM-

6::GFP marker. No differences were observed between wild type and daf-19(sm129) hermaphrodites 



Discussion 

 The sm129 mutation inhibits expression of the CEM head neurons in male C. elegans and 

reduces expression in the RnB and HOB tail neurons. The sm129 mutation mapped to the daf-19 

gene at the 3’ AG splice acceptor site before exon 6 and interrupts correct splicing of exon 6 a 

portion of the time. Because incorrect splicing only occurs a portion of the time, the mutation is 

less severe than either the daf-19(-)allele or the daf-19(n4132) allele that has a mutation in a 

regulatory element. 

The daf-19(-)animals express the dauer phenotype (Swoboda et al., 2000) while the daf-

19 (sm129) mutant does not express this phenotype. The daf-19(-) mutant lacks all sensory cilia 

as evidenced by loss of osm-6::GFP expression and completely lacks expression of Ppkd-2::GFP 

in the CEM head neurons and the RnB and HOB tail neurons (Swoboda et al., 2000 and Yu et 

al., 2003). The daf-19 (sm129) mutant does not lack all sensory cilia and does not lack osm-

6::GFP expression, but it does lack expression of Ppkd-2::GFP expression in the PKD and HOB 

neurons showing that the daf-19 (sm129) mutation only affects specification of sensory neurons. 

Thus we can conclude that sm129 is a reduction of function allele and affects only a subset of the 

phenotypes that the null allele affects. 

The daf-19 (n4132) is less severe. Like daf-19 (-) and daf-19 (sm129) mutants, daf-19 

(n4132) mutants lack expression of Ppkd-2::GFP in the CEM head neurons (Wang et al., 2010). 

Although both daf-19 (sm129) and daf-19 (n4132) mutants lack Ppkd-2::GFP in the CEM head 

neurons, the daf-19 (n4132) mutants completely lack Ppkd-2::GFP in the RnB and HOB tail 

neurons while the daf-19 (sm129) mutants only have reduced Ppkd-2::GFP in the RnB and HOB 

neurons (Wang et al., 2010). Similar to daf-19 (sm129), daf-19 (n4132) mutants do not affect 

expression of osm-6::GFP (Wang et al., 2010). 



Because the daf-19 (-) mutant  expresses the dauer phenotype and also prevents proper 

differentiation and specification of ciliated neurons while the daf-19 (sm129) and daf-19 (n4132) 

only affect different levels of specification we predict that different levels of properly spliced 

daf-19 mRNA are required to control each phenotype. As shown by the RT-PCR gel 

electrophoresis and sequencing of both wild type and daf-19 (sm129) mRNA, daf-19 is spliced 

correctly a portion of the time. We predict that these decreased levels of properly spliced daf-19 

mRNA are sufficient to  prevent dauer formation and cause proper differentiation of ciliated 

neurons but the mRNA are not sufficient to cause proper specification of the ciliated neurons. 

We predict that the lowest level of mRNA will prevent dauer formation while intermediate levels 

of mRNA will cause proper differentiation of ciliated neurons and the highest levels of mRNA 

are required for proper specification of mRNA. 

In the future, we will use quantitative RT-PCR (qRT-PCR) to determine the percentage 

of mRNA that is being spliced correctly in the daf-19 (sm129) mutant. This information will be 

used to determine a better estimate on the amounts of daf-19 mRNA that is required to prevent 

expression of the dauer phenotype as well as cause proper differentiation of ciliated neurons 

without proper specification of these neurons. Along with using qRT-PCR to determine mRNA 

levels, we also will use a transgenic cDNA to attempt to rescue the mutant phenotype.  
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