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Introduction
In the field  of genetics, the organism Caenorhabditis elegans 

(C. elegans) presents a powerful model to understand human 
genetics. This is due to the fact that 83% of the genes expressed 
in C. elegans corresponded to human genes.1 Therefore, the 
knowledge about the C. elegans’ genome will also provide con-
siderable insight about the human genome that can be applied 
to study various disorders such as Alzheimer’s and Parkinson’s 
Diseases that present a genetic predisposition. 

To study the C. elegans’ genome, RNA interference (RNAi) 
method is implemented through the usage of double stranded 
RNA.2 The double stranded RNA is readily available to this 
organism through a diet that is composed primarily of bacterial 
sources. The most common feeding vector for this procedure is 
OP50 E. coli due to its ready availability and its limited growth 
rate. The consumption of such double stranded RNA performs 
a “knockout” of gene targets through a post-transcriptional 
mechanism. However, concerns over this practice have  arose 
due to E. coli’s ability to colonize in the worms’ gut. Several 
reports have found that once the worms reach old age, the col-
onization of their intestine by the E. coli degrades the intestinal 
villi allowing the E. coli to spread throughout the worm.3,5 The 
bacterial pathogenicity found in E. coli has led to concerns sur-
rounding gene screenings that utilize RNAi with the bacteria 
as a feeding vector.

Accordingly, another system for RNAi screening in C. ele-
gans using different bacterium, Bacillus subtilis (B. subtilis), has 
been identified. One of the bacteria that comprise the micro-
biota of these regions is B. subtilis. This bacterium is commonly 
found in the C. elegans’ environment: areas with decaying plant 
material. Unlike E. coli, B. subtilis would better represent the 
worm in situ, or similar to what is experience in their natu-
ral environment.  Surprisingly, when the lifespans of worms 
grown on B. subtilis were compared to those grown on E. coli, 
the worms growing on B. subtilis lived 50% longer than those 
living on E. coli. This difference in host longevity is likely due 
to a difference in pathogenicity between the two bacteria. Al-
though B. subtilis colonizes in the nematode’s gut, just like E. 
coli, it produces a protective biofilm, which produces two es-
sential products: the quorum-sensing molecule CSF and nitric 
oxide. These compounds are the primary contributors to the 
extension of the worm’s lifespan.3

Wild type (WT) B. subtilis presents a rncS gene that codes 
for an endoribonuclease that cleaves dsRNA, which makes the 
strains containing the gene not practical for gene screening 
with RNAi because the introduction of dsRNA is necessary 
for this process.⁶ Another challenge that was presented as a 
result of using B. subtilis as a feeding vector for RNAi was 
that natural isolates of B. subtilis present low genetic compe-
tence, meaning that they had a reduced capacity for taking up 
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genetic material. As a result, the conventional method for bac-
terial transformation could not be applied for this experiment. 
Without the expression of the dsRNA found in the plasmid, 
the gene targets cannot be “knocked out” in C. elegans to be 
studied. Thus, to overcome these limitations, the RNase III-
null BG322 mutant strain and a novel protocol for bacterial 
transformation that employed the sugar xylose for increas-
ing genetic competence were used for the present study. The 
BG322 mutant subdues the rncS gene, thereby allowing for 
standard uptake of the plasmid.⁷ 

The present study investigates the effects of daf-2 and daf-
16 gene knockouts on the lifespan and locative effects of C. 
elegans using a novel system for RNAi that utilizes B. subtilis as 
a feeding vector. Both the daf-2 and daf-16 genes are compo-
nents of the IIS signaling pathway, which a major contributor 
to the worm lifespan. The IIS signaling pathway consists of the 
DAF-16 protein, DAF-2 protein, and the serine/threonine ki-
nases: PDK-1, AKT-1, and AKT-2. When the DAF-2 protein 
is activated, these three kinases are found upstream of DAF-
16, and possess the capability to phosphorylate the DAF-16 
protein and prevent its entrance into the nucleus, whereas 
DAF-16 would normally activate genes that promote the lon-
gevity of C. elegans, thereby allowing the kinases to control 
lifespan.⁸

Implementing a novel method of RNA interference for the 
analysis the IIS pathway could lead to new discoveries about 
the pathway and its role in C. elegans lifespan.

   Results and Discussion
   Longevity Assay

B. subtilis was transformed using plasmid vectors obtained
from Addgene, containing different genes of interest targeting 
the daf-2 and daf-16 genes. The pAD48-daf-2 RNAi plasmid 
contains the daf-2 gene and the pAD43-daf15 RNAi plasmid 
introduces the daf-16 gene into the B. subtilis. Once the C. 
elegans consumed the B. subtilis and E. coli containing the daf-
2 or daf-16 genes, the RNAi process deactivated these genes 
respectively within their genomes. Following this process, I 
performed a lifespan analysis of the mutated worms, compar-
ing their lifespans in regard to their food source and their gene 
mutation. The worms grown on B. subtilis lived longer, on av-
erage, than their counterparts grown on E. coli, regardless of 
their genetic mutation. The daf-2 mutants grown on B. subtilis 
lived, on average, 26% longer than those grown on E. coli. This 
difference, however, was more pronounced among the daf-16 
mutants because those grown on B. subtilis lived, on average, 
59% longer that those grown on E. coli. This indicates that the 
daf-2 mutants are either less susceptible to bacterial pathogen-
esis or that daf-16 mutants are more susceptible to bacterial 
colonization within the gut.  Next, I compared the lifespans 
of the daf-2 and daf-16 mutants on B. subtilis to the wild-
type nematodes grown on the same food source, which acted 
as a control. Interestingly, the average lifespan of the daf-2 and 
daf-16 mutants were respectively longer and shorter than the 
average lifespan on the N2 worms. This suggests that the daf-2 
gene inactivation increases lifespan whereas the daf-16 gene 
inactivates decreases lifespan.

Figure 1. (A) daf-2 mutants fed endoribonuclease-null B. subtilis (BG322) lived 28% 
longer compared to those fed the laboratory C. elegans food strain (OP50). The worms 
experiencing daf-2 RNAi on B. subtilis (BG322) did not display a significant difference 
in lifespan when compared to those fed E. coli (OP50; p=0.087>0.05). (B) daf-16 mu-
tants fed endoribonuclease-null B. subtilis (BG322) lived 28% longer compared to those 
fed the laboratory C. elegans food strain (OP50). The worms experiencing daf-16 RNAi 
on B. subtilis displayed a significant difference in lifespan when compared to those fed E. 
coli (p<0.05). (C) daf-2 mutants grown on the BG322 B. subtilis strain lived 41% longer 
than daf-16 mutants fed BG322 B. subtilis (p<0.05). (D) Graph displays the average 
lifespan of the experimental groups. Median lifespan: daf-16 on E. coli = 12 days, daf-16 
on B. subtilis = 20 days, daf-2 on E. coli = 22 days, and daf-2 on B. subtilis = 26 days. Age 
refers to the number of days after egg hatching. Two biological replicates were observed 
for all mutant nematodes (n= 59-82 worms per experiment); errors bars designate 
standard error.’ 

Locomotion Assay
In addition to worm lifespan, an important measurement of 

worm phenotype is worm locomotion. This phenotypic quality 
is particularly important because it can uncover the mecha-
nisms by which gene mutations alter phenotype. To analyze 
worm locomotion, a software called WormLab was utilized. 
This software analyzed 30 second videos of C. elegans and cre-
ated a locomotion summary. Worm bending and displacement 
were determined respectively by the maximum amplitude and 
peristaltic track length. The results indicate that daf-2 mutants 
present reduced locomotive displacement and bending.

Longevity Assay Analysis and Discussion
As emphasized by Uno and Nishida, the daf-2 and daf-16 

genes reciprocally affect C. elegans lifespan. Both of these genes 

Figure 2. This figure shows the reduced motility and bending of daf-2 RNAi mutants 
in comparison to the daf-16 RNAi as shown by the (A) maximum amplitude and (B) 
peristaltic track length. N=4 per experimental group. (C) The figure above illustrates 
the method for calculating maximum bending amplitude. The maximum amplitude is 
calculated by determining where the worm’s centroid displacement is greatest. Centroid 
displacement can be calculated by determining the distance between the worm’s midpoint 
and the average location of the central axis. (Blue = Midpoint; Red= Central Axis). (D) 
The figure above illustrates the method for calculating peristaltic track length, The peri-
staltic track length is calculated by calculating the length of the red line in the picture.
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operate in the IIS pathway, which plays a large role in regulat-
ing the lifespan of C. elegans.9 The decrease in daf-2 activity, 
which can be accompanied by a two-fold increase in lifespan, 
is dependent on an increase in daf-16 activity.  Subsequent-
ly, daf-16 maneuvers to the nucleus where it modifies genes 
that regulate metabolism, the cellular stress response, and au-
tophagy.10 As a result, the extension of lifespan induced by the 
knockout of daf-2 and the shortening of lifespan generated by 
the knockout of daf-16 coincides with previous research. After 
nine days since hatching, 28% more of the C. elegans feeding 
on daf-2 B. subtilis are alive in comparison to those feeding of 
daf-16 B. subtilis.

When analyzing the impact of the C. elegans’ feeding vector 
on the lifespan of worms undergoing daf-16 RNAi, there was 
a significant decline in lifespan for worms with an E. coli diet 
in comparison to those with a B. subtilis diet. However, when 
examining the worms experiencing daf-2 RNAi, it was surpris-
ing to find that there was no longer a significant difference in 
C. elegans longevity. This contrast is likely in part due to the
mechanisms by which the daf-2 and daf-16 genes alter lifespan.

The FOXO transcription factor daf-16 is a key regulator of 
the C. elegans’ innate immune system due to its close relationship 
with the protein FOXO3a, which controls the inflammation 
that accompanies a bacterial infection.¹¹ This would further 
exacerbate the colonization of the worm’s gut, which is spec-
ulated to be a consequence of a weakened immune system as 
the worm grows older. As a result, the knockout of the daf-16 
gene prevents this regulation of the immune system, leaving 
the nematode more susceptible to E. coli colonization within 
the intestinal lumen and the subsequent migration to adjacent 
tissues, which increases worm mortality.

Even when food is present, daf-2 loss of function mutants 
frequently enter the Dauer life stage, which is intended for 
worms facing a harsh environment.¹² This behavior is likely 
due to the elevated sensory perception in the worms, which is 
provoked by increased expression of the odr-10 receptor gene. 
As highlighted by Podshivalova et. al, by examining C. elegans 
consuming GFP expressing OP50 E. coli, daf-2 mutants are 
more resistant to bacterial pathogenicity, which would account 
for the lack of difference in longevity for daf-2 mutants feeding 
on E. coli and B. subtilis.¹⁴ Although the exact mechanism by 
which daf-2 mutants are resistant to bacterial colonization is 
not fully understood, this behavior can possibly be explained 
by higher expression of antimicrobial genes.¹⁵ Pronounced 
resistance among daf-2 mutants would mitigate the lifespan 
decline commonly induced by feeding on E. coli, considering 
the primary factor that is contrasting between B. subtilis and E. 
coli is pathogenicity.

Locomotion Assay Analysis and Discussion
As demonstrated by the elevated bending amplitude (Figure 

2A) and peristaltic track length (Figure 2B), the daf-16 mutants 
exhibit greater motility in comparison to their daf-2 mutants. 
This differentiation between the two mutants is likely a conse-
quence of the enhanced ability for daf-2 mutants to enter the 
Dauer stage.16,17 While in the Dauer phase, worm locomotion 
is remarkably reduced due to a decline in the pumping of the 

worm’s pharynx. This is likely because the mutant’s resources 
are greatly devoted to developing the worm’s immune system.

   Conclusion
As shown in this study, the decline in lifespan caused by daf-

16 mutation is worsened in E. coli in comparison to B. subtilis. 
In order to identify if this decline in lifespan for daf-16 mu-
tants on OP50 E. coli is due to a weakened immune system, 
the nematodes can be fed GFP expressing OP50 E. coli. The 
rate of fluorescence in adjacent tissues could then be record-
ed using fluorescence microscopy and subsequent analysis of 
ROIs. In addition, to analyze the effects of daf-16/daf-2 RNAi 
with B. subtilis on worm offspring, the remaining worms can be 
bleached to leave the eggs on the test plates. Then, the number 
of eggs and genders of the offspring can be analyzed.

Although the IIS signaling pathway plays a large role in reg-
ulating lifespan, the TOR pathway is also a significant regulator 
as well. This pathway is primarily regulated by the PHA-4/
FoxA transcription factor instead of the DAF-16/FOXO factor 
in IIS signaling. A gene that regulates this pathway is the rsks-1 
gene, which could also be knocked out using B. subtilis RNAi.

Although the results from this research presents a means for 
reducing lifespan with a daf-16 mutation, it is more difficult 
to increase lifespan in daf-2 mutants due to the limiting ef-
fects of the gene on bacterial colonization.  Furthermore, this 
leaves the nematodes in a prolonged state of nutrient restric-
tion and bacterial colonization in the intestine regardless of 
the bacteria because the daf-2 gene conducts initiate the entry 
of the worms into Dauer stage. Nevertheless, this study has 
shown that B. subtilis RNAi is likely superior over conventional 
RNAi because its colonization in the worms is less pathogenic 
in comparison to E. coli colonization.

By utilizing daf-2 RNA interference, researchers can increase 
the lifespan of C. elegans. This capability to increase the nem-
atodes lifespan will allow researchers to study diseases that 
occur later in the organism’s lifespan, providing information 
beneficial in studying conditions in the C. elegans similar to 
Alzheimer’s and Parkinson’s Disease in humans. However, this 
technique cannot be utilized to study locomotive disorders be-
cause the locomotive assay from this project found that daf-2 
mutants presented limited motility, which prevents an accurate 
representation of the deactivated gene’s impact on locomotion.

� Methods
Analysis

    For this research, the longevity of the C. elegans was mea-
sured for the nematodes that undergo the RNA interference 
with B. subtilis and those that undergo RNA interference using 
E. coli. An ANOVA statistical test was run to determine the
difference of longevity between the two sets of nematodes. The
data was also analyzed using a Kaplan Meier statistical analysis
and a Tukey post-hoc test.

  Materials
   The 10-microliter sample of BG322 Bacillus subtilis bacteria 
necessary for this experiment was provided by Dr. David Be-
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chhofer at the Mount Sinai Hospital in New York, New York. 
The wild type C. elegans were provided by BRDG Park Facil-
ity at the Danforth Center and Dr. Zachary Pincus's lab at 
Washington University in St. Louis. The plasmids necessary to 
knockout the DAF-16 and DAF-2 genes (pAD48-daf-2 and 
pAD43-daf-16) came from the nonprofit plasmid repository 
Addgene. Other general lab materials were found either at 
Marquette High School or the Pincus Lab facility.

   Plasmid Preparation
   The plasmids were shipped by the Addgene repository in the 
form of an agar stab with transformed E. coli containing the 
plasmid. In order to prepare transformed B. subtilis, the plas-
mid was extracted prior to the transformation of the B. subtilis. 
In order to isolate the dsRNA from the E. coli, the cells were 
lysed in order to expose the nuclear contents for extraction. 
Then, the solution was rapidly acidified with the goal of sepa-
rating proteins and chromosomal DNA from plasmid DNA. A 
potassium acetate solution was used for this purpose because it 
precipitates proteins and chromosomal DNA, but the plasmid 
DNA remains in solution. The plasmid DNA, which remains 
in the supernatant, can then be captured by a silica spin column 
and then eluted using water or TE buffer.18

   Transformation
    Naturally isolated B. subtilis presents low genetic competence, 
which is defined as an organism’s ability to take up exogenous 
DNA. As a result, it is necessary to use alternative methods 
when transforming B. subtilis. The cells were first centrifuged 
at 8,000 rpm for 1 minute and the supernatant was discarded. 
Then 200 microliters of an LB broth medium and 2% xylose 
solution was added. The appropriate plasmid DNA was intro-
duced to the cell suspension and then nutated in an incubator 
set at 37 degrees Celsius overnight.24

Worm Synchronization
When conducting longevity assays, it is crucial to synchronize 

all the worms being studied at the larvae stage. This ensures 
there is accurate calculation of surviving worms on each plate. 
Washing C. elegans with a sodium hydroxide and hypochlorite 
solution degrades gravid worms and leaves the eggs intact. The 
yield of eggs that remain can be suspended in a synchronization 
medium (M9 buffer) and then pipetted onto plates containing 
the transformed bacteria. Because all the C. elegans were eggs 
at the initial phase of data collection, it was ensured that all the  
C. elegans were at the same life stage at a specified time.

Analysis of B. subtilis RNAi Viability:
During the first year of this project, bacterial transformation of 

the plasmid was monitored in B. subtilis, by using a novel system, 
which relies on β-galactosidase α-complementation. Following 
the transformation of the B. subtilis, the bacterial culture was 
added to IPTG (Isopropyl β- d-1-thiogalactopyranoside) agar 
plates. This compound mimics allolactose, which can initiate 
lac operon transcription by binding to and altering the shape 
of the lac repressor. IPTG can be used in conjunction with 

the X- gal substrate (5-bromo-4-chloro-3-indolyl-β-D-galac-
topyranoside) as part of the blue-white screening method in 
order to detect recombinant bacteria. C. elegans were chunked 
into small sections and placed onto the IPTG plates with the 
Bacillus subtilis. The worms were then periodically analyzed to 
look for any signs of a die off that may have been caused by the 
new diet of Bacillus subtilis. The presence of blue fluorescing 
colonies on the plates would indicate the presence of functional 
β-galactosidase, which indicates those bacterial colonies took 
up the plasmid and contains recombinant DNA.19

   Phenotypic Analysis of Transformed Nematodes
   The software WormLab was used to conduct a locomotion 
analysis of the nematodes that are being studied. In addition to 
analyzing locomotion, this software can accurately track com-
plex movements such as entanglements, coiling, and omega 
bends.26,27 Prior to analyzing the video file of the C. elegans, all 
frames underwent background smoothing and the threshold 
level was adjusted, so the worms were detectable by the soft-
ware. Gaussian smoothing was avoided in order to maintain 
resolution.
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